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A long time ago in a galaxy far, far away ...
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SEQUESTERING FLAVOR IN A WED 

LHC physics: altered production and 
decay of composites (top, Higgs, ...)

Flavor physics: distinct pattern of 
deviation from SM in FCNCs (K, B, ...) 

[Bauer, Carena, Goertz, UH, Neubert et al., 0807.4937, 0811.3678, 0912.1625, 1005.4315, 1112.5099, 1204.0008]



4th of July 2012 revolution
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Both ATLAS & CMS find 5σ evidence for a new spin-0 state with a mass of 126 GeV
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Discovery of the Higgs was a game changer …

since already initial Higgs signal strength measurements put severe constraints 
on anarchic Randall-Sundrum (RS) models pushing Kaluza-Klein scale to 5 TeV


Focus of ATLAS & CMS shifted strongly towards measurements of Higgs 
properties & despite its interesting features such as flavour protection & strong 
coupling to top quarks, RS models nowadays essentially play no role @ LHC 


Most unfortunately, I never worked with Matthias again!

[Carena, Goertz, UH, Neubert et al., 1005.4315, 1112.5099, 1204.0008]



Higgs precision era
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4th of July 2012 2023 2040



Observation of h → bb @ LHC Run II

6
[see also CMS, 1808.08242]
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From 5σ to precision measurements
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In LHC Run II, signal strength in Vh production found to be SM-like within 25%

[see also CMS, 1808.08242]



From 5σ to precision measurements

8
[see also CMS, 1808.08242; CMS-PAS-FTR-18-011]
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modes. Figure 15 shows the expected precision of the measured cross sections when the gg and qq̄ to
Z H production modes are combined. It’s worthwhile to note that in this latter fit, the uncertainty on the
inclusive Z H signal process is much smaller than the uncertainties on the single qq̄ ! Z H and gg ! Z H

processes, due to correlations between their measurements.
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Figure 14: The fitted values of the Higgs boson cross section divided by their SM values for the W H , qq̄ ! Z H

and gg ! Z H processes expected with 3000 fb�1 at the HL-LHC in the (a) scenario S1 and (b) S2 extrapolations.
The individual cross section values for the three processes are obtained from a simultaneous fit in which the cross
section parameters for the W H , qq̄ ! Z H and gg ! Z H processes are floating independently.
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Figure 15: The fitted values of the Higgs boson cross section divided by their SM values for the W H and Z H

processes expected with 3000 fb�1 at the HL-LHC in the (a) scenario S1 and (b) S2 extrapolations. The individual
cross section values for the two processes are obtained from a simultaneous fit in which the cross section parameters
for the W H and Z H processes are floating independently.
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[ATL-PHYS-PUB-2018-054]

Ultimate accuracy projected to be 10% to 5% in Wh & Zh channel @ HL-LHC



Anatomy of SMEFT effects

9

[Gauld et al., 1607.0635;

Cullen et al., 1904.06358; 2007.15238]

[Maltoni et al., 1311.1829, Mimasu et al., 1512.02572; 

Degrande et al., 1609.04833; Greljo et al., 1710.04143;

Alioli et al., 1804.07407; Bizon et al., 2106.06328]

if EWPO imposed, 
effects in Z decay 

negligible

corrections to 
Higgs decay

corrections to hZZ vertex

corrections to qqZ 
& qqZh vertices

[Greljo et al., 1710.04143;

Alioli et al., 1804.07407; 

Bishara et al., 2208.11134]



Goal of 2204.00663, …

10
[for SM calculation see Astill et al., 1804.08141; Alioli et al., 1909.02026; Bizon et al., 1912.09982; Zanoli et al., 2112.04168]

Within SM, NNLO+PS accuracy has been recently achieved for Zh production 
with Z → l+l- & h → bb


Match this accuracy in SMEFT, so that numerical impact of missing higher-
order QCD effects related to dimension-six operators are below 1% once 
experimental constraints on Wilson coefficients are taken into account


Many SMEFT operators, so first consider subset of operators that directly 
contribute in QCD; do operators contributing to hZZ, qqZ & qqZh vertices later



Operators considered in our work
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Operators normalised such that Wilson coefficients are expected to be of O(1) 
in UV-complete weakly-coupled BSM models

[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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Factorisable contributions
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[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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Since operators QH◻, QHD & QbH do not contain a gluon, associated SMEFT 
effects factorise to all orders in strong coupling constant. SMEFT results can 
be obtained from SM matrix elements by following simple replacement:

corrections due to 
Higgs wave function

correction due to 
Yukawa operator



Factorisable contributions

13
[in principle extension to N4LO possible using SM results given in Baikov et al., hep-ph/0511063; Herzog et al., 1707.01044]

For example in case of partial h → bb decay rate factorisable corrections are:

NLO & NNLO QCD 
correction in SM

<latexit sha1_base64="VAckwWPWqQ++6LM79aoneTFp55Y="></latexit>
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Non-factorisable contributions

14
[Gauld, Pecjak & Scott, 1607.06354]

Dominant non-factorisable corrections arise from dipole operator QbG:

leading contribution from 
interference of h → bbg 

amplitude in SMEFT & SM

h
b

b

g

QbG



Non-factorisable contributions
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Dominant non-factorisable corrections arise from dipole operator QbG:
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beyond leading order, double 
real, 1-loop single real &         

2-loop virtual contributions

[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]



Non-factorisable contributions

16
[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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Non-factorisable contributions
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QbG corrections implemented into POWHEG-BOX. Possible to obtain realistic 
exclusive description of pp → Zh → l+l-bb production with NNLO accuracy 
using MiNLO′ & MiNNLOPS methods. Applying code to Higgs decay leads to:

new term represents 
a 60% correction

[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]



[Gauld, Pecjak & Scott, 1607.06354; UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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cHG =
v2

⇤2
CHG 2 [�0.09, 0.06]

[Ellis et al., 2012.02779]

Contributions from QHG

18
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[Ellis et al., 2012.02779]

Contributions from QHG

19
[Brein, Harlander, Wiesemann & Zirke, 1111.0761; UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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numerically, one has δ = 10.7
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[Ellis et al., 2012.02779]

Contributions from Q3G

20
[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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[Ellis et al., 2012.02779]

Contributions from Q3G
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[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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Maximal size of factorisable corrections to partial h → bb decay rate can be 
derived from global fits of SMEFT Wilson coefficients:


We have seen that QCD corrections associated to operators other than QH◻, 
QHD, QbH & QbG do not exceed level of a few permille

Phenomenology analysis

22
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[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]

Phenomenology analysis
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Figure 3: Invariant mass of the two b-jets using the anti-kt algorithm with radius pa-
rameter R = 0.4. The red histogram in the left (right) panel corresponds to the prediction
for cbH = 0.15 (cbG = 400). For comparison our SM prediction with its scale uncertainty
band is shown in black and gray. All results correspond to proton-proton (pp) collisions at
p
s = 13TeV and are subject to the fiducial cuts discussed in the main text. The lower

panels depict the ratios between the BSM and the SM distributions.

40% for invariant masses m
bb̄

' 50GeV. The reason for this somewhat surprising feature
is the structure of the tree-level squared matrix element, given in (A.1), that modifies
the h ! bb̄g process and constitutes the leading QbG contribution. The corresponding
Feynman diagram is shown in Figure 1 in the upper row on the left-hand side. From (A.1)
one observes that the probability for emitting a gluon is flat in phase space. In contrast, the
real emission contribution to the differential decay rate h ! bb̄g in the SM is divergent when
the radiated gluon becomes unresolved, i.e. soft or collinear to one of the bottom quarks, and
therefore such emissions are favoured. As a result, configurations where the total invariant
mass m

bb̄g
= mh of the bb̄g system is shared equally between the three individual partons

occur much more frequently in the former than in the latter case, where the bottom quarks
typically carry most of the energy which leads to an invariant mass distribution that is
strongly peaked at m

bb̄
' mh. We add that changing the sign of cbH or cbG will also change

the sign of the relative corrections due to the considered SMEFT operators.
Notice that in the case of cbG 6= 0 the shape of the m

bb̄
distribution depends on the

jet radius R used to identify b-jets. To illustrate this feature we display in Figure 4 two
additional spectra assuming again cbG = 400, but taking R = 0.7 and R = 1.0 instead of
the standard choice R = 0.4. One observes that the corrections due to QbG are on average
pushed towards lower values of m

bb̄
when the jet radius R is increased. We further add in

this context that at O(↵
3
s) insertions of the operator QbG lead to a one-loop contribution

to the h ! bb̄g amplitude, tree-level contributions to the h ! bb̄qq̄ and h ! bb̄gg processes

– 15 –

factorisable contributions just lead to 
a constant shift, i.e. a K-factor, in all 

pp → Zh → l+l-bb distributions  



Interlude: bounds on dipole operator QbG
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<latexit sha1_base64="CuU/cnd76bi4m+ChHdRPd3lB9/I="></latexit>

Observable Wilson coe�cient 95% CL bound

Dijet angular distributions
��cbG

�� 2864

Two b-tagged jets
��cbG

�� 152

Z-boson production with two b-jets
��cbG

�� 438

Searches for neutron electric dipole moment
��Im

�
cbG

��� 0.05

Due to chirality-flipping nature of QbG no interference between SMEFT & 
SM amplitudes for mb = 0. Resulting LHC bounds on |cbG| thus very weak.   
|Im(cbG)| instead severely constrained by neutron electric dipole moment

[UH & Koole, 2106.01289]



Phenomenology analysis
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Despite large Wilson coefficient of QbG possible size of non-factorisable 
contributions to partial h → bb decay rate smaller than that of factorisable 
ones by a factor of O(5):

But non-factorisable contributions lead to non-trivial modifications of spectra 
in pp → Zh → l+l-bb production
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Phenomenology analysis
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extra gluon emission in leading-order 
QbG contribution tends to reduce 

dibottom invariant mass relative to SM  
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[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]



27

Phenomenology analysis

size of effect depends on 
radius parameter R used to 

reconstruct anti-kt jets 
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[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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Phenomenology analysis
d�/dmbb– j  [fb/GeV] pp�Zh�ℓ+ℓ-bb– , �s–  = 13 TeV
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Also 3-jet invariant mass reduced on average. Effects again R-dependent
[UH, Scott, Wiesemann, Zanderighi & Zanoli, 2204.00663]
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Outlook

Non-trivial shape changes of distributions in 
pp → Zh → l+l-bb production in combination 
with R-dependence may allow to enhance 
sensitivity to dipole operator QbG which is 
presently only very weakly constrained


Further opportunities at a e+e- machine using 
event shapes  
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Outlook

Since full information already encoded in SM 
Drell-Yan amplitudes, inclusion of EW 
SMEFT operators that modify hZZ vertex 
relatively straightforward though tedious
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[Gauld, UH & Schnell, ongoing]
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Outlook

Same is true for QCD corrections involving 
SMEFT operators modifying qqZ & qqZh 
vertices


NNLO+PS implementation of dominant 
contributions from EW SMEFT operators     
in POWHEG-BOX framework ongoing.        
Stay tuned!
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[Gauld, UH & Schnell, ongoing]
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The SMEFT QCD corrections in (B.3) and (B.7) due to QHG and Q3G are smaller by more
than a factor of O(20) compared to the contributions from QbG. Missing higher-order QCD
effects in (4.3) can therefore only have a relative numerical impact of a few permille once
existing experimental limits on the Wilson coefficients of the operators in (2.1) are taken
into account.

4.2 Differential pp ! Zh ! `+`�bb̄ cross section in the SMEFT

In our differential analysis we select events with two charged leptons (electrons or muons)
to explore the Zh ! `

+
`
�
bb̄ signature. The leptons are required to have a transverse

momentum of pT,` > 15GeV and a pseudorapidity of |⌘`| < 2.5. The invariant mass of the
dilepton pair is restricted to m`+`� 2 [75, 105]GeV. The events are furthermore required
to have at least two b-jets, which are reconstructed using the anti-kt algorithm [65] as
implemented in FastJet [66]. We impose transverse momentum cuts of pT,b > 25GeV and
a rapidity threshold of |⌘b| < 2.5 on the b-jets. The definition of potential additional jets
use the same thresholds as those of the b-jets. The dominant background processes are
Z + jets, tt̄, single-top and diboson production. The latter three types of backgrounds can
be substantially reduced by requiring large values of pT,Z [67]. Hence, to improve the signal-
to-background ratio we impose pT,Z 2 [150, 250]GeV. Notice that this pT,Z requirement
corresponds to the second resolved pT,Z bin as recommended in the stage 1.2 simplified
template cross sections (STXS) framework [68–70] which is also implemented in the latest
ATLAS LHC Run II measurements of the pp ! Zh ! `

+
`
�
bb̄ process [71, 72]. We will

also comment on how our results are modified if the other two resolved regions, i.e. pT,Z 2

[75, 150]GeV and pT,Z > 250GeV, are considered.
The two panels in Figure 3 display our predictions for the pp ! Zh ! `

+
`
�
bb̄ cross

section differential in the invariant mass of the two b-jets, employing a jet radius of R = 0.4

in the anti-kt clustering. If more than two b-jets are present the observable m
bb̄

is defined
as the invariant mass of the pair of b-jets closest to mh. The black curves correspond to our
SM NNLO+PSprediction for the 13TeV LHC with central renormalisation scale µR and
factorisation scale µF set according to the MiNNLOPS procedure [73, 74] and the gray band
represents the corresponding perturbative uncertainties. These uncertainties have been
obtained from seven-point scale variations enforcing the constraint 1/2  µR/µF  2 and
keeping the scale variation in production and decay correlated. The same way of estimating
perturbative uncertainties is applied to all kinematic distributions that are provided in this
section. The red histogram in the left and right panel of Figure 3 corresponds to the results
for cbH = 0.15 and cbG = 400, respectively. These values are within the range allowed
by (4.1) and (4.2). All other Wilson coefficients not specified in a given plot are set to zero.

From the left plot in Figure 3 it is evident that BSM effects in the form of a non-
zero Wilson coefficient cbH just lead to a rescaling of the m

bb̄
spectrum. This is expected

because cbH is part of the factorisable corrections in (3.2) that just rescales all kinematic
distributions by an overall factor. On the other hand, a non-zero Wilson coefficient cbG is
more interesting, since cbG 6= 0 alters the shape of the m

bb̄
distribution with respect to the

SM prediction. This can be seen in the right panel of Figure 3. In fact, one observes that for
the choices cbG = 400 and R = 0.4 the m

bb̄
spectrum receives relative corrections of up to

– 14 –
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Figure 3: As Figure 2 but for the four lower mass bins considered in the CMS analysis [19].

where
ffij (⌧, µF ) =

1

s

2

1 + �ij

Z 1

⌧

dx

x
fi/p(x, µF ) fj/p(⌧/x, µF ) , (2.4)

are the so-called parton luminosities, the sum runs over all pairs of incoming partons {ij}

and s denotes the squared CM energy of the collider. The parton luminosities are obtained
from a convolution of the universal non-perturbative PDFs fi/p(x, µF ), which describe the
probability of finding the parton i in the proton with longitudinal momentum fraction x.
The variable µF that enters (2.3) and (2.4) denotes the factorisation scale.
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QbG contributions lead to an enhanced activity of high-energy jets in central region
[UH & Koole, 2106.01289]
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Figure 4: Left: Normalised dijet invariant mass distributions for the category with two
b-jets as measured by ATLAS in [20]. The black dotted line is the central value of the back-
ground fit performed by ATLAS, the grey band indicates the associated uncertainties and
the red curve shows the new-physics prediction assuming v

2
/⇤2

CbG = 0.05. Right: Ratio
of the data and the new-physics prediction for v2/⇤2

CbG = 0.05 to the central value of the
background fit. The colour coding resembles the one used in the left panel. Consult the
main text for further details.

and PYTHIA 8.2 [31], respectively, using NNPDF31_nlo_as_0118 PDFs [32] and working in
the four-flavour scheme. The background distribution was corrected to the NLO prediction
using the matrix elements calculated in [33] as implemented in MCFM [34]. Hadronic jets are
built using the anti-kt algorithm [35] with a radius parameter of R = 0.4, as implemented
in FastJet [36]. We furthermore rely on DELPHES 3 [37] as a fast detector simulation and
on CheckMATE 2 [38]. Our event selection follows the ATLAS analysis [20] which is based
on 139 fb�1 of dijet data collected at 13 TeV CM energy. We require at least two jets (j)
with a transverse momentum pT (j) satisfying pT (j) > 150GeV and the azimuthal angle
difference ��(j1j2) between the two leading jets j1 and j2 must fulfill |��(j1j2)| > 1.0. The
two leading jets must be b-tagged and their pseudorapidities must satisfy |⌘(j)| < 2.0. The
b-tagging algorithm is taken from the ATLAS publication [39], and in accordance with [20]
a b-tagging working point is chosen that yields a b-tagging efficiency of 77%, a c-jet rejection
of 5 and a light-flavour jet rejection of 110. Furthermore, to suppress the QCD background
a selection cut of |y⇤| < 0.8 is imposed, where y⇤ =

�
y(j1)� y(j2)

�
/2 with y(j1) and y(j2)

the rapidities of the leading and subleading jet, respectively. Both the QCD background
and the new-physics samples are generated binned in pT (j) and the resulting dijet mass
distributions are fit to the parametric function

f(x) = p1 (1� x)p2 xp3+p4 lnx
, (3.1)

where x = Mjj/
p
s and pi with i = 1, 2, 3, 4 four fitting parameters. Given the data-driven

– 7 –

QbG contributions lead to an enhancement of rate for high dijet invariant masses 
[UH & Koole, 2106.01289]
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QbG effects grow with transverse momentum & lead to more events at high pT(Z)
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Figure 6: Left: pT (Z) distributions for the category with two b-jets. The black dotted
line is the central value of the SM prediction provided by ATLAS [45], the grey band
indicates the associated uncertainties and the red curve shows the new-physics prediction
assuming v

2
/⇤2

CbG = 0.07. Right: Ratio between the SM and the BSM prediction for
v
2
/⇤2

CbG = 0.07 and the measurement. The colour coding resembles the one employed on
the left-hand side.

In the bin with pT (Z) > 350GeV the experimental (theoretical) uncertainty used in our
analysis amounts to about 20% (35%). Reducing the theoretical uncertainty by a factor
of 2 would improve the limit (4.1) to approximately 1/(1.1TeV)2. In view of the recent
progress [47] in the calculation of Z-boson production in association with b-jets at next-
to-next-to-leading order accuracy in QCD including finite heavy-quark mass effects, such a
reduction of uncertainties does not seem unreasonable.

5 Constraints from flavour physics

In order to derive a bound on the real part of the Wilson coefficients of the charm-quark
dipole operator, let us consider the following effective interaction

Le↵ � �µ̃c(mh)
gs(mh)

2
c̄�µ⌫T

a
cG

a,µ⌫
, (5.1)

where the initial condition µ̃c(mh) of the charm-quark chromomagnetic dipole moment in
the terms of the relevant Wilson coefficient multiplying the operators in (1.1) is given by

µ̃c(mh) = �

p
2v

⇤2
Re

�
CcG

�
. (5.2)

One-loop Feynman diagrams involving a W -boson exchange generate the chromomagnetic
dipole operator

Q8 =
gs

(4⇡)2
mb s̄L�µ⌫T

a
bRG

a,µ⌫
, (5.3)
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1-loop threshold corrections involving QbG generate CP-violating Weinberg operator.

This operator leads to a non-zero neutron electric dipole moment at hadronic scale
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ZZh operators
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Figure 5. Kinematic distributions in the process pp ! Z(e
+
e
�
)H(bb̄) at the 13 TeV LHC for

various SMEFT scenarios. In the lower panes, ratios of SMEFT to SM distributions are shown. We

set the factorization and the renormalization scales in the production process to half the invariant

mass of the ZH system. See text for details.

scenarios provide very similar results. The differences become noticeable at �Rbl ⇠ 1 but

the number of events for such values of �Rbl is reduced by an order of magnitude. Given

the fact that we deal here with O(1 fb) cross sections, losing an order of magnitude in the

number of events is not optimal. However, the availability of highly accurate NNLO QCD

predictions in peak regions of kinematic distributions and identifiable differences between

various scenarios in distribution tails should allow one to optimize analysis strategies and

benefit from measurements across accessible kinematic regions.
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[Bizon et al., 2106.06328]
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Setup 1: g(1)hZZ = 2.8 , g(2)hZZ = �0.6

<latexit sha1_base64="J/5Sk5PvnRrjh++GsP85oVf9agk="></latexit>

Setup 2: g(1)hZZ = 1.05 , g̃hZZ = �2.9

ZZh operators lead to shape changes in kinematic spectra of pp → Zh → l+l-bb
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qqZ & qqZh operators

[see for instance Bishara et al., 2208.11134]
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/ (pZ + ph)2

M2
Z

modifications grow with energy,  
making Zh searches @ LHC in 

boosted regime competitive with 
LEP bounds on Z couplings 


