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LHC Run 3 will approximately double the available LHC dataset. This wealth of data will be a huge
push forward for the search for beyond the Standard Model (BSM) physics. In this contribution, I
will discuss three physics targets for Run 3 from a theory perspective: (i) the search for uncovered
BSM signatures, (ii) the search for rare decay processes of Standard Model particles, and the
combination of LHC measurements with non-collider measurements. I will illustrate each of
these topics by an explicit example: (i) the search for bosonic charged Higgs decays, (ii) the search

for rare BSM top-quark decays, and (iii) the search for C# violation in the Higgs sector.

The Eleventh Annual Conference on Large Hadron Collider Physics (LHCP2023)
22-26 May 2023
Belgrade, Serbia

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:bahl@thphys.uni-heidelberg.de
https://pos.sissa.it/

BSM theory perspectives for Run 3 Henning Bahl

1. Introduction

While the Standard Model (SM) of particle physics is remarkably successful in precisely
describing a wide range of processes, there are several key observations that point towards the
existence of physics beyond the SM (BSM). These include the existence of dark matter or the baryon
asymmetry of the universe (BAU). The Large Hadron Collider (LHC) is a unique opportunity to
reveal the nature of BSM physics.

While the first LHC runs were very successful in finding the Higgs boson, they have so far not
revealed conclusive hints for BSM physics. The LHC physics program, however, is far from being
completed. LHC Run 3 is expected to approximately double the available LHC data. This poses
the question of how we should exploit this wealth of data.

A larger dataset leads to many opportunities. Focusing here on a theory perspective, a non-
comprehensive list is given in the following:

* Increase sensitivity of existing searches for new particles.

* More precise measurements of the properties of the known particles.
 Search for BSM particles via so far uncovered experimental signatures.
 Search for rare BSM decay modes of the known particles.

* Expand the physics implications of LHC searches/measurements by leveraging the comple-
mentarity with non-collider measurements.

In this work, we will give illustrative examples for the last three points.

2. Uncovered BSM signatures

There are many proposals for new searches for so far uncovered signatures (see e.g. Refs. [1-4]).
Here, we will focus on the search for bosonic charged Higgs decays which have recently received
considerable attention in the literature [5—12]. The material presented here is based on the Ref. [5].

Charged Higgs bosons are present in doublet (and higher multiplet) extensions of the SM.
Gauge invariance implies sum rules for the bosonic couplings of the charged Higgs bosons [13],

2 2
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where g is the SU(2);, gauge coupling and the sum runs over all charged Higgs bosons. #; and
a; denote CP-even and CP-odd Higgs bosons, respectively. These sum rules implies that there
is always a substantial coupling between a charged Higgs boson, a W boson, and a C#-odd Higgs
boson regardless of the BSM parameters. Moreover, also the couplings to a W boson and a CP-even
Higgs boson are large if the coupling of the scalar to W bosons is close to zero. If this scalar is the
125 GeV Higgs boson, experimental bounds implies that ¢(h;WW)? ~ 1 — with ¢(h;WW) being
the SM normalize Higgs—W-boson coupling — and, thereby, that the couplings to charged Higgs
bosons are large. These sum rules make the decay channels H; — W*h; — with & not being the
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Figure 1: Left: Branching ratio of the charged Higgs boson into a W and an A boson in the (m4, mpg=)
plane. Existing theoretical and experimental bounds are shown as coloured regions. Right: Same as left, but
the cross section for the production of a charged Higgs boson in association with a top and a bottom quark
and the subsequent decay into a W and an A boson is shown.

125 GeV Higgs boson — and H* — W*a natural candidates for charged Higgs searches (if these
decay channels are kinematically allowed).

As a concrete example, we investigate the Two-Higgs-Doublet model of type-I in the alignment
limit. The left panel of Fig. 1 shows the branching ratio for H* — W*A, where H* is the 2HDM
charged Higgs boson and A is the corresponding C#-odd scalar, in the (m 4, mp+) plane (setting
the mass of the BSM C#-even scalar equal to mp= and fixing the ratio of the vacuum expectation
values to three). As soon as this decay mode is kinematically allowed, the branching ratio is large.
This parameter region is hardly constrained by other constraints. Only perturbative unitarity and a
few complementary searches exclude small areas of the parameter space. The large branching ratio
results in a large cross section for the production of a charged Higgs boson in association with a top
and a bottom quark and the subsequent decay into a W and an A boson. The resulting cross-section
values are shown in the right panel of Fig. 1 and exceed 5 pb. Considering the various possible
decay modes of the A boson (depending on the specific 2HDM scenario), this results in a large
variety of testable final states.

Despite these potential large signals, so far only a limited amount of experimental searches
targeting specific final states have been performed [14, 15]. Moreover, the existing searches are
limited to specific mass configurations.

3. Search for rare BSM decay processes

The wealth of data collected during LHC Run 3 and also the upcoming High-Luminosity LHC
(HL-LHC) offers a unique opportunity to search for rare BSM decay modes of SM particle. Here,
we will focus on the search for rare top-quark decays [16]. Since top quarks are produced in vast
quantities via di top-quark production, even decay channels with a very small branching ratio can
be probed. The decay of the second top-quark in the event serves as a natural trigger.

Working in an effective-field theory framework, we consider a representative selection of
operators inducing flavour-changing-neutral-current top-quark decays listed in Table 1. In addition
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Table 1: Overview of operators inducing top-quark decays into SM particles (left) and BSM particles (right).
Q¢ is a Dirac spinor containing the left-handed quark doublet. The right-handed quarks are denoted by ug
and dg, respectively. Ly, and e are the left- and right-handed lepton doublets/singlets, respectively. i, j, k,
and [/ are the quark and lepton generation indices. Other indices are suppressed. The Higgs doublet is called
®. D denotes the SM covariant derivative, and I) = y*D u- The SM vector-boson field strengths are called
G, W, and B. The BSM singlets are called S (scalar) and N (Dirac fermion). The Z’ field strength is denoted
by F’. The superscript “c” denotes charge conjugation.

to dimension-six operators including only SM fields (left table), we also consider dimension-five
and -six operators containing light SM singlets or a U(1) gauge boson (right table). These include
a scalar singlet S, a fermion singlet N, and the Z’ boson.

Setting the new physics scale Axp = 1 TeV, the BSM masses to 10 GeV, and all Wilson
coeflicients equal to one, we show the branching ratios and the expected number of events at HL-
LHC for the various top-quark decay channels induced by operators listed in Table 1 in Fig. 2. For
the decay modes with a SM final state (green bars), O(0.1%) branching ratios are easily reachable
for operators involving gauge bosons and current-current operators. The branching ratios for the
four-fermion operators are substantially smaller. Most of these SM final states are already probed
experimentally as indicated by the dashed lines [17-20].

For the BSM final states, the branching ratios of the dimension-five operators are particularly
large, while the decay channels induced by four-fermion operators are again suppressed. But even
the suppressed decay modes result in O(10°) events at the HL-LHC. Despite the potentially large
signal, most of these decay channels are not yet probed experimentally. The only exception is the
t — Sj channel, for which the experimental search is, however, limited to the S — bb decay
channel [21]. Interestingly, the light singlets can, moreover, be long-lived (as can be demonstrated
by a calculation of their minimal decay width). This opens up the possibility for displaced vertex
searches which often profit from a low background. This clearly showcases the many opportunities
for future experimental searches.
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Figure 2: Branching ratios (lower axis) and expected number of events at HL-LHC (upper axis) for the
various top-quark decay channels induced by operators listed on the left-hand side. The results for SM final
states are shown in green colors at the upper side of the plot; the results for BSM final states, in orange colors
at the bottom. The numerical results are obtained by setting Axp = 1 TeV and all Wilson coeflicients equal
to one. Moreover, all masses of BSM particles have been set to 10 GeV. The black dotted lines indicate
existing collider constraints.

4. Going global

As a third aspect, we discuss the combination of LHC measurements with non-collider mea-
surements. Bringing together different types of data and leveraging their complementarity can
provide new insights into the nature of BSM physics.

As an example, we discuss the search for C# violation in the Higgs section (using material
from Ref. [22], see also Refs. [23-25] for related works). Exploiting the complementarity between
LHC and electric dipole moment (EDM) measurements, we ask to which amount C# violation
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Figure 3: Constraints on ¢, and ¢, from LHC (black) and EDM measurements (red). The obtainable BAU
is indicated by the blue dashed line. The green region is compatible with both LHC and EDM measurements
as well as provides a sufficiently large contribution to the BAU.

in the Higgs sector can contribute to generating the baryon asymmetry of the Universe (BAU). In
particular, we, here, focus on the C# structure of the tau-Yukawa coupling, which we parameterize
in the following form,

SM

T

V2

where here ySM is the SM tau-Yukawa coupling. In the SM, ¢, = 1 and &, = 0.

At the LHC, this CP structure is constrained via the Higgs decay H — t*7~ by measuring
the angle between the tau decay planes [26, 27], which is a CP-odd observables. The resulting
90% C.L. constraints in the (¢, ¢;) parameter plane are shown in Fig. 3 as black contour. In this
Figure, we also show the 90% C.L. constraints from measurements of the electron electric dipole
moment (EDM) [28], where a C#-odd tau-Yukawa coupling contributes via two-loop Barr-Zee
diagrams, as red contour. In addition, we depict on the right axis the potential contribution of a
C%-odd tau-Yukawa coupling to the BAU (assuming optimal conditions for the electroweak phase
transition). These BAU numbers should be considered as an optimistic upper bound. The region for
which the BAU can be larger than the observed asymmetry and the LHC and EDM constraints are
satisfied is indicated by the green region. This shows that C# violation in the tau-Yukawa coupling
could potentially provide the missing C# violation needed to explain the BAU. It should, however,
be noted that more recent EDM measurements [29] almost completely excluded this green region.
The example, nevertheless, shows the important interplay of LHC and non-collider measurements
which demonstrates how a global perspective can provide new insights into the nature of BSM

LT—yuk = T(cr +1ysC)TH, (2)

physics.

5. Conclusions

LHC Run 3 and the HL-LHC will provide an unprecedented amount of data. This wealth of data
will allow us to push the search for BSM physics to a new level. In this contribution, we showcased
three aspects of how to harness this potential: (i) the search for uncovered BSM signatures, (ii)
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the search for rare BSM decay processes, and (iii) the combination of LHC measurements with
non-collider measurements. We illustrated these aspects based on three examples. First, we showed
that bosonic charged Higgs decays naturally have a large cross section but that so far only a very
limited amount of experimental searches have been performed. Second, we highlighted that the
large number of top quarks produced at the LHC allows us to search for rare BSM top-quark decays.
Here, especially potentially long-lived decays into light singlets are a promising target. Third, we
demonstrated how the combination of LHC and non-collider measurements to constrain the CP
nature of the tau-Yukawa coupling allows us to test whether C# violation in the Higgs sector could
contribute significantly to the baryon asymmetry of the Universe.

References

[1] J. Bonilla, I. Brivio, J. Machado-Rodriguez and J. F. de Trocéniz, JHEP 06 (2022), 113
doi:10.1007/JHEP06(2022)113 [arXiv:2202.03450 [hep-ph]].

[2] S.Baum, M. Carena, T. Ou, D. Rocha, N. R. Shah and C. E. M. Wagner, JHEP 11 (2023), 037
doi:10.1007/JHEP11(2023)037 [arXiv:2303.01523 [hep-ph]].

[3] H.Bahl, V. M. Lozano and G. Weiglein, JHEP 11 (2022), 042 doi:10.1007/JHEP11(2022)042
[arXiv:2112.12656 [hep-ph]].

[4] D. Perez Adan, H. Bahl, A. Grohsjean, V. M. Lozano, C. Schwanenberger and G. Weiglein,
JHEP 08 (2023), 151 doi:10.1007/JHEP08(2023)151 [arXiv:2302.04892 [hep-ph]].

[5] H. Bahl, T. Stefaniak and J. Wittbrodt, JHEP 06 (2021), 183 doi:10.1007/JHEP06(2021)183
[arXiv:2103.07484 [hep-ph]].

[6] M. Krab, M. Ouchemhou, A. Arhrib, R. Benbrik, B. Manaut and Q. S. Yan, Phys. Lett. B 839
(2023), 137705 doi:10.1016/j.physletb.2023.137705 [arXiv:2210.09416 [hep-ph]].

[7] D. Bhatia, N. Desai and S. Dwivedi, JHEP 06 (2023), 100 doi:10.1007/JHEP06(2023)100
[arXiv:2212.14363 [hep-ph]].

[8] J. Kim, S. Lee, P. Sanyal, J. Song and D. Wang, JHEP 04 (2023), 083
doi:10.1007/JHEP04(2023)083 [arXiv:2302.05467 [hep-ph]].

[9] T. Mondal, S. Moretti, S. Munir and P. Sanyal, Phys. Rev. Lett. 131 (2023) no.23, 231801
doi:10.1103/PhysRevLett.131.231801 [arXiv:2304.07719 [hep-ph]].

[10] C. Fu and J. Gao, Phys. Rev. D 108 (2023) no.3, 035007 doi:10.1103/PhysRevD.108.035007
[arXiv:2304.07782 [hep-ph]].

[11] P. Sanyal and D. Wang, JHEP 09 (2023), 076 doi:10.1007/JHEP09(2023)076
[arXiv:2305.00659 [hep-ph]].

[12] Z. Li, A. Arhrib, R. Benbrik, M. Krab, B. Manaut, S. Moretti, Y. Wang and Q. S. Yan,
[arXiv:2305.05788 [hep-ph]].



BSM theory perspectives for Run 3 Henning Bahl

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

M. P. Bento, H. E. Haber, J. C. Romdo and J. P. Silva, JHEP 11 (2017), 095
doi:10.1007/JHEP11(2017)095 [arXiv:1708.09408 [hep-ph]].

A. Tumasyan et al. [CMS], JHEP 09 (2023), 032 doi:10.1007/JHEP09(2023)032
[arXiv:2207.01046 [hep-ex]].

A. M. Sirunyan et al. [CMS], Phys. Rev. Lett. 123 (2019) no.13, 131802
doi:10.1103/PhysRevLett.123.131802 [arXiv:1905.07453 [hep-ex]].

H. Bahl, S. Koren and L. T. Wang, [arXiv:2307.11154 [hep-ph]].

A. Tumasyan et al. [CMS], JHEP 06 (2022), 082 doi:10.1007/JHEP06(2022)082
[arXiv:2201.07859 [hep-ex]].

G. Aad er al. [ATLAS], JHEP 2306 (2023), 155 doi:10.1007/JHEP06(2023)155
[arXiv:2208.11415 [hep-ex]].

G. Aad et al. [ATLAS], Phys. Lett. B 842 (2023), 137379 doi:10.1016/j.physletb.2022.137379
[arXiv:2205.02537 [hep-ex]].

M. Aaboud et al. [ATLAS], JHEP 07 (2018), 176 doi:10.1007/JHEP07(2018)176
[arXiv:1803.09923 [hep-ex]].

G. Aad er al [ATLAS], JHEP 07 (2023), 199 doi:10.1007/JHEP07(2023)199
[arXiv:2301.03902 [hep-ex]].

H. Bahl, E. Fuchs, S. Heinemeyer, J. Katzy, M. Menen, K. Peters, M. Saimpert and G. Weiglein,
Eur. Phys. J. C 82 (2022) no.7, 604 doi: 10.1140/epjc/s10052-022-10528-1 [arXiv:2202.11753

[hep-ph]].
E. Fuchs, M. Losada, Y. Nir and Y. Viernik, Phys. Rev. Lett. 124 (2020) no.18, 181801
doi:10.1103/PhysRevLett.124.181801 [arXiv:1911.08495 [hep-ph]].

E. Fuchs, M. Losada, Y. Nir and Y. Viernik, JHEP 05 (2020), 056
doi:10.1007/JHEP05(2020)056 [arXiv:2003.00099 [hep-ph]].

J. Brod, J. M. Cornell, D. Skodras and E. Stamou, JHEP 08 (2022), 294
doi:10.1007/JHEP08(2022)294 [arXiv:2203.03736 [hep-ph]].

A. Tumasyan et al. [CMS], JHEP 06 (2022), 012 doi:10.1007/JHEP06(2022)012
[arXiv:2110.04836 [hep-ex]].

G. Aad et al. [ATLAS], Eur. Phys. J. C 83 (2023) no.7, 563 doi:10.1140/epjc/s10052-023-
11583-y [arXiv:2212.05833 [hep-ex]].

V. Andreev et al. [ACME], Nature 562 (2018) no.7727, 355-360 doi:10.1038/s41586-018-
0599-8

T. S. Roussy, L. Caldwell, T. Wright, W. B. Cairncross, Y. Shagam, K. B. Ng, N. Schloss-
berger, S. Y. Park, A. Wang and J. Ye, et al. Science 381 (2023) no.6653, adg4084
doi:10.1126/science.adg4084 [arXiv:2212.11841 [physics.atom-ph]].



	Introduction
	Uncovered BSM signatures
	Search for rare BSM decay processes
	Going global
	Conclusions

