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Introduction - Yukawa Couplings

“Yukawa” couplings between the Higgs (φ) and fermion (ψ) fields are possible:

Lfermion = −yf ·
[
ψ̄LφψR + ψ̄R φ̄ψL

]
If φ has a non-zero VEV, expansion leads to:

Lfermion = − yf v√
2
· ψ̄ψ︸ ︷︷ ︸

mass term

− yf√
2
· hψ̄ψ︸ ︷︷ ︸

Yukawa coupling term

where h is the physical Higgs boson field...

The End Result:

Gauge invariant Fermion mass terms X

Higgs–fermion coupling proportional to the
fermion mass (gHf f̄ = mf /v) X

gHff̄

H
f

f̄

While yf are still free parameters in the model, v ≈ 246 GeV is known from
Electroweak measurements and we know the fermion masses...

We can predict the couplings in the SM!
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Yukawa Couplings - Experimental Status

What we know about the Higgs coupling to:

t quark: No firm evidence for tt̄H
production from LHC experiments

b quark: No firm evidence for H → bb̄
decays from LHC experiments,
only 1− 2σ excesses

c quark: No direct evidence, only loose
bounds from H → bb̄ searches and limit
on H → J/ψ γ (see later!)

u, d , s quarks: Nothing! Huge challenge!

τ lepton: Evidence for H(125)→ ττ
decays from ATLAS and CMS!

e, µ leptons: No evidence, but that shows
the lepton Yukawa couplings are not
universal!

Evidence for Higgs Yukawa couplings
(H → ττ ) from the LHC!
JHEP 04 (2015) 117 (arXiv:1501.04943)
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Data show lepton Yukawa couplings are present and non-universal...
But not too much else!
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Introduction - H → Q γ

H → Q γ decays could provide a clean probe of the light and charm quark Yukawa
couplings

Q is a vector (JPC = 1−−) meson or quarkonium state
(e.g. φ or J/ψ)

Interference between direct (top) and indirect (bottom)
contributions

Indirect (bottom) amplitude provides dominant rate
contribution

Direct (top) amplitude provides sensitivity to Hss̄ and
Hcc̄ couplings in cases of Q = φ and J/ψ, respectively

Very rare decays in the SM!

B (H → φγ) = (2.6± 0.1)× 10−6†

B (H → J/ψ γ) = (2.8± 0.2)× 10−6‡

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched cir-

cle represents top-quark or W -boson loops and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy-quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase
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More details: † JHEP 1508 (2015) 012 (arXiv:1505.03870) and ‡ Phys. Rev. D 90, 113010 (2014) (arXiv:1407.6695)
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Introduction - Z → Q γ

Z → Q γ decays could provide a stepping stone towards the observation of the
Higgs decays at the LHC

Analogous to Higgs decay, could provide useful control
channel

Similar interference between direct (top) and indirect
(bottom) contributions

Indirect amplitude suppressed w.r.t. the Higgs decay
case

While these are rarer decays, Z bosons much more
copiously produced than Higgs at the LHC...

B (Z → φγ) = (1.2± 0.1)× 10−8†

B (Z → J/ψ γ) = (1.0± 0.2)× 10−7†

we include the leading O(αs) corrections using the light-cone distribution amplitude (LCDA)

approach [10, 11]. The indirect amplitude proceeds through the loop-induced Zγ∗γ effective

vertex, which can be calculated in perturbation theory. The subsequent γ∗ → J/ψ transition

can be obtained from data.

We perform our calculation to leading-order in the ratio m2
J/ψ/M

2
Z . The corrections from

the higher-order terms in this expansion are expected to be at the 0.1% level, far below any

other source of theoretical error we consider. We have checked that a certain class of these

corrections which we can easily obtain (those coming from the final-state phase space and

from the direct amplitude) have no effect on our numerical results.

J/ψ

Z

γ

J/ψ

Z

γ

FIG. 1. Representative Feynman diagrams contributing to the direct amplitude (left panel) and

indirect amplitude (right panel) for Z → J/ψ+γ. Similar diagrams lead to the process Z → φ+γ.

A. The direct amplitude in the non-relativistic limit

We begin by calculating the direct amplitude in the non-relativistic v = 0 limit. We have

reproduced and have found agreement with the result in GKPR [8]. We briefly sketch the

derivation here.

We define the partonic process leading to J/ψ production as

Z(P ) → c(p1)c̄(p2) + γ(q1). (2)

We introduce the relative momenta between the c and c̄ as q = (p1 − p2)/2, and the total

momentum of the J/ψ as p = p1 + p2. We then have the following relations among the
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More details: † Phys. Rev. D 92, 014007 (2015) (arXiv:1411.5924)
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Interlude - Existing Results

Search for Higgs and Z Boson Decays to J=ψγ and ϒðnSÞγ with the ATLAS Detector

G. Aad et al.*

(ATLAS Collaboration)
(Received 15 January 2015; published 26 March 2015)

A search for the decays of the Higgs and Z bosons to J=ψγ and ϒðnSÞγ (n ¼ 1; 2; 3) is performed with
pp collision data samples corresponding to integrated luminosities of up to 20.3 fb−1 collected atffiffiffi
s

p
¼ 8 TeV with the ATLAS detector at the CERN Large Hadron Collider. No significant excess of events

is observed above expected backgrounds and 95% C.L. upper limits are placed on the branching fractions.
In the J=ψγ final state the limits are 1.5 × 10−3 and 2.6 × 10−6 for the Higgs and Z boson decays,
respectively, while in the ϒð1S; 2S; 3SÞγ final states the limits are ð1.3; 1.9; 1.3Þ × 10−3 and
ð3.4; 6.5; 5.4Þ × 10−6, respectively.

DOI: 10.1103/PhysRevLett.114.121801 PACS numbers: 14.80.Bn, 13.38.Dg, 14.70.Hp, 14.80.Ec

Rare decays of the recently discovered Higgs boson [1,2]
to a quarkonium state and a photon may offer unique
sensitivity to both the magnitude and sign of the Yukawa
couplings of the Higgs boson to quarks [3–6]. These
couplings are challenging to access in hadron colliders
through the direct H → qq̄ decays, owing to the over-
whelming QCD background [7].
Among the channels proposed as probes of the light

quark Yukawa couplings [4,6], those with the heavy
quarkonia J=ψ or ϒðnSÞ (n ¼ 1; 2; 3), collectively
denoted as Q, in the final state are the most readily
accessible, without requirements for dedicated triggers
and reconstruction methods beyond those used for identi-
fying the J=ψ orϒ. In particular, the decayH → J=ψγ may
represent a viable probe of the Hcc̄ coupling [4], which is
sensitive to physics beyond the Standard Model (SM) [8,9],
at the Large Hadron Collider (LHC). The expected SM
branching fractions for these decays have been calculated
to be BðH→J=ψγÞ¼ð2.8$0.2Þ×10−6, B½H→ϒðnSÞγ&¼
ð6.1þ17.4

−6.1 ;2.0þ1.9
−1.3 ;2.4

þ1.8
−1.3Þ×10−10 [5]. No experimental

information on these branching fractions exists. These
decays are a source of background and potential control
sample for the nonresonant decays H → μþμ−γ. These
nonresonant decays are sensitive to new physics [10].
Rare decay modes of the Z boson have attracted attention

focused on establishing their sensitivity to new physics
[11]. Several estimates of the SM branching fraction for the
decay Z → J=ψγ are available [12–14] with the most recent
being ð9.96$ 1.86Þ × 10−8 [14]. Measuring these Z → Qγ
branching fractions, benefiting from the larger production
cross section relative to the Higgs case, would provide an

important benchmark for the search and eventual observa-
tion of H → Qγ decays. Additionally, experimental access
to resonant Qγ decay modes would also provide an
invaluable tool for the more challenging measurement of
inclusive associated Qγ production, which has been sug-
gested as a promising probe of the nature of quarkonium
production in hadronic collisions [15,16].
The decays Z → Qγ have not yet been observed, with

the only experimental information arising from inclusive
measurements, such as BðZ→ J=ψXÞ¼ ð3.51þ0.23

−0.25Þ×10−3

and the 95% confidence level (C.L.) upper limits
B½Z → ϒðnSÞX& < ð4.4; 13.9; 9.4Þ × 10−5, from LEP
experiments [17–21].
This Letter presents a search for decays of the recently

observed Higgs boson and the Z boson to J=ψγ andϒðnSÞγ
final states. The decays J=ψ → μþμ− and ϒðnSÞ → μþμ−

are used to reconstruct the quarkonium states. The search is
performed with a sample of pp collision data correspond-
ing to an integrated luminosity of 19.2 fb−1 (20.3 fb−1) for
the J=ψγ ½ϒðnSÞγ& analysis, respectively, recorded at a
center-of-mass energy

ffiffiffi
s

p
¼ 8 TeV with the ATLAS

detector [22], described in detail in Ref. [23].
Higgs boson production is modeled using the POWHEG-

BOXMonte Carlo (MC) event generator [24–28], separately
for the gluon fusion (ggF) and vector-boson fusion (VBF)
processes calculated in quantum chromodynamics (QCD)
up to next-to-leading order in αS. The Higgs boson trans-
verse momentum (pT) distribution predicted for the ggF
process is reweighted to match the calculations of
Refs. [29,30], which include QCD corrections up to
next-to-next-to-leading order and QCD soft-gluon resum-
mations up to next-to-next-to-leading logarithms. Quark
mass effects in ggF production [31] are also accounted for.
Physics beyond the SM that modifies the charm coupling

can also change production dynamics and branching
fractions. In this analysis we assume the production rates
and dynamics for a SM Higgs boson with mH ¼ 125 GeV,
obtained from Ref. [32], with an uncertainty on the

* Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published articles title, journal citation, and DOI.
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First search for such rare Higgs decays was
performed by ATLAS with Run 1 dataset†

Studied quarkonium decays, in particular
H → J/ψ γ (with J/ψ → µ+µ−)

Very similar H → J/ψ γ limit subsequently
deduced by CMS‡

First direct information on decay modes
sensitive to the Hcc̄ coupling

† Phys. Rev.Lett. 114 (2015), 121801 (arXiv:1501.03276)

‡ Phys. Lett. B753 (2016) 341 (arXiv:1507.03031)
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B (H → J/ψ γ) < 1.5× 10−3

B (Z → J/ψ γ) < 2.6× 10−6
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Analysis Introduction

Search for the rare decay H → φγ

New analysis based on ATLAS 2015 dataset collected at
√
s = 13 TeV

Analogous decay Z → φγ also considered

Search for Higgs and Z Boson Decays to ϕγ with the ATLAS Detector

M. Aaboud et al.*

(ATLAS Collaboration)
(Received 14 July 2016; published 9 September 2016)

A search for the decays of the Higgs and Z bosons to a ϕ meson and a photon is performed with a pp
collision data sample corresponding to an integrated luminosity of 2.7 fb−1 collected at

ffiffiffi
s

p
¼ 13 TeV with

the ATLAS detector at the LHC. No significant excess of events is observed above the background, and
95% confidence level upper limits on the branching fractions of the Higgs and Z boson decays to ϕγ of
1.4 × 10−3 and 8.3 × 10−6, respectively, are obtained.

DOI: 10.1103/PhysRevLett.117.111802

Rare decays of the 125 GeV Higgs boson [1,2] H to a
light meson and a photon γ have been suggested to present
one viable probe of the Yukawa coupling of the Higgs
boson to light (u, d, s) quarks [3–5]. While the Standard
Model (SM) predicts these couplings to be small, sub-
stantial modifications are predicted in several scenarios
beyond the SM, which include the minimal flavor violation
framework [6], the Froggatt-Nielsen mechanism [7], the
Higgs-dependent Yukawa couplings model [8], the
Randall-Sundrum family of models [9], and the possibility
of the Higgs boson being a composite pseudo-Goldstone
boson [10]. The light-quark Yukawa couplings are almost
entirely unconstrained by existing data and the large
multijet background at the Large Hadron Collider (LHC)
severely inhibits the study of such couplings with inclusive
H → qq̄ decays. The decay of the Higgs boson to a ϕ
meson and a photon would give access to the strange-quark
Yukawa coupling and to potential deviations from the SM
prediction. The expected SM branching fraction is
BðH → ϕγÞ ¼ ð2.3$ 0.1Þ × 10−6 [4], and no direct exper-
imental information about this decay mode currently exists.
The analogous rare decays of the Higgs boson to a heavy
quarkonium state and a photon offer sensitivity to the
charm- and bottom-quark Yukawa couplings [11–13]. The
Higgs boson decays to J=ψγ and ϒγ have already been
searched for by the ATLAS Collaboration [14]. The former
decay mode has also been searched for by the CMS
Collaboration [15].
The corresponding decay of the Z boson has also been

considered from a theoretical perspective [16,17], as it
offers a precision test of the SM and the predictions of the
factorization approach in quantum chromodynamics [17].
Owing to the large Z boson production cross section at the
LHC, rare Z boson decays can be probed at branching

fractions much smaller than for Higgs boson decays to the
same final state. The most precise prediction for the SM
branching fraction is BðZ → ϕγÞ ¼ ð1.17$ 0.08Þ × 10−8

[16]. The decay Z → ϕγ has not yet been observed and is
not well constrained by existing measurements of Z boson
decays.
This Letter describes a search for Higgs and Z boson

decays to the exclusive final state ϕγ. The decay
ϕ → KþK− is used to reconstruct the ϕ meson. The search
is performed with a sample of pp collision data corre-
sponding to an integrated luminosity of 2.7 fb−1 recorded
at a center-of-mass energy

ffiffiffi
s

p
¼ 13 TeV with the ATLAS

detector, described in detail in Ref. [18].
Higgs boson production is modeled using the POWHEG-

BOX v2 Monte Carlo (MC) event generator [19–23] for the
gluon fusion (ggH) and vector-boson fusion (VBF) proc-
esses calculated up to next-to-leading order in αS with CT10
parton distribution functions [24]. Additional contributions
from the associated production of a Higgs boson and aW or
Z boson (denoted WH and ZH, respectively) are modeled
by the PYTHIA 8.186 MC event generator [25,26] with
NNPDF 2.3 parton distribution functions [27]. The pro-
duction rates and dynamics for a SM Higgs boson with
mH ¼ 125 GeV, obtained from Ref. [28], are assumed
throughout this analysis. The ggH signal model is appro-
priately scaled to account for the production of a Higgs
boson in association with a tt̄ or bb̄ pair. The POWHEG-BOX
v2 MC event generator, with the CTEQ6L1 parton distri-
bution functions [29], is used to model Z boson production.
The total cross section is obtained from the measurement in
Ref. [30], with an uncertainty of 5.5%.
The Higgs and Z boson decays are simulated as a

cascade of two-body decays. Effects of the helicity of
the ϕmesons on the K$ kinematics are found to modify the
acceptance by at most $1% and this is corrected for in the
Higgs boson case and treated as a systematic uncertainty in
the Z boson case, due to the unknown Z boson polarization.

PYTHIA 8.186 [25,26] with the AZNLO set of hadro-
nization and underlying-event parameters [31] is used to
simulate showering and hadronization. The simulated

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Phys. Rev. Lett. 117 (2016), 111802 (arXiv:1607.03400)
Supplementary Information: http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-05/

Motivation

Higgs decay sensitive to the strange quark Yukawa coupling, very difficult to access
with inclusive H → ss̄ decays!

Anomalous Hss̄ couplings possible in various BSM scenarios (e.g. Minimal Flavour
Violation or Froggatt-Nielsen mechanism) would modify B (H → φγ)

Z → φγ poorly constrained by existing Z decay measurements

Search for H, Z → φ γ with ATLAS 6 / 17
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ATLAS Detector

Inner Detector (ID): Silicon Pixels and Strips (SCT) with Transition Radiation
Tracker (TRT) |η| < 2.5

New for Run 2! - “Insertable B-Layer” (IBL) - additional inner-most pixel layer
(r = 33 mm) and lower x/X0 beam pipe

LAr EM Calorimeter: Highly granular + longitudinally segmented (3-4 layers)

Two Level Trigger: Level 1 (Hardware) + High Level (Software) trigger

Search for H, Z → φ γ with ATLAS 7 / 17



Analysis Stategy

Reconstruction

Reconstruct only φ→ K+K− decays,
B(φ→ K+K−) = 49%

Distinctive topology - pair of high pT

isolated tracks, with a very small
opening angle, recoiling against a high
pT isolated photon
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Trigger

A dedicated trigger was implemented
in September 2015

Requires both an isolated photon with
pγT > 35 GeV and an isolated pair of
tracks loosely consistent with the φ
meson mass, at least one of which has
pT > 15 GeV

Trigger efficiency w.r.t. offline
selection (described next) of around
80% (for both H and Z decays)

Data sample corresponding to
2.7 fb−1 was collected towards the
end of the 2015 LHC run
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Event Selection I - φ → K+K− Selection

No π/K/p particle ID available for tracks in relevant pT range - assume K
hypothesis for all tracks

Leading track pT > 20 GeV and sub-leading track pT > 15 GeV

Require consistency with φ mass: |mKK −mφ| < 20 MeV

Track isolation: sum pT of tracks within ∆R < 0.2 must be less than 0.1× pKK
T

The di-track system transverse momentum must satisfy:

pKK
T >


40 GeV, for mKKγ ≤ 91 GeV

40 + 5/34× (mKKγ − 91) GeV, for 91 GeV < mKKγ < 125 GeV

45 GeV, for mKKγ ≥ 125 GeV

The “sliding” pKK
T requirement ensures optimal sensitivity for both H and Z yet

the gradient is small w.r.t. the scale of the mKKγ resolution

Search for H, Z → φ γ with ATLAS 9 / 17



Event Selection II - Photon Selection

Photons must satisfy the “Tight” γ identification criteria and pγT > 35 GeV

Photons must be within |ηγ | < 2.47 and outside of 1.37 < |ηγ | < 1.52

Calorimeter isolation: sum ET of energy deposits within ∆R < 0.4 must be less
than 2.45 GeV + 0.022× pγT
Track isolation: sum pT of tracks within ∆R < 0.2 must be less than 0.05× pγT
Require ∆φ(K+K−, γ) > 0.5 (removes ∼ collinear φγ pairs)
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Acceptance, Efficiency and Mass Resolution

Total A× ε of around 18% for Higgs signal and 8% for the Z signal
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Mass resolution is around 1.8% at both mH and mZ
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Signal Modeling
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Composition of Higgs boson production with

mH = 125 GeV at
√

s = 13 TeV:

Channel σ [pb] Fraction

ggH 43.92 86%

VBF 3.748 7%

WH 1.380 3%

ZH 0.8696 2%

tt̄H 0.5085 1%

bb̄H 0.5116 1%

Source: LHCXSWG (arXiv:1307.1347)

H,Z → φγ signals are modeled with exclusive samples of simulated events

POWHEG used to model Higgs (ggH and VBF) and Z boson production

PYTHIA 8.1 used to model small WH and ZH contributions

ggH sample is rescaled to model small tt̄H and bb̄H contributions

Z boson simulation scaled to
√
s = 13 TeV cross section measured by ATLAS†

PYTHIA 8.1 is used to simulate parton showering and hadronisation in all cases

† Phys. Lett. B 759 (2016) 601 (arXiv:1603.09222)
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Background Modelling

Background Composition:

Background dominated by QCD
production of photon+jet and multi-jet
events

Exclusive “peaking” backgrounds (e.g.
Z → µ+µ−γ) estimated to be negligible
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Data driven model of inclusive background:

Begin with a very loose sample of φγ events (↗) with pT and isolation cuts (on
both φ and γ) relaxed w.r.t. nominal selection -
high statistics background dominated data sample

Model kinematic and isolation distributions of this background dominated sample
and generate background φγ pseudo-candidates

Apply nominal selection (tight pT and isolation cuts) to these pseudo-candidates
to model the background in validation and signal regions

Model provides a good description of background shape (norm. from fit to data)
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Background Modelling Validation

↖ Loose “generation region” (GR) sample ↗ GR + nominal pT req.
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↙ GR + nominal γ isolation req. ↘ GR + nominal φ isolation req.
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Systematic Uncertainties

Signal Yield Uncertainty: Several sources of systematic uncertainty on the H and
Z signal yields are considered, all modeled with nuisance parameters in likelihood:

Source H/Z Yield Uncertainty Estimated From

Total H cross section 12% QCD scale + PDF uncertainties

Total Z cross section 5.5% ATLAS Measurement

Integrated Luminosity 5%
Calibration observable and

vdM scan uncertainties†

Photon ID Efficiency 2.5%
Data driven techniques with
Z → `+`− and Z → `+`−γ

Photon Energy Scale 0.3%

Trigger Efficiency 2%

Tracking Efficiency 6% Tracking studies within dense jets

Background Shape Uncertainty: Estimated from modifications to modeling
procedure (e.g. shifting pT

KK and neglecting the weakest correlation included in the
model), shape uncertainty included in likelihood as a shape morphing NP
† Method described in: EPJC 73 (2013) 2518 (arXiv:1302.4393)
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Statistical Analysis and Results

Limit Setting Procedure

Final discriminant is mKKγ distribution

Limits set using CLs formalism with
the profile likelihood ratio test statistic

Results

Largest excess of events above
background observed (around 100
GeV) is around a 2σ effect

No significant H or Z signal observed,
set branching fraction limits at the
level of 10−3 (H) and 10−6 (Z)

Bkgd. only fit to observed data
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B (H → φγ) [10−3] 1.5+0.7
−0.4 1.4

B (Z → φγ) [10−6] 4.4+2.0
−1.2 8.3
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Summary

Conclusion

Exclusive radiative decays of the Higgs boson to a φ meson can be used
to probe Higgs Yukawa couplings to the strange quark!

ATLAS have performed the first search for such Higgs decays and the
analogous rare Z boson decays

First experimental information on such decays:

B (H → φγ) < 1.4× 10−3

B (Z → φγ) < 8.3× 10−6

This study and the associated theoretical work represent an important emerging
subfield of Higgs physics!

We can expect other such rare decays to further elucidate light quark Yukawa
couplings through LHC Run 2 and beyond!
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