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QCD Factorization for B ! pp Decays: Strong Phases and CP Violation
in the Heavy Quark Limit
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We show that, in the heavy quark limit, the hadronic matrix elements that enter B meson decays into
two light mesons can be computed from first principles, including “nonfactorizable” strong interaction
corrections, and expressed in terms of form factors and meson light-cone distribution amplitudes. The
conventional factorization result follows in the limit when both power corrections in 1!mb and radiative
corrections in as are neglected. We compute the order-as corrections to the decays Bd ! p1p2,
Bd ! p0p0, and B1 ! p1p0 in the heavy quark limit and briefly discuss the phenomenological
implications for the branching ratios, strong phases and CP violation.

PACS numbers: 13.25.Hw, 11.30.Er, 12.38.Bx, 12.39.Hg

The detailed study of B meson decays is a key source
of information for understanding CP violation and the
physics of flavor. The interest in this field is reinforced
by the numerous upcoming experiments that will test
crucial aspects of B decay properties with unprecedented
scope and precision. Among the large number of B
decay channels, two-body nonleptonic modes, such as
B ! pp, B ! pK , etc., open a particularly rich field of
phenomenological investigation. A theoretical treatment,
however, is generally complicated owing to the nontrivial
QCD dynamics related to the all-hadronic final state.
In this Letter, we describe important simplifications that

occur in the limit mb ¿ LQCD , when the b quark mass is
large compared to the strong interaction scale LQCD . We
find that in this limit the hadronic matrix elements for, say,
B̄ ! pp can be represented in the form

"ppjQjB̄# ! "pjj1jB̄# "pjj2j0#

3

∑

1 1
X

rnan
s 1 O $LQCD!mb%

∏

, (1)

where Q is a local operator in the weak effective Hamil-
tonian and j1,2 are bilinear quark currents. Neglecting
power corrections inLQCD and radiative corrections in as,
the original matrix element factorizes into a form factor
times a decay constant (we call this conventional factor-
ization). At higher order in as this simple factorization
is broken, but the corrections can be calculated system-
atically in terms of short-distance coefficients and meson
light-cone distribution amplitudes. This is similar in spirit
to the well-known framework of perturbative factorization
for exclusive processes in QCD at large momentum trans-
fer [1], as applied, for example, to the electromagnetic form
factor of the pion. An interesting consequence of (1) is
that strong interaction phases are formally of order as or
LQCD!mb in the heavy quark limit. If this limit works
well, the approach discussed here allows us to calculate
these phases systematically; CP violating weak phases can

then be disentangled. Here we present a numerical anal-
ysis of B ! pp decay amplitudes based on the heavy
quark limit. We also briefly discuss important power cor-
rections, which should eventually be estimated in order to
obtain a satisfactory phenomenology at realistic b quark
masses. Details of the argument that leads to the factoriza-
tion formula (2) below will be explained in a forthcoming
paper.
The effective weak Hamiltonian is given by [2]

Heff !
GFp

2

X

p!u,c
lp

∑

C1Q
p
1 1 C2Q

p
2 1

X

i!3...6,8
CiQi

∏

,

where lp ! V !
pdVpb . The Qi are local DB ! 1, DS ! 0

operators, and Ci the corresponding short-distance Wilson
coefficients. We neglect electroweak penguin operators
and all terms not relevant to B̄ ! pp decays.
The essential theoretical problem for obtaining the B̄ !

pp amplitudes is the evaluation of the hadronic matrix
elements "ppjQijB̄#. Let p1 denote the pion that picks up
the light spectator quark in the B̄ meson, and p2 the pion
whose valence partons are supplied by the weak decay of
the b quark. In the heavy quark limit both pions emerge
with large energy mB!2 (in the B̄ rest frame). Power
counting based on the asymptotic form of the leading-twist
pion distribution amplitude shows that a leading-power
contribution to the "ppjQijB̄# matrix element requires
both valence quarks of p2 to carry energy of order mb .
The qq̄ pair is ejected from the weak interaction region
as a small-size color singlet object. As a consequence
soft gluons with momentum of order LQCD decouple at
leading order in LQCD!mb , and p2 can be represented
by its leading-twist light-cone distribution amplitude. On
the other hand, the spectator quark in the B̄ meson carries
momentum of orderLQCD and is transferred as a soft quark
top1, unless it undergoes a hard interaction. The end point
suppression of the pion wave function is not sufficient to
ensure the dominance of hard interactions. [We adopt the
point of view that for realistic b quark masses perturbative
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Abstract

We provide a rigorous basis for factorization for a large class of non-leptonic two-body B-
meson decays in the heavy-quark limit. The resulting factorization formula incorporates elements
of the naive factorization approach and the hard-scattering approach, but allows us to compute
systematically radiative (“non-factorizable”) corrections to naive factorization for decays such as
B → Dπ and B → ππ . We first discuss the factorization formula from a general point of view.
We then consider factorization for decays into heavy-light final states (such as B → Dπ) in more
detail, including a proof of the factorization formula at two-loop order. Explicit results for the leading
QCD corrections to factorization are presented and compared to existing measurements of branching
fractions and final-state interaction phases.  2000 Elsevier Science B.V. All rights reserved.

PACS: 13.25.Hw; 12.38.-t
Keywords: B-meson decays; Quantum chromodynamics; Factorization; CP violation

1. Introduction

Non-leptonic, two-bodyB-meson decays, although simple as far as the underlying weak
decay of the b quark is concerned, are complicated on account of strong-interaction effects.
If these effects could be computed, this would enhance tremendously our ability to uncover
the origin of CP violation in weak interactions from data on a variety of such decays being
collected at the B factories.
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Abstract

In the heavy-quark limit, the hadronic matrix elements entering nonleptonic B-meson decays
into two light mesons can be calculated from first principles including “nonfactorizable” strong-
interaction corrections. The B → πK, ππ decay amplitudes are computed including electroweak
penguin contributions, SU(3) violation in the light-cone distribution amplitudes, and an estimate of
power corrections from chirally-enhanced terms and annihilation graphs. The results are then used to
reduce the theoretical uncertainties in determinations of the weak phases γ and α. In that way, new
constraints in the (ρ̄, η̄) plane are derived. Predictions for the B → πK, ππ branching ratios and
CP asymmetries are also presented. A good global fit to the (in part preliminary) experimental data
on the branching fractions is obtained without taking recourse to phenomenological models.  2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of nonleptonic two-body decays of B mesons is of primary importance for the
exploration of CP violation and the determination of the flavour parameters of the Standard
Model. Because of the interference of several competing amplitudes, these processes allow
for the presence of different weak- and strong-interaction phases, which play a crucial
role for CP violation. In the Standard Model, all CP-violating observables are related to
the complex phase of the quark mixing matrix, which in turn implies nontrivial angles
in the “unitarity triangle” VudV ∗

ub + VcdV ∗
cb + VtdV

∗
tb = 0. With the standard choice of

phase conventions, one defines the weak phases β = − arg(Vtd) and γ = arg(V ∗
ub), as well
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Abstract

A comprehensive study of exclusive hadronic B-meson decays into final states containing two
pseudoscalar mesons (PP ) or a pseudoscalar and a vector meson (PV ) is presented. The decay
amplitudes are calculated at leading power inΛQCD/mb and at next-to-leading order in αs using the
QCD factorization approach. The calculation of the relevant hard-scattering kernels is completed.
Important classes of power corrections, including “chirally-enhanced” terms and weak annihilation
contributions, are estimated and included in the phenomenological analysis. Predictions are presented
for the branching ratios of the complete set of the 96 decays of B−, #B 0, and #Bs mesons into PP and
PV final states, and for most of the corresponding CP asymmetries. Several decays and observables
of particular phenomenological interest are discussed in detail, including the magnitudes of the
penguin amplitudes in PP and PV final states, an analysis of the πρ system, and the time-dependent
CP asymmetry in the Kφ and Kη′ final states.
 2003 Elsevier B.V. All rights reserved.
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1. Introduction

As the B factories [1,2] continue to accumulate large data samples, an increasing
number of different B-decay modes becomes accessible to investigation. Many of these
modes carry interesting information on CP-violating interactions or hadronic flavor-
changing neutral currents, but except for a number of decay channels considered

E-mail address: mbeneke@physik.rwth-aachen.de (M. Beneke).

0550-3213/$ – see front matter  2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.nuclphysb.2003.09.026

1043 citations



G
re

g 
La

nd
sb

er
g 

- C
ol

lid
er

 S
ea

rc
he

s 
an

d 
M

ea
su

re
m

en
ts

 - 
10

.0
5.

23

Recent LHCb Measurement
๏ Search for direct CP-violation in charmless PV decays 

★ Interplay of the short- and long-range contributions to produce 
strong-phase difference require for direct CP violation 

๏ Studied a number of decays: ρπ, ρK, K*π, K*K, φK 
๏ Dalitz plot projection analysis for each channel; most of the 

asymmetries are consistent with zero, except for ρK

5

6 8 10 12 14 16 18 20
]4c/2[GeV

high
)−π+π(2m

0
200
400
600
800

1000
1200
1400
1600
1800
2000)4 c/2

C
an

di
da

te
s /

 (1
.0

 G
eV

+B 
−B 

LHCb
-15.9 fb

±π 0(770)ρ → ±B
/ndf = 1.0
+
2χ /ndf = 0.9

−
2χ

 0.4± = 14.9 +
2
p  0.4± = 14.6 −

2
p

(a)

6 8 10 12 14 16 18 20 22
]4c/2) [GeV

±

π±K(2m

200

400

600

800

1000

1200

)4 c/2
C

an
di

da
te

s /
 (1

.0
 G

eV

+B 
−B 

LHCb
-15.9 fb

±K 0(770)ρ → ±B
/ndf = 0.8
+
2χ /ndf = 0.6

−
2χ

 0.3± = 9.7 +
2
p  0.3± = 13.0 −

2
p

(b)

6 8 10 12 14 16
]4c/2) [GeV−π+π(2m

0
200
400
600
800

1000
1200
1400
1600
1800
2000)4 c/2
C

an
di

da
te

s /
 (0

.5
 G

eV

+B 
−B 

LHCb
-15.9 fb

±π 0*(892)K → ±B
/ndf = 1.1
+
2χ /ndf = 1.4

−
2χ

 0.7± = 23.9 +
2
p  0.7± = 22.8 −

2
p

(c)

10 12 14 16 18 20 22 24
]4c/2) [GeV−K+K(2m

0

20

40

60

80

100

120

)4 c/2
C

an
di

da
te

s /
 (0

.5
 G

eV

+B 
−B 

LHCb
-15.9 fb

±K 0*(892)K → ±B
/ndf = 0.9
+
2χ /ndf = 0.9

−
2χ

 0.1± = 0.8 +
2
p  0.1± = 0.8 −

2
p

(d)

11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16
]4c/2 [GeV

high
)−K+K(2m

0
200
400
600
800

1000
1200
1400
1600
1800

)4 c/2
C

an
di

da
te

s /
 (0

.5
 G

eV

+B 
−B 

LHCb
-15.9 fb

±K(1020) φ → ±B
/ndf = 0.6
+
2χ /ndf = 0.5

−
2χ

 4.9± = 237.7 +
2
p  4.8± = 236.1 −

2
p

(e)

Figure 1: Distribution of s? for B+
and B�

candidates and the corresponding quadratic fits for (a)

⇢(770)0 in B± ! ⇡±⇡+⇡�
, (b) ⇢(770)0 in B± ! K±⇡+⇡�

, (c)
( )

K ⇤
(892)

0
in B± ! K±⇡+⇡�

,

(d)
( )

K ⇤
(892)

0
in B± ! ⇡±K+K�

and (e) �(1020) in B± ! K±K+K�
. In the symmetric

channels, the phase space distribution and its projections are presented with the two axes being

the squares of the low-mass mlow and high-mass mhigh combinations of the opposite-sign particle

pairs, for visualization purposes.

5.2 B± ! K±⇡+⇡�
decay

This decay has two amplitudes involving low-mass vector resonances: B± !
( )

K ⇤(892)0⇡±

and the region dominated by B± ! ⇢(770)0K± decays. Unlike the result for the
B+ ! ⇢(770)0⇡+ region, the large CP asymmetry obtained here for the B+ ! ⇢(770)0K+

6

7 Summary and conclusion

In summary, CP asymmetries in charmless B ! PV decays are determined using a new
method, without the need for amplitude analyses. The data set analysed corresponds to
an integrated luminosity of 5.9 fb�1 of proton-proton collisions collected by the LHCb
detector in 2015–2018 at a centre-of-mass energy of 13 TeV. Five decay channels are studied,
namely B± ! �(1020)K±, B± !

( )

K ⇤(892)0⇡±, B± ! ⇢(770)0⇡±, B± !
( )

K ⇤(892)0K±

and B± ! ⇢(770)0K±. For the B± ! ⇢(770)0K± region, the CP asymmetry is measured
to be ACP = +0.150± 0.019± 0.011, which di↵ers from zero by 6.8�, computed with the
total uncertainty.

For the other channels, the measured CP asymmetries are compatible with zero, as
predicted using the CPT constraint [12]. The CPT symmetry would suppress CP violation
in B ! PV decays, which nevertheless could still occur through final-state interactions
involving the third particle. A distinct feature of the B± ! ⇢(770)0K± amplitude in the
B± ! K±⇡+⇡� final state is that the contribution from the vector amplitude is much
smaller than the scalar contribution, represented by the B± ! f0(980)0K± decay, whereas
the opposite is true for the other final states studied.

These measurements are significantly more precise than the previous results obtained
by the Belle and BaBar collaborations. Some tension is found between the results of this
analysis and those from Belle and BaBar, whereas good agreement is found with LHCb
results obtained with amplitude analyses of B± ! ⇡±⇡+⇡� [20, 21] and B± ! ⇡±K+K�

decays [19].
The method used in this analysis is based on the approximation of a two-body

interaction plus one spectator meson, and on the general assumption that the magnitudes
and phases of the amplitudes are constant across the whole phase space. These hypotheses,
which are assumed by all models used in amplitude analyses, are supported by the quality
of the fits.
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Rare Radiative Decays
๏ Rare radiative W/Z/H boson decays
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Abstract: We present a detailed theoretical analysis of very rare, exclusive hadronic de-

cays of the electroweak gauge bosons V = W,Z from first principles of QCD. Our main

focus is on the radiative decays V → Mγ, in which M is a pseudoscalar or vector me-

son. At leading order in an expansion in powers of ΛQCD/mV the decay amplitudes can

be factorized into convolutions of calculable hard-scattering coefficients with the leading-

twist light-cone distribution amplitude of the meson M . Power corrections to the decay

rates arise first at order (ΛQCD/mV )2. They can be estimated in terms of higher-twist

distribution amplitudes and are predicted to be tiny. We include one-loop O(αs) radia-

tive corrections to the hard-scattering coefficients and perform the resummation of large

logarithms
(

αs ln(m2
V /µ

2
0)
)n

(with µ0 ∼ 1GeV a typical hadronic scale) to all orders in

perturbation theory. Evolution effects have an important impact both numerically and

conceptually, since they reduce the sensitivity to poorly determined hadronic parameters.

We present detailed numerical predictions and error estimates, which can serve as bench-

marks for future precision measurements. We also present an exploratory study of the

weak radiative decays Z → MW . Some of the decay modes studied here have branching

ratios large enough to be accessible in the high-luminosity run of the LHC. Many of them

can be measured with high accuracy at a future lepton collider. This will provide stringent

tests of the QCD factorization formalism and enable novel searches for new physics.
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Abstract: We perform a detailed study of the exclusive Higgs decays h → MZ and

h → MW , where M is a pseudoscalar or vector meson, using the QCD factorization

approach. We allow for the presence of new-physics effects in the form of modified Higgs

couplings to gauge bosons and fermions, including the possibility of flavor-changing Higgs

couplings. We show that the decays h → V Z exhibit a strong sensitivity to the effective

CP-even and CP-odd hγZ couplings. When combined with a measurement of the h → γZ

decay rate, this can be used to extract these couplings up to a sign ambiguity in the CP-odd

coefficient. Some of the h → MW decay modes can be used to probe for flavor-violating

Higgs couplings involving the top quark.
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๏ These rare decays allow to probe Higgs Yukawa couplings 
to light quarks

7

(a) (b)

Figure 1: Feynman diagrams for the (a) direct and (b) indirect contributions to the �// ! MW decays.

Table 1: Summary of the SM predictions for the branching fractions for �// !M + W, M = �/k, k(2S),P(=S), q,
d, l,  ⇤ and the 95% CL upper limits on the branching fractions. Entries are marked with a dash when calculations
for the specific decay of a Higgs or / boson to a particular meson state are not available.

SM expected branching fraction B(�// ! MW)
Meson M � / References

�/k ( 2.99+0.16
�0.15 ) ⇥ 10�6 ( 8.96+1.51

�1.38 ) ⇥ 10�8 [37–39]

k(2S) – –

P(1S) ( 5.22+2.02
�1.70 ) ⇥ 10�9 ( 4.80+0.26

�0.25 ) ⇥ 10�8 [37–39]

P(2S) ( 1.42+0.72
�0.57 ) ⇥ 10�9 ( 2.44+0.14

�0.13 ) ⇥ 10�8 [37–39]

P(3S) ( 0.91+0.48
�0.38 ) ⇥ 10�9 ( 1.88+0.11

�0.10 ) ⇥ 10�8 [37–39]

q (2.31 ± 0.11) ⇥ 10�6 (1.04 ± 0.12) ⇥ 10�8 [25, 31]
d (1.68 ± 0.08) ⇥ 10�5 (4.19 ± 0.47) ⇥ 10�9 [25, 31]

Observed 95% CL upper limit on branching fraction B(�// ! MW)
�/k 2.1 ⇥ 10�4 1.2 ⇥ 10�6 [28]
k(2S) 10.9 ⇥ 10�4 2.3 ⇥ 10�6 [28]
P(1S) 2.6 ⇥ 10�4 1.0 ⇥ 10�6 [28]
P(2S) 4.4 ⇥ 10�4 1.2 ⇥ 10�6 [28]
P(3S) 3.5 ⇥ 10�4 2.3 ⇥ 10�6 [28]
q 4.8 ⇥ 10�4 0.9 ⇥ 10�6 [35]
d 8.8 ⇥ 10�4 25 ⇥ 10�6 [35]

calculating the expected signal yields. A search for the analogous decay of the / boson into a l meson and
a photon is also presented. The channel has been studied theoretically [25, 45] as a unique precision test of
the SM and the factorisation approach in quantum chromodynamics (QCD), in an environment where the
power corrections in terms of the QCD energy scale divided by the mass of the vector boson are small [25].
The large / boson production cross section at the LHC means that rare / boson decays can be probed at
branching fractions much smaller than for Higgs boson decays into the same final states. The SM branching
fraction prediction for the decay considered in this paper is B (/ ! lW) = (2.82 ± 0.40) ⇥ 10�8 [25].
A previous search was performed at the DELPHI experiment, yielding an upper limit on the branching
fraction of B (/ ! lW) < 6.5 ⇥ 10�4 [46].
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Figure 4: Background-only fits performed in the signal region for the (a) lW and (b)  ⇤
W final states. The branching

fraction of each of the signals is set to the observed 95% CL upper limit. The yellow band represents the uncertainty
in the fit arising from the constrained background shape systematic uncertainties.

Table 3: Expected and observed branching fraction limits at the 95% CL for �// ! lW and � !  
⇤
W.

Channel 95% CL upper limit
Expected Observed

� ! lW [10�4] 3.0+1.2
�0.8 1.5

/ ! lW [10�7] 5.7+2.3
�1.6 3.8

� !  
⇤
W [10�5] 12.2+4.9

�3.4 8.9

8 Conclusion

A search for the decays �// ! lW and � !  
⇤
W has been performed with 13 TeV ?? collision data

samples collected with the ATLAS detector at the LHC corresponding to integrated luminosities of
89.5 fb�1 and 134 fb�1 respectively. The l and  ⇤ mesons are reconstructed via their dominant decays into
c
+
c
�
c

0 and  ±
c
± final states, respectively. The background model is derived using a fully data-driven

approach and validated in a number of di�erent regions. No significant excess of events above the SM
background expectations is observed. The obtained 95% CL upper limits are B(� ! lW) < 1.5 ⇥ 10�4

(100⇥SM), B(/ ! lW) < 3.8⇥ 10�7 (17⇥SM), and B(� !  
⇤
W) < 8.9⇥ 10�5. The result for / ! lW

corresponds to a three-orders-of-magnitude improvement over the previously set limit at DELPHI.
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W final states. The branching

fraction of each of the signals is set to the observed 95% CL upper limit. The yellow band represents the uncertainty
in the fit arising from the constrained background shape systematic uncertainties.
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c
+
c
�
c

0 and  ±
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in the fit arising from the constrained background shape systematic uncertainties.

Table 3: Expected and observed branching fraction limits at the 95% CL for �// ! lW and � !  
⇤
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�1.6 3.8
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8 Conclusion

A search for the decays �// ! lW and � !  
⇤
W has been performed with 13 TeV ?? collision data

samples collected with the ATLAS detector at the LHC corresponding to integrated luminosities of
89.5 fb�1 and 134 fb�1 respectively. The l and  ⇤ mesons are reconstructed via their dominant decays into
c
+
c
�
c

0 and  ±
c
± final states, respectively. The background model is derived using a fully data-driven

approach and validated in a number of di�erent regions. No significant excess of events above the SM
background expectations is observed. The obtained 95% CL upper limits are B(� ! lW) < 1.5 ⇥ 10�4

(100⇥SM), B(/ ! lW) < 3.8⇥ 10�7 (17⇥SM), and B(� !  
⇤
W) < 8.9⇥ 10�5. The result for / ! lW

corresponds to a three-orders-of-magnitude improvement over the previously set limit at DELPHI.
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Figure 6. Distributions of m!!ππ (left) and m!!KK (right). For illustration the µµ and ee channels,
as well as all three data-taking periods, are combined. Also shown are the H → Zρ and H →
Zφ signals, in the isotropic-decay scenario and assuming branching fractions of 3.0 and 0.7%,
respectively. The ratio between the data and the background model is shown in the lower panels.

9 Results

To present results in terms of B(H → Zρ) and B(H → Zφ), the signal templates are nor-
malized by taking into account the ggH, VBF, WH, and ZH production cross sections.
The ggH cross section is calculated at next-to-next-to-next-to-leading order in QCD and
NLO in electroweak accuracy as 48.58 pb [34]. The cross sections for the other production
modes are calculated at next-to-next-to-leading order in QCD and NLO in electroweak ac-
curacy, and amount, respectively, to 3.78, 1.37, and 0.88 pb [34]. In addition, SM branching
fractions of 3.37% are assumed for each of the Z → !! decays [64].

In the limit setting procedure we do not take into account potential contributions of
Higgs boson decays into a Z boson and other vector mesons.

The four-body mass distributions in data and the background model are shown in
figure 6. The expected H → Zρ (H → Zφ) signal, in the isotropic-decay scenario, at a
branching fraction of 3.0 (0.7)% is also shown. In this figure the µµ and ee channels, as well
as all three data-taking periods, are combined for illustration. In the statistical inference
these channels are considered separately in a simultaneous fit. No significant excess above
the background expectation is observed in either of the two searches.

The observed upper limits on B(H → Zρ) and B(H → Zφ) are 1.04–1.31% and 0.31–
0.40%, respectively, depending on the polarization scenario considered. These values corre-
spond to 740–940 times the SM expectation for the H → Zρ decay and 730–950 times the
SM expectation for the H → Zφ decay. These limits can be compared with the expected
upper limits, which are 0.63–0.80% or 450–570 times the SM expectation for B(H → Zρ)
and 0.27–0.36% or 650–850 times the SM expectation for B(H → Zφ). These ranges reflect
the considered polarization scenarios. The observed and expected upper limits are shown
in table 3 for B(H → Zρ) and in table 4 for B(H → Zφ). While these limits are set on the
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Observed Median expected ±68% expected ±95% expected
Isotropic decay 1.21% 0.73% 0.52–1.04% 0.38–1.41%

Z and ρ longitudinally polarized 1.04% 0.63% 0.44–0.89% 0.32–1.20%
Z and ρ transversely polarized 1.31% 0.80% 0.57–1.14% 0.41–1.54%

Table 3. Observed and expected 95% CL upper limits on B(H → Zρ), for different polarizations.

Observed Median expected ±68% expected ±95% expected
Isotropic decay 0.36% 0.33% 0.23–0.46% 0.18–0.61%

Z and φ longitudinally polarized 0.31% 0.27% 0.20–0.39% 0.15–0.52%
Z and φ transversely polarized 0.40% 0.36% 0.26–0.50% 0.19–0.68%

Table 4. Observed and expected 95% CL upper limits on B(H → Zφ), for different polarizations.

total B(H → Zρ) and B(H → Zφ), the results mainly probe the indirect process via the
H → ZZ∗ decay as the direct decay process (figure 1, right) is greatly suppressed in the SM.

10 Summary

A search has been presented for the rare decay of the Higgs boson (H) into a Z boson
and a ρ or a φ meson in the dilepton-π+π− final states of the H → Zρ decay, and in
the dilepton-K+K− final states of the H → Zφ decay. The search used a sample of
proton-proton collisions, collected by the CMS experiment at a centre-of-mass energy of
13TeV from 2016 to 2018 and corresponding to an integrated luminosity of 137 fb−1. Upper
limits on the branching fractions B(H → Zρ) and B(H → Zφ) have been set at the 95%
confidence level for various polarization scenarios. The upper limits on B(H → Zρ) are in
the range 1.04–1.31%, or 740–940 times the standard model expectation. The upper limits
on B(H → Zφ) range from 0.31 to 0.40%, or 730–950 times the standard model expectation.
These results constitute the first experimental limits on the two decay channels.

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent per-
formance of the LHC and thank the technical and administrative staffs at CERN and at
other CMS institutes for their contributions to the success of the CMS effort. In addition,
we gratefully acknowledge the computing centres and personnel of the Worldwide LHC
Computing Grid for delivering so effectively the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for the construction and operation
of the LHC and the CMS detector provided by the following funding agencies: BMBWF
and FWF (Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS,
and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COL-
CIENCIAS (Colombia); MSES and CSF (Croatia); RIF (Cyprus); SENESCYT (Ecuador);
MoER, ERC IUT, PUT and ERDF (Estonia); Academy of Finland, MEC, and HIP (Fin-
land); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT

– 15 –

J
H
E
P
1
1
(
2
0
2
0
)
0
3
9

Observed Median expected ±68% expected ±95% expected
Isotropic decay 1.21% 0.73% 0.52–1.04% 0.38–1.41%

Z and ρ longitudinally polarized 1.04% 0.63% 0.44–0.89% 0.32–1.20%
Z and ρ transversely polarized 1.31% 0.80% 0.57–1.14% 0.41–1.54%

Table 3. Observed and expected 95% CL upper limits on B(H → Zρ), for different polarizations.

Observed Median expected ±68% expected ±95% expected
Isotropic decay 0.36% 0.33% 0.23–0.46% 0.18–0.61%

Z and φ longitudinally polarized 0.31% 0.27% 0.20–0.39% 0.15–0.52%
Z and φ transversely polarized 0.40% 0.36% 0.26–0.50% 0.19–0.68%

Table 4. Observed and expected 95% CL upper limits on B(H → Zφ), for different polarizations.

total B(H → Zρ) and B(H → Zφ), the results mainly probe the indirect process via the
H → ZZ∗ decay as the direct decay process (figure 1, right) is greatly suppressed in the SM.

10 Summary

A search has been presented for the rare decay of the Higgs boson (H) into a Z boson
and a ρ or a φ meson in the dilepton-π+π− final states of the H → Zρ decay, and in
the dilepton-K+K− final states of the H → Zφ decay. The search used a sample of
proton-proton collisions, collected by the CMS experiment at a centre-of-mass energy of
13TeV from 2016 to 2018 and corresponding to an integrated luminosity of 137 fb−1. Upper
limits on the branching fractions B(H → Zρ) and B(H → Zφ) have been set at the 95%
confidence level for various polarization scenarios. The upper limits on B(H → Zρ) are in
the range 1.04–1.31%, or 740–940 times the standard model expectation. The upper limits
on B(H → Zφ) range from 0.31 to 0.40%, or 730–950 times the standard model expectation.
These results constitute the first experimental limits on the two decay channels.

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent per-
formance of the LHC and thank the technical and administrative staffs at CERN and at
other CMS institutes for their contributions to the success of the CMS effort. In addition,
we gratefully acknowledge the computing centres and personnel of the Worldwide LHC
Computing Grid for delivering so effectively the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for the construction and operation
of the LHC and the CMS detector provided by the following funding agencies: BMBWF
and FWF (Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ, FAPERGS,
and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COL-
CIENCIAS (Colombia); MSES and CSF (Croatia); RIF (Cyprus); SENESCYT (Ecuador);
MoER, ERC IUT, PUT and ERDF (Estonia); Academy of Finland, MEC, and HIP (Fin-
land); CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT

– 15 –

1.4 x 10-5

4.2 x 10-6

Theory

J
H
E
P
1
1
(
2
0
2
0
)
0
3
9

V

H

Z

Z∗

q

q

V

H

Z

γ∗

q

q

V

H

Z

q
q

q

Figure 1. Feynman diagrams of processes that contribute to the decay of a Higgs boson into
a heavy vector boson and a vector meson. The grey oval shape represents the meson. The two
indirect processes (left and middle), where the meson originates from an off-shell Z boson or γ∗,
contribute the most to the total branching fraction in the SM.

The 95% CL upper limits on the branching fractions of the Higgs boson into γJ/ψ, γρ, and
γφ are 2 orders of magnitude larger than their expected values in the SM. For the γψ(2S)
and γΥ(nS) decays, the corresponding upper limits are, respectively, 3 and 5 orders of
magnitude larger than the SM expectation.

A related class of rare decays is that of the Higgs boson into a heavy vector boson
and a vector meson (V) [34, 35]. Up to now only the decays of the Higgs boson into ZJ/ψ
and Zηc have been studied experimentally [36]. As indicated in figure 1, several processes
contribute to the decay of the Higgs boson into a vector boson and a meson. The formation
of a vector boson and a meson via H → ZZ∗ or H → Zγ∗ decays (figure 1, left and middle)
are indirect contributions to this process. We refer to the decay of the Higgs boson into
light quarks that radiate a vector boson and form a bound meson state (figure 1, right) as
the direct process. In the SM the indirect processes contribute the most to the decay of
the Higgs boson into a heavy vector boson and a vector meson.

The direct process is negligible in the SM as it is suppressed by a factor of up to
m2

q/m
2
H relative to the indirect contributions [30]. In that expression mq and mH denote

the masses of the quark and of the Higgs boson, respectively. However, in scenarios beyond
the SM where the Yukawa couplings to light fermions are enhanced, this direct process
could contribute significantly to the Higgs boson branching fraction into a vector boson
and a meson [34]. An example of a model beyond the SM with enhanced Yukawa couplings
to light fermions is a version of the Giudice-Lebedev model of quark masses [37] that is
modified to have two Higgs doublets. In this scenario Yukawa couplings to light quarks
could be enhanced by up to a factor of 7 [38]. Enhancements of the Yukawa couplings by
factors up to 30, 500, and 2000 for, respectively, strange, down, and up quarks are possible
in a two Higgs doublet model with spontaneous flavour violation [39]. Other scenarios
in which light-quark Yukawa couplings can be larger than predicted in the SM include a
single Higgs doublet model with Froggatt-Nielsen mechanism [40] and Randall-Sundrum
models of warped extra dimensions [41, 42]. In addition, studies of the indirect processes
are also of interest as these probe a different phase space from conventional H → WW∗

and H → ZZ∗ measurements, and therefore provide complementary information.
This paper describes a search for decays of the 125GeV Higgs boson into a Z boson

and a ρ(770)0 meson (H → Zρ) or into a Z boson and a φ(1020) meson (H → Zφ). The
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Abstract Using methods from effective field theory, an ex-
act all-order expression for the Drell–Yan cross section at
small transverse momentum is derived directly in qT space,
in which all large logarithms are resummed. The anoma-
lous dimensions and matching coefficients necessary for re-
summation at NNLL order are given explicitly. The precise
relation between our result and the Collins–Soper–Sterman
formula is discussed, and as a by-product the previously un-
known three-loop coefficient A(3) is obtained. The naive fac-
torization of the cross section at small transverse momentum
is broken by a collinear anomaly, which prevents a process-
independent definition of xT -dependent parton distribution
functions. A factorization theorem is derived for the product
of two such functions, in which the dependence on the hard
momentum transfer is separated out. The remainder factors
into a product of two functions of longitudinal momentum
variables and x2

T , whose renormalization-group evolution is
derived and solved in closed form. The matching of these
functions at small xT onto standard parton distributions is
calculated at O(αs), while their anomalous dimensions are
known to three loops.

1 Introduction

In collider processes with several disparate scales, fixed-
order perturbative results become unreliable since higher-
order corrections are enhanced by large logarithms of scale
ratios. The classic example of such a multi-scale process is
the production of electroweak bosons with transverse mo-
mentum qT small compared to their mass M . The leading
logarithmically-enhanced corrections in this kinematic re-
gion were resummed in [1–3]. An all-order formula for the
cross section at small qT was obtained by Collins, Soper,

a e-mail: neubertm@uni-mainz.de

and Sterman (CSS) [4], and explicit results for the ingre-
dients necessary for resummation at next-to-next-to-leading
logarithmic (NNLL) order were derived in [5–7]. The region
of small qT is of phenomenological importance, since it has
the largest cross section and is used to extract the W -boson
mass and width. In fact, the measurement of the charged-
lepton qT spectrum now gives the most precise determina-
tion of MW [8–10].

While the vector-boson qT spectrum is a classical exam-
ple of an observable which exhibits logarithmic enhance-
ments, analyzing its factorization properties is nevertheless
rather subtle. In Sect. 2, we study the factorization proper-
ties of the Drell–Yan cross section at low transverse mo-
mentum in Soft-Collinear Effective Theory (SCET) [11–
13]. At low qT , the cross section splits into two transverse-
position dependent parton distribution functions (to which
we will sometimes simply refer as “transverse PDFs”) mul-
tiplying a hard function depending only on the vector-boson
mass M . However, it is well known that a naive defini-
tion of transverse-position dependent PDFs leads to incon-
sistencies due to rapidity divergences [14]. A proper defi-
nition requires introducing additional regulators beyond di-
mensional regularization. After taking the product of the two
transverse PDFs these regulators can be removed, but finite
terms depending on the hard momentum transfer q2 = M2

of the scattering process remain. We use the term “collinear
anomaly” for this effect, since it describes a situation where
a property of the classical theory cannot be maintained after
including quantum corrections. We show that the anomalous
terms have a very specific structure, which allows us to ex-
ponentiate the q2-dependent pieces in the product of two
transverse PDFs. Once this is done factorization is restored.
Specifically, we derive a factorization formula, which at
fixed transverse displacement xT expresses the product of
two transverse PDFs in terms of three functions capturing
the dependences on the hard scale q2 and the two light-cone
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Figure 5: Comparison of the normalized ?
✓✓

T (left) and q
⇤

[
(right) distributions predicted by di�erent computations:

P�����8 with the AZ tune, P�����+P�����8 with the AZNLO tune, S����� v2.2.1 and R��ISH with the Born
level combined measurement. The uncertainties of the measurement are shown as vertical bars and uncertainties of
the S����� and R��ISH predictions are indicated by the coloured bands.

The first prediction is obtained from P�����8 with matrix elements at LO in US supplemented with a
parton shower with the AZ set of tuned parameters [22]. The AZ tune optimized the intrinsic :T and parton
shower ISR parameters to optimally describe the ATLAS 7 TeV ?

✓✓

T and q
⇤

[
data [22, 80]. It was later

used in the measurement of the ,-boson mass using 7 TeV data [20], which requires a high-precision
description of the ,-boson transverse momentum spectrum at low ?T.

The second prediction is based on P�����+P�����8 using NLO matrix elements with the P�����8 parton
shower parameters set according to the AZNLO tune [22] derived using the same data as the P�����8 AZ
tune. The predictions using the AZ and AZNLO tunes describe the 13 TeV data to within 2–4% in the
region of low ?

✓✓

T < 40 GeV and q
⇤

[
< 0.5, and in this region the prediction using the P�����8 AZ tune is

the one that agrees best with the data. This shows that predictions based on tunes to 7 TeV collision data
can also provide a good description at significantly higher centre-of-mass energies for low ?

✓✓

T . At high
?
✓✓

T these predictions are well below the data due to missing higher-order matrix elements, similar to the
situation observed at lower

p
B.

The third prediction is simulated with the S����� v2.2.1 [18] generator. In this set-up, NLO-accurate
matrix elements for up to two partons, and LO-accurate matrix elements for up to four partons are calculated
with the Comix [81] and OpenLoops [82, 83] libraries. The default S����� parton shower [84] based on
Catani–Seymour dipole factorisation and the cluster hadronization model [85] is used with the dedicated
set of tuned parameters developed by the authors for the NNPDF3.0nnlo PDF set [55]. The NLO matrix
elements of a given parton multiplicity are matched to the parton shower using a colour-exact variant of
the MC@NLO algorithm [86]. Di�erent parton multiplicities are then merged into an inclusive sample
using an improved CKKW matching procedure [87, 88] which is extended to NLO accuracy using the
MEPS@NLO prescription [89]. The merging threshold is set to 20 GeV. Uncertainties from missing
higher orders are evaluated [90] using seven variations of the QCD factorization and renormalization
scales in the matrix elements by factors of 0.5 and 2, avoiding variations in opposite directions. For the
computation of uncertainties in the normalized spectra the e�ect of a certain variation is fully correlated
across the full spectrum and an envelope of all variations is taken at the end, which results in uncertainties
of 3–4% at low ?

✓✓

T and up to 25% at high ?
✓✓

T . The e�ects of uncertainties in the PDF set are evaluated
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Abstract We use renormalization-group methods in effec-
tive field theory to improve the theoretical prediction for
the cross section for Higgs-boson production at hadron col-
liders. In addition to soft-gluon resummation at N3LL, we
also resum enhanced contributions of the form (CAπαs)

n,
which arise in the analytic continuation of the gluon form
factor to time-like momentum transfer. This resummation
is achieved by evaluating the matching corrections arising
at the Higgs-boson mass scale at a time-like renormaliza-
tion point µ2 < 0, followed by renormalization-group evo-
lution to µ2 > 0. We match our resummed result to NNLO
fixed-order perturbation theory and give numerical predic-
tions for the total production cross section as a function
of the Higgs-boson mass. Resummation effects are signifi-
cant even at NNLO, where our improved predictions for the
cross sections at the Tevatron and the LHC exceed the fixed-
order predictions by about 13% and 8%, respectively, for
mH = 120 GeV. We also discuss the application of our tech-
nique to other time-like processes such as Drell–Yan pro-
duction, e+e− → hadrons, and hadronic decays of the Higgs
boson.

1 Introduction

The search for the Higgs boson is of highest priority in the
experimental programs at the Tevatron and the LHC. A large
effort is thus made to obtain precise theoretical predictions
for the corresponding production cross sections. At hadron
colliders the dominant production channel is the gluon fu-
sion process through a top-quark loop. The total cross sec-
tion has been calculated in the heavy top-quark limit up to
next-to-next-to-leading order (NNLO) in QCD [1–6], and
fully differential predictions are available at the same order

a e-mail: becher@fnal.gov

for the decays of the Higgs boson into two photons [7] and
four leptons [8, 9]. The exact dependence of the total cross
section on the top-quark and Higgs-boson masses is known
at NLO [10, 11].

The perturbative corrections to the total cross section
turn out to be surprisingly large: for a light Higgs boson,
the NNLO K-factor is around 2, and a scale uncertainty
of ±(10–15)% remains even at this order. The theoretical
prediction has been refined using soft-gluon resummation,
which has been implemented at NNLL order [12] and re-
cently even at the N3LL level [13–17]. The soft-gluon re-
summation reduces the scale dependence, but the large K-
factor remains almost unchanged. Indeed, it is not obvi-
ous why the cross section should be dominated by soft-
gluon radiation: given the large center-of-mass energy of the
LHC, there is plenty of phase space available for hard radi-
ation.

In a recent paper [18], we have shown that the large
K-factor is mostly due to terms of the form (CAπαs)

n in
the perturbative series, which arise in the analytic continua-
tion of (double) logarithmic terms in the gluon form factor
from space-like to time-like kinematics, lnQ2 → lnq2 − iπ .
Being related to Sudakov logarithms, these “π2-enhanced”
contributions can be resummed [19–22]. Effective field-
theory methods provide a particularly simple framework
for performing this resummation by implementing matching
calculations at time-like momentum transfer and extending
renormalization-group (RG) evolution into the complex mo-
mentum plane [18]. At first sight it might appear unsystem-
atic to resum π2-enhanced perturbative corrections, which
cannot be separated from other numerical coefficients (in-
cluding π2 terms not associated with analytic continuation)
in a parametric way. However, in our RG framework this re-
summation simply corresponds to the proper choice of a par-
ticular matching scale and as such is unambiguous and phys-
ically motivated. The final result for the RG-improved cross

17

In addition, we provide in Figure 9 (and listed in Table VIII) the values for the observed 1-CLs+b and its expected
distribution as a function of mH . The value CLs+b is the p-value for the signal-plus-background hypothesis. These
values can be used to obtain alternative upper limits that are more constraining compared to those obtained via the
CLs method. In such a formulation, the power of the search is limited at a level chosen a priori to avoid setting limits
when the background model grossly overpredicts the data or the data exhibit a large background-like fluctuation (e.g.,
limit at the -1σ background fluctuation level.). Within Figure 9, 95% C.L. power-constrained limits can be found
at the points for which 1-CLs+b exceeds 95%. The expected range of exclusion is ∼40% larger using PCL than the
Bayesian and CLs limits quoted here. We continue our convention of quoting Bayesian and CLs limits however.
In summary, we combine CDF and D0 results on SM Higgs boson searches, based on luminosities up to 8.2 fb−1.

Compared to our previous combination, more data have been added to the existing channels, additional channels
have been included, and analyses have been further optimized to gain sensitivity. We use the recommendation of the
PDF4LHC working group for the central value of the parton distribution functions and uncertainties [32]. We use the
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We present updated predictions for the total cross section for Higgs boson production through gluon
fusion at hadron colliders. In addition to renormalization-group improvement at next-to-next-to-next-to-
leading logarithmic accuracy, we incorporate the two-loop electroweak corrections, which leads to the
most precise predictions at present. Numerical results are given for Higgs masses between 115 GeV and
200 GeV at the Tevatron with

√
s = 1.96 TeV and the LHC with

√
s = 7–14 TeV.

 2011 Elsevier B.V. All rights reserved.

The search for the Higgs boson is of the highest priority in
the experimental programs at the Fermilab Tevatron and the CERN
LHC. The lower bound for the Higgs mass obtained by the di-
rect searches at LEP, mH ! 114.4 GeV at the 95% CL, has been
around for several years [1]. At the beginning of this year, the
CDF and D0 Collaborations published a new result which excludes
Higgs bosons with a mass around 2mW [2]. After a recent update,
the Tevatron exclusion now covers the range 158 GeV < mH <
175 GeV [3]. On the other hand, the electroweak precision mea-
surements favor a relatively light Higgs boson with a mass well
below 200 GeV [4]. The LHC has started operation recently, and the
standard model Higgs boson, if it exists, should be within reach in
the next few years.

At hadron colliders, the most important production channel for
the Higgs boson is the gluon fusion process. Much effort has been
devoted to improving the theoretical predictions for this process,
especially since it is well known that the total cross section suffers
from huge QCD corrections [5–9]. In the recent papers [10,11],
we have pointed out that a large portion of these corrections
comes from enhanced contributions of the form (C Aπαs)

n , which
arise in the analytic continuation of the gluon form factor from
space-like to time-like momentum transfer. In those two papers,
these large contributions, as well as threshold enhanced terms,
were resummed to all orders in αs at next-to-next-to-next-to-
leading logarithmic (N3LL) accuracy using renormalization-group
(RG) methods.

* Corresponding author.
E-mail address: llyang@thep.physik.uni-mainz.de (L.L. Yang).

It is however necessary to update the numerical predictions
presented in [11]. One reason is that there we have only provided
results for the LHC at

√
s = 14 TeV, while it is now clear that the

LHC will operate at a lower energy for two or more years. Another
reason is the recent effort to evaluate the electroweak corrections
to this process [12–15]. Given that QCD effects are well under con-
trol in our result (less than 3% remaining scale uncertainty and
perfect perturbative convergence), these electroweak corrections,
which can be as large as 6%, are non-negligible and should be in-
cluded. The O(α) electroweak corrections can be split into two
parts. The part involving a light quark loop was computed in [12].
The part involving the top quark in the loop was first calculated
in [13] as an expansion in m2

H/(4m2
W ), which is therefore formally

valid only for mH < 2mW . The complete O(α) corrections includ-
ing the exact top quark contributions were later evaluated in [14,
15] using numerical methods.

Given the O(α) corrections, there are still ambiguities in
how to combine them with the QCD corrections. In [14] two
schemes were proposed, which were called the “partial factor-
ization” scheme and the “complete factorization” scheme. In the
partial factorization scheme the O(α) corrections are simply added
to the QCD corrected cross section, while in the complete factor-
ization scheme the O(α) corrections serve as a prefactor in front
of the QCD corrected cross section, which then generate terms
of O(ααn

s ). Since the QCD corrections in fixed-order perturbation
theory are large, these two schemes can have non-negligible dif-
ferences, and it was not known at that time which one is better
without an explicit calculation of the O(ααs) contributions. This
task has been undertaken in [16], where it was demonstrated that
although the complete factorization does not hold exactly, numer-

0370-2693/$ – see front matter  2011 Elsevier B.V. All rights reserved.
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Minimal Leptoquark Explanation for the RDð"Þ , RK, and ðg − 2Þμ Anomalies
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We show that by adding a single new scalar particle to the standardmodel, a TeV-scale leptoquark with the
quantum numbers of a right-handed down quark, one can explain in a natural way three of the most striking
anomalies of particle physics: the violation of lepton universality in B̄ → K̄lþl− decays, the enhanced
B̄ → Dð"Þτν̄ decay rates, and the anomalous magnetic moment of themuon. Constraints from other precision
measurements in the flavor sector can be satisfied without fine-tuning. Our model predicts enhanced
B̄→ K̄ð"Þνν̄ decay rates and a new-physics contribution toBs − B̄s mixing close to the current central fit value.

DOI: 10.1103/PhysRevLett.116.141802

Introduction.—Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the standard model (SM). During the first run of the LHC,
many existing measurements of such observables were
improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed effect is the 3.5σ deviation from the
SM expectation in the combination of the ratios

RDð"Þ ¼
ΓðB̄ → Dð"Þτν̄Þ
ΓðB̄ → Dð"Þlν̄Þ

; l ¼ e; μ: ð1Þ

An excess of the B̄ → Dð"Þτν̄ decay rates was first noted by
BABAR [1,2], and it was shown that this effect cannot be
explained in terms of type-II two Higgs-doublet models.
The relevant rate measurements were consistent with those
reported by Belle [3–5] and were recently confirmed by
LHCb for the case of RD" [6]. Since these decays are
mediated at tree level in the SM, relatively large new-
physics contributions are necessary in order to explain the
deviations. Taking into account the differential distributions
dΓðB̄ → Dτν̄Þ=dq2 provided by BABAR [2] and Belle [7],
only very few models can explain the excess, and they
typically require new particles with masses near the TeV
scale and Oð1Þ couplings [8–17]. One of the interesting
new anomalies is the striking 2.6σ departure from lepton
universality of the ratio

RK ¼ ΓðB̄ → K̄μþμ−Þ
ΓðB̄ → K̄eþe−Þ

¼ 0.745þ0.090
−0.074 & 0.036 ð2Þ

in the dilepton invariant mass bin 1 GeV2 ≤ q2 ≤ 6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angular

observables in the rare decays B̄ → K̄"μþμ− seen by LHCb
[19], which is however subject to significant hadronic
uncertainties [20–22]. Both observables are induced by
loop-mediated processes in the SM, and assuming Oð1Þ
couplings one finds that the dimension-6 operators that
improve the global fit to the data are suppressed by mass
scales of order tens of TeV [23–26].
In this Letter we propose a simple extension of the SM by

a single scalar leptoquark ϕ transforming as ð3; 1;− 1
3Þ

under the SM gauge group, which can explain both theRDð"Þ

and the RK anomalies with a low mass Mϕ ∼ 1 TeV and
Oð1Þ couplings. The fact that such a particle can explain the
anomalous B̄ → Dð"Þτν̄ rates and q2 distributions is well
known [13,17]. Here we show that the same leptoquark can
resolve in a natural way the RK anomaly and explain the
anomalous magnetic moment of the muon. Reproducing
RK with a light leptoquark is possible in our model because
the transitions b → slþl− are only mediated at loop level.
Such loop effects have not been studied previously in the
literature. We also discuss possible contributions to Bs − B̄s

mixing, the rare decays B̄ → K̄ð"Þνν̄, D0 → μþμ−, τ → μγ,
and the Z-boson couplings to fermions. We focus primarily
on fermions of the second and third generations, leaving a
more complete analysis for future work.
The leptoquark ϕ can couple to LQ and eRuR, as well as

to operators which would allow for proton decay and will
be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and ϕ are assigned opposite parity. The
leptoquark interactions follow from the Lagrangian

Lϕ ¼ ðDμϕÞ†Dμϕ −M2
ϕjϕj2 − ghϕjΦj2jϕj2

þ Q̄cλLiτ2Lϕ" þ ūcRλReRϕ" þ H:c:; ð3Þ

where Φ is the Higgs doublet, λL;R are matrices in
flavor space, and ψc ¼ Cψ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of a
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Abstract: Motivated by the recent LHCb announcement of a 3.1σ violation of lepton-
flavor universality in the ratio RK = Γ(B → Kµ+µ−)/Γ(B → Ke+e−), we present an
updated, comprehensive analysis of the flavor anomalies seen in both neutral-current (b →
s"+"−) and charged-current (b → cτ ν̄) decays of B mesons. Our study starts from a
model-independent effective field-theory approach and then considers both a simplified
model and a UV-complete extension of the Standard Model featuring a vector leptoquark
U1 as the main mediator of the anomalies. We show that the new LHCb data corroborate
the emerging pattern of a new, predominantly left-handed, semileptonic current-current
interaction with a flavor structure respecting a (minimally) broken U(2)5 flavor symmetry.
New aspects of our analysis include a combined analysis of the semileptonic operators
involving tau leptons, including in particular the important constraint from Bs-B̄s mixing,
a systematic study of the effects of right-handed leptoquark couplings and of deviations
from minimal flavor-symmetry breaking, a detailed analysis of various rare B-decay modes
which would provide smoking-gun signatures of this non-standard framework (LFV decays,
di-tau modes, and B → K(∗)νν̄), and finally an updated analysis of collider bounds on the
leptoquark mass and couplings.
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Figure 6: The observed and expected 95% CL LQ exclusion limits in the plane of the LQ-lepton-
quark coupling and the mass of the LQ for single (brown lines) and pair (blue lines) production,
and considering their sum (black lines). Regions to the left of the lines are excluded. The
upper plot pertains to an LQS with equal couplings to tt and bn, while the lower plots are for
an LQV assuming k = 0 (left) and 1 (right) and equal couplings to tn and bt. For LQV, the
gray area shows the band preferred (95% CL) by the B physics anomalies: l = CmLQ, where
C =

p
0.7 ± 0.2 TeV�1 and mLQ is expressed in TeV [43].
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YM VLQs w/ 
equal bν and tτ 
couplings

๏ A CMS search combining single and pair production, using the 
tτν(b) channel, including dedicated analysis for the case when the 
top quark is produced with a large Lorentz boost 

๏ All-hadronic analysis, which considers both the τh and hadronic top 
quark decays 

๏ Using ST as a sensitive variable for S/B separation 
๏ Probes interesting range of parameter space for the possible 

explanation of flavor anomalies
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Figure 2: Distribution of the variable ST for events passing the signal selection for the SM
background estimation (stacked filled histograms), data (black points), and different hypothe-
ses of LQ signals (lines). Upper left: boosted top quark candidate (hadronically decaying top
quark reconstructed in the fully or partially merged topology) and exactly one b jet; lower left:
boosted top quark candidate and at least two b jets; upper right: resolved top quark candidate
(hadronically decaying top quark reconstructed in the resolved topology) and exactly one b
jet; lower-right: resolved top quark candidate and at least two b jets. The cross-hatched band
in the upper panels represents the total uncertainty (statistical+systematic). The lower panel
of each distribution shows the ratio, and its uncertainty, between the observation and the SM
expectation.

contribution from the signal to account for residual differences between data and simulation.
Processes with at least one top quark (e.g. tt or tt + W) account for most of this irreducible
background, and a control region is defined by applying the requirements used for the signal
region, except with mT(th, p

miss
T ) < 80 GeV and Nb-jet � 2.

The dominant source of contamination is the reducible background, which comprises all of
the processes (mainly events composed uniquely of jets produced through the strong interac-
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CMS Searches for LQ3
๏ A new search for Pati-Salam U1 vector LQ in the ττ channel, a 

spin-off of the MSSM Higgs search 
๏ Significant interference with the SM DY ττ continuum taken into 

account 
๏ Started probing interesting parameter space from the point of 

view of flavor anomalies

15
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6.4 Simulated backgrounds and signal 17
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Figure 7: Composition of the signal for the MSSM interpretation of the data and the vector
leptoquark search. The left figure shows the generator level A boson pT density for the MSSM
M

125
h scenario for mA = 1.6 TeV and tan b = 30, split by the contributions from the t quark

only, the b quark only, and the tb-interference term. The right figure shows the distribution of
m

tot
T at reconstruction level in the thth final state for U1 t-channel exchange with mU = 1 TeV

and gU = 1.5, for the signal with and without the interference term for the VLQ BM 1 scenario.
The thth final state is shown, since it is the most sensitive one for this search. The bins of
the distributions are divided by their width and the distribution is normalized to the expected
signal yield for 138 fb�1.

contributions from the t quark only, b quark only, and tb-interference are each calculated sep-
arately. The POWHEG damping factor hdamp, which controls the matching between the matrix
element calculation and the parton shower, is set specifically for each contribution as proposed
in Refs. [134–136].

For the model-independent f search, the individual distributions are combined according to
their contribution to the total cross section as expected for an SM-like Higgs boson with given
mass. For the tests of MSSM benchmark scenarios, where the contributions of the individual
distributions also depend on the model parameters, these distributions are scaled using the
effective Yukawa couplings as predicted by the corresponding benchmark model [87], before
combining them into one single prediction. In this context, the tan b-enhanced SUSY correc-
tions to the fbb couplings are also included via the corresponding effective Yukawa couplings,
where appropriate. Other SUSY contributions have been checked to amount to less than a few
percent and are neglected. An example of the A boson pT spectrum for mA = 1.6 TeV and
tan b = 30 is shown in Fig. 7 (left). The bbf production is simulated at NLO precision in aS
using the corresponding POWHEG 2.0 implementation [137] in the four-flavour scheme (4FS).

The signal process of the U1 t-channel exchange is simulated in the five-flavour scheme (5FS)
at LO precision in aS using the MADGRAPH5 aMC@NLO event generator, v2.6.5 [138]. Events
are generated with up to one additional outgoing parton from the matrix element calculation
and matched following the MLM prescription, with the matching scale Qmatch set to 40 GeV.
The contribution from on-shell U1 ! qt production and decay is excluded during the event
generation. Samples are produced with gU = 1, for several values of mU between 1 and 5 TeV.
We observe no large dependence, neither of the templates used for signal extraction nor of the
overall cross section, on the assumed U1 decay width G, even after variations of factors of 0.5

8.3 MSSM interpretation of the data 31
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Figure 12: Expected and observed 95% CL upper limits on gU in the VLQ BM (left) 1 and (right)
2 scenarios, in a mass range of 1 < mU < 5 TeV. The expected median of the exclusion limit
in the absence of signal is shown by the dashed line. The dark and bright grey bands indicate
the central 68% and 95% intervals of the expected exclusion limit. The observed excluded
parameter space is indicated by the coloured blue area. For both scenarios, the 95% confidence
interval for the preferred region from the global fit presented in Ref. [72] is also shown by the
green shaded area.

Table 7: Contribution of MSSM signals to the m
tot
T and NN output function template distribu-

tions used for signal extraction for the interpretation of the data in MSSM benchmark scenarios.
Signal processes

Categories ggh, bbh, VBF, Vh ggH/ggA, bbH/bbA
No b tag mtt < 250 GeV X X
No b tag mtt > 250 GeV — X
b tag X X
Control regions X —

particular, the H (A) boson pT spectra in ggH (ggA) production are modelled as a function of
tan b for each tested value of mA, resulting in a softer progression for increasing values of tan b.
In the “no b tag” categories for mtt > 250 GeV the h signal is expected to be negligible so it is
dropped from the signal templates. A summary of the association of signals to the templates
used for signal extraction is given in Table 7. To interpolate the simulated mass points to the
exact predicted values of mH, a linear template morphing algorithm, as described in Ref. [163],
is used.

The mA-tan b plane is scanned and for each tested point in (mA, tan b), the CLs [160] value
is calculated. Those points where CLs falls below 5% define the 95% CL exclusion contour
for the benchmark scenario under consideration. The underlying test compares the MSSM
hypothesis, with signal contributions for h (Sh), H (SH), and A (SA), with the SM hypothesis
(SSM), with only one signal contribution related to H(125). The test versus the SM hypothesis
is justified by the properties of H(125) being in agreement with the SM expectation within
the experimental accuracy of current measurements. For the hypothesis test the likelihood of

https://arxiv.org/pdf/2208.02717
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ATLAS Searches for LQ3
๏ Analogous ATLAS analysis focuses on the final states with τ 

leptons and b jets and sets limits on Yang-Mills vector LQs 
decaying to bτ or tντ 

๏ Require either a pair of τh leptons or a single τh lepton and at 
least 2 b jets 

๏ Limits also reach 1.8 TeV in this analysis

16
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Figure 10: Expected and observed exclusion contours at the 95% confidence level (CL) for the third-generation
vector-leptoquark signal model, as a function of the mass <(LQv

3) and the branching fraction ⌫(LQv
3 ! 1g) into a

quark and a charged lepton. The top plot shows the exclusion contour for the minimal-coupling scenario, the bottom
plot the exclusion contour for vector leptoquarks in the Yang–Mills scenario. The limits are derived from the binned
single-tau signal region.
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Figure 6: Comparison of expected and observed event yields (top panel) and the significance of their di�erence
(bottom panel) for all analysis regions of the di-tau and single-tau channels. The hatched band in the top panel
indicates the combined statistical and systematic uncertainties in the expected SM background. The CC̄ (2 real g) and
CC̄ (1 real g) contributions and the single-top background contributions are scaled with the normalization factors
obtained from the background-only fit. Minor backgrounds are grouped together and denoted by “Other”. This
includes CC̄-fake, CC̄ + - , multiboson, and other top. The entries in the column labeled “SR (multi-bin)” are the sum
of the three bins of the multi-bin signal region. The significance is computed following Eq. (25) from Ref. [147],
multiplied by �1 if the observed number of events is smaller than the expected background yield.

signal regions in the di-tau and single-tau channels. Events with pair-produced top quarks make up the
largest contribution in all signal regions. The normalization factors obtained from the background-only
fit are 0.93+0.32

�0.23 for the CC̄ (2 real g) background, 0.84+0.21
�0.17 for CC̄ (1 real g), and 0.18+0.19

�0.16 for single-top
production. The normalization factor for single-top production is significantly smaller than one and strongly
depends on how the interference between single-top production at next-to-leading order and leading-order
CC̄ production is handled [142, 145, 146]. The value 0.18 is obtained from the samples generated with the
nominal diagram-removal scheme. The alternative diagram-subtraction scheme gives a normalization
factor larger than one with very large uncertainties due to the much smaller yields and thus insu�cient
purity in the control region. The di�erence between the CR yields can be attributed to the much softer 1-jet
distribution for the diagram-subtraction scheme. However, the distribution shape of <T(g1), the variable
used in the extrapolation from the control region to the signal region in the single-tau channel, agrees very
well between the two schemes, giving confidence in the validity of the extrapolation. Furthermore, the
predicted yields in the signal regions after the fit do not di�er significantly between the two interference
schemes, and the di�erence is taken into account as a systematic uncertainty.

No significant excess of data events above the SM expectation is observed in any of the signal regions. The
largest excursions from the expected yields are a deficit with a significance of 1.0f in the signal region of
the di-tau channel and an excess with a significance of 1.3f in the one-bin signal region of the single-tau
channel, computed with the approximate formulae from Ref. [137]. The excess is not present, however,

19

ATLAS, PRD 104 (2021) 112005

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.112005


G
re

g 
La

nd
sb

er
g 

- C
ol

lid
er

 S
ea

rc
he

s 
an

d 
M

ea
su

re
m

en
ts

 - 
10

.0
5.

23

Cross-Generational Couplings
๏ ATLAS has recently done a search for scalar LQs that have cross-generational couplings, e.g., 

ce, bμ 
๏ Only pair production is considered and the final states with a pair of OSSF leptons and b- or c-

tagged jets are analyzed  
๏ Limits are set as functions of the LQ mass and B(LQ → q𝓁) for q = b, c and 𝓁 = e, μ 
๏ More recent search for LQ → (t,b)+(e,μ,ν) considers both scalar and vector LQs
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Figure 9: The observed (solid line) and expected (dashed line) limits on the leptoquark branching ratio B into a quark
and an electron or a muon at 95% CL, shown as a function of <LQ for the di�erent leptoquark channels. The green
and yellow bands show the ±1f and ±2f ranges of the expected limit. The error band on the observed curve (dotted
lines) represents the uncertainty in the theoretical cross-section from PDFs, renormalisation and factorisation scales,
and the strong coupling constant US.
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Cross-Generational Couplings
๏ ATLAS has recently done a search for scalar LQs that have cross-generational couplings, e.g., 

ce, bμ 
๏ Only pair production is considered and the final states with a pair of OSSF leptons and b- or c-

tagged jets are analyzed  
๏ Limits are set as functions of the LQ mass and B(LQ → q𝓁) for q = b, c and 𝓁 = e, μ 
๏ More recent search for LQ → (t,b)+(e,μ,ν) considers both scalar and vector LQs
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ATLAS Search for LQ3→τq
๏ A new search for LQ3 coupled cross-generationally, 

e.g. to a τ and a c quark, using a τhτhjj final state 
๏ Can also be interpreted as an excited τ* search 
๏ Employs ST as the sensitive variable 
๏ Typically dominant background from misidentified 
τh is determined from control samples is data and 
verified in the DY control region 
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Figure 1: Feynman diagram for g⇤ production and decay. The compositeness scale below which Eq. 1 holds is
denoted by ⇤.

1 Introduction

The quarks and leptons in the Standard Model (SM) could be composed of more fundamental particles. The
constituents are called preons in a model of composite quarks and leptons by Baur, Spira, and Zerwas [1].
The model predicts the existence of excited states towering over the known SM leptonic and quark ground
states. A transition of the excited leptons into the ordinary ones would proceed either via interaction with
SM gauge bosons (Gauge Interaction, or GI) or via a new type of interaction. In the present analysis,
an e�ective four-fermion contact interaction (CI) is used. After simplification [1], the CI interaction
Lagrangian reads:

LCI =
(4c)2

⇤2

1
2
9
`

9` (1)

where
9` = 5̄!W` 5! + 5̄

⇤
!
W` 5

⇤
!
+ 5̄

⇤
!
W` 5! + h.c. (2)

and ⇤ is a compositeness scale below which Eq. 1 holds. In Eq. 2, 5! and 5
⇤
!

stand for left-handed
components of ordinary and excited fermion fields, respectively. In pp interactions at the LHC, the GI
plays a negligible role in the excited lepton production for <✓

⇤ > 300 GeV and ⇤ / 15 TeV, the range the
analysis reported here focuses on. Both the GI and CI are important in excited lepton decays [2]. However,
the CI decays dominate for values of <✓

⇤/⇤ larger than 0.1–0.3 depending on the model parameters [3].
As <✓

⇤/⇤ nears one, the e�ective four-fermion CI description becomes inaccurate, with a severity that
depends on the underlying physics [1]. The weaker the coupling between an excited lepton and SM gauge
bosons, the lower the importance of GI decays. In the analysis reported here, the GI couplings are assumed
to be zero. The only non-zero CI term considered is the CI between two quarks and two leptons. The focus
of the present search is on the process represented in Figure 1. Previous searches for excited tau leptons,
g
⇤, were done at LEP, with the ALEPH [4], DELPHI [5], L3 [6], and OPAL [7] experiments, and at the

LHC, with data collected by the ATLAS experiment at 8 TeV [8]. The last excluded the existence of g⇤

with mass below 2.5 TeV for a scenario in which the compositeness scale ⇤ is equal to the g
⇤ mass. The

study focused on g
⇤ predicted by the same model [1] as in the current paper, but both the GI and CI decays

were considered. However, it is possible to compare these results with the analysis reported here in the
regime of <✓

⇤/⇤ values close to one or negligible g
⇤ coupling to the SM gauge bosons. In this regime, the

CI decays dominate.
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Figure 6: Comparison of total – background plus signal – post-fit (T spectrum with data in the SR. The hatched
band corresponds to the total post-fit uncertainty, considering correlations between the individual NPs. It is centered
around the total post-fit prediction. The red histogram corresponds to the signal template for g⇤ with a mass of
1500 GeV and the compositeness scale set to ⇤ = 10 TeV. Expected (Exp.) and best-fit (Obs.) signal templates are
shown. The ratios in the bottom panel are calculated relative to the background-only post-fit predictions (SM).

shows the lower 95% CL limit on ⇤ as a function of <g
⇤ . The shaded area corresponds to (⇤, <g

⇤) points
where the interaction certainly cannot be treated as an e�ective four-fermion contact interaction [1]. Its
boundary is given by a line ⇤ = <g

⇤ . The intersection of this line with the observed limit gives an upper
95% CL limit on <g

⇤ of 4.6 TeV for a scenario with ⇤ = <g
⇤ .

Figure 8 shows the upper 95% CL limit on the LQ production cross-section as a function of mass. Signal
cross-sections displayed in the limit plot are computed at approximate NNLO, as described in Sec. 3.1.
Leptoquarks with masses below 1.3 TeV are excluded at 95% CL.
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Figure 7: 95% CL limits on selected g
⇤ model hypotheses. Figure 7(a) shows the upper 95% CL limit on the g

⇤

production cross-section as a function of <g
⇤ for a fixed value of the CI scale, ⇤ = 10 TeV. Figure 7(b) shows the

lower 95% CL limit on ⇤ as a function of <g
⇤ . The shaded area corresponds to (⇤, <g

⇤ ) points where the interaction
cannot be treated as an e�ective four-fermion contact interaction [1]. The observed and expected limits are shown
by the solid red and dashed black lines, respectively. Boundaries of the green (yellow) band display ±1f (±2f)
statistical uncertainty in the expected limit. The dotted blue line and the grey band in Figure 7(a) display the g

⇤

production cross-section and its uncertainty. The dotted red lines in Figure 7(b) show observed limits on ⇤ given
±1f variations of the signal production cross-section.
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ATLAS, arXiv:2303.09444

Λ = m(τ*)

Composite model

LQ3 → τq

https://arxiv.org/pdf/2303.09444.pdf
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Figure 9: The observed and expected upper limit at 95% CL on the coupling strength l of
a vector LQ model with k = 0 (left) and k = 1 (right). All years and all channels in each
category are combined. The limits derived for the single (green), pair (red), nonresonant (or-
ange) and total LQ production (black) are shown. The hatched bands around the expected
limit lines correspond to the regions containing 68% of the distribution of limits expected un-
der the background-only hypothesis. The region with blue shading shows the parameter space
preferred by one of the models proposed to explain anomalies observed in B physics.
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CMS Excess in LQ3 Search
๏ Another preliminary result from CMS, inspired by the flavor anomalies 
๏ Looks for single, pair, and  

t-channel production of LQ3  
in the ττ+X final states 
★ Uses ST = ΣpT(τ) + pT(j1) + MET as a discriminating variable for resonant and 𝛘 = 

e-2y*, where y* = |y1 - y2|/2 the rapidity separation between two leading (tau) jets for 
non-resonant production 

๏ Global fit to multiple search regions for different LQ3 mass and couplings 
★ See ~3.5σ excess peaking in non-resonant production at large VLQ masses and 

couplings; no excess is seen for resonant production; global σ is hard to quantify
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Figure 1: Dominant Feynman diagrams of the signal at LO: single (left) and pair LQ production
(center), as well as nonresonant production of two t leptons via t-channel LQ exchange (right).

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors
from |h| < 3.0 to |h| < 5.2. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system [72]. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 µs. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
about 1 kHz before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [73].

3 Simulated samples
3.1 Background samples

Samples of simulated events are used to devise selection criteria, and estimate and validate
background predictions. The main sources of background are the pair production of top quarks
(tt), single top quark production, W and Z boson production in association with jets, denoted
as “W + jets” and “Z + jets”, diboson (WW, WZ, ZZ) production, and quantum chromody-
namics (QCD) production of multijet events. The W + jets and Z + jets processes are simulated
using the MADGRAPH5 aMC@NLO [74] generator (2.2.2 and 2.3.3) at LO precision with the
MLM jet matching and merging scheme [75]. The same generator is also used for diboson
production simulated at next-to-leading order (NLO) precision with the FxFx jet matching and
merging scheme [76], whereas POWHEG [77–79] 2.0 and 1.0 are used for tt and single top quark
production, respectively, at NLO precision [80–83]. The Z + jets, tt , and single top processes
are normalized using cross sections computed at next-to-next-to-leading order (NNLO) in per-
turbative QCD [84–86].

The event generators are interfaced with PYTHIA to model the parton showering and fragmen-
tation, as well as the decay of the t leptons. The PYTHIA parameters affecting the description
of the underlying event are set to the CUETP8M1 (CP5) tune for all 2016 (2017 and 2018) sam-
ples [87, 88], except for the 2016 tt sample, for which CUETP8M2T4 [89] is used. The NNPDF3.0
parton distribution functions [90] (PDF) with the order matching that of the matrix element cal-
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The lower panel shows the ratio of the observed data to the expected background from the S+B
fit. The expected background is grouped by jet categories in stacked histograms.
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What About ATLAS?
๏ A related search, just made public, actually sees a 

deficit at high masses 
★ Unlike CMS, ATLAS search is focused on pair production 

๏ Uses NN parameterized w.r.t. m(LQ) 
๏ Not exactly comparable with the CMS analysis (as no t-

channel LQ3 exchange considered), but likely indicative 
that the CMS excess is due to a statistical fluctuation

20

ATLAS, arXiv:2303.01294
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Figure 7: The PNN score distributions in the ghadghad SR for (a) <LQ = 500 GeV, (b) <LQ = 1.1 TeV, (c)
<LQ = 1.4 TeV. The normalisation and shape of the backgrounds are determined from the background-only
likelihood fit to data and the ratios of the data to the sum of the backgrounds are shown in the lower panels. ‘Other’
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the combined statistical and systematic uncertainty in the total background predictions. The expected signals for
scalar LQs with the corresponding masses, scaled by the indicated factors for visibility, are overlaid. Since the PNN
score itself is not a physical quantity, it is represented solely by the bin number.
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Figure 8: The observed (solid line) and expected (dashed line) 95% CL upper limits on the LQ pair production
cross-sections assuming B = 1 as a function of <LQ for (a) the scalar LQ case, (b) the vector LQ case in the
minimal-coupling scenario, (c) vector LQs in the Yang–Mills scenario. The surrounding shaded bands correspond to
the ±1 and ±2 standard deviation (±1f,±2f) uncertainty in the expected limit. The theoretical prediction in each
model, along with its uncertainty, is shown by the lines with the hatched bands.

LQ models are summarised in Table 5, providing an improvement in mass reach for a scalar LQ of more
than 450 GeV compared with the previous 36 fb�1 result in this channel [18]. They extend the full Run 2
ATLAS reach for third-generation up-type LQs by around 200 GeV in all three models compared with the
search in the !&!& ! CaCa decay mode [26].

The results are also expressed as upper limits on the branching ratio to charged leptons as a function of
<LQ for each LQ model in Figure 9. For all models investigated, constraints on the LQ mass are reduced
by no more than 15% going from B = 1 to B = 0.5, while scalar LQ masses up to around 850 GeV are
excluded for couplings into charged leptons as low as 0.1; the corresponding B = 0.1 exclusion for vector
LQ is around 1100 GeV (1300 GeV) in the minimal-coupling (Yang–Mills) scenario.
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LQ models are summarised in Table 5, providing an improvement in mass reach for a scalar LQ of more
than 450 GeV compared with the previous 36 fb�1 result in this channel [18]. They extend the full Run 2
ATLAS reach for third-generation up-type LQs by around 200 GeV in all three models compared with the
search in the !&!& ! CaCa decay mode [26].

The results are also expressed as upper limits on the branching ratio to charged leptons as a function of
<LQ for each LQ model in Figure 9. For all models investigated, constraints on the LQ mass are reduced
by no more than 15% going from B = 1 to B = 0.5, while scalar LQ masses up to around 850 GeV are
excluded for couplings into charged leptons as low as 0.1; the corresponding B = 0.1 exclusion for vector
LQ is around 1100 GeV (1300 GeV) in the minimal-coupling (Yang–Mills) scenario.
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More From ATLAS
๏ Fresh off the press: a new search from ATLAS considers single LQ3 

production, as well as t-channel diagram with the LQ3 mediator - 
directly comparable with the CMS search 

๏ Requires a τ lepton pair and a high-pT (> 200 GeV) b jet 
๏ No significant excess seen in the ST distribution in both the τ𝑙τh and τhτh 

channels, with the sensitivity high enough to start ruling out the CMS 
excess (N.B. ATLAS assumes Br(LQ3 → bτ) = 0.5, while CMS assumes 1) 

๏ Additional limits are also set in the low-pT b jet signal region
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CMS H(eµ) Excess - LFV Search
๏ New CMS search for LFV Higgs boson decay H(eμ) 
๏ Apart from setting a stringent limit on the H(125) LFV decay, it also scans the eμ 

mass 
๏ An excess with a local (global) significance of 3.8 (2.8)σ is seen at a mass of 146 GeV 
๏ Probably already ruled out by an earlier ATLAS analysis, judging by the mass plot 

★Would be nice if ATLAS could produce a limit at 146 GeV based on that analysis
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Figure 7: Observed (expected) 95% CL upper limits on s(pp ! X ! eµ) as functions of the
hypothesised exotic Higgs boson mass.
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Figure 1: Dilepton invariant mass m`` for all categories summed together for the ee channel (left) and the eµ channel
(right) compared with the background-only model. The signal parameterisations with branching fractions set to
B(H ! ee) = 2% and B(H ! eµ) = 0.05% are also shown (red line). The bottom panels show the di�erence
between data and the background-only fit.
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The 750 Story
๏ One of the first papers on the 750 GeV excess
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Flavor anomalies, the 750 GeV diphoton excess,
and a dark matter candidate

Martin Bauer1 and Matthias Neubert2,3
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Philosophenweg 16, 69120 Heidelberg, Germany
2PRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany
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(Received 21 January 2016; published 22 June 2016)

We argue that the diphoton excess recently reported by ATLAS and CMS can be explained, along with
several anomalies seen in the flavor sector, in models where a Standard Model singlet scalar resonance with
mass MS ≈ 750 GeV is produced in gluon fusion via loops containing a scalar color-triplet leptoquark ϕ.
For a leptoquark mass Mϕ ≲ 1 TeV, the production cross section is naturally in the 10 fb range. A large
S → γγ branching ratio can be obtained by coupling the scalar S to new color-singlet fermions χ with
electroweak scale masses, which can be part of an SUð2ÞL multiplet, whose neutral component has the right
mass and quantum numbers to be a dark matter candidate. Our model reveals a connection between flavor
anomalies, the nature of dark matter and a new scalar, which acts as a mediator to the dark sector. The loop-
mediated decay S → τþτ− could be a striking signature of this model.

DOI: 10.1103/PhysRevD.93.115030

I. INTRODUCTION

Recently, the ATLAS and CMS collaborations have
reported an excess in the

ffiffiffi
s

p
¼ 13 TeV diphoton spectrum

at a mass ofMγγ ≈ 750 GeV with local significance of 3.6σ
(ATLAS) and 2.6σ (CMS) [1]. Taking into account the
look-elsewhere effect, the global significance of the excess
is reduced to 1.9σ (ATLAS) and 1.2σ (CMS). If confirmed
by future data, this would be a tantalizing first direct
signal of physics beyond the Standard Model (SM) with
far-reaching impact on our understanding of nature. The
absence of any significant excess in the dijet, massive
diboson and tt̄ spectra provides several important hints on
the properties of a possible resonance S. This new reso-
nance is very likely neutral under the SM gauge group,
carries spin 0 or 2 and its decays into massive electroweak
gauge bosons and SM fermions need to be sufficiently
suppressed. In particular, couplings to light fermions are
strongly constrained by dijet searches and precision flavor
observables. The observed cross section σðpp → S →
γγÞ ¼ ð4.4% 1.1Þ fb [2] thus implies a sizable coupling
to gluons and a large branching ratio into the diphoton final
state. Exceptions are models in which the resonance is
produced through light-by-light scattering, for which its
coupling to gluons can be negligible, while an enormous
effective coupling to photons is required [3,4]. For a neutral
scalar, the couplings to gluons and photons need to be
loop induced. However, production and decay through SM
particles are problematic for a scalar mass MS ≈ 750 GeV,
because tree-level decays of the new resonance into these
SM particles would completely dominate the branching
fractions. Therefore, the SM needs to be extended beyond
the new scalar singlet in order to explain the excess.

This potentially opens the door to a whole new sector of
physics.
Many of the recent studies of the diphoton resonance

make the economic assumption of a single new particle
mediating both the gluon fusion and the diphoton loop
amplitudes [5–27]. In most cases, the new particle is solely
motivated by the diphoton excess. In this paper we pursue a
different approach. A significant part of the LHC Run-I
legacy consists of the observation of a number of intriguing
anomalies in the flavor sector. This includes a 2.6σ deviation
of the ratio RK ¼ΓðB→Kμþμ−Þ=ΓðB→Keþe−Þ from 1
[28], a discrepancy in some angular observables in B →
K&μþμ− decays [29], a deviation of the Bs → ϕμþμ−

branching ratio from its SM value [30] and a reinforcement
of a previously observed anomaly in B̄ → D&τν̄ decays
[31–36]. Several authors have proposed that scalar
color-triplet leptoquarks can explain one or more of these
anomalies [37–42]; indeed, we have recently shown
that a leptoquark with mass Mϕ ≲ 1 TeV, transforming as
ð3; 1;− 1

3Þ under the SM gauge group, can explain these
anomalies in a natural way, while at the same time
accounting for the anomalous magnetic moment of the
muon [43]. Here we argue that TeV-scale scalar leptoquarks
can naturally account for the observed production rate of the
new resonance S, with which they can interact through a
portal coupling

L ¼ κϕSSϕ†ϕ; ð1Þ

with a dimensionful parameter κϕS. The corresponding
Higgs portal is assumed to be very small. Interestingly, a
gluon-induced production cross section σðgg → SÞ of order

PHYSICAL REVIEW D 93, 115030 (2016)

2470-0010=2016=93(11)=115030(6) 115030-1 © 2016 American Physical Society

J
H
E
P
0
7
(
2
0
1
6
)
0
9
4

Published for SISSA by Springer

Received: April 4, 2016

Revised: May 25, 2016

Accepted: June 18, 2016

Published: July 19, 2016

Diphoton resonance from a warped extra dimension

Martin Bauer,a Clara Hörnerb and Matthias Neubertb,c

aInstitut für Theoretische Physik, Universität Heidelberg,
Philosophenweg 16, 69120 Heidelberg, Germany

bPRISMA Cluster of Excellence & Mainz Institute for Theoretical Physics,
Johannes Gutenberg University, 55099 Mainz, Germany

cDepartment of Physics & LEPP, Cornell University,
Ithaca, NY 14853, U.S.A.

E-mail: M.Bauer@ThPhys.Uni-Heidelberg.de, choerner@uni-mainz.de,

matthias.neubert@uni-mainz.de

Abstract: We argue that extensions of the Standard Model (SM) with a warped extra

dimension, which successfully address the hierarchy and flavor problems of elementary

particle physics, can provide an elegant explanation of the 750GeV diphoton excess recently

reported by ATLAS and CMS. A gauge-singlet bulk scalar with O(1) couplings to fermions

is identified as the new resonance S, and the vector-like Kaluza-Klein excitations of the

SM quarks and leptons mediate its loop-induced couplings to photons and gluons. The

electroweak gauge symmetry almost unambiguously dictates the bulk matter content and

hence the hierarchies of the S → γγ, WW , ZZ, Zγ, tt̄ and dijet decay rates. We find that

the S → Zγ decay mode is strongly suppressed, such that Br(S → Zγ)/Br(S → γγ) < 0.1.

The hierarchy problem for the new scalar boson is solved in analogy with the Higgs boson

by localizing it near the infrared brane. The infinite sums over the Kaluza-Klein towers

of fermion states converge and can be calculated in closed form with a remarkably simple

result. Reproducing the observed pp → S → γγ signal requires Kaluza-Klein masses in

the multi-TeV range, consistent with bounds from flavor physics and electroweak precision

observables.

Useful side products of our analysis, which can be adapted to almost any model for

the diphoton resonance, are the calculation of the gluon-fusion production cross section

σ(pp → S) at NNLO in QCD, an exact expression for the inclusive S → gg decay rate at

N3LO, a study of the S → tt̄h three-body decay and a phenomenological analysis of portal

couplings connecting S with the Higgs field.
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Practical 95% CL
๏ In April 2016 I've offered 

Matthias a bet against 
X(750): 20 bottles of wine 
from me if it's real against 
1 bottle from him if it's not 
★ The catch: >€100/bottle 

๏ Fortunately for Matthias, 
after some hesitation, he 
decided not to take the bet 
★ Now, €100 richer and 750 

papers wiser he probably 
appreciates what 95% 
confidence implies!
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Interpreting the 750 GeV digamma excess: a review

ALESSANDRO STRUMIA

CERN, INFN and Dipartimento di Fisica, Università di Pisa

We summarise the main experimental, phenomenological and theoretical issues related to the

750GeV digamma excess.

The first LHC data about pp collisions at
p
s = 13TeV agree with the Standard Model (SM),

except for a hint of an excess in pp ! �� peaked at invariant mass around 750GeV [1]. We

denote the new resonance with the symbol, z, used in archaic greek as the digamma letter and

later as the number 6 ⇡ Mz/Mh, but disappeared twice. New data will tell if the z resonance

disappears or is confirmed. In the meantime, the z excess attracted significant theoretical

interest [2–370]. Indeed, unlike many other anomalies that disappeared, the �� excess cannot

be caused by a systematic issue, neither experimental nor theoretical. Theoretically, the SM

background is dominated by tree-level qq̄ ! �� scatterings, which cannot make a �� resonance.a

Experimentally, one just needs to identify two photons and measure their energy and direction.

The �� excess is either the biggest statistical fluctuation since decades, or the main discovery.

1 Data

During the Moriond 2016 conference CMS presented new data taken without the magnetic field;

ATLAS presented a new analysis with looser photon selection cuts (called ‘spin 2’ analysis to

distinguish it from the earlier ‘spin 0’ analysis); furthermore both collaborations recalibrated

photon energies in a way optimised around 750GeV rather than around Mh = 125GeV. As a

result, the statistical significance of the �� excess increased slightly, both in CMS and in ATLAS.

aSee [302,346,365] for attempts of finding a Standard Model interpretation.
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I wrote three papers on X(750)
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Axion-Like Particles
๏ Axion-like particles at the LHC and beyond
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Abstract: Axion-like particles (ALPs), which are gauge-singlets under the Standard

Model (SM), appear in many well-motivated extensions of the SM. Describing the in-

teractions of ALPs with SM fields by means of an effective Lagrangian, we discuss ALP

decays into SM particles at one-loop order, including for the first time a calculation of the

a → πππ decay rates for ALP masses below a few GeV. We argue that, if the ALP couples

to at least some SM particles with couplings of order (0.01 − 1)TeV−1, its mass must be

above 1MeV. Taking into account the possibility of a macroscopic ALP decay length,

we show that large regions of so far unconstrained parameter space can be explored by

searches for the exotic, on-shell Higgs and Z decays h → Za, h → aa and Z → γa in Run-2

of the LHC with an integrated luminosity of 300 fb−1. This includes the parameter space

in which ALPs can explain the anomalous magnetic moment of the muon. Considering

subsequent ALP decays into photons and charged leptons, we show that the LHC provides

unprecedented sensitivity to the ALP-photon and ALP-lepton couplings in the mass region

above a few MeV, even if the relevant ALP couplings are loop suppressed and the a → γγ

and a → #+#− branching ratios are significantly less than 1. We also discuss constraints

on the ALP parameter space from electroweak precision tests.
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LHC as an Axion Factory: Probing an Axion Explanation for ðg− 2Þμ
with Exotic Higgs Decays
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We argue that a large region of so-far unconstrained parameter space for axionlike particles (ALPs),
where their couplings to the standard model are of order ð0.01–1Þ TeV−1, can be explored by searches for
the exotic Higgs decays h → Za and h → aa in run 2 of the LHC. Almost the complete region in which
ALPs can explain the anomalous magnetic moment of the muon can be probed by searches for these decays
with subsequent decay a → γγ, even if the relevant couplings are loop suppressed and the a → γγ
branching ratio is less than 1.

DOI: 10.1103/PhysRevLett.119.031802

Axionlike particles (ALPs) appear in well-motivated
extensions of the standard model (SM), e.g., as a way to
address the strong CP problem, as mediators between the
SM and a hidden sector, or as pseudo-Nambu-Goldstone
bosons in extensions of the SM with a broken global
symmetry. If ALP couplings to muons and photons are
present, the 3.6σ deviation of the anomalous magnetic
moment of the muon aμ ¼ ðg − 2Þμ=2 from its SM value
can be explained by ALP exchange [1,2]. Collider experi-
ments can be used to search directly and indirectly for
ALPs. Besides ALP production in association with pho-
tons, jets, and electroweak gauge bosons [3–6], searches for
the decay Z → γa are sensitive to ALPs with up to weak-
scale masses [7–9]. Utilizing the exotic Higgs decay
h → aa to search for light pseudoscalars was proposed
in [10–12]. Several experimental searches for this mode
have been performed, constraining various final states
[13–19]. Surprisingly, the related decay h → Za has not
been studied experimentally, even though analogous
searches for new heavy scalar bosons decaying into Za
have been performed [20]. The reason for this is, perhaps,
the suppression of the h → Za decay in the decoupling
limit in two-Higgs-doublet models, in general, and super-
symmetric models, in particular [21]. In models featuring a
gauge-singlet ALP, there is no dimension-5 operator
mediating h → Za decay at tree level, and hence, this
mode has not received much theoretical attention either.
Here, we point out that fermion-loop graphs arising at
dimension-5 order and tree-level contributions of dimen-
sion-7 operators can naturally induce an h → Za decay rate
of similar magnitude as the h → Zγ decay rate in the SM,
which is a prime target for run 2 at the LHC. Furthermore,
in certain classes of UV completions, the h → Zγ branch-
ing ratio can be enhanced parametrically to the level of
Oð10%Þ and higher. A search for this decay mode is
therefore well motivated and can provide nontrivial infor-
mation about the underlying UV theory.

In this Letter, we show that searches for h → Za and
h → aa decays in run 2 at the LHC can probe a large region
of so-far unconstrained parameter space in the planes
spanned by the ALP mass and its couplings to photons
or leptons, covering, in particular, the difficult region above
30 MeV and probing ALP-photon couplings as small as
10−10 GeV−1. If the ðg − 2Þμ anomaly is explained by a
light pseudoscalar, this particle will be copiously produced
in Higgs decays and should be discovered at the LHC. A
detailed discussion of the searches presented here, along
with a comprehensive analysis of electroweak precision
bounds, flavor constraints, and the relevance of ALPs to
other low-energy anomalies, will be presented else-
where [22].
We consider a light, gauge-singlet CP-odd boson a,

whose mass is protected by a (approximate) shift sym-
metry. Its interactions with SM fermions and gauge fields
start at dimension-5 order and are described by the effective
Lagrangian [23]

Leff ¼ g2sCGG
a
Λ
GA

μν
~Gμν;A þ g2CWW

a
Λ
WA

μν
~Wμν;A

þ g02CBB
a
Λ
Bμν

~Bμν þ
X

f

cff
2

∂μa
Λ

f̄γμγ5f: ð1Þ

Here, Λ is the characteristic scale of global symmetry
breaking, which we assume to be above the weak scale. It is
common practice in the ALP literature to absorb potential
loop factors, which could arise in weakly coupled UV
completions, into the Wilson coefficients Cii. After electro-
weak symmetry breaking, the effective ALP coupling to
two photons is described by a term analogous to the
hypercharge coupling, but with gauge coupling e2 and
coefficient Cγγ ¼ CWW þ CBB. Note that at this order, there
are no ALP couplings to the Higgs doublet ϕ. They appear
first at dimensions 6 and 7 and read
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Abstract Axion-like particles (ALPs) are pseudo Nambu–
Goldstone bosons of spontaneously broken global symme-
tries in high-energy extensions of the Standard Model (SM).
This makes them a prime target for future experiments aim-
ing to discover new physics which addresses some of the
open questions of the SM. While future high-precision exper-
iments can discover ALPs with masses well below the GeV
scale, heavier ALPs can be searched for at future high-energy
lepton and hadron colliders. We discuss the reach of the dif-
ferent proposed colliders, focusing on resonant ALP produc-
tion, ALP production in the decay of heavy SM resonances,
and associate ALP production with photons, Z bosons or
Higgs bosons. We consider the leading effective operators
mediating interactions between the ALP and SM particles
and discuss search strategies for ALPs decaying promptly
as well as ALPs with delayed decays. Projections for the
high-luminosity run of the LHC and its high-energy upgrade,
CLIC, the future e+e− ring-colliders CEPC and FCC-ee, the
future pp colliders SPPC and FCC-hh, and for the MATH-
USLA surface array are presented. We further discuss the
constraining power of future measurements of electroweak
precision parameters on the relevant ALP couplings.

1 Introduction

Axion-like particles (ALPs) are light, gauge-singlet pseu-
doscalar particles with derivative couplings to the Standard
Model (SM). The name is inspired by the QCD axion, which
is the pseudo-Nambu–Goldstone boson associated with the
breaking of the Peccei–Quinn symmetry [1–4], proposed to
address the strong CP problem. More generally, ALPs appear
in any theory with a spontaneously broken global symme-
try and possible ALP masses and couplings to SM particles

a e-mail: andrea.thamm@cern.ch

range over many orders of magnitude. In certain regions of
parameter space ALPs can be non-thermal candidates for
Dark Matter [5] or, in other regions where they decay, medi-
ators to a dark sector. For large symmetry breaking scales, the
ALP can be a harbinger of a new physics sector at a scale !

which would otherwise be experimentally inaccessible. Since
the leading ALP couplings to SM particles scale as !−1,
ALPs become weakly coupled for large new-physics scales.
Accessing the smallest possible couplings is thus crucial to
reveal non-trivial information about a whole new physics
sector.

Depending on the region in parameter space spanned
by the ALP mass and couplings, the search strategies vary
greatly. For masses below twice the electron mass, the ALP
can only decay into photons and the corresponding decay rate
scales like the third power of the ALP mass. Thus, light ALPs
are usually long-lived and travel long distances before decay-
ing. Experiments probing long-lived ALPs include helio-
scopes such as CAST [6], SUMICO [7,8], as well as obser-
vations from the evolution of red giant stars [9–11] and the
Supernova SN1987a [12,13]. In addition, a set of cosmo-
logical constraints from the modification to big-bang nucle-
osynthesis, distortions of the cosmic microwave background
and extragalactic background light measurements exclude
a large region of this parameter space and are sensitive to
very small ALP-photon couplings [14,15]. For intermediate
ALP masses up to the GeV scale, collider experiments such
as BaBar, CLEO, LEP and the LHC searching for missing-
energy signals probe long-lived ALPs with non-negligible
couplings to SM particles [16,17]. Current and future beam-
dump searches are sensitive to ALPs with masses below
∼ 1 GeV radiated off photons and decaying outside the tar-
get [18–21]. ALP couplings to other SM particles are gen-
erally less constrained than the ALP-photon coupling. ALP
couplings to charged leptons are constrained by searches for
ALPs produced in the sun [22], the evolution of red giants
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ATLAS Searches for ALPs
๏ ATLAS conducted a search for a stable  

light ALP in the Z boson decays via the  
mono photon channel 

๏ They also looked for H → Za, with a  
decaying hadronically

30

LHC in proton–proton collisions at a centre-of-mass energy of
p
B = 13 TeV. The W + ⇢

miss
T final state has

the advantage of a clean signature that nicely complements the other X + ⇢
miss
T processes. The sensitivity

of this search is enhanced compared to a previous search using 36.1 fb�1 [9] due to the increased size of
the dataset and by incorporating new criteria for reconstructed objects. The X + ⇢

miss
T signatures have

been explored by the LHC experiments for the cases where X is a photon [9, 10], a jet [11, 12], a heavy
quark [13, 14], a vector boson [12, 15, 16] or a Higgs boson [17, 18].

The results are interpreted using simplified models where Dirac-fermion DM candidates (denoted by
j) interact with quarks through the exchange of a mediator in the B-channel via vector or axial-vector
interactions [19–21]. A photon can be radiated from the initial state and the jj̄ pair is invisible to the
detector, resulting in a W + ⇢

miss
T final state as shown in Figure 1 (left).

med

q

q

�

��

gq g�
Z

q

q

a

�

⌦

Figure 1: Feynman diagrams corresponding to the simplified DM model (left) and ALP DM model (right) considered.

The free parameters in models of this kind are the mass of the mediator, <med, the mass of the DM particle,
<j, the couplings 6@, 6✓ and 6j of the mediator to quarks, leptons and DM particles respectively, and
the width of the mediator, �med [22]. The latter is computed as the minimum width allowed given the
couplings and masses.

In addition, a model with an ALP (denoted by 0) produced in association with a photon is used. The model
considered is an e�ective field theory (EFT) that extends the SM Lagrangian, by using e�ective operators
to describe the interactions of ordinary matter with an additional particle. This particle is a generic CP-odd
(pseudo-)Nambu–Goldstone boson of a spontaneously broken symmetry at energies below a scale higher
than the electroweak scale, singlet under the SM charges and playing the role of the ALP [8].

Signals from this model consist of events having the ALP generated in association to a photon as shown in
Figure 1 (right). In this ALP EFT, the new physics scale to be considered is the ALP decay constant 50,
which regulates the dimension-5 operators built from the SM fields and 0. After electroweak symmetry
breaking, the couplings of ALPs to the electroweak gauge bosons can be obtained as a linear combination of
the relevant free parameters, namely the real operator coe�cients 28 in the e�ective Lagrangian describing
bosonic ALP couplings, and the e�ective scale 50. The ALP mass is supposed to be a free parameter, but
since the ALP is considered a light particle (⇠ 1 MeV) it does not a�ect the kinematics. The coupling
of ALPs to two photons is tightly constrained by experimental observations, and it is taken to be zero,
which allows a further reduction in the number of parameters (see Ref. [8] and the references therein). The
resulting limits for this model are set on the energy scale 50 and 2 ⇠

,

, the coe�cient for the operator built
from the (* (2)! gauge group field and 0. The signal cross section depends on the square of the ratio of an
operator coe�cient to the e�ective scale, (28/ 50)2, and hence the ratio 2 ⇠

,

/ 50 is the relevant combination
of parameters provided by this analysis.

3

1000 1500 2000 2500 3000 3500 4000 4500 5000

 [GeV]af

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6W~
C ATLAS

-1= 13 TeV, 139 fbs
 = 1 MeVaAxion-Like Particles, m

95% CL limits

expσ 2 ±Expected Limit 
expσ 1 ±Expected Limit 

Expected Limit
Observed Limit

Figure 7: Observed (solid line) and expected (dot-dashed line) exclusions at 95% CL on the coupling 2 ⇠
,

as a function
of the e�ective scale 50 for an ALP mass of 1 MeV. The region above the limit lines is excluded.
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negligible impact for 50 > 1000 GeV. The largest change in the limit is 1% for 50 = 1 TeV, where the
truncation impact is largest.

Since the signal cross section and width depend on the ratio of the operator coe�cient to the e�ective
scale, the limit is also computed for 2 ⇠

,

/ 50 as a function of ALP mass in the range from 1 MeV to
1 GeV, where the acceptance is constant. The result obtained for the observed (expected) upper limit
is 2 ⇠

,

/ 50 = 1.2 ⇥ 10�4 (1.3 ⇥ 10�4) GeV�1, constant with the ALP mass in the considered range. This
limit constrains the coupling of the ALP to the electroweak gauge bosons, |60/W | < 0.51 TeV�1 assuming
60WW = 0. In addition, using the relationship [8]:

�(/ ! 0W) =
<

3
/

384c
6

2
0/W

 
1 � <

2
0

<
2
/

!3

,

and assuming <0 = 1 MeV, a contribution to the / boson width of �(/ ! 0W) < 0.17 MeV at 95% CL is
estimated. The most stringent limit is set from LEP, �(/ ! XW) < 2.5 keV for photons with energy above
30 GeV in 4

+
4
� annihilation events at the / resonance can be inferred from Ref. [77], where X refers to a

stable, weakly interacting particle.
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Figure 2: Invariant mass of the lepton pair plus jet system, for data, background and three signal hypotheses. Events
are required to pass the complete event selection, including the MLP output variable requirement, but not the
120 < <✓✓ 9 < 135 GeV requirement. The background normalization is defined by the background estimate in the
signal region, and the signal normalizations assume the SM Higgs boson inclusive production cross section and
B(� ! /0) = 100%. The error bars (hatched regions) represent the data (MC) sample statistical uncertainty, in
both the histograms and the ratio plots. The region between the vertical dashed lines is the signal region. The total
background uncertainty in the signal region is also indicated.

Table 1: Expected and observed 95% CL upper limits on f(?? ! �)B(� ! /0)/pb. These results are quoted for
B(0 ! 66) = 100% and B(0 ! BB̄) = 100% for each signal sample.

0 mass [GeV]
0 ! 66 0 ! BB̄

Exp Obs Exp Obs

0.5 16+6
�5 17

0.75 19+7
�5 20

1.0 17+7
�5 18

1.5 20+8
�6 22 19+7

�5 20

2.0 26+10
�7 27 23+9

�6 24

2.5 38+15
�11 40 32+12

�9 33

3.0 75+29
�21 78 65+25

�18 68

3.5 110+40
�30 120

4.0 320+130
�90 340
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Figure 2: Invariant mass of the lepton pair plus jet system, for data, background and three signal hypotheses. Events
are required to pass the complete event selection, including the MLP output variable requirement, but not the
120 < <✓✓ 9 < 135 GeV requirement. The background normalization is defined by the background estimate in the
signal region, and the signal normalizations assume the SM Higgs boson inclusive production cross section and
B(� ! /0) = 100%. The error bars (hatched regions) represent the data (MC) sample statistical uncertainty, in
both the histograms and the ratio plots. The region between the vertical dashed lines is the signal region. The total
background uncertainty in the signal region is also indicated.

Table 1: Expected and observed 95% CL upper limits on f(?? ! �)B(� ! /0)/pb. These results are quoted for
B(0 ! 66) = 100% and B(0 ! BB̄) = 100% for each signal sample.

0 mass [GeV]
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0.5 16+6
�5 17
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CMS: Machine Learning for ALPs
๏ Recent example from CMS: end-to-end deep ML reconstruction of the 

ECAL to resolve overlapping photon showers 
★ Developed specifically for the H → aa→ɣɣɣɣ search 
★ A mass regression technique that uses  

low-level ECAL information to best reconstruct  
m(a) via a merged diphoton decay 

★ Capable of dealing with Lorentz boosts as high 
as 600! 

★ Performance in data validated using π0→ɣɣ  
decays

31
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Figure 1: Simulation results for the decay chain H ! AA, A ! gg at various boosts: (upper
plots) barely resolved, mA = 1.0 GeV, gL = 50; (middle plots) shower merged, mA = 0.4 GeV,
gL = 150; and (lower plots) instrumentally merged, mA = 0.1 GeV, gL = 625. The left column
shows the normalized distribution of opening angles between the leading (g1) and subleading
(g2) photons from the particle A decay, expressed by the number of crystals in the h direction,
Dh(g1, g2)

gen, versus the f direction, Df(g1, g2)
gen. Note that the distributions include con-

tributions outside of the plotted ranges and thus may not sum to unity within the displayed
ranges. The right column displays the ECAL energy shower pattern for a single A ! gg decay,
plotted in relative ECAL crystal index coordinates and color-coded by energy. In all cases, only
decays reconstructed as a single PF photon candidate passing selection criteria are used.
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Figure 4: Mass regression performance for simulated A ! gg samples generated uniformly
in (pT, mA), corresponding to mean boosts in the range hgLi = 600–50 for mA = 0.1–1.2 GeV.
Upper: Regressed mG vs. generated mA. The regressed mG is normalized in 0.025 GeV vertical
slices of the generated mA. The color scale to the right of the plot gives the normalized number
of events per vertical slice in 0.025 GeV bins of mG. Lower left: The MAE (blue circles, use left
scale) and MRE (red squares, use right scale) vs. the generated mA. For clarity, the MRE for
mA < 0.1 GeV is not shown since its value diverges as mA ! 0. Lower right: The mA regres-
sion efficiency as a function of the generated mA. The hatched region shows the efficiency for
single photons. The vertical bars on the points show the statistical uncertainty in the simulated
sample.
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Figure 4: Mass regression performance for simulated A ! gg samples generated uniformly
in (pT, mA), corresponding to mean boosts in the range hgLi = 600–50 for mA = 0.1–1.2 GeV.
Upper: Regressed mG vs. generated mA. The regressed mG is normalized in 0.025 GeV vertical
slices of the generated mA. The color scale to the right of the plot gives the normalized number
of events per vertical slice in 0.025 GeV bins of mG. Lower left: The MAE (blue circles, use left
scale) and MRE (red squares, use right scale) vs. the generated mA. For clarity, the MRE for
mA < 0.1 GeV is not shown since its value diverges as mA ! 0. Lower right: The mA regres-
sion efficiency as a function of the generated mA. The hatched region shows the efficiency for
single photons. The vertical bars on the points show the statistical uncertainty in the simulated
sample.
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an advantage or disadvantage depends on the application. For an analysis searching for iso-
lated A ! gg decays [45], background processes from neutral mesons in jets will be smeared
in mass, providing a distinct advantage for separating their mass spectra from that of true
A ! gg decays peaking at similar masses. The optimization of the end-to-end technique for
the mass regression of neutral mesons in jets is beyond the scope of this paper.

The unique capability of the end-to-end technique to reconstruct highly boosted particle decays
thus opens the door to physics searches in boost regimes previously inaccessible to existing
reconstruction algorithms. Additionally, because of the difficulty of obtaining low-energy p0

decays (E ⇡ 1 GeV) with increasing luminosity, the ability to reconstruct the more abundantly
available high-energy (E ⇡ 10 GeV) p0 decays instead offers the possibility of improving the
reach of existing CMS ECAL intercrystal calibration methods, which rely on such decays [8].
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Figure 6: Reconstructed mass mG for end-to-end (red circles), photon NN (blue squares), and
3⇥3 (gray triangles) algorithms for hadronic jets from data enriched with p0 ! gg decays. All
distributions are normalized to the same number of events, including those outside mA-ROI.
The statistical uncertainties in the distributions are negligible.

9 Robustness of the algorithm
To further assess the robustness and generalizability of the end-to-end ML-based mass regres-
sor, we study how the regressed mass varies with respect to a number of key quantities of
interest. Such studies are useful in revealing potential biases of the mass regressor technique
to kinematic regions and detector conditions for which it was not trained. These mass depen-
dence studies are performed on data using both p0 ! gg events and electrons from events
enriched with Z ! e+e� decays.

9.1 Mass dependence on kinematic quantities

We first measure the dependence of the regressed mass on reconstructed kinematic quantities
such as pT, G and hG. These studies have the caveat outlined in Section 8.2 concerning the distor-
tions in the regressed p0 invariant mass distribution coming from jet hadronization. Figure 7
(left) shows a two-dimensional plot of the regressed mass versus pT, G for 20 < pT, G < 35 GeV.
A clear band is observed that is independent of pT, G. We attribute this band to well-isolated
p0 ! gg decays, which are more prominent in this relatively low-pT, G range. This is consistent
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...and its Application
๏ Based on this regression  

technique, a dedicated  
analysis for a very light  
pseudoscalar a in a  
0.1-1.2 GeV mass range  
has been conducted 

๏ Look for an excess  
in the plane of two  
reconstructed ɣɣ  
masses, for the  
overall mass in the  
H boson window 

๏ Sensitivity exceeds that from the generic limits based on  
H→ɣɣ decays, demonstrating the power of the technique
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6

systematic (stat + syst) uncertainties. We find no statistically significant excess in the data over
the SM background predictions for mA masses in the range 0.1–1.2 GeV.

The CLs criterion [47, 48] is used to interpret this result in terms of excluded B(H ! AA ! 4g)
values. The observed upper limit on B(H ! AA ! 4g) at 95% confidence level (CL) as a func-
tion of mA in the range 0.1-1.2 GeV is shown in Fig. 2, and varies between (0.9–3.3)⇥10�3 for mA
values 0.1–1.2 GeV. The expected 95% CL limits and their associated 68 and 95% confidence in-
tervals (CI) are determined by simulating SM background-only pseudo-experiments. The LHC
measurements of B(H ! gg) [1, 2] give an effective upper bound on a possible measurement
of B(H ! AA ! 4g) because of the degeneracy between the final states. The constraint from
the CMS measurement [1] is shown in Fig. 2. It is relevant for values of mA ⇡ 0.1 GeV where
the A ! gg decay resembles a single photon and increases at larger mA. Our observed upper
limits thus set the best constraints for this decay mode in the mA range that we study.

0 0.2 0.4 0.6 0.8 1 1.2
 [GeV]Am

3−10

2−10

1−10)γ
 4

→ AA 
→

(H
 

Β
95

%
 C

L 
up

pe
r l

im
it 

on
 

 (13 TeV)-1136 fb

CMS
Observed
Median expected
68% expected
95% expected

γγ →CMS H 

95% CL upper limits

Figure 2: Observed (black solid curve with points) and median expected (blue dashed curve)
95% CL upper limit on B(H ! AA ! 4g) as a function of mA for prompt A decays. The 68%
(green band) and 95% (yellow band) CIs are plotted around the expected limit. The 95% CL
upper limit from the CMS measurement [1] of B(H ! gg) is also shown (red band, where the
width represents the uncertainty in the measurement).

We estimate the upper limits for long-lived A decays by comparing the signal yield in the
mA-SR \ mH-SR for different simulated A decay lengths compared with that for prompt de-
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Other Searches for ALPs
๏ One could use other techniques to look for ALPs 

at the LHC 
๏ Heavy-ion collisions turn LHC into a ɣɣ collider, 

which allows to produce ALPs 
๏ Tagging forward protons also allows to look for 

exclusive diphoton production

33
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Figure 11: Limits on axion-like particle (ALP) production in the plane of the ALP mass and
the coupling strength. The shape of the limit curve follows the PPS acceptance times efficiency
curve.
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by (⇤). Since the photon flux associated with each nucleus scales as /2, the LbyL cross section is strongly
enhanced relative to proton–proton (??) collisions.

In this measurement, the final-state signature of interest is the exclusive production of two photons, where
the diphoton final state is measured in the detector surrounding the Pb+Pb interaction region, and the
incoming Pb ions survive the EM interaction. Hence, one expects that two low-energy photons will be
detected with no further activity in the central detector. In particular, no reconstructed charged-particle
tracks originating from the Pb+Pb interaction point are expected.

The LbyL process has been proposed as a sensitive channel to study physics beyond the SM. Modifications of
the WW ! WW scattering rates can be induced by new exotic charged particles [7] and by the presence of extra
spatial dimensions [8]. The LbyL cross sections are also sensitive to Born–Infeld extensions of QED [9],
Lorentz-violating operators in electrodynamics [10], and the presence of space-time non-commutativity in
QED [11]. Additionally, new neutral particles, such as axion-like particles (ALP), can also contribute in
the form of narrow diphoton resonances [12], as shown in Figure 1. ALPs are relatively light, gauge-singlet
(pseudo-)scalar particles that appear in many theories with a spontaneously broken global symmetry. Their
masses and couplings to SM particles may range over many orders of magnitude. The previous ATLAS
searches involving ALP decays to photons are based on ?? collision data [13, 14].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in measurements of the
anomalous magnetic moment of the electron and muon [15, 16]. The WW ! WW reaction has been measured
in photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [17–20] and in the photon
splitting process [21]. A related process, in which initial photons fuse to form a pseudoscalar meson which
subsequently decays into a pair of photons, has been studied at electron–positron colliders [22–24].

The authors of Ref. [25] proposed to measure LbyL scattering by exploiting the large photon fluxes available
in heavy-ion collisions at the LHC. The first direct evidence of the LbyL process in Pb+Pb UPC at the
LHC was established by the ATLAS [26] and CMS [27] Collaborations. The evidence was obtained from
Pb+Pb data recorded in 2015 at a centre-of-mass energy of

p
BNN = 5.02 TeV with integrated luminosities

of 0.48 nb�1 (ATLAS) and 0.39 nb�1 (CMS). The CMS Collaboration also set upper limits on the cross
section for ALP production, WW ! 0 ! WW, over a mass range of 5–90 GeV. Exploiting a data sample of
Pb+Pb collisions collected in 2018 at the same centre-of-mass energy with an integrated luminosity of
1.73 nb�1, the ATLAS Collaboration observed LbyL scattering with a significance of 8.2f [28]. These two

Pb
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γ

γ

γ

γ

Pb

Pb
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Pb(*)

γ

γ

γ

γ

a

Figure 1: Schematic diagrams of (left) SM LbyL scattering and (right) axion-like particle production in Pb+Pb UPC.
A potential electromagnetic excitation of the outgoing Pb ions is denoted by (⇤).

3

Assuming a 100% ALP decay branching fraction into photons, the derived constraints on the ALP mass and
its coupling to photons are compared in Figure 10 with those obtained from various experiments [27, 69–72].
The exclusion limits from this analysis are the strongest so far for the mass range of 6 < <0 < 100 GeV.
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Figure 9: The 95% CL upper limit on the ALP cross section fWW!0!WW (left) and ALP coupling 1/⇤0 (right) for
the WW ! 0 ! WW process as a function of ALP mass <0. The observed upper limit is shown as a solid black line
and the expected upper limit is shown by the dashed black line with its ±1 and ±2 standard deviation bands. The
discontinuity at <0 = 70 GeV is caused by the increase of the mass-bin width which brings an increase in signal
acceptance.
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Figure 10: Compilation of exclusion limits at 95% CL in the ALP–photon coupling (1/⇤0) versus ALP mass (<0)
plane obtained by di�erent experiments. The existing limits, derived from Refs. [27, 69–72] are compared with the
limits extracted from this measurement. The exclusion limits labelled “LHC (??)” are based on ?? collision data
from ATLAS and CMS. All measurements assume a 100% ALP decay branching fraction into photons. The plot on
the right is a zoomed-in version covering the range 1 < <0 < 120 GeV.
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1. Introduction 1

1 Introduction
While the Standard Model (SM) of particle physics has been largely successful in describing
the universe, there are still many observed phenomena that suggest it is incomplete. Studying
photon-photon interactions as part of the Light-by-Light (LbL) scattering process can provide
theories that go beyond the standard model (BSM) by predicting the anomalous couplings of
photons. Examples of these theories include composite Higgs [1], warped extra dimensions
[2], and Kaluza-Klein gravitons [3]. The SM LbL process has been observed by both the CMS
and ATLAS collaborations in heavy ion (HI) collisions [4–6], however, contributions to the
four-photon (4g) cross-section from BSM physics are expected at higher two-photon invariant
masses than can be reached in HI collisions.

Using proton-proton (pp) collisions at the Large Hadron Collider (LHC), evidence for BSM
physics can be probed at the electroweak scale. Furthermore, when two protons undergo an
electromagnetic interaction at the LHC, the original protons can remain intact in the final state
as seen in Figure 1. Measuring these final state protons gives the best sensitivity to study 4g
anomalous couplings [7].

�

�

p

p

p

�

�

p

Figure 1: The process for diphoton production via photon exchange with intact protons in the
final state. Several couplings may enter the four-photon shaded area such as a loop (box) of
charged fermions or bosons. The model can be extended with intermediate interactions of new
physics objects, such as a loop of a heavy charged particle or an s-channel process producing a
scalar axion-like resonance that decays into two photons.

As has been shown in Ref. [7], with the assumption of a new mass scale heavier than the current
reachable experimental energy, the 4g interactions can be described by an effective Lagrangian
using dimension-8 operators

L4g = z1FµnF
µn

FrsF
rs + z2FµnF

nr
FrlF

lµ. (1)

These z1 and z2 parameters are identically zero in the SM, but in the case of a loop of a heavy
charged particle or a resonance of a neutral particle, the contribution to the 4g process would
be nonzero.

From Equation 1, the angular cross-section of the four-photon interaction can be computed as

ds

dW
=

1
16p2s

�
s

2 + t
2 + st

�2 ⇥48z2
1 + 40z1z2 + 11z2

2
⇤

where s and t are the Mandelstam variables.

https://cds.cern.ch/record/2810862/files/EXO-21-007-pas.pdf
https://link.springer.com/content/pdf/10.1007/JHEP03(2021)243.pdf?pdf=button
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ATLAS H → a(bb)a(µµ) Excess
๏ An excess observed in a  

Run 2 search looking for  
H → a(bb)a(μμ) in high-
resolution dimuon mass 
distribution 
★ Local (global) significance of 

3.3 (1.7)σ at M(a) = 52 GeV
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Figure 8: The local ?0-values are quantified in standard deviations f and plotted as a function of the signal mass
hypothesis. Between the points, the ?0-values are interpolated and may not be fully representative of the actual
sensitivity.
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the limits are interpolated and may not be fully representative of the actual sensitivity.
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36 GeV and 50.5–53.5 GeV, respectively. The signal is scaled to the best-fit value, B(� ! 00 ! 11``) = 6.4⇥10�5

for the top plots, and 1.9 ⇥ 10�4 for the bottom plots, assuming the SM Higgs boson cross-section (including ggF,
VBF, and VH production). The hatched bands show the total post-fit statistical and systematic uncertainties of the
backgrounds and the signal. The histogram labeled as “Other” in the legend includes the contributions from the
diboson, single-top-quark, CC̄++ and ,+jets backgrounds.
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ATLAS H → a(bb)a(µµ) Excess
๏ An excess observed in a  

Run 2 search looking for  
H → a(bb)a(μμ) in high-
resolution dimuon mass 
distribution 
★ Local (global) significance of 

3.3 (1.7)σ at M(a) = 52 GeV
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36 GeV and 50.5–53.5 GeV, respectively. The signal is scaled to the best-fit value, B(� ! 00 ! 11``) = 6.4⇥10�5

for the top plots, and 1.9 ⇥ 10�4 for the bottom plots, assuming the SM Higgs boson cross-section (including ggF,
VBF, and VH production). The hatched bands show the total post-fit statistical and systematic uncertainties of the
backgrounds and the signal. The histogram labeled as “Other” in the legend includes the contributions from the
diboson, single-top-quark, CC̄++ and ,+jets backgrounds.
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CMS ~0.1 and ~1.2 TeV ττ Excesses
๏ Search for MSSM Higgs bosons decaying into the ττ 

final state also reinterpreted as a search for VLQs  
★ Sophisticated background prediction using the "τ-

embedding" method 
๏ Two ~3σ excesses are seen in the ditau mass 

distributions (or its proxy) around 0.1 and 1.2 TeV 
★ Excesses are reasonably distributed between various 

ττ decay channels 
★ The ~100 GeV excess appears to be well aligned with 

the low-mass diphoton excess seen in an earlier 
analysis of Run 1 + 2016 data
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Figure 8: Distributions of m
tot
T in the global (left) “no b tag” and (right) “b tag” categories in

the (upper) eµ, (middle) eth and µth, and (lower) thth final states. For the eµ final state,
the medium-Dz category is displayed; for the eth and µth final states the tight-mT categories
are shown. The solid histograms show the stacked background predictions after a signal-plus-
background fit to the data for mf = 1.2 TeV. The best fit ggf signal is shown by the red line.
The bbf and U1 signals are also shown for illustrative purposes. For all histograms, the bin
contents show the event yields divided by the bin widths. The lower panel shows the ratio of
the data to the background expectation after the signal-plus-background fit to the data.
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Figure 9: Distributions of mtt in the (left) 100 < p
tt
T < 200 GeV and (right) p

tt
T > 200 GeV

“no b tag” categories for the (upper) eµ, (middle) eth and µth, and (lower) thth final states.
The solid histograms show the stacked background predictions after a signal-plus-background
fit to the data for mf = 100 GeV. The best fit ggf signal is shown by the red line. The total
background prediction as estimated from a background-only fit to the data is shown by the
dashed blue line for comparison. For all histograms, the bin contents show the event yields
divided by the bin widths. The lower panel shows the ratio of the data to the background
expectation after the signal-plus-background fit to the data. The signal-plus-background and
background-only fit predictions are shown by the solid red and dashed blue lines, respectively,
which are also shown relative to the background expectation obtained from the signal-plus-
background fit to the data.

16

 (GeV)Hm
80 85 90 95 100 105 110

Lo
ca

l p
-v

al
ue

13−10

12−10

11−10

10−10

9−10

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10
1

σ1 
σ2 

σ3 

σ4 

σ5 

σ6 
Observed 8 TeV
Observed 13 TeV
Observed 8 TeV + 13 TeV
Expected 8 TeV
Expected 13 TeV
Expected 8 TeV + 13 TeV

CMS

γγ →H 

 (13 TeV)-1 (8 TeV) + 35.9 fb-119.7 fb

Figure 7: Expected and observed local p-values as a function of mH for the 8 and 13 TeV data
and their combination (solid curves) plotted together with the relevant expectations for an
additional SM-like Higgs boson (dotted curves).

in the diphoton final state in this mass range based on LHC data at a center-of-mass energy of
13 TeV.
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What Does ATLAS See?
๏ No full Run 2 ATLAS result in the 

low-mass diphoton channel yet 
★ The 2016 ATLAS result is not 

inconsistent with the CMS one 
๏ The full Run 2 ATLAS MSSM H(ττ) 

result contradicts the 1.2 TeV 
excess seen in CMS  

๏ The 95-96 GeV light Higgs boson 
has long been a subject of 
theoretical interest since an old 
LEP hint in the H(bb) channel
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Figure 4: The (a) compatibility, in terms of local p-value (solid line), with the background-only hypothesis as a
function of the assumed signal mass mX , the dotted-dashed lines correspond to the standard deviation quantification
�; and the (b) upper limit on the fiducial cross-section times branching ratio B(X ! ��) as a function of mX ,
where the solid (dashed) line corresponds to the observed (expected) limit and the green (yellow) band corresponds
to one (two) standard deviation from the expectation.
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A Higgs Boson at 96 GeV?! S. Heinemeyer

65 70 75 80 85 90 95 100 105 110
Mh [GeV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

�
/�

S
M

CMS obs. limit
CMS exp. limit
ATLAS obs. limit
ATLAS exp. limit
CMS excess

Figure 1: Limits on the cross section gg ! f ! gg normalized to the SM value as a function of mf (⌘ Mh).
Compared are the expected (dashed) and observed (solid) limits from CMS (red) and ATLAS (blue). Shown
in magenta is µCMS = 0.6±0.2.

3.1 The NMSSM solution

The results in this section are based on Ref. [35]. Within the NMSSM a natural candidate
to explain the LEP “excess” consists in a mostly singlet-like Higgs with a doublet component of
about 10% (mixing squared). Relatively large Higgs branching fractions into gg are possible due
to the three-state mixing, in particular when the effective Higgs coupling to bb̄ becomes small, see
e.g. Refs. [37,38]. In our numerical analysis we display the quantities xb and xg , defined as follows:

xb ⌘
G(h1 ! ZZ) ·BR(h1 ! bb̄)

G(HSM(Mh1) ! ZZ) ·BR(HSM(Mh1) ! bb̄)
⇠ s(e+

e
� ! Z(h1 ! bb̄))

s(e+e� ! Z(HSM(Mh1) ! bb̄))

xg ⌘
G(h1 ! gg) ·BR(h1 ! gg)

G(HSM(Mh1) ! gg) ·BR(HSM(Mh1) ! gg)
⇠ s(gg ! h1 ! gg)

s(gg ! HSM(Mh1) ! gg)
. (3.1)

These definitions of xb,g give estimates of the signals that h1 would generate in the LEP searches
for e

+
e
� ! Z(H ! bb̄) and the LHC searches for pp ! H ! gg , normalized to the SM cross-

sections. In the analysis in Ref. [35] constraints from “other sectors” (such as Dark Matter or
(g�2)µ ) are not taken into account, as they are not closely related to Higgs sector physics.

The NMSSM parameters are chosen as (see Ref. [35] for definitions and details),

l = 0.6, k = 0.035, tanb = 2, MH± = 1000 GeV, Ak = �325 GeV,

µeff = (397+15 · x) GeV (x is varied in the interval [0,1]),

the third generation squark mass scale m
Q̃

= 1000 GeV,At = Ab = 0.

In our analysis we vary µeff in a narrow interval as indicated above. It was tested with HiggsBounds
-4.3.1 (and 5.1.1beta) [39–43] and HiggsSignals-1.3.1 (and 2.1.0beta) [43–46]
that our parameter points are in agreement with the Higgs rate measurements at the LHC as well
as with the Higgs boson searches at LEP, the Tevatron and the LHC.
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Figure 10: Expected and observed 95% CL upper limits on the product of the cross sections
and branching fraction for the decay into t leptons for (left) ggf and (right) bbf production
in a mass range of 60  mf  3500 GeV, in addition to H(125). The expected median of the
exclusion limit in the absence of signal is shown by the dashed line. The dark green and bright
yellow bands indicate the central 68% and 95% intervals for the expected exclusion limit. The
black dots correspond to the observed limits. The peak in the expected ggf limit emerges from
the loss of sensitivity around 90 GeV due to the background from Z/g⇤ ! tt events.

bins for which event deficits with respect to the SM background are expected contribute to the
sensitivity of the analysis, as well as the bins for which excesses are expected. However, the bins
with expected deficits occur at smaller values of m

tot
T where the background is much larger and

thus they do not contribute significantly to the overall sensitivity. Most of the sensitivity to the
U1 signal instead comes from the high m

tot
T bins due to the smaller background yields. While

reduced by the destructive interference, the signal yields tend to remain positive in these bins.
The overall effect of the interference term is thus to reduce the analysis sensitivity compared to
the expectation without interference effects included.

No statistically significant signal is observed and 95% CL upper limits on gU are derived for
the VLQ BM 1 and 2 scenarios, as shown in Fig. 12, again following the modified frequentist
approach as for the previously discussed search. The expected sensitivity of the analysis drops
for increasing values of mU following a linear progression with values from gU = 1.3 (0.8) to
5.6 (3.2) for the VLQ BM 1 (2) scenario. The observed limits fall within the central 95% intervals
for the expected limits in the absence of signal. The expected limits are also within the 95%
confidence interval of the best fit results reported by Ref. [72], indicating that the search is
sensitive to a portion of the parameter space that can explain the b physics anomalies.

8.3 MSSM interpretation of the data

For the interpretation of the data in MSSM benchmark scenarios, the signal is based on the
binned distributions of m

tot
T in the categories shown in Fig. 5, complemented by distributions of

the NN output function used for the stage-0 simplified template cross section measurement of
Ref. [109], as discussed in Section 5.2, resulting in 129 input distributions for signal extraction.

In the MSSM, the signal constitutes a multiresonance structure with contributions from h, H,
and A bosons. For the scenarios chosen for this paper h is associated with H(125). Any MSSM

10
-3

10
-2

10
-1

1

80 85 90 95 100 105 110 115 120

mH(GeV/c2)

1-
C

L b

3σ

2σ

LEP

Observed
Expected for signal plus background
Expected for background

Figure 7: The background confidence 1 − CLb as a function of the test mass mH. Full curve:
observation; dashed curve: expected background confidence; dash-dotted line: the position of the
minimum of the median expectation of 1− CLb for the signal plus background hypothesis, when the
signal mass indicated on the abscissa is tested. The horizontal solid lines indicate the levels for 2σ
and 3σ deviations from the background hypothesis (see the Appendix for the conversion).
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In the Meantime...
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Figure 5: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for an
additional SM-like Higgs boson, from the analysis of the combined data from 2016, 2017, and
2018. The inner and outer bands indicate the regions containing the distribution of limits lo-
cated within ±1 and 2s, respectively, of the expectation under the background-only hypothesis.
The limit is shown relative to the expected SM-like value (left). The corresponding theoretical
prediction for the product of the cross section and branching fraction into two photons for an
additional SM-like Higgs boson is shown as a solid line with a hatched band, indicating its
uncertainty [58] (right).

References 19

70 75 80 85 90 95 100 105 110
 (GeV)Hm

5−10

4−10

3−10

2−10

1−10

1

Lo
ca

l p
-v

al
ue

σ1 

σ2 

σ3 

σ4 

Observed 13 TeV (2016)

Observed 13 TeV (2017)

Observed 13 TeV (2018)

Observed 13 TeV (Run 2)

Preliminary CMS

γγ →H 

 (13 TeV)-1132.2 fb

Figure 7: The observed local p-values for an additional SM-like Higgs boson as a function of
mH, from the analysis of the data from 2016, 2017, 2018, and their combination.

[2] S. Weinberg, “A model of leptons”, Phys. Rev. Lett. 19 (1967) 1264,
doi:10.1103/PhysRevLett.19.1264.

[3] A. Salam, “Weak and electromagnetic interactions”, in Elementary particle physics:

relativistic groups and analyticity, N. Svartholm, ed., p. 367. Almqvist & Wiksell,
Stockholm, 1968. Proceedings of the eighth Nobel symposium.

[4] F. Englert and R. Brout, “Broken symmetry and the mass of gauge vector mesons”, Phys.

Rev. Lett. 13 (1964) 321, doi:10.1103/PhysRevLett.13.321.

[5] P. W. Higgs, “Broken symmetries, massless particles and gauge fields”, Phys. Lett. 12

(1964) 132, doi:10.1016/0031-9163(64)91136-9.

[6] P. W. Higgs, “Broken symmetries and the masses of gauge bosons”, Phys. Rev. Lett. 13

(1964) 508, doi:10.1103/PhysRevLett.13.508.

[7] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, “Global conservation laws and massless
particles”, Phys. Rev. Lett. 13 (1964) 585, doi:10.1103/PhysRevLett.13.585.

[8] P. W. Higgs, “Spontaneous symmetry breakdown without massless bosons”, Phys. Rev.

145 (1966) 1156, doi:10.1103/PhysRev.145.1156.

[9] T. W. B. Kibble, “Symmetry breaking in non-Abelian gauge theories”, Phys. Rev. 155

(1967) 1554, doi:10.1103/PhysRev.155.1554.

[10] ATLAS Collaboration, “Observation of a new particle in the search for the standard
model Higgs boson with the ATLAS detector at the LHC”, Phys. Lett. B 716 (2012) 1,
doi:10.1016/j.physletb.2012.08.020, arXiv:1207.7214.

CMS PAS HIG-20-002
The CMS Collaboration / Physics Letters B 793 (2019) 320–347 329

Fig. 6. Expected and observed exclusion limits (95% CL, in the asymptotic approxi-
mation) on the product of the production cross section and branching fraction into 
two photons for an additional Higgs boson, relative to the expected SM-like value, 
from the analysis of the 8 and 13 TeV data. The inner and outer bands indicate the 
regions containing the distribution of limits located within ±1 and 2σ , respectively, 
of the expectation under the background-only hypothesis.

Fig. 7. Expected and observed local p-values as a function of mH for the 8 and 
13 TeV data and their combination (solid curves) plotted together with the relevant 
expectations for an additional SM-like Higgs boson (dotted curves).

the LHC Higgs cross section working group [60]. No significant ex-
cess with respect to the expected number of background events is 
observed. The minimum (maximum) observed upper limit on the 
product of the production cross section and branching fraction nor-
malized to the SM-like value is 0.17 (1.13) corresponding to a mass 
hypothesis of 103.0 (90.0) GeV. Fig. 7 shows the expected and ob-
served local p-values as a function of the mass of an additional 
SM-like Higgs boson, calculated with respect to the background-
only hypothesis, from the analyses of the 8 and 13 TeV data, and 
from their combination. The most significant expected sensitivity 
occurs at the highest explored mass hypothesis of 110 GeV with 
a local expected significance close to 3σ (>6σ ) for the 8 (13) TeV
data, while the worst expected significance occurs in the neigh-
borhood of 90 GeV, where it is approximately 0.4σ (slightly above 
2σ ). For the combination, the most (least) significant expected 
sensitivity occurs at a mass hypothesis of 110 (90) GeV with a local 

expected significance of approximately 6.8σ (slightly above 2.0σ ). 
In the case of the 8 TeV data, one excess with approximately 2.0σ
local significance is observed for a mass hypothesis of 97.7 GeV. 
For the 13 TeV data, one excess with approximately 2.90σ local 
(1.47σ global) significance is observed for a mass hypothesis of 
95.3 GeV, where the global significance has been calculated using 
the method of [77]. In the combination, an excess with approxi-
mately 2.8σ local (1.3σ global) significance is observed for a mass 
hypothesis of 95.3 GeV.

8. Summary

A search for an additional, SM-like, low-mass Higgs boson de-
caying into two photons has been presented. It is based upon 
data samples corresponding to integrated luminosities of 19.7 and 
35.9 fb−1 collected at center-of-mass energies of 8 TeV in 2012 
and 13 TeV in 2016, respectively. The search is performed in a 
mass range between 70 and 110 GeV. The expected and observed 
95% CL upper limits on the product of the production cross sec-
tion and branching fraction into two photons for an additional 
SM-like Higgs boson as well as the expected and observed local 
p-values are presented. No significant (>3σ ) excess with respect 
to the expected number of background events is observed. The ob-
served upper limit on the product of the production cross section 
and branching fraction for the 2012 (2016) data set ranges from 
129 (161) fb to 31 (26) fb. The statistical combination of the results 
from the analyses of the two data sets in the common mass range 
between 80 and 110 GeV yields an upper limit on the product of 
the cross section and branching fraction, normalized to that for a 
standard model-like Higgs boson, ranging from 0.7 to 0.2, with two 
notable exceptions: one in the region around the Z boson peak, 
where the limit rises to 1.1, which may be due to the presence of 
Drell–Yan dielectron production where electrons could be misiden-
tified as isolated photons, and a second due to an observed excess 
with respect to the standard model prediction, which is maximal 
for a mass hypothesis of 95.3 GeV with a local (global) significance 
of 2.8 (1.3) standard deviations. More data are required to ascertain 
the origin of this excess. This is the first search for new resonances 
in the diphoton final state in this mass range based on LHC data 
at a center-of-mass energy of 13 TeV.
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๏ CMS has just released a new low-mass h(ɣɣ) analysis based on full 
Run 2 data 

๏ The overall excess is still there, with about the same significance 
(2.9σ local; 1.3σ global) albeit with twice as low cross section 

๏ Still need more data (ATLAS Run 2?) to understand whether the 
excess is real
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Figure 5: Expected and observed exclusion limits (95% CL, in the asymptotic approximation)
on the product of the production cross section and branching fraction into two photons for an
additional SM-like Higgs boson, from the analysis of the combined data from 2016, 2017, and
2018. The inner and outer bands indicate the regions containing the distribution of limits lo-
cated within ±1 and 2s, respectively, of the expectation under the background-only hypothesis.
The limit is shown relative to the expected SM-like value (left). The corresponding theoretical
prediction for the product of the cross section and branching fraction into two photons for an
additional SM-like Higgs boson is shown as a solid line with a hatched band, indicating its
uncertainty [58] (right).
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Fig. 6. Expected and observed exclusion limits (95% CL, in the asymptotic approxi-
mation) on the product of the production cross section and branching fraction into 
two photons for an additional Higgs boson, relative to the expected SM-like value, 
from the analysis of the 8 and 13 TeV data. The inner and outer bands indicate the 
regions containing the distribution of limits located within ±1 and 2σ , respectively, 
of the expectation under the background-only hypothesis.

Fig. 7. Expected and observed local p-values as a function of mH for the 8 and 
13 TeV data and their combination (solid curves) plotted together with the relevant 
expectations for an additional SM-like Higgs boson (dotted curves).

the LHC Higgs cross section working group [60]. No significant ex-
cess with respect to the expected number of background events is 
observed. The minimum (maximum) observed upper limit on the 
product of the production cross section and branching fraction nor-
malized to the SM-like value is 0.17 (1.13) corresponding to a mass 
hypothesis of 103.0 (90.0) GeV. Fig. 7 shows the expected and ob-
served local p-values as a function of the mass of an additional 
SM-like Higgs boson, calculated with respect to the background-
only hypothesis, from the analyses of the 8 and 13 TeV data, and 
from their combination. The most significant expected sensitivity 
occurs at the highest explored mass hypothesis of 110 GeV with 
a local expected significance close to 3σ (>6σ ) for the 8 (13) TeV
data, while the worst expected significance occurs in the neigh-
borhood of 90 GeV, where it is approximately 0.4σ (slightly above 
2σ ). For the combination, the most (least) significant expected 
sensitivity occurs at a mass hypothesis of 110 (90) GeV with a local 

expected significance of approximately 6.8σ (slightly above 2.0σ ). 
In the case of the 8 TeV data, one excess with approximately 2.0σ
local significance is observed for a mass hypothesis of 97.7 GeV. 
For the 13 TeV data, one excess with approximately 2.90σ local 
(1.47σ global) significance is observed for a mass hypothesis of 
95.3 GeV, where the global significance has been calculated using 
the method of [77]. In the combination, an excess with approxi-
mately 2.8σ local (1.3σ global) significance is observed for a mass 
hypothesis of 95.3 GeV.

8. Summary

A search for an additional, SM-like, low-mass Higgs boson de-
caying into two photons has been presented. It is based upon 
data samples corresponding to integrated luminosities of 19.7 and 
35.9 fb−1 collected at center-of-mass energies of 8 TeV in 2012 
and 13 TeV in 2016, respectively. The search is performed in a 
mass range between 70 and 110 GeV. The expected and observed 
95% CL upper limits on the product of the production cross sec-
tion and branching fraction into two photons for an additional 
SM-like Higgs boson as well as the expected and observed local 
p-values are presented. No significant (>3σ ) excess with respect 
to the expected number of background events is observed. The ob-
served upper limit on the product of the production cross section 
and branching fraction for the 2012 (2016) data set ranges from 
129 (161) fb to 31 (26) fb. The statistical combination of the results 
from the analyses of the two data sets in the common mass range 
between 80 and 110 GeV yields an upper limit on the product of 
the cross section and branching fraction, normalized to that for a 
standard model-like Higgs boson, ranging from 0.7 to 0.2, with two 
notable exceptions: one in the region around the Z boson peak, 
where the limit rises to 1.1, which may be due to the presence of 
Drell–Yan dielectron production where electrons could be misiden-
tified as isolated photons, and a second due to an observed excess 
with respect to the standard model prediction, which is maximal 
for a mass hypothesis of 95.3 GeV with a local (global) significance 
of 2.8 (1.3) standard deviations. More data are required to ascertain 
the origin of this excess. This is the first search for new resonances 
in the diphoton final state in this mass range based on LHC data 
at a center-of-mass energy of 13 TeV.
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๏ CMS has just released a new low-mass h(ɣɣ) analysis based on full 
Run 2 data 

๏ The overall excess is still there, with about the same significance 
(2.9σ local; 1.3σ global) albeit with twice as low cross section 

๏ Still need more data (ATLAS Run 2?) to understand whether the 
excess is real

Theorists never sleep...

85 90 95 100 105
mh

0.2

0.4

0.6

0.8

1.0

µ
(g
g
!

h
!

�
�
)

µ
exp
��

obs. 95% CL
exp. 95% CL
2� exp
1� exp

Type II
Type IV

1
Figure 1: S2HDM parameter points passing the applied
constraints in the (mh95 , µ��) plane for the type II (blue)
and the type IV (orange). The expected and observed
cross section limits obtained by CMS are indicated by
the black dashed and solid lines, respectively, and the 1�
and 2� uncertainty intervals are indicated by the green
and yellow bands, respectively. The value of µexp

�� and its
uncertainty is shown with the magenta error bar at the
mass value at which the excess is most pronounced.

year Run 2 data.5

3.2 Combined description of the excesses

We demonstrated in the previous section that both
the Yukawa types II and IV can describe the excess
in the di-photon channel observed by CMS. Now we
turn to the question whether additionally also the
bb̄ excess observed at LEP and the ⌧

+
⌧
� excess at

CMS can be accommodated.
Starting with the bb̄ excess, we show in the top

row of Fig. 2 the parameter points passing the ap-
plied constraints in the (µ�� , µbb) plane. The pa-
rameter points of type II and type IV are shown in
left and the right plot, respectively. The colors of
the points indicate the value of ��

2
125 showing the

compatibility with the LHC rate measurements of

5As discussed above, in type I and type III no significant
enhancement of the di-photon branching ratio of h95 is pos-
sible, and one finds µ�� ⇡ µbb . c

2
h95V V . Thus, µ��-values

close to µ
exp
�� require values of c

2
h125V V ⇡ 1 � c

2
h95V V that

are in significant tension with the coupling measurements of
h125.

h125. The black dashed ellipses indicate the region
in which the excesses are described at a level of 1�
or better, i.e. �2

�� + �
2
bb
 2.3 (see Eq. (2)).

One can see that we find points inside the 1� el-
lipses in the upper left and right plots. Thus, both
type II and type IV are able to describe the di-
photon excess and the bb̄ excess simultaneously. At
the same time the properties of the second-lightest
scalar h125 are such that the LHC rate measure-
ments can be accommodated at the same �

2 level
as in the SM, i.e. ��

2
125 ⇡ 0, or even marginally

better, i.e. ��
2
125 < 0. At the current level of exper-

imental precision, the description of both excesses is
therefore possible in combination with the presence
of a Higgs boson at 125 GeV that would so far be
indistinguishable from a SM Higgs boson.
Turning to the di-tau excess, we show in the bot-

tom row of Fig. 2 the parameter points passing the
applied constraints in the (µ�� , µ⌧⌧ ) plane. As be-
fore, the colors of the points indicate the values of
��

2
125, and the black dashed ellipses indicate the

region in which the di-photon excess and the di-
tau excess are described at a level of 1� or better,
i.e. �2

�� + �
2
⌧⌧  2.3.

In the lower left plot, showing the parameter
points of the scan in type II, one can see that
there are no points within or close to the black el-
lipse. This finding is in agreement with the dis-
cussion in Sect. 2.2. It is also qualitatively un-
changed as compared to the results of Ref. [33],
where µexp

�� = 0.6±0.2 was used: the new and some-
what lower experimental central value of µexp

�� has
no impact on the (non-)compatibility of the �� and
the ⌧

+
⌧
� excesses in Yukawa type II.

The lower right plot shows the parameter points
passing the applied constraints from the scan in
type IV. One can observe that the values of µ⌧⌧

overall increase with increasing value of µ�� . The
parameter points that predict the largest values for
the signal rates reach the lower edge of the black
ellipse that indicates the preferred region regarding
the two excesses. However, even these points lie
substantially below the central value of µexp

⌧⌧ . A si-
multaneous description of both excesses at 95 GeV
observed by CMS is therefore possible only at the
level of 1� at best. Although larger values of µ⌧⌧

are theoretically possible in type IV [33], the ap-
plication of cross-section limits from Higgs-boson
searches exclude such parameter points. These con-
straints arise in particular from recent searches per-
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Aspen Conferences
๏ In 2005, Matthias and I decided to organize the 

Aspen 2006 Winter Conference on Particle 
Physics 
★We invited Marcela Carena and Gudrid Moortgat-

Pick to join us 
★ Each Aspen conference has a motto; ours was 

๏ It was a fun conference, with a skiing race filmed 
on a professional video, live tango performance, 
etc. 

๏ And our motto worked out just six years later!
39
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2006 Aspen Conference
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Aspen Conferences (cont'd)
๏ Ten years later, we decided to do it again, this 

time with Marcela and Giulia Zanderighi 
๏ Surely enough we didn't have to think twice 

about the motto (the year of 750!): 

๏ Tango was replaced with a jazz quartet, but 
skiing competition stayed!

41
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2016 Aspen Conference
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Breaking News
๏ We decided to do it yet again, ten years later! 
๏ We invite you to the 2026 Aspen Winter 

Conference on Particle Physics 
๏ Guess what the motto will be?
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Breaking News
๏ We decided to do it yet again, ten years later! 
๏ We invite you to the 2026 Aspen Winter 

Conference on Particle Physics 
๏ Guess what the motto will be?
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Happy Birthday, Matthias ...
๏ ...and happy anniversary, MITP! 

๏ Let's keep an eye on 
the few anomalies I  
showed, but don't run 
to the printing press yet!
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