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SM & mh = 125.1 GeV: potentially meta-stable (G. Degrassi et al., arXiv:1205.6497)
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”Why does electroweak symmetry break?” or ”Why is µ2 < 0 in the SM?”
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BSM physics at the LHC

• BSM searches with Standard Model cross sections 


• Effective field theories and (simplified) models: 
BSM searches and novel/subtle LHC signatures 
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BSM searches with Standard Model cross sections

Search for BSM signals which are similar to SM ``background” 

e.g.

Search for virtual BSM effects

Supersymmetric Higgs Production in Vector-Boson Fusion Michael Rauch
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ũd̃

ũ
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Figure 1: Example Feynman diagrams contributing to QCD (upper) and electroweak (lower) vertex correc-
tions, boxes and pentagons.

diagram Δσ/σ [%] Δσ/σ [%]

Δσ ∼ O(α) Δσ ∼ O(αs)
self energies 0.199
qq′W +qqZ -0.392 -0.0148
qqh -0.0260 0.00545
WWh+ZZh -0.329
box 0.0785 -0.00518
pentagon 0.000522 -0.000308

sum of all Δσ/σ =−0.484 %

Δσ/σ [%]

VVh O(α) O(αs) all
SPS1a -0.329 -0.469 -0.015 -0.484
SPS1b -0.162 -0.229 -0.006 -0.235
SPS2 -0.147 -0.129 -0.002 -0.131
SPS3 -0.146 -0.216 -0.006 -0.222
SPS4 -0.258 -0.355 -0.008 -0.363
SPS5 -0.606 -0.912 -0.010 -0.922
SPS6 -0.226 -0.309 -0.010 -0.319
SPS7 -0.206 -0.317 -0.006 -0.323
SPS8 -0.157 -0.206 -0.004 -0.210
SPS9 -0.094 -0.071 -0.003 -0.074

Table 1: Complete MSSM corrections to the process pp→ qqh by diagram types for the parameter point
SPS1a (left) and for all SPS points (right). Tables taken from Ref. [11].

and squarks and gluinos around 500− 600 GeV, and tanβ = 10 leading to only small decoupling
effects in the down-sector. We have compared our results to Ref. [10], where the vertex-correction
contributions of the upper-left diagram of Fig. 1 have already been evaluated in the limit of equal
squark masses, as well as to an upcoming second calculation of these corrections [27]. In both
cases we find good agreement.

All supersymmetric QCD corrections turn out to be very small as we can see in Table 1. We
find an even bigger suppression than in the Standard Model, where gluon exchange between the
two quark lines leads to a vanishing color trace.

Two tree-level vertices receive one-loop corrections, qqV and VVh. Only at the first one
squark/gluino loops appear. Since theW boson couples only to left-handed particles and the mix-
ing between left- and right-handed light-flavor squarks is negligible, like at tree-level both external
quarks are then left-handed. Therefore, the gluino propagator in the fermion trace can only con-
tribute via its momentum and not via a gluino-mass insertion which would require a chirality flip.
Hence the typical scale in the numerator is mh/2, an order of magnitude below the gluino mass in
the denominator.
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Reinterpreting diboson cross sections

e.g. to search for SUSY through  pp ! t̃t̃⇤ with t̃ ! W + �̃0 + b

cf. Feigl, Rzehak, Zeppenfeld, arXiv:1205.3468 [hep-ph]; Curtin et al., arXiv:1406.0848 [hep-ph] 
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https://arxiv.org/abs/1205.3468


Reinterpreting top-quark cross-sections

Stop production might be hiding in the top cross section: �exp = �tt̄ + �t̃t̃⇤

Czakon et al., arXiv:1407.1043 [hep-ph]
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Reinterpreting top-quark cross-sections

Stop production might be hiding in the top cross section: �exp = �tt̄ + �t̃t̃⇤

Czakon et al., arXiv:1407.1043 [hep-ph]

In both cases, precision measurements and NNLO 
calculations of SM cross sections provide complementary 

information on specific BSM models, in particular in regions 
of model space where the BSM signal is similar to the SM 

``background’’ and where direct searches are thus less 
sensitive. 
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Constraints on new theories using Rivet (Contur)

J. Butterworth, MK, D. Grellscheid, B. Sarrazin and D. Yallup 

JHEP 1703 (2017) 078 & contur.hepforge.org

We rely on precision SM cross 
section measurements. 


They should 

• not assume the SM 

• agree with the SM prediction 

Thus they can potentially constrain BSM processes with SM-like signatures 
9
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gq = 0.375, gdm = 1
Mdm = 600 GeV

0.5 1 1.5 2 2.5

10�3

10�2

10�1

1

10 1

10 2

10 3

10 4

10 5

10 6
ATLAS Dijet double-differential cross sections (y⇤ < 0.5)

m12[TeV]

d2 s
/d

m
12

dy
⇤

[p
b/

Te
V

]

0.5 1 1.5 2 2.5
1.0

1.02

1.04

1.06

1.08

1.1

1.12

1.14 Data
0.42
0.94
0.74
0.43
CLs max

m12[TeV]

(M
C

+D
at

a)
/D

at
a

Figure 2: Outputs from Rivet for a measurement included in the limit setting process. Simulated
signals for a sample of mediator masses are shown, superimposed on the double di↵erential inclusive
jet cross section in the most central rapidity region, binned by dijet mass and rapidity as measured by
ATLAS at 7 TeV [31]. The upper plot compares the measured cross section to the model expectation,
and the lower hand plot shows the perturbation in the ration compared to the relative uncertainty
in the measurement. The signals form a 1D parameter space scan in mediator mass for fixed dark
matter mass and mediator couplings; MDM = 600 GeV, gq = 0.25 and gDM = 1. The corresponding
exclusion limits are also given.
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Figure 1: Relevant Feynman diagrams introduced by the simplified model at leading order. (a) s-
channel production followed by decay to quarks or to DM, (b) associated jet production (c) associated
gauge-boson production.
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We assume data = SM, and thus can only place limits. 


To extend the method, we plan to incorporate SM predictions 
and uncertainties into Contur. 
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Search for virtual BSM effects 

Can we probe this region through indirect precision?

 see Werner’s talk 
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Search for virtual BSM effects 
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Figure 1: Left to right: Feynman diagrams contributing to strong vertex corrections, strong boxes, strong pentagons.

As we can see in Tab. III all QCD corrections ∆σ ∝
α3αs turn out to be surprisingly small. In the Stan-
dard Model we know that from a QCD perspective we
are essentially looking at two-sided non-interfering deep
inelastic scattering. However, there are several mecha-
nisms responsible for an even larger suppression in the
supersymmetric case.

Two tree-level vertices receive one-loop corrections,
qqV and V V h, but only the first is corrected by
squark/gluino loops. The q̃q̃′W coupling connects left-
handed sfermions. Since the mixing between left and
right-handed light-flavor squarks is proportional to the
negligible quark Yukawa coupling, both external quarks
are then left-handed, just as at tree level. This means
that in the one-loop diagram (when closed with the
Born diagram) the left-handed fermion trace cannot be
connected through a gluino-mass insertion, because this
would require a chirality flip. Instead of mg̃, the typical
momentum scale in the numerator is ∼ mh/2, an order
of magnitude below the gluino mass in the denominator.
In the electroweak case, also the (typically lighter)

charginos and neutralinos in the loop couple to the vector
boson. This means that we can add a double mass inser-
tion into the fermion line which can partly compensate
for the heavy masses in the loop denominator. This effect
leads to a relative enhancement of the electroweak over
the QCD qqV vertex correction we observe in Tab. III.

For strongly interacting boxes, the q̃q̃′W and qq̃g̃ cou-
plings are the same for both diagrams shown in Fig. 1,
but the q̃q̃h coupling is proportional to T3 − Qs2w, i.e.

around−1/3 for down squarks and +5/16 for up squarks.
This leads to a cancellation by one order of magnitude,

diagram ∆σ/σ [%] diagram ∆σ/σ [%]
∆σ ∼ O(α) ∆σ ∼ O(αs)

self energies 0.199
qqW + qqZ -0.392 qqW + qqZ -0.0148
qqh -0.0260 qqh 0.00545
WWh+ ZZh -0.329
box 0.0785 box -0.00518
pentagon 0.000522 pentagon -0.000308

sum of all ∆σ/σ = −0.484 %

Table III: Complete supersymmetric corrections to the pro-
cess pp → qqh by diagrams. Our parameter point SPS1a has
a tree–level rate of 706 fb.

which could only be broken by different squark masses.
Left-handed squarks, however, form a SU(2) doublet and
are governed by the same soft-breaking terms, and the
left–right mixing is negligible for light–flavor squarks.
This argument does not hold for the sub-leading ZZ fu-
sion, where we indeed find that the corrections turn out
to be at a more natural level.

In the Standard Model the color factor of a gluon ex-
change between the two incoming quarks is proportional
to the trace of the SU(3) generators and hence zero.
The same is true for a pentagon gluino exchange between
the incoming quarks, where the color trace is evaluated
along quark/squark lines. In Fig. 1, we show another su-
persymmetric pentagon diagram with a squark exchange
between the two incoming quarks. The V V -fusion is re-
placed by a squark coupling to the Higgs, which gets rid
of the color suppression. Such diagrams contribute for-
mally at order O(α2

sα
2), which is as large as the Born

term O(α3). However, their kinematic properties are
completely different from the vector-boson-fusion topol-
ogy and the large loop masses further reduce their con-
tribution to an altogether negligible level.
Following all the above arguments the supersymmetric

QCD corrections to weak-boson-fusion Higgs production
are suppressed by a whole list of mechanisms, which ex-
plain their at first sight surprising suppression even with
respect to the electroweak corrections in Tab. III.

Looking beyond SPS1a, we show the next-to-leading
order corrections for the complete set of SPS parame-
ter points [21] in Tab. IV. From the discussion above
we do not expect the picture of electroweak vs. strong
corrections to change significantly for any of them. Heav-
ier supersymmetric spectra and different values of tanβ
and of the trilinear couplings just scale the over-all size
of the supersymmetric corrections. The relatively large
corrections for the SPS5 parameter point are driven by a
light top squark, while the largely decoupled spectrum in
SPS9 leads to negligible MSSM effects. The typical size
of the complete MSSM corrections is less or around 1 %.

To study the behavior of the one–loop corrections with
varying supersymmetric masses we start from the param-
eter point SPS1b and run the universal gaugino mass
m1/2 from 100 to 1000 GeV. In Fig. 2 we show the re-
sult for a m1/2-dependent Higgsino mass parameter as
well as for the fixed SPS1b value µ = 499 GeV. The

4

∆σ/σ [%]
WWh+ ZZh O(α) O(αs) all

SPS1a -0.329 -0.469 -0.015 -0.484
SPS1b -0.162 -0.229 -0.006 -0.235
SPS2 -0.147 0.129 -0.002 -0.131
SPS3 -0.146 -0.216 -0.006 -0.222
SPS4 -0.258 -0.355 -0.008 -0.363
SPS5 -0.606 -0.912 -0.010 -0.922
SPS6 -0.226 -0.309 -0.010 -0.319
SPS7 -0.206 -0.317 -0.006 -0.323
SPS8 -0.157 -0.206 -0.004 -0.210
SPS9 -0.094 -0.071 -0.003 -0.074

Table IV: Complete MSSM corrections for all SPS parameter
points [21]. The vertex correction in the first column corre-
sponds to Tab.II, but including all partonic channels.

corrections sharply drop with increasing m1/2, as we ap-
proach the decoupling limit. Fixing µ means larger cor-
rections for a light SUSY spectrum and a sharper drop
for heavy masses. The maximum size for the corrections
consistent with the LEP2 chargino limit we read off to
be −2 %. If we tune all weak-scale MSSM parameters to
barely respect all LEP2 and Tevatron limits we find that
the size of the supersymmetric corrections is bounded
by −4%. Explicit non-decoupling effects in the bottom
Yukawa only appear in this process at the two-loop level,
which means all curves in Fig. 2 decouple smoothly for
increasing masses. Consistent with our previous discus-
sion the O(αs) corrections are negligible over the entire
parameter range.

Outlook — In the light of a possible precision analysis
of the Standard-Model and MSSM Higgs sector at the
LHC we have analyzed the size of the supersymmetric
one-loop corrections to the weak-boson-fusion production
process qq → qqh.
The appearance of all supersymmetric neutral Higgs

bosons in the loops required us to study the impact of
different methods of describing higher-order effects on
Higgs masses and the Higgs potential. We find that the
corrections from the Higgs sector are at the per-cent level,
with a remaining uncertainty of below 0.1 % due to these
calculational approaches — simply reflecting unknown
higher-order corrections.
The supersymmetric one-loop QCD corrections are not

only suppressed to a typical NNLO level, but turn out to
be negligible. This is due to a variety of effects, based on
the color structure, the supersymmetric coupling struc-
ture, or the kinematics of the process. The complete set
of electroweak loop diagrams contributes at the per-cent
level, as is expected for massive O(α) corrections.
In total, the supersymmetric one-loop corrections to

Higgs production via vector–boson fusion can be up to
4 % for parameter points allowed by direct SUSY searches
and are typically at or below 1 %. Their sign is in general
negative. This result should serve as a solid basis for a
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Figure 2: Relative next-to-leading order corrections as a func-
tion of m1/2 for varying and for fixed µ. For the latter we
show the strong corrections independently. The vertical lines
indicate the chargino mass limit from LEP2 and the reference
point SPS1b.

precision analysis of the supersymmetric Higgs sector at
the LHC.
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[4] M. Dührssen et al., Phys. Rev. D 70, 113009 (2004).
[5] A. Djouadi, Phys. Rept. 457, 1 (2008) and Phys. Rept.

459, 1 (2008).
[6] T. Han, G. Valencia and S. Willenbrock, Phys. Rev. Lett.

69, 3274 (1992); M. Spira, Fortsch. Phys. 46, 203 (1998);
T. Figy, C. Oleari and D. Zeppenfeld, Phys. Rev. D 68,
073005 (2003); M. Ciccolini, A. Denner and S. Dittmaier,
Phys. Rev. Lett. 99, 161803 (2007).

[7] J. R. Andersen, T. Binoth, G. Heinrich and J. M. Smillie,
JHEP 0802, 057 (2008); A. Bredenstein, K. Hagiwara
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Search for virtual BSM effects V
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Figure 2: Exemplary generic one-loop diagrams of the hV V vertex correction with additional
Higgs bosons H,A0,H

+. The internal dashed lines represent any light or heavy Higgs boson; the
gauge boson V can be W,Z, �, depending on the charge flow and final state.

heavy particles are in direct correspondence to the SM diagrams described in detail in Ref. [30].
However, the coupling factors of the internal (massive) fermions and the vector bosons to the
light Higgs field need to be adapted in the THDM.

The counterterm contribution can be split into two parts. The first one, MCT
SM, is analogous

to the counterterm contribution in the SM, although all renormalization constants appearing
in this part are defined within the THDM using the renormalization conditions described in
Ref. [40] and in general receive contributions from the exchange of heavy Higgs bosons. The
second part is composed of the renormalization constants of the mixing angles ↵, �, entering via
the factor sin (� � ↵) in M

V V
SM,LO, and the field renormalization constant of the mixing of the

neutral CP-even fields. The full counterterm can be written as

M
CT
THDM = c��↵

⇣
�� � �↵+

1

2
�ZHh

⌘
M

LO
SM + s��↵M

CT
SM, (2.9)

where we introduced the abbreviations sx ⌘ sinx, cx ⌘ cosx, tx ⌘ tanx. Following Ref. [40],
we employ four different renormalization schemes in order to define the mixing angles at NLO,
i.e. to fix the renormalization constants �↵, ��:

• MS(↵) scheme:
In this scheme ↵ and � are independent parameters and fixed in the MS scheme. Tadpole
parameters are renormalized in such a way that renormalized tadpole parameters vanish.
As discussed in detail in Refs. [38, 39], this treatment introduces gauge dependences in the
relation between bare parameters and, thus, the relation between renormalized parameters
and predicted observables inherit some gauge dependence. Since we work in the ’t Hooft–
Feynman gauge, all predictions (not only the ones presented in this work) should be made
in the same gauge to obtain a meaningful confrontation of theory with data.

• MS(�3) scheme:
This scheme coincides with the MS(↵) scheme up to the point that ↵ is traded for the

5
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Figure 2: The dependence of the partial decay width �h!4f
THDM

on the cos(��↵). The solid (dashed) lines represent
the NLO EW + QCD (LO) result. The color code is the same as in Fig. 1. The SM results are shown in red for

comparison. The input parameters are given in the MS(�3) scheme. The figure is taken from Refs. 14,28.

and has a parabolic shape. The deviations of the LO results in the other schemes from the
MS(�3) result are again due to the conversion of the parameters given in the input scheme to
the respective final scheme. At NLO, it is interesting to note that, for all schemes, there is
a deviation from the SM value also for cos(� � ↵) = 0. This deviation originates from the
heavy Higgs bosons entering the loop contributions. The overall agreement of the results in the
di↵erent renormalization schemes is better at NLO than at LO.

A detailed discussion of further results, including also more delicate THDM scenarios, can
be found in Refs. 14,28. The extended version of Prophecy4f, which covers a SM extension
with a singlet scalar as well 30, will be available from its hepforge webpage d soon.

5 Conclusions

We have calculated the partial decay width of the light CP-even Higgs boson of the THDM decay-
ing into four fermions, �h!4f

THDM
, and extended the computer program Prophecy4f accordingly.

We have implemented four di↵erent renormalization schemes, imposing on-shell renormalization
conditions as far as possible and using MS conditions for mixing angles and quartic scalar self-
couplings, and carried out a consistent parameter conversion from one scheme to another. In
addition, we took into account the running of the MS parameters. The e↵ects of the running
and of the conversion of parameters can be sizeable depending on the considered scenario. Some
sample scenarios have been shown. The overall deviations from the prediction of the SM can
be estimated by 0 to �6% for most of the phenomenologically relevant scenarios. Hereby, NLO
corrections contribute to a shift of one to two percentage points. The size of these deviations is
therefore in a range where a linear collider could help in resolving the di↵erences between the
models.

dhttp://prophecy4f.hepforge.org/index.html

6

��THDM/�SM . 6%

 see Heidi’s talk 

Altenkamp, Dittmaier, Rzehak, arXiv:1710.07598 [hep-ph]

https://arxiv.org/abs/1710.07598
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Figure 2: Exemplary generic one-loop diagrams of the hV V vertex correction with additional
Higgs bosons H,A0,H

+. The internal dashed lines represent any light or heavy Higgs boson; the
gauge boson V can be W,Z, �, depending on the charge flow and final state.

heavy particles are in direct correspondence to the SM diagrams described in detail in Ref. [30].
However, the coupling factors of the internal (massive) fermions and the vector bosons to the
light Higgs field need to be adapted in the THDM.

The counterterm contribution can be split into two parts. The first one, MCT
SM, is analogous

to the counterterm contribution in the SM, although all renormalization constants appearing
in this part are defined within the THDM using the renormalization conditions described in
Ref. [40] and in general receive contributions from the exchange of heavy Higgs bosons. The
second part is composed of the renormalization constants of the mixing angles ↵, �, entering via
the factor sin (� � ↵) in M

V V
SM,LO, and the field renormalization constant of the mixing of the

neutral CP-even fields. The full counterterm can be written as

M
CT
THDM = c��↵

⇣
�� � �↵+

1

2
�ZHh

⌘
M

LO
SM + s��↵M

CT
SM, (2.9)

where we introduced the abbreviations sx ⌘ sinx, cx ⌘ cosx, tx ⌘ tanx. Following Ref. [40],
we employ four different renormalization schemes in order to define the mixing angles at NLO,
i.e. to fix the renormalization constants �↵, ��:

• MS(↵) scheme:
In this scheme ↵ and � are independent parameters and fixed in the MS scheme. Tadpole
parameters are renormalized in such a way that renormalized tadpole parameters vanish.
As discussed in detail in Refs. [38, 39], this treatment introduces gauge dependences in the
relation between bare parameters and, thus, the relation between renormalized parameters
and predicted observables inherit some gauge dependence. Since we work in the ’t Hooft–
Feynman gauge, all predictions (not only the ones presented in this work) should be made
in the same gauge to obtain a meaningful confrontation of theory with data.

• MS(�3) scheme:
This scheme coincides with the MS(↵) scheme up to the point that ↵ is traded for the

5
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Figure 2: The dependence of the partial decay width �h!4f
THDM

on the cos(��↵). The solid (dashed) lines represent
the NLO EW + QCD (LO) result. The color code is the same as in Fig. 1. The SM results are shown in red for

comparison. The input parameters are given in the MS(�3) scheme. The figure is taken from Refs. 14,28.

and has a parabolic shape. The deviations of the LO results in the other schemes from the
MS(�3) result are again due to the conversion of the parameters given in the input scheme to
the respective final scheme. At NLO, it is interesting to note that, for all schemes, there is
a deviation from the SM value also for cos(� � ↵) = 0. This deviation originates from the
heavy Higgs bosons entering the loop contributions. The overall agreement of the results in the
di↵erent renormalization schemes is better at NLO than at LO.

A detailed discussion of further results, including also more delicate THDM scenarios, can
be found in Refs. 14,28. The extended version of Prophecy4f, which covers a SM extension
with a singlet scalar as well 30, will be available from its hepforge webpage d soon.

5 Conclusions

We have calculated the partial decay width of the light CP-even Higgs boson of the THDM decay-
ing into four fermions, �h!4f

THDM
, and extended the computer program Prophecy4f accordingly.

We have implemented four di↵erent renormalization schemes, imposing on-shell renormalization
conditions as far as possible and using MS conditions for mixing angles and quartic scalar self-
couplings, and carried out a consistent parameter conversion from one scheme to another. In
addition, we took into account the running of the MS parameters. The e↵ects of the running
and of the conversion of parameters can be sizeable depending on the considered scenario. Some
sample scenarios have been shown. The overall deviations from the prediction of the SM can
be estimated by 0 to �6% for most of the phenomenologically relevant scenarios. Hereby, NLO
corrections contribute to a shift of one to two percentage points. The size of these deviations is
therefore in a range where a linear collider could help in resolving the di↵erences between the
models.

dhttp://prophecy4f.hepforge.org/index.html
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FIG. 2: Feynman diagrams for vertex corrections from dark fermions to h ! ZZ (left), WW ! h (center), and h ! hh
(right).

Interpreted as dark matter candidates, the lightest states in scenarios 1 and 2 from Eq. (7) have a very
di↵erent phenomenology. In scenario 1, the dark matter candidate �0

1 has couplings to the Higgs boson, which
induces spin-independent dark matter-nucleon scattering. The absence of such a signal at direct detection
experiments sets an extremely strict bound on the dark Yukawa coupling [15]. In this scenario, e↵ects in Higgs
observables are thus not compatible with the results of direct dark matter detection experiments. In scenario
2, in turn, the lightest state �

0
2 does not couple diagonally to the Higgs and Z bosons. Dark matter-nucleon

scattering is only induced at the loop level through electroweak interactions. Scenario 2 is thus much better
protected from direct detection bounds than scenario 1. For �

0
2 to be a thermal relic, strong co-annihilation

with the nearly-degenerate charged states �
± requires the mass spectrum of dark fermions to be around the

TeV scale [15, 18]. Alternatives to thermal freeze-out that lead to the observed dark matter relic density with
a lighter spectrum are of course a possibility.

III. VIRTUAL DARK FERMIONS IN HIGGS INTERACTIONS

Due to the large dark Yukawa coupling, the dominant e↵ects of dark fermions in collider observables are a
priori expected to occur in Higgs interactions. A first idea that might come to mind is resonant production of
dark fermion pairs through pp ! h

⇤
! �i�j . However, in this process the Higgs boson is produced o↵-shell

for fermion pair invariant masses above the Higgs mass. The production rate is thus suppressed by the small
Higgs decay width and hard to observe at the LHC. Similar complications arise for electroweak production via
o↵-shell gauge bosons, pp ! W

⇤
/Z

⇤
! �i�j . More details of possible direct collider searches will be discussed

in Section VIII.
Here we argue that dark fermions with large Yukawa couplings can be probed indirectly through virtual

e↵ects in Higgs couplings to weak gauge bosons and Higgs self-interactions. Examples of Feynman diagrams
are shown in Fig. 2. Higgs self-interactions receive the largest corrections, due to their strong sensitivity to
the dark Yukawa coupling. Among Higgs-gauge boson couplings, h�� and hZ� interactions are expected to be
most sensitive to new virtual corrections, since these couplings are loop-suppressed in the SM. Contributions
from new fermions, however, require a renormalizable Higgs coupling to two charged states with di↵erent
weak quantum numbers. In minimal models such as ours, h�� and hZ� are not a↵ected by dark fermions
at the one-loop level. The main modifications of Higgs-gauge boson interactions occur in hZZ and hWW

couplings. Since these couplings arise as fundamental interactions from the Higgs kinetic terms in the SM,
relative corrections from dark fermions are expected to be modest. As we will show, in the regime of strong
Yukawa couplings they are sizable enough to be probed at the LHC and even better so at a future lepton
collider.

In this section, we will systematically analyze the main sub-processes that probe hV V (V = W,Z) and
hhh interactions at the LHC and (with certain modifications) at future lepton colliders. For Higgs-gauge
interactions, these are Higgs decays to gauge boson pairs, h ! V V

⇤; weak boson fusion, V ⇤
V

⇤
! h; and

gauge-boson associated Higgs production, V ⇤
! V h. Each of these sub-processes probes the anomalous hV V

interaction in a di↵erent kinematic region, which makes them a priori complementary indirect searches for
dark fermions. Triple Higgs interactions can be directly probed in Higgs pair production, h⇤

! hh.
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FIG. 3: Anomalous Higgs-Z coupling as a function of the mass parameter mD for fixed Yukawa couplings y at the LHC,
Re[F 0,pp

Z ], (left) and a future lepton collider with
p
s = 250GeV, Re[F 0,ee

Z ], (right). Plain/dotted lines correspond to
fixed values mD � mS = ±200GeV. The gray area is excluded by Z width measurements. In orange, purple, and
green regions, invisible Higgs decay h ! �0

1�
0
1 is open for mD �mS = 200GeV and y = 1, 2, 3, respectively. Dark blue

regions have been excluded at the LHC during run I. Light blue regions can be tested at the HL-LHC and future lepton
colliders.

Higgs decays for mD �mS = 200GeV are displayed as colored areas. The gray area, where mD < MZ/2, is
excluded by measurements of the Z width, which would be enlarged by decays into charged dark fermions,
Z ! �

+
�
� [26]. The dark blue region has been excluded by a global analysis of Higgs couplings with LHC

data from run I [27].
The masses of the charged and neutral states �± and �

0
2, mc = mD = m2, can be directly read o↵ from the

x-axis. For mD < MZ/2, the state �
0
2 in the loop can be on its mass shell and the form factor F 0

Z
develops an

imaginary part. This explains the peak-dip feature of the real part in the region around mD ⇡ 45GeV. For
mD ! 1, e↵ects of the dark sector decouple from the SM. The mass parameter di↵erence |mD � mS | and
the Yukawa coupling y determine the splitting �m between the lightest and heaviest states �

0
1 and �

0
3 (see

Eq. (4)). As we can observe in the figure, sizable e↵ects of dark fermions on the Higgs interactions require a
large Yukawa coupling. In scenario 1, this implies a split spectrum with a light state �

0
1, intermediate states

�
0
2, �

±, and a heavy state �
0
3. Notice that F 0

Z
is largest close to the parameter regions excluded by h ! �

0
1�

0
1,

where |m1| & Mh/2. In this region, F 0
Z

is dominated by the loop diagram in Fig. 2, left, with two lightest
states �0

1 and one �
0
2.

The e↵ects of dark fermions in Higgs decays can be directly translated to weak boson fusion at the LHC.
Due to the small momentum dependence of F

0
Z

in these processes, virtual corrections in Z
⇤
Z

⇤
! h look

almost identical to those displayed in Fig. 3, left. E↵ects in Higgs-Z associated production at the LHC are
comparable in size with the FLC reference point, F 0

Z
(M2

h
, k

2
1 & (Mh +MZ)2,M2

Z
) ⇡ F

0,ee
Z

, shown in Fig. 3,
right. Comparing Higgs decays (and likewise Higgs production from Z boson fusion) at the LHC with Higgs-Z
associated production at a FLC (and likewise at the LHC), we observe that F 0,ee

Z
for associated production is

slightly smaller than F
0,pp
Z

for decay and weak fusion. However, the expected precision of measuring F
0
Z
at a

lepton collider is much higher than at the LHC. The light blue areas in Fig. 3 are expected to be probed at
the HL-LHC with 3 ab�1 data luminosity (left) and at a FLC with

p
s = 250GeV (right).

Higgs self-interactions can be analyzed in a similar way. At the LHC, the triple Higgs coupling can be directly
measured in Higgs pair production, based on the sub-process h⇤

! hh from Section III B. The kinematic region
for this process is given by

pp ! h
⇤(p) ! h(k1)h(k2) : k

2
1 = M

2
h
= k

2
2, p

2 & (2Mh)
2
. (21)

Since the cross section of Higgs pair production drops quickly for higher invariant mass, we choose our kinematic
reference point of the form factor near the production threshold,

h
⇤
! hh (pp, e+e�) : Fh ⌘ Fh((280GeV)2,M2

h
,M

2
h
). (22)

Voigt and Westhoff, arXiv:1708.01614 [hep-ph]
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FIG. 2: Feynman diagrams for vertex corrections from dark fermions to h ! ZZ (left), WW ! h (center), and h ! hh
(right).

Interpreted as dark matter candidates, the lightest states in scenarios 1 and 2 from Eq. (7) have a very
di↵erent phenomenology. In scenario 1, the dark matter candidate �0

1 has couplings to the Higgs boson, which
induces spin-independent dark matter-nucleon scattering. The absence of such a signal at direct detection
experiments sets an extremely strict bound on the dark Yukawa coupling [15]. In this scenario, e↵ects in Higgs
observables are thus not compatible with the results of direct dark matter detection experiments. In scenario
2, in turn, the lightest state �

0
2 does not couple diagonally to the Higgs and Z bosons. Dark matter-nucleon

scattering is only induced at the loop level through electroweak interactions. Scenario 2 is thus much better
protected from direct detection bounds than scenario 1. For �

0
2 to be a thermal relic, strong co-annihilation

with the nearly-degenerate charged states �
± requires the mass spectrum of dark fermions to be around the

TeV scale [15, 18]. Alternatives to thermal freeze-out that lead to the observed dark matter relic density with
a lighter spectrum are of course a possibility.

III. VIRTUAL DARK FERMIONS IN HIGGS INTERACTIONS

Due to the large dark Yukawa coupling, the dominant e↵ects of dark fermions in collider observables are a
priori expected to occur in Higgs interactions. A first idea that might come to mind is resonant production of
dark fermion pairs through pp ! h

⇤
! �i�j . However, in this process the Higgs boson is produced o↵-shell

for fermion pair invariant masses above the Higgs mass. The production rate is thus suppressed by the small
Higgs decay width and hard to observe at the LHC. Similar complications arise for electroweak production via
o↵-shell gauge bosons, pp ! W

⇤
/Z

⇤
! �i�j . More details of possible direct collider searches will be discussed

in Section VIII.
Here we argue that dark fermions with large Yukawa couplings can be probed indirectly through virtual

e↵ects in Higgs couplings to weak gauge bosons and Higgs self-interactions. Examples of Feynman diagrams
are shown in Fig. 2. Higgs self-interactions receive the largest corrections, due to their strong sensitivity to
the dark Yukawa coupling. Among Higgs-gauge boson couplings, h�� and hZ� interactions are expected to be
most sensitive to new virtual corrections, since these couplings are loop-suppressed in the SM. Contributions
from new fermions, however, require a renormalizable Higgs coupling to two charged states with di↵erent
weak quantum numbers. In minimal models such as ours, h�� and hZ� are not a↵ected by dark fermions
at the one-loop level. The main modifications of Higgs-gauge boson interactions occur in hZZ and hWW

couplings. Since these couplings arise as fundamental interactions from the Higgs kinetic terms in the SM,
relative corrections from dark fermions are expected to be modest. As we will show, in the regime of strong
Yukawa couplings they are sizable enough to be probed at the LHC and even better so at a future lepton
collider.

In this section, we will systematically analyze the main sub-processes that probe hV V (V = W,Z) and
hhh interactions at the LHC and (with certain modifications) at future lepton colliders. For Higgs-gauge
interactions, these are Higgs decays to gauge boson pairs, h ! V V

⇤; weak boson fusion, V ⇤
V

⇤
! h; and

gauge-boson associated Higgs production, V ⇤
! V h. Each of these sub-processes probes the anomalous hV V

interaction in a di↵erent kinematic region, which makes them a priori complementary indirect searches for
dark fermions. Triple Higgs interactions can be directly probed in Higgs pair production, h⇤

! hh.
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FIG. 3: Anomalous Higgs-Z coupling as a function of the mass parameter mD for fixed Yukawa couplings y at the LHC,
Re[F 0,pp

Z ], (left) and a future lepton collider with
p
s = 250GeV, Re[F 0,ee

Z ], (right). Plain/dotted lines correspond to
fixed values mD � mS = ±200GeV. The gray area is excluded by Z width measurements. In orange, purple, and
green regions, invisible Higgs decay h ! �0
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0
1 is open for mD �mS = 200GeV and y = 1, 2, 3, respectively. Dark blue

regions have been excluded at the LHC during run I. Light blue regions can be tested at the HL-LHC and future lepton
colliders.

Higgs decays for mD �mS = 200GeV are displayed as colored areas. The gray area, where mD < MZ/2, is
excluded by measurements of the Z width, which would be enlarged by decays into charged dark fermions,
Z ! �

+
�
� [26]. The dark blue region has been excluded by a global analysis of Higgs couplings with LHC

data from run I [27].
The masses of the charged and neutral states �± and �

0
2, mc = mD = m2, can be directly read o↵ from the

x-axis. For mD < MZ/2, the state �
0
2 in the loop can be on its mass shell and the form factor F 0

Z
develops an

imaginary part. This explains the peak-dip feature of the real part in the region around mD ⇡ 45GeV. For
mD ! 1, e↵ects of the dark sector decouple from the SM. The mass parameter di↵erence |mD � mS | and
the Yukawa coupling y determine the splitting �m between the lightest and heaviest states �

0
1 and �

0
3 (see

Eq. (4)). As we can observe in the figure, sizable e↵ects of dark fermions on the Higgs interactions require a
large Yukawa coupling. In scenario 1, this implies a split spectrum with a light state �

0
1, intermediate states

�
0
2, �

±, and a heavy state �
0
3. Notice that F 0

Z
is largest close to the parameter regions excluded by h ! �

0
1�

0
1,

where |m1| & Mh/2. In this region, F 0
Z

is dominated by the loop diagram in Fig. 2, left, with two lightest
states �0

1 and one �
0
2.

The e↵ects of dark fermions in Higgs decays can be directly translated to weak boson fusion at the LHC.
Due to the small momentum dependence of F

0
Z

in these processes, virtual corrections in Z
⇤
Z

⇤
! h look

almost identical to those displayed in Fig. 3, left. E↵ects in Higgs-Z associated production at the LHC are
comparable in size with the FLC reference point, F 0

Z
(M2

h
, k

2
1 & (Mh +MZ)2,M2

Z
) ⇡ F

0,ee
Z

, shown in Fig. 3,
right. Comparing Higgs decays (and likewise Higgs production from Z boson fusion) at the LHC with Higgs-Z
associated production at a FLC (and likewise at the LHC), we observe that F 0,ee

Z
for associated production is

slightly smaller than F
0,pp
Z

for decay and weak fusion. However, the expected precision of measuring F
0
Z
at a

lepton collider is much higher than at the LHC. The light blue areas in Fig. 3 are expected to be probed at
the HL-LHC with 3 ab�1 data luminosity (left) and at a FLC with

p
s = 250GeV (right).

Higgs self-interactions can be analyzed in a similar way. At the LHC, the triple Higgs coupling can be directly
measured in Higgs pair production, based on the sub-process h⇤

! hh from Section III B. The kinematic region
for this process is given by

pp ! h
⇤(p) ! h(k1)h(k2) : k

2
1 = M

2
h
= k

2
2, p

2 & (2Mh)
2
. (21)

Since the cross section of Higgs pair production drops quickly for higher invariant mass, we choose our kinematic
reference point of the form factor near the production threshold,

h
⇤
! hh (pp, e+e�) : Fh ⌘ Fh((280GeV)2,M2

h
,M

2
h
). (22)

Virtual effects of dark fermions are 
sizeable for large Yukawa couplings, 

and can probe parameter regions 
with heavy mediators or compressed 

spectra, complementary to direct 
searches 

Voigt and Westhoff, arXiv:1708.01614 [hep-ph]
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Do we need BSM precision?

We need precision to explore BSM models after discovery 

Do we need precision to improve constraints on BSM models before a discovery? 

Why being an optimist?

• 10 years to develop a tool

• BSM predictions needed for discovery (and for limit setting?)

• Experience with one model can be used for others

Need for both, optimists and pessimists

Renormalization of BSM theories Heidi Rzehak 07 March 2018 2/26
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Do we need BSM precision?

The three pillars of 1-Loop BSM automation

FeynRules
SARAH
LanHEP

NLOCT
Rept1l

FormCalc
Gosam

MadGraph5
OpenLoops

Recola2

OLPAutom.
renormal-

ization

Model
generator

Jean-Nicolas Lang, UZH
Motivation New Physics Automation Amplitude Automation QCD BSM EW/EFT BSM 29 /29

Conclusion:
Modern OLP are (getting) ready for BSM theories.
Missing tasks: construction of new one-loop renormalized model
files.
I Unified framework? UFO NLO?

Jean-Nicolas Lang, UZH
Motivation New Physics Automation Amplitude Automation QCD BSM EW/EFT BSM 28 /29

 see Jean-Nicolas’ talk 
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BSM physics at the LHC

• BSM searches with Standard Model cross sections 


• Effective field theories and (simplified) models: 
BSM searches and novel/subtle LHC signatures 
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From EFTs to full models? 

arXiv:1506.03116 [hep-ph]

http://arxiv.org/abs/arXiv:1506.03116
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From EFTs to full models 

B physics anomalies

the discussion su�ciently general under the main hypothesis of NP coupled predominantly to
third-generation left-handed quarks and leptons.

More explicitly, our working hypotheses to determine the initial conditions of the EFT, at a
scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale

Le↵ = LSM �
1

v2
�q

ij
�`

↵�

h
CT (Q̄i

L�µ�
aQj

L
)(L̄↵

L�
µ�aL�

L
) + CS (Q̄i

L�µQ
j

L
)(L̄↵

L�
µL�

L
)
i
, (1)

where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is

Qi

L =

✓
V ⇤
ji
uj
L

di
L

◆
, L↵

L =

✓
⌫↵
L

`↵
L

◆
. (2)

A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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Buttazzo, Greljo, Isidori, Marzocca,  arXiv:1706.07808 [hep-ph]

https://arxiv.org/abs/1706.07808
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B physics anomalies
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scale ⇤ above the electroweak scale, are the following:

1. only four-fermion operators built in terms of left-handed quarks and leptons have non-
vanishing Wilson coe�cients;

2. the flavour structure is determined by the U(2)q ⇥ U(2)` flavour symmetry, minimally
broken by two spurions Vq ⇠ (2,1) and V` ⇠ (1,2);

3. operators containing flavour-blind contractions of the light fields have vanishing Wilson
coe�cients.

We first discuss the consequences of these hypotheses on the structure of the relevant e↵ective
operators and then proceed analysing the experimental constraints on their couplings.

2.1 The e↵ective Lagrangian

According to the first hypothesis listed above, we consider the following e↵ective Lagrangian at
a scale ⇤ above the electroweak scale
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where v ⇡ 246GeV. For simplicity, the definition of the EFT cuto↵ scale and the normalisation
of the two operators is reabsorbed in the flavour-blind adimensional coe�cients CS and CT .

The flavour structure in Eq. (1) is contained in the Hermitian matrices �q

ij
, �`

↵�
and follows

from the assumed U(2)q ⇥ U(2)` flavour symmetry and its breaking. The flavour symmetry
is defined as follows: the first two generations of left-handed quarks and leptons transform as
doublets under the corresponding U(2) groups, while the third generation and all the right-
handed fermions are singlets. Motivated by the observed pattern of the quark Yukawa couplings
(both mass eigenvalues and mixing matrix), it is further assumed that the leading breaking
terms of this flavour symmetry are two spurion doublets, Vq and V`, that give rise to the mixing
between the third generation and the other two [31,32]. The normalisation of Vq is conventionally
chosen to be Vq ⌘ (V ⇤

td
, V ⇤

ts), where Vji denote the elements of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. In the lepton sector we assume V` ⌘ (0, V ⇤

⌧µ) with |V⌧µ| ⌧ 1. We adopt as
reference flavour basis the down-type quark and charged-lepton mass eigenstate basis, where
the SU(2)L structure of the left-handed fields is
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A detailed discussion about the most general flavour structure of the semi-leptonic operators
compatible with the U(2)q⇥U(2)` flavour symmetry and the assumed symmetry-breaking terms
is presented in Appendix A. The main points can be summarised as follows:
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.

not least, this LQ representation does not allow baryon number violating operators of dimension
four. These features, and the absence of a tree-level contribution to Bs(d) meson-antimeson
mixing, makes this UV realisation, originally proposed in [17], particularly appealing: the best
fit points of the general fit in Section 2.2 can be recovered essentially without tuning of the
model parameters.

In Figure 4 we show the results of the flavour fit in this parametrisation (using the �i↵
rather than the �q(`)

ij(↵�) as free parameters). When marginalising we let �s⌧ and �sµ vary between

±5|Vcb| and impose |�bµ| < 0.5. We find very similar conclusions to the previous fit, in particular
a reduced value of CU thanks to the extra contribution to R⌧`

D(⇤) proportional to �s⌧ , with both
this parameter and �sµ of O(|Vcb|).

Despite being absent at the tree level, a contribution to �F = 2 amplitudes is generated in
this model at the one-loop level. The result thus obtained is quadratically divergent and therefore
strongly dependent on the UV completion. Following the analysis of Ref. [17], i.e. setting a hard
cut-o↵ ⇤ on the quadratically divergent �F = 2 (down-type) amplitudes, leads to
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As already pointed out in Section 2.3, the value of C(U)
0 should not exceed O(10%) given the

experimental constraints on �MBs,d (for comparison, C(SM)
0 = (4⇡↵/s2

W
)S0(xt) ⇡ 1.0, see Ap-

pendix B). This can be achieved only for ⇤ ⇠ few TeV – i.e. ⇤ not far from MU , as expected in a
strongly interacting regime (unless some specific cancellation mechanism of �F = 2 amplitudes
is present in the UV). Interestingly enough, for fixed ⇤, the large value of �q

bs
does not increase
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Figure 5: Present and future-projected LHC constraints on the vector leptoquark model of Section 3.1.
The 1� and 2� preferred regions from the low-energy fit are shown in green and yellow, respectively.
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Embedding simplified models into UV complete 
models (composite Higgs, extended gauge sectors,…) 

provides further rich phenomenology and tests

B physics anomalies
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WIMP dark matter

Need to

• use consistent simplified models;

• combine different LHC signal regions;

• improve background estimates. 
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cuts, non-perturbative effects on lepton isolation, etc.,
can then be deduced from the Monte Carlo samples.
The additional uncertainties associated with the Monte
Carlo simulation are expected to be relatively small, in-
sofar as the vector-boson pT distribution that we cal-
culate is closely connected to the main experimental
observables used in MET+jets searches.

Some caution is needed in implementing the results
of this paper: for example the uncertainty prescriptions
are tied to the use of the central values that we provide.

If an experiment relies on central values that differ, e.g.
through the use of MC samples that are not reweighted
to our nominal predictions, then the uncertainty scheme
that we provide may no longer be directly applicable.
Furthermore, for searches that rely on features of the
event other than missing transverse momentum, one
should be aware that our approach might need to be
extended. This would be the case notably for any ob-
servable that relies directly on jet observables, whether
related to the recoiling jet or vetoes on additional jets.

��/� . 10%

for pT . 3 TeV

Reducing background 
uncertainties in jets + MET

Lindert et al., arXiv:1705.04664 [hep-ph]
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Freeze-in dark matter 
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the e↵ect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ⇠ 2 � 5, in
contrast to freeze-out which only departs from equilibrium for x ⇠ 20� 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 � 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

SMDM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

SMDM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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Figure 1: A schematic depiction of pair production of dark quarks forming two emerging jets.
Shown is an x � y cross section of a detector with the beam pipe going into the page. The
approximate radii of the tracker and calorimeter are also shown. The dark mesons are represented
by dashed lines because they do not interact with the detector. After traveling some distance,
each individual dark pion decays into Standard Model particles, creating a small jet represented
by solid colored lines. Because of the exponential decay, each set of SM particles originates a
di↵erent distance from the interaction point, so the jet slowly emerges into the detector.
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Figure 1: A schematic cartoon of the initial and final states of an LHC event with squirk production
via an s-channel W

±. The two protons are incoming along the horizontal axis. The squirks are
produced and oscillate along the dashed axis. The final state includes an antenna pattern of
soft photons (two cone like shapes aligned with the squirk production axis) and a pair of hard
annihilation products, W� in this case. The search strategy will first involve discovering a resonance
in W� and then searching for signals of patterns of soft photons in the candidate signal events.

excited bound state will emit soft radiation, and decay to the ground state, emitting many quanta.
Some of these quanta will be soft photons which are emitted in a particular angular distribution.
The ground state will then annihilate into a hard final state, for example a hard W

± and a hard
photon. The invariant mass of the W+photon system reconstructs to the mass of the ground state
meson (again, at several hundred GeV). All of the processes discussed above are prompt on collider
time scales. A cartoon initial and final states of these events are depicted in Figure 1.

The goal of the LHC search for this model would be to first establish that new physics is
seen using standard hard physics objects emitted in the hard annihilation, and then to extract
information about the nature of the new physics. In particular, detection of the unusual “antenna
pattern” of soft photons in addition to the hard resonance will be a smoking gun signal of the
strong dynamics and the presence of a bound state. What is a possible strategy to making these
discoveries? In this case the existence of new physics may be demonstrated by a standard hard
search. However, the correlation of new physics events with anomalous underlying event may
teach us about the nature of the new physics, and perhaps enhance the confidence in the original
discovery. A rough sketch of a search is shown in Figure 2 and described below.

1. Establish the existence of an excess of events from new physics.
Signal events will pass triggers with high e�ciency due to the hard photon and lepton/jets
from the annihilation. A promising search is to look for a peak in the W+photon invariant
mass (or rather transverse mass) for leptonic W decays [13]. Due to the clean final state and
the mass peak a signal-to-background ratio of order 1 may be achieved1.

1The signal to background ratio of order 1 may be achieved even when the transverse mass peak is smeared due

3
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We present a new paradigm for achieving thermal relic dark matter. The mechanism arises when
a nearly secluded dark sector is thermalized with the Standard Model after reheating. The freezeout
process is a number-changing 3 ! 2 annihilation of strongly-interacting-massive-particles (SIMPs)
in the dark sector, and points to sub-GeV dark matter. The couplings to the visible sector, necessary
for maintaining thermal equilibrium with the Standard Model, imply measurable signals that will
allow coverage of a significant part of the parameter space with future indirect- and direct-detection
experiments and via direct production of dark matter at colliders. Moreover, 3 ! 2 annihilations
typically predict sizable 2 ! 2 self-interactions which naturally address the ‘core vs. cusp’ and
‘too-big-to-fail’ small structure problems.

INTRODUCTION

Dark matter (DM) makes up the majority of the mass
in the Universe, however, its identity is unknown. The
few properties known about DM are that it is cold and
massive, it is not electrically charged, it is not colored and
it is not very strongly self-interacting. One possibility for
the identity of DM is that it is a thermal relic from the
early Universe. Cold thermal relics are predicted to have
a mass

mDM ⇠ ↵ann (TeqMPl)
1/2

⇠ TeV , (1)

where ↵ann is the e↵ective coupling constant of the 2 ! 2
DM annihilation cross section, taken to be of order weak
processes ↵ann ' 1/30 above, Teq is the matter-radiation
equality temperature and MPl is the reduced Planck
mass. The emergence of the weak scale from a geomet-
ric mean of two unrelated scales, frequently called the
WIMP miracle, provides an alternate motivation beyond
the hierarchy problem for TeV-scale new physics.

In this work we show that there is another mechanism
that can produce thermal relic DM even if ↵ann ' 0. In
this limit, while thermal DM cannot freeze out through
the standard 2 ! 2 annihilation, it may do so via a 3 ! 2
process, where three DM particles collide and produce
two DM particles. The mass scale that is indicated by
this mechanism is given by a generalized geometric mean,

mDM ⇠ ↵e↵

�
T

2
eqMPl

�1/3
⇠ 100 MeV , (2)

where ↵e↵ is the e↵ective strength of the self-interaction
of the DM which we take as ↵e↵ ' 1 in the above. As
we will see, the 3 ! 2 mechanism points to strongly self-
interacting DM at or below the GeV scale. In similar
fashion, a 4 ! 2 annihilation mechanism, relevant if DM
is charged under a Z2 symmetry, leads to DM in the keV

↵e↵ ' 1 ↵e↵ ' 1

SMDM
3→2 2→2 

✏ � 1

Kin. Eq.

FIG. 1: A schematic description of the SIMP paradigm. The
dark sector consists of DM which annihilates via a 3 ! 2 pro-
cess. Small couplings to the visible sector allow for thermal-
ization of the two sectors, thereby allowing heat to flow from
the dark sector to the visible one. DM self interactions are
naturally predicted to explain small scale structure anomalies
while the couplings to the visible sector predict measurable
consequences.

to MeV mass range. In this case, however, a more com-
plicated production mechanism, such as freeze-out and
decay, is typically needed to evade cosmological bounds.

If the dark sector does not have su�cient couplings
to the visible sector for it to remain in thermal equilib-
rium, the 3 ! 2 annihilations heat up the DM, signif-
icantly altering structure formation [1, 2]. In contrast,
a crucial aspect of the mechanism described here is that
the dark sector is in thermal equilibrium with the Stan-
dard Model (SM), i.e. the DM has a phase-space dis-
tribution given by the temperature of the photon bath.
Thus, the scattering with the SM bath enables the DM to
cool o↵ as heat is being pumped in from the 3 ! 2 pro-
cess. Consequently, the 3 ! 2 thermal freeze-out mech-
anism generically requires measurable couplings between
the DM and visible sectors. A schematic description of
the SIMP paradigm is presented in Fig. 1.

The phenomenological consequences of this paradigm
are two-fold. First, the significant DM self-interactions
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At colliders would look something like:
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Most interestingly, due to splittings, 
signal appears to “oscillate”.  Thus get 
extra sensitivity by doing spectral 
analysis…  The “power spectrum” of LHC 
data!


Can search for continuum 

spectrum at high energies.  

BG modelling essential…


Schematic illustration!


Extra dimension theories, e.g. clockwork mechanisms

Background modelling essential for tail Spectral analysis to test 

for oscillating spectrum
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Extra dimension theories, e.g. clockwork mechanisms

Figure 18. Comparison between the diphoton spectra of the KK gravitons in CW/LD (thin blue,
as in figure 12) and the RS model (thick red), after the RS curve has been scaled down by a factor
of 30 for presentation purposes. The parameters of the RS model were chosen such that the values
of M5 and the mass of the first KK mode, m1, are the same in both models. The latter is obtained
by setting kRS ⇡ 0.26k.
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Figure 19. Estimated sensitivity of some of the search channels, with the caveats discussed in the
text. The jjang curve refers to the search in the dijet angular distributions [69], ``res to the dilepton
resonance search [60], ��res to the diphoton resonance searches [58, 72], ``cont to the search in the
high-mass dilepton continuum [60], ��cont to the search in the high-mass diphoton continuum [58],
and ��FT to our proposed Fourier transform analysis.

a lower value of kRS. However, the beginning of the spectrum in such case will be correspondingly lower,

possibly leading to limits from past experiments. We have not included such a case in figure 18 also because

the dilution of the rate due to the cascade decays (which we have not computed for the RS model) might

be non-negligible if the spectrum begins at a low mass.
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Summary of the summary

• The reinterpretation of SM measurements provides constraints on new 
physics, complementary to direct searches. 


• Virtual effects of new particles can be probed in SM precision 
observables; need a global analysis of BSM models, incorporating both 
direct and indirect searches for new physics.


• NLO-automation is crucial to cover a wide range of BSM models. 


• EFTs, simplified models and UV-complete models and their interplay are 
needed to explore BSM physics.   


• Simplified and UV-complete models, in particular, can motivate BSM 
searches through novel and/or subtle LHC signatures. 


• Can machine learning help to discovery BSM physics in LHC data in a 
more model-independent way? 
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