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Standard Model Higgs boson decays
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mh~125 GeV gives access to several decay channels
Gauge bosons: γγ, ΖΖ*, WW*, Zγ

Fermions: bb, ττ, µµ

The talk title is a bit too wide:
→ Many “rare” Higgs boson decays 

Focus on exclusive Higgs boson 
decays that carry information on 
(light) fermion Yukawa couplings

Concentrate on ATLAS results,
but when relevant/available CMS 

plots also shown
Also relevant theory results presented

As suggested, will not focus on the 
results, but try to give an idea of the 

experiment/theory issues
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Yukawa couplings so far...
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→ Currently, with the exception of h→ττ, no conclusive direct evidence for h→ffbar
→ Indications for h→bb and tth, to be followed up in LHC Run II

→ Indirectly; Higgs boson should be coupling to top-quark in the gluon fusion loop
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Higgs boson and precision electroweak observables
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Roman Kogler The global electroweak fit 

Higgs Coupling Results

Higgs coupling  
measurements:
‣ κV = 0.99 ± 0.08
‣ κF = 1.01 ± 0.17

‣Combined result: 
‣ κV = 1.03 ± 0.02  

(λ = 3 TeV)

‣ implies NP-scale of 
Λ ≥ 13 TeV

16

‣ some dependency for κV in central value [1.02-1.04] and error [0.02-0.03] 
on cut-off scale λ [1-10 TeV]
• EW fit sofar more precise result for κV than current LHC experiments
• EW fit has positive deviation of κV from 1.0

- many BSM models: κV < 1
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- Global EW fit more precise for κV than coupling measurements
- κV>1 preferred (many BSM scenarios require κV<1)
- Global EW fit has ~no effect on determination of κF

κV κV

Roman Kogler The global electroweak fit 

Constraints from EWPD
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4 Status and prospects for the Higgs couplings determination

To test the validity of the SM and look for signs of new physics, precision measurements of the
properties of the Higgs boson are of critical importance. Key are the couplings to the SM fermions
and bosons, which are predicted to depend linearly on the fermion mass and quadratically on the
boson mass.

Modified Higgs couplings have been probed by ATLAS and CMS in various benchmark models [57–
64]. These employ an e↵ective theory approach, where higher-order modifiers to a phenomenolog-
ical Lagrangian are matched at tree-level to the SM Higgs boson couplings. In one popular model
all boson and all fermion couplings are modified in the same way, scaled by the constants V and
F , respectively, where V = F = 1 for the SM. This benchmark model uses the explicit assump-
tion that no other new physics is present, e.g., there are no additional loops in the production
or decay of the Higgs boson, and no invisible Higgs decays and undetectable contributions to its
decay width. For details see Ref. [65].

The combined analysis of electroweak precision data and Higgs signal-strength measurements has
been studied by several groups [5, 9, 66–71]. The main e↵ect of this model on the electroweak preci-
sion observables is from the modified Higgs coupling to gauge bosons, and manifests itself through
loop diagrams involving the longitudinal degrees of freedom of these bosons. The corrections to
the Z and W boson propagators can be expressed in terms of the S, T parameters [66],

S =
1

12⇡
(1� 2V ) ln

⇤2

M2
H

, T = � 3

16⇡ cos2✓`e↵
(1� 2V ) ln

⇤2

M2
H

, ⇤ =
�q

|1� 2V |
, (5)

and U = 0. The cut-o↵ scale ⇤ represents the mass scale of the new states that unitarise lon-
gitudinal gauge-boson scattering, as required in this model. Note that the less V deviates from
one, the higher the scale of new physics. Most BSM models with additional Higgs bosons giving
positive corrections to the W mass predict values of V smaller than 1. Here the nominator � is
varied between 1 and 10 TeV, and is nominally fixed to 3 TeV (4⇡v).

Figure 8 (top) shows the predictions for S and T , profiled over V and �, together with the allowed
regions for S and T from the current electroweak fit. The length of the predicted line covers a
variation in V between [0, 2], the width covers the variation in �.

The bottom panel of Fig. 8 shows V and F as obtained from a private combination of ATLAS
and CMS results using all publicly available information on the measured Higgs signal strength
modifiers µi. Also shown is the combined constraint on V (and F ) from the LHC experiments
and the electroweak fit.

The published Higgs coupling measurements of µggF+ttH versus µVBF+VH from ATLAS and CMS
used in this combination are summarised in Table 5. The measurements from the ATLAS Higgs to
di-boson channels are published likelihood scans [57]. The CMS results in Table 5 are approximate
values derived from public likelihood iso-contour lines. Correlations of the theory and detector
related uncertainties between the various µi are neglected in the combination, as these are not
provided by the experiments. We find that the individual experimental combinations of ATLAS and
CMS for V (and F ) are approximately reproduced by this simplified procedure. The measured
values from this combination are V = 1.026+0.042

�0.044 and F = 0.88+0.10
�0.09.
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‣ consider specific model in “κ parametrisation”:

• scaling of Higgs-vector boson (κV) and Higgs-fermion couplings (κF), 
with no invisible/undetectable widths

‣main effect on EWPD due to modified Higgs coupling to gauge bosons (κV) 
[Espinosa et al. arXiv:1202.3697, Falkowski et al. arXiv:1303.1812], etc 

‣ correlation between κV and MW

• slightly smaller values of MW 
preferred

Moriond EW 2016

Common coupling scaling for all Fermions (κF) and for all Bosons (kV); no BSM contributions

arXiv:1412.8662

ATLAS-CONF-2015-007

Experimental information on Yukawa 
couplings essential to fully characterize 

the observed Higgs boson!



L [fb�1] 300 3000
NggH 1510 15100
NVBF 125 1250
NWH 45 450
NZH 27 270
NttH 18 180
NBkg 564000 5640000
�

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

S+B 750 2380
Signal significance 2.3� 7.0�
�µ/µ 46% 21%

Table 13: Numbers of expected signal and background events in a mass window of ±3 GeV around
the mH = 125 GeV benchmark point for the HL-LHC scenarios. The uncertainty from the background
estimation of the fit is shown. The signal significance and the precision on the combined signal strength
µ are obtained accounting for the full shape information using the invariant mass distributions in a mass
range of 100 GeV to 160 GeV.

8.5 t tH, H ! µµ
A study of this rare channel has two motivations. First, it allows a direct measurement of the product
of the top- and the µ-Yukawa coupling, neither of which are accessible through the standard Higgs
channels. Second, this channel could be valuable for the determination of the CP nature of the resonance
at 125 GeV. The CP odd component could be supressed with a vector boson coupling in the initial or
final state, but there are only fermion Yukawa couplings in this channel. The result has not been updated
from the inputs to the European Strategy discussion [1].

The method chosen follows the a1, a2, b1-b4 CP variable definitions [19]. Signal samples with CP
even (H) or CP odd (A) Higgs bosons are generated using Madgraph5 and Pythia 8. The events must
have at least two muons with opposite charge and pT > 35 GeV, no more than four leptons, at least 4 jets
and a Higgs candidate mass, formed from the two muons, between 120 and 130 GeV. The distribution
of the di-muon mass is shown in Fig. 17. The expected number of events after all the selections is 33 for
signal and 22 for background, allowing this channel to be observed with the HL-LHC.
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Figure 17: The invariant mass of the di-muon system in the ttH, H ! µµ channel.
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h→µµ

5

- Attainable probe for 2nd gen. Yukawa
- BRSM~2⋅10-4(125GeV);S/B ~0.2%
Simple Final State 
(ATLAS analysis)
- µ+µ- (pT>25,15 GeV, pTµµ>15 GeV) 
- backgrounds: Z/γ*→µµ, top, dibosons
- Categorization: central/non-central muons 
- Parametric background Model: BW+Expo
- 95% CL upper limit @mH=125 GeV: 

ATLAS : 9.8 (8.2)xSM
CMS : 7.4 (6.5)xSM

mµµ

Room for analysis improvements.
Will benefit from detector upgrades.

no universal Higgs 
coupling to fermions

conservative extrapolation (no IBL, Run I categorisation)

[Phys.Lett. B744 (2015) 184]

[Phys.Lett. B744 (2015) 184]
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h→ee
Very rare decay of the SM Higgs BR~5⋅10-9

[“direct” process non-Yukawa suppressed contributions 
need to be included  Phys.Lett. B727 (2013) 424]
- BRSM(h→ττ)/BRSM(h→ee) ~ 1.3·107

Not promising to constrain the electron 
SM Yukawa coupling meaningfully

[Phys.Lett. B744 (2015) 184]

Performed by CMS, together with h→µµ
- simple final state: 

electron-positron pair, pT>25GeV
- backgrounds: Z/γ*→ee, and some ttbar
- Categorization: 
central/non-central electrons + 2 jet categories
- Parametric Background Model
- 95% CL upper limit BR(h→ee)<1.9·10-3 

Proper inclusion of Dalitz decays:

H → e+e−γ not Yukawa suppressed at 1-loop
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To-do:

H → e+e−γ to be defined by suitable cuts ⇒ affects H → Zγ

⇒ agree on definition with ATLAS/CMS

⇒ include Dalitz decays into evaluation
(implementation in Hdecay in progress)

Sven Heinemeyer, LHC-Higgs-XS workshop, CERN, 22.01.2015 4
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e.g.
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Charm-quark Yukawa coupling
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Substantial recent activity on probing directly the charm-quark Yukawa coupling at the LHC. 
Two lines of attack (non-exhaustive list of references):
→ Look for H→ccbar using charm-tagging, in a manner similar to the H→bbbar
[ Phys.Rev. D89 (2014) 3, 033014; arXiv:1503.00290 ]
→ Exploit the exclusive decays H→Qγ as direct probe to the quark Yukawa couplings 
[ arXiv:1505.03870, Phys.Lett. B82 (1979) 411; Phys.Rev. D27 (1983) 2762; Yad.Fiz. 46, 864 (1987); 
Phys.Rev. D88 (2013) 5, 053003; Phys.Rev. D90 (2014) 11, 113010, arXiv:1505.03870 [hep-ph] ]
→ Sensitive to BSM physics [arXiv:1504.04022, Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79]
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Charm Tagging
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One may “re-interpret” the h→bbbar search to include the possibility of anomalous 
h→ccbar production
→ In the SM BR(h→ccbar)/BR(h→bbbar) ~ 5.1%
→ Enhancement in the charm Yukawa: ↑BR(h→ccbar), ↓BR(h→bbbar) [through ↑Γh ]
→ Constrains only a linear combination of µb and µc → need multiple b-tagging points
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FIG. 1. 68.3% CL (cyan) and 95.5% CL (gray) allowed re-
gions in µc–µb plane. The best-fit (SM) point is indicated
by the black circle (blue rectangle). The green(orange) bands
are the 68.3% CL bands obtained from ATLAS(CMS) data.
The labels (a)-(f) refer to the criteria in Table II. Note that
region (d) is not shown because it is too broad.

moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

Table II. Whereas the tagging e�ciencies have a pjet

T

de-
pendence, we verified that the ratio of e�ciencies such as
✏2c/b is less sensitive to the pjet

T

, see [35, 37]. Hereafter we
assume the e�ciencies for each analysis to be constant.

For our recast study we proceed as follows. From ex-
isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B � 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di↵erent ✏2c/b depending on the
category. We have constructed a likelihood function,
L(µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di↵erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.

W/Z

hc

s̄/c̄

yc

FIG. 2. Example diagram that modifies V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
c ⌘ yc/ySM

c , where similar definitions hold for all Higgs
couplings. Relative signs between ’s do not a↵ect our
main results and we thus stick to X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcc̄/BRSM

cc̄ . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound c from above, namely the in-
equality is satisfied even in the c ! 1 or BRcc̄ ! 1
limit. However, as c (or more generally u,d,s,c) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of c are presented
in Fig. 3 and roughly given by

�pp!V h

�SM

pp!V h

' 1 +

✓
c

75�200

◆
2

(10)

for large c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

c . 234 at 95% CL , (11)

where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental

[arXiv:1503.00290]
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The labels (a)-(f) refer to the criteria in Table II. Note that
region (d) is not shown because it is too broad.

moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

Table II. Whereas the tagging e�ciencies have a pjet

T

de-
pendence, we verified that the ratio of e�ciencies such as
✏2c/b is less sensitive to the pjet

T

, see [35, 37]. Hereafter we
assume the e�ciencies for each analysis to be constant.

For our recast study we proceed as follows. From ex-
isting data, summarized in Table II, we use all the bins
of the boosted decision tree output with S/B � 0.025;
those with lower ratios are simply background domi-
nated. Then, according to Eq. (6) the modified signal
strength is adopted with di↵erent ✏2c/b depending on the
category. We have constructed a likelihood function,
L(µc, µb), that is evaluated by a Poisson probability dis-
tribution convoluted with the Monte-Carlo systematic er-
ror with Gaussian weights. For a parameter estimate, we
use the likelihood ratio,

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

where µ̂c and µ̂b are values at the best-fit point. In Fig. 1,
we show the 68.3% CL and 95% CL contours as well as
68.3% CL bands corresponding to each analysis (a)-(f).
As discussed above, while the constraint of a given analy-
sis is a flat direction in the µc–µb plane, the combination
of di↵erent analyses disentangles the degeneracy leading
to an ellipse. We further obtain the bound on µc with
profiled µb (method of profile likelihood ratio [38]),

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

This is the first direct and model-independent bound on
the charm signal strength.
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FIG. 2. Example diagram that modifies V h production when
the charm-quark Yukawa is enhanced.

New production of V h and charm Yukawa: We
would like to interpret the constraint of Eq. (8) as an
upper bound on the charm Yukawa or, equivalently, on
c ⌘ yc/ySM

c , where similar definitions hold for all Higgs
couplings. Relative signs between ’s do not a↵ect our
main results and we thus stick to X > 0.

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be

µc = BRcc̄/BRSM

cc̄ . 34 . (9)

The bound in Eq. (8) is weaker than the one in Eq. (9).
Thus, it cannot bound c from above, namely the in-
equality is satisfied even in the c ! 1 or BRcc̄ ! 1
limit. However, as c (or more generally u,d,s,c) becomes
large, new contributions to the same final states, shown
in Fig. 2, become important and eliminate the “runaway”
to arbitrarily large Yukawa. The contributions to the V h
production cross section as a function of c are presented
in Fig. 3 and roughly given by
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for large c. Here, the Higgs coupling to the W/Z is as-
sumed to be SM like, i.e. V = 1. We obtained these
results using MadGraph 5.2 [39] at the parton level and
leading order applying the CMS [7] and ATLAS [4] selec-
tion cuts for the LHC 8 TeV run. For a more complete
treatment of the new production mechanisms, including
the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
Yukawa

c . 234 at 95% CL , (11)

where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental
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the contributions from u, d, s and also to final states with
VBF-like topology, and comparison with future machines
we refer the reader to the companion paper [40].

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
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where b is profiled.
The total width: Both ATLAS and CMS give a

model independent bound on the Higgs total width from
the invariant-mass distribution of the h ! 4` and h ! ��
signal. These bounds are limited by the experimental

→ No experiment has performed this analysis yet!

→ Extracting info about Yukawa couplings: 
account for new production modes

2

Refs. [11–13])

p
s . 8⇡v2

p
6mb,c,s,d,u

⇡ 200, 1⇥103, 1⇥104, 2⇥105, 5⇥105 TeV . (4)

Furthermore, stronger bounds are found when qq̄ ! nVL

processes are considered [14] leading to the following cor-
responding unitarity constraints [15],

p
s . 23, 31, 52, 77, 84 TeV . (5)

These bounds are weak enough as to make the question
regarding the origin of light-quark masses a fundamen-
tally interesting question. The third argument, follow-
ing an opposite reasoning, is that with new physics it
is actually easy to obtain enhancements in Higgs–light-
quark interaction strengths. Furthermore, as the Higgs
is rather light it can only decay to particles that inter-
act very weakly with it. Within the SM, its dominant
decay mode is to bottom quark pair. A deformation
of the Higgs couplings to the lighter SM particles, say
the charm quarks (for possibly relevant discussions see
Ref. [16–24]), could compete with the Higgs–bottom cou-
pling and would lead to a dramatic change of the Higgs
phenomenology at collider [25].

Recent theoretical and experimental progress opened
a window towards studying the Higgs coupling to light
quarks at future colliders. On the theoretical frontier, it
was demonstrated in Ref. [25] that using inclusive charm-
tagging would enable the LHC experiments to search for
the decay of the Higgs into pair of charm jets (c-jets).
Furthermore it was shown that the Higgs–charm cou-
pling may be probed by looking at exclusive decay modes
involving a c-c̄ vector meson and a photon [26]. A simi-
lar mechanism, based on exclusive decays to light-quark
states and gauge bosons �/W/Z, was shown to yield a
potential access to the Higgs–light-quark couplings [27].
(See also Refs. [28–30] for studies of exclusive EW gauge
boson decays.) On the experimental frontier, ATLAS has
recently published two papers on SUSY [31, 32] searches
that make use of charm-tagging [33]. Furthermore, on the
exclusive frontier ATLAS has searched for Higgs decays
to quarkonia(e.g. J/ , ⌥) and a photon final state [34].
All these developments provide a proof of principle that
in the future we may be able to test the Higgs mechanism
of mass generation even for light quarks.

In the following we introduce four di↵erent type of
data-driven analyses with di↵erent level of robustness
that constrain the size of the Higgs–charm Yukawa cou-
pling. This should be considered as a first step to-
wards improving our understanding regarding the ori-
gin of light-quark masses. In the future the methods
described below are expected to yield significantly bet-
ter sensitivities to the corresponding Yukawa couplings.
One direct implication of our analyses is the establish-
ment of the fact that the Higgs couples to the quarks in
a non-universal manner.

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. The ATLAS and CMS b- and c-e�ciencies for
the di↵erent tagging criteria. The CMS working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively [35].

Figures 1st tag 2nd tag ✏2c/b

(a)ATLAS 11,12(a,b,d),13,17 Med Med 0.082

(b)ATLAS 12(c) Tight Tight 0.059

(c)CMS 10,11,12 Med1 Med1 0.18

(d)CMS 13 Left Med2 Loose 0.19

(e)CMS 13 Right Med1 Loose 0.23

(f) CMS 14 Med3 Loose 0.16

TABLE II. Summary of the experimental results used for the
recasting of V h(bb̄) searches. Figures are taken from Refs. [4]
and [7] for ATLAS and CMS, respectively.

Signal-strength constraint via V h(bb̄) recast:
The ATLAS and CMS collaborations have studied the
Higgs decay into bb̄ via V h production in which the Higgs
is produced in association with a W/Z gauge boson us-
ing 5 fb�1 at 7 TeV and 20 fb�1 at 8 TeV [4, 7]. Due to
the rough similarities between charm and bottom jets,
jets originating from charm quarks may be mis-tagged
as b-jets. Thus, we can recast the existing analyses of
h ! bb̄ to study and constrain the h ! cc̄ rate. This will
provide a direct and model-independent bound on the
Higgs–charm coupling. To allow the Higgs–charm cou-
pling to float freely the signal strength should be modi-
fied according to

µb =
�BRb¯b

�
SM

BRSM

b¯b

! �BRb¯b ✏b1✏b2 + �BRcc̄ ✏c1✏c2
�

SM

BRSM

b¯b ✏b1✏b2

= µb +
BRSM

cc̄

BRSM

b¯b

✏c1✏c2
✏b1✏b2

µc ,

(6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quarks, respectively, and
BRSM

cc̄ /BRSM

b¯b ' 5% [36].
A single working point for b-tagging and c-jet contam-

ination, defined via ✏b1,2 , ✏c1,2 , constrains only a linear
combination of µb and µc; it corresponds to a flat direc-
tion in the µc–µb plane. To disentangle the linear combi-
nation, at least two tagging points with di↵erent ratios,
✏2c/b ⌘ (✏c1✏c2)/(✏b1✏b2), should be adopted. Both AT-
LAS and CMS are employing di↵erent tagging working
points and thus combining their information allows us to
constrain µc. The typical tagging e�ciencies are given in
Table I, and the combinations of working points in the
analyses we use are given in Table II. In the ATLAS [4]
search there are two tagging points that have high and
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To resolve the two contributions improved c-tagging is needed 
[ideally you would like to completely separate b- and c-jets

→ Future H→ccbar searches will benefit from dedicated c-tagging, already applied in ATLAS 
scalar-charm search. [arXiv:1501.01325]

However: 
- complicated analysis with large QCD backgrounds 
- signal sits on top of large (x20)  h→bb “background”
- sensitivity to systematics of b/c-tagging efficiency
- need dedicated simulations for decay and production
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Exclusive Decays h→Qγ
These exclusive decays can lead to quite distinct experimental signatures: 
→ Decay of a high-pT Quarkonium back-to-back with a high-pT photon.

We take mH = 125.9 ± 0.4 GeV, and we obtain Γ(H → γγ) = 9.565 × 10−6 GeV from

the values of the Higgs-boson total width and branching fraction to γγ in Refs. [11, 12].

We estimate the uncertainties in the indirect amplitude along the lines that were suggested

in footnote 2 of Ref. [8]. In Γ(H → γγ), we take the uncertainty from uncalculated higher-

order corrections to be 1%, and the uncertainties that arise from the uncertainties in the

top-quark mass mt and the W -boson mass mW to be 0.022% and 0.024%, respectively. We

take the uncertainties in the leptonic decay widths to be 2.5% for the J/ψ and 1.3% for

the Υ. We estimate the uncertainties in the indirect amplitude from uncalculated mass

corrections to be m2
V /m

2
H . We have not included the effects of the uncertainty in mH , as it

is expected that that uncertainty will be significantly reduced in Run II of the LHC.

The uncertainties in the direct amplitude arise primarily from the uncertainties in φ0,

〈v2〉, and uncalculated corrections of order α2
s, order αsv2, and order v4. We estimate the

order-α2
s correction to be 2%, the order-αsv2 correction to be 5% for the J/ψ and 1.5% for

the Υ, and the order-v4 correction to be 9% for the J/ψ and 1% for the Υ. The uncertainties

in the direct amplitude that arise from the uncertainties in mc and mb are 0.6% in the case

of the J/ψ and 0.1% in the case of the Υ, and so they are negligible in comparison with the

other uncertainties in the direct amplitude.

Our results for the widths are7

Γ(H → J/ψ + γ) =
∣

∣(11.9± 0.2)− (1.04± 0.14)κc
∣

∣

2 × 10−10 GeV, (53a)

Γ[H → Υ(1S) + γ] =
∣

∣(3.33± 0.03)− (3.49± 0.15)κb
∣

∣

2 × 10−10 GeV, (53b)

Γ[H → Υ(2S) + γ] =
∣

∣(2.18± 0.03)− (2.48± 0.11)κb
∣

∣

2 × 10−10 GeV, (53c)

Γ[H → Υ(3S) + γ] =
∣

∣(1.83± 0.02)− (2.15± 0.10)κb
∣

∣

2 × 10−10 GeV. (53d)

The SM values for the widths (κQ = 1) are

ΓSM(H → J/ψ + γ) = 1.17+0.05
−0.05 × 10−8 GeV, (54a)

ΓSM[H → Υ(1S) + γ] = 2.56+7.30
−2.56 × 10−12 GeV, (54b)

ΓSM[H → Υ(2S) + γ] = 8.46+7.79
−5.35 × 10−12 GeV, (54c)

ΓSM[H → Υ(3S) + γ] = 10.25+7.33
−5.45 × 10−12 GeV. (54d)

7 We do not include results for the ψ(2S) because a value for 〈v2〉[ψ(2S)] does not exist in the literature

and because it is likely that v2 for the ψ(2S) is so large that the theoretical uncertainties in the width

would be very large.
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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 circle

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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However, the indirect amplitude corresponds to a significant contribution
→ Larger than the direct amplitude
→ Negative interference between the two amplitudes could help resolve coupling sign-ambiguity

“Direct” amplitude “Indirect” contribution

Direct amplitude alone:
→ BRSM(H→J/ψγ) = 5.48·10-8

→ BRSM(H→Yγ) = 3.84·10-7

Phys.Rev. D90 (2014) 11, 113010

Phys.Rev. D88 (2013) 5, 053003

Using Γ(H) = 4.195+0.164
−0.159× 10−3 GeV [26], we obtain the following results for the branching

fractions in the SM:

BSM(H → J/ψ + γ) = 2.79+0.16
−0.15 × 10−6, (55a)

BSM[H → Υ(1S) + γ] = 6.11+17.41
−6.11 × 10−10, (55b)

BSM[H → Υ(2S) + γ] = 2.02+1.86
−1.28 × 10−9, (55c)

BSM[H → Υ(3S) + γ] = 2.44+1.75
−1.30 × 10−9. (55d)

In comparison with the results in Ref. [8], the coefficient of κc has been reduced by about

30%, and the coefficient of κb has been reduced by about 12%. In the case of the coefficient

of κc, the reduction arises as follows: a reduction of 11% from including the relativistic

corrections; a reduction of 18% from summing logarithms by evolving from the scale mc

rather than from the scale 2mc and from using a variable flavor number rather than a fixed

flavor number nf = 3; and a reduction of 3% from using α(0) rather than α(mH/2) for

the electromagnetic coupling of the on-shell quark. In the case of the coefficient of κb, the

reduction arises as follows: a reduction of 0% from the relativistic corrections; a reduction

of 9% from summing logarithms by evolving from the scale mb rather than from the scale

2mb, and from using nf = 5 rather than nf = 3; and a reduction of 3% from using α(0)

rather than α(mH/2) for the electromagnetic coupling of the on-shell quark. In addition,

there are changes in the coefficients of κc and κb of less than 1% that come from changes in

the values of mc, mb, and mH .

VI. SUMMARY AND DISCUSSION

In this paper, we have calculated relativistic corrections to the direct decay amplitude

that appears in the Higgs-boson width Γ(H → V + γ), where V is a J/ψ or an Υ(nS) state

with n = 1, 2, 3.

Using NRQCD factorization methods, we have calculated corrections to all orders in the

heavy-quark velocity v for NRQCD LDMEs of the form in Eq. (11c), keeping the exact

dependence on the ratio of the heavy-quark mass mQ to the Higgs-boson mass mH . The

result of this calculation is given in Eq. (11a), where R(v2) is given in Eq. (10c).

Using light-cone methods, we have calculated relativistic corrections through order v2 at

the leading order in m2
Q/m

2
H . In the light-cone method, the corrections in order v2 arise
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vector mesons, we find

Br(h → J/ψ γ) = (2.95± 0.07fJ/ψ ± 0.06direct ± 0.14h→γγ) · 10−6 ,

Br(h → Υ(1S) γ) = (4.61± 0.06fΥ(1S)

+1.75
− 1.21 direct ± 0.22h→γγ) · 10−9 ,

Br(h → Υ(2S) γ) = (2.34± 0.04fΥ(2S)

+0.75
− 0.99 direct ± 0.11h→γγ) · 10−9 ,

Br(h → Υ(3S) γ) = (2.13± 0.04fΥ(3S)

+0.75
− 1.12 direct ± 0.10h→γγ) · 10−9 .

(45)

In these cases there is an extra source of theoretical uncertainty related to the calculation of the
direct contribution to the decay amplitude. Note that there is an almost perfect cancellation
between the direct and indirect contributions to the h → Υ(nS) γ decay amplitudes, and as
a consequence the resulting branching ratios are roughly three orders of magnitude smaller
than the h → J/ψ γ branching fraction. For comparison, we note that the branching ratios
found in [32] read (2.79 +0.16

− 0.15) · 10−6 for J/ψ, (0.61 +1.74
− 0.61) · 10−9 for Υ(1S), (2.02 +1.86

− 1.28) · 10−9 for
Υ(2S) and (2.44 +1.75

− 1.30) · 10−9 for Υ(3S). We find good agreement with the results reported by
these authors except for the decay h → Υ(1S) γ, where their value is about a factor 7 smaller
than ours. The reason is that we do not neglect the imaginary part of the direct contribution
to ∆Υ(1S) in (42), which prevents

∣

∣1−∆Υ(1S)

∣

∣

2
from becoming arbitrarily small.

Our predictions may also be compared with the upper limits obtained from a recent first
analysis of these rare decays reported by the ATLAS collaboration. They are Br(h → J/ψ γ) <
1.5 ·10−3, Br(h → Υ(1S) γ) < 1.3 ·10−3, Br(h → Υ(2S) γ) < 1.9 ·10−3 and Br(h → Υ(3S) γ) <
1.3 · 10−3, all at 95% CL [20]. It will require an improvement by a factor 500 to become
sensitive to the h → J/ψ γ mode in the SM, while the SM branching fractions for the decays
h → Υ(nS) γ are out of reach at the LHC. Nevertheless, as we will discuss below, these decay
modes allow for very interesting new-physics searches. With 3 ab−1 of integrated luminosity,
about 1.7× 108 Higgs bosons per experiment will have been produced by the end of the high-
luminosity LHC run [11]. If the J/ψ is reconstructed via its leptonic decays into muon pairs,
the effective branching ratio in the SM is Br(h → J/ψ γ → µ+µ−γ) = 1.8 ·10−7, meaning that
about 30 events can be expected per experiment. If also the decays into e+e− can be used,
then ATLAS and CMS can hope to collect a combined sample of about 120 events. A detailed
discussion of the experimental prospects for reconstructing these events over the background
can be found in [9]. Concerning the h → φγ decay mode, a reconstruction efficiency εφγ = 0.75
was assumed for the φγ final state in [10], which appears to us as an optimistic assumption.
In the SM one expects about 400εφγ events per experiment in this mode, meaning that the
two experiments can hope to look at a combined sample of several hundred events. Likewise,
in the SM one expects about 2900ερ0γ events per experiment in the decay mode h → ρ0γ.

In Figure 6 we show our predictions for the ratio of branching fractions (times 1000) defined
in (37) in the plane of the parameters κ̄V /κeffγγ and ¯̃κV /κeffγγ . We focus on the most interesting
cases V = φ, J/ψ and Υ(1S). The corresponding plots for V = ρ0, ω would look very similar
to that for V = φ (apart from the overall scale of the branching fractions), while the plots for
higher Υ(nS) resonances would look very similar to that for the Υ(1S) meson. For orientation,
we mention that a value of 0.4 in these plots corresponds to a h → V γ branching fraction of
about 10−6, assuming that the h → γγ branching fraction is SM like. This assumption will be
implicit whenever we quote absolute branching ratios below; otherwise the quoted numbers
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Recently, a number of numerical results have appeared, 
regarding the predictions on these decay rates.

arXiv:1411.5924

JHEP 1504 (2015) 101
Decay mode Branching ratio asymptotic LO

Z0 → π0γ (9.80 +0.09
− 0.14 µ ± 0.03f ± 0.61a2 ± 0.82a4) · 10−12 7.71 14.67

Z0 → ρ0γ (4.19 +0.04
− 0.06 µ ± 0.16f ± 0.24a2 ± 0.37a4) · 10−9 3.63 5.68

Z0 → ωγ (2.89 +0.03
− 0.05 µ ± 0.15f ± 0.29a2 ± 0.25a4) · 10−8 2.54 3.84

Z0 → φγ (8.63 +0.08
− 0.13 µ ± 0.41f ± 0.55a2 ± 0.74a4) · 10−9 7.12 12.31

Z0 → J/ψ γ (8.02 +0.14
− 0.15 µ ± 0.20f

+0.39
− 0.36 σ) · 10−8 10.48 6.55

Z0 → Υ(1S) γ (5.39 +0.10
− 0.10 µ ± 0.08f

+0.11
− 0.08 σ) · 10−8 7.55 4.11

Z0 → Υ(4S) γ (1.22 +0.02
− 0.02 µ ± 0.13f

+0.02
− 0.02 σ) · 10−8 1.71 0.93

Z0 → Υ(nS) γ (9.96 +0.18
− 0.19 µ ± 0.09f

+0.20
− 0.15 σ) · 10−8 13.96 7.59

Table 4: Predicted branching fractions for various Z → Mγ decays, including error
estimates due to scale dependence (subscript “µ”) and the uncertainties in the meson
decay constants (“f”), the Gegenbauer moments of light mesons (“an”), and the width
parameters of heavy mesons (“σ”). See text for further explanations.

our case, on the other hand, p2 = m2
Z is equal to the mass of the decaying heavy gauge boson,

in which case the above expression does not exhibit a 1/k2 pole, but is instead proportional
to 1/m2

Z . Hence we conclude that A = 0 in (68). Note that in the limit k2 → 0 one obtains
from (69)

1

m2
Z

(

1

ε
+ ln

m2
Z

µ2
− iπ + const.

)

, (70)

which is precisely of the form of our (bare) hard-scattering coefficients.

3.4 Phenomenological results

We are now ready to present detailed numerical predictions for the various radiative decay
modes. We start with the decays of the Z boson, using relation (35). Besides the input
parameters already mentioned, we need the Z-boson mass mZ = (91.1876± 0.0021)GeV and
total width ΓZ = (2.4955±0.0009)GeV [45]. When squaring the decay amplitudes, we expand
the resulting expressions consistently to first order in αs. The imaginary parts of the form
factors in (42) do not enter at this order. Our results are presented in Table 4. Significant
uncertainties in our predictions arise from the hadronic input parameters, in particular the
meson decay constants (see Appendix B) and the various Gegenbauer moments. Their impact
is explicitly shown in the table. Our error budget also includes a perturbative uncertainty,
which we estimate by varying the factorization scale by a factor of 2 about the default value
µ = mZ . All other uncertainties, such as those in the values of Standard Model parameters,
are negligible. Note also that power corrections from higher-twist LCDAs are bound to be
negligibly small, since they scale like (ΛQCD/mZ)2 for light mesons and at most like (mM/mZ)2

for heavy ones. The predicted branching fractions range from about 10−11 for Z0 → π0γ to
about 10−7 for Z0 → J/ψ γ. In the last row, the symbol Υ(nS) means that we sum over
the first three Υ states (n = 1, 2, 3). Strong, mode-specific differences arise foremost from the
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from the evolution of the LCDA from the hard scale MZ down to the phi mass scale, mφ.

We perform a detailed estimate of the remaining sources of theoretical uncertainty affecting

both decays. We find the following final results for the branching ratios:

BSM(Z → J/ψ + γ) = (9.96± 1.86)× 10−8,

BSM(Z → Υ(1S) + γ) = (4.93± 0.51)× 10−8,

BSM(Z → φ+ γ) = (1.17± 0.08)× 10−8. (1)

Although small, it is possible that the heavy quarkonium branching ratios will be accessible

in Run II measurements [12]. Compared to the analogous Higgs-boson decays [3, 4], the

J/ψ and φ branching ratios are smaller by 1-2 orders of magnitude. This is due primarily

to the suppression of the indirect amplitude in the Z-boson decays as compared to the

Higgs decays. This amplitude proceeds through the Zγγ∗ effective coupling, which receives

contributions from Standard Model anomaly diagrams. It depends on the difference between

fermion masses within a generation, and decouples for heavy fermions such as the top quark.

The only numerically-relevant contributions therefore come from the tau lepton, the charm

quark and the bottom quark. Since these fermion masses are small, the indirect amplitude

is small for this process.

Our paper is organized as follows. In Section II, we derive the amplitude for the Z →

J/ψ + γ decay. The Υ decay calculation is identical. We discuss our evaluation of both the

direct and indirect contributions, and our evaluation of the leading QCD and relativistic

corrections. In Section III we describe our calculation of the Z → φ + γ process using

the LCDA approach. We present our numerical results and describe our estimates of the

theoretical uncertainties in Section IV. We conclude in Section V.

II. THE DECAY Z → J/ψ + γ

We begin by discussing the decay Z → J/ψ + γ. Since the calculation of the Υ decay is

identical to the J/ψ we do not present it explicitly. We give numerical results for both modes

in a later section. This process receives contributions from both a direct amplitude and an

indirect amplitude. These are shown respectively in the left and right panels of Fig. 1. We

calculate the direct-amplitude contribution to this process using the non-relativistic QCD

(NRQCD) framework [9]. We include the velocity corrections through O(v2). In addition,

4

→ The analogous Z boson decays also attracting significant attention  
[Nucl. Phys. B 174, 317 (1980), Theor. Math. Phys. 170, 39 (2012), arXiv:1411.5924, JHEP 1504 (2015) 101]
→ These exclusive final states are experimentally unconstrained
→ Could be sensitive to BSM contributions 
→ LEP has accurately measured couplings to b- and c-quarks (~1%), 
but couplings to light quarks less constrained.

Comparison with existing predictions

When all Gegenbauer moments are neglected, i.e.                               , we 
obtain for the decay rates:


→ agrees with a formula for                   in Arnellos, Marciano, Parsa (1982)


Manohar obtained an estimate for the                   rate using a local OPE, 
which is too small by a factor (2/3)2 = 4/9 (understood ✓)


Huang and Petriello (2014) performed a calculation of some                    
decay rates using NRQCD and an approach similar to ours, finding: 

Z0 ! ⇡0�
Manohar (1990)

�M (x) = 6x(1� x)

Decay mode Branching ratio asymptotic LO

W± → π±γ (4.00 +0.06
− 0.11 µ ± 0.01f ± 0.49a2 ± 0.66a4) · 10−9 2.45 8.09

W± → ρ±γ (8.74 +0.17
− 0.26 µ ± 0.33f ± 1.02a2 ± 1.57a4) · 10−9 6.48 15.12

W± → K±γ (3.25 +0.05
− 0.09 µ ± 0.03f ± 0.24a1 ± 0.38a2 ± 0.51a4) · 10−10 1.88 6.38

W± → K∗±γ (4.78 +0.09
− 0.14 µ ± 0.28f ± 0.39a1 ± 0.66a2 ± 0.80a4) · 10−10 3.18 8.47

W± → Dsγ (3.66 +0.02
− 0.07 µ ± 0.12CKM ± 0.13f

+1.47
− 0.82 σ) · 10−8 0.98 8.59

W± → D±γ (1.38 +0.01
− 0.02 µ ± 0.10CKM ± 0.07f

+0.50
− 0.30 σ) · 10−9 0.32 3.42

W± → B±γ (1.55 +0.00
− 0.03 µ ± 0.37CKM ± 0.15f

+0.68
− 0.45 σ) · 10−12 0.09 6.44

Table 5: Predicted branching fractions for various W → Mγ decays, including error
estimates due to scale dependence and the uncertainties in the CKM matrix elements,
the meson decay constants and the LCDAs. The notation is the same as in Table 4.
See text for further explanations.

We now proceed to present our predictions for exclusive radiative decays of W bosons.
In this case we need the input parameters mW = (80.385 ± 0.015)GeV and ΓW = (2.0897 ±
0.0008)GeV, as well as the relevant entries of the quark mixing matrix, which are |Vud| =
0.97425± 0.00022, |Vus| = 0.2253± 0.0008, |Vcs| = 0.986± 0.016, |Vcd| = 0.225± 0.008, |Vcb| =
(41.1±1.3)·10−3, and |Vub| = (4.13±0.49)·10−3 [45]. Starting from relation (56), we obtain the
results shown in Table 5. In this case the pattern of the different decay modes reflects mainly
the pattern of the relevant CKM matrix elements, and to a lesser extent the differences in the
decay constants. The Cabibbo-allowed decays W → πγ, ργ, and Dsγ have branching fractions
of order few times 10−9 to few times 10−8, where decays into heavy mesons are enhanced
due to the structure of the relevant overlap integral in (18). The Cabibbo-suppressed modes
W → K(∗)γ and the strongly CKM-suppressed decay W → Bγ have correspondingly smaller
branching ratios. The uncertainties inherited from CKM elements are shown where they are
significant. In a recent paper, the W± → π±γ branching ratio was estimated to be 0.64 · 10−9

[14], which is about 6.3 times smaller than the value we obtain (see below).
In the last two columns in Tables 4 and 5 we show different approximations to our results.

The first one (labelled “asymptotic”) gives the central values of the branching ratios (in the
appropriate units) obtained if the asymptotic form 6x(1−x) of the meson LCDA is employed.
As we have explained, RG evolution effects from the low hadronic scale µ0 = 1GeV up to
the electroweak scale have the effect of strongly suppressing the contributions from higher
Gegenbauer moments. Indeed, we observe that using the asymptotic form provides reason-
able approximations in most cases (especially for the Z → Mγ modes). The corresponding
expressions for the decay rates read

Γ(Z0 → M0γ)
∣

∣

asymp
=
αmZf 2

M

6v2
Q2

M

[

1−
10

3

αs(mZ)

π

]

,

Γ(W± → M±γ)
∣

∣

asymp
=
αmWf 2

M

24v2
|Vij|2

[

1−
17

3

αs(mW )

π

]

,

(71)
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from the evolution of the LCDA from the hard scale MZ down to the phi mass scale, mφ.

We perform a detailed estimate of the remaining sources of theoretical uncertainty affecting

both decays. We find the following final results for the branching ratios:

BSM(Z → J/ψ + γ) = (9.96± 1.86)× 10−8,

BSM(Z → Υ(1S) + γ) = (4.93± 0.51)× 10−8,

BSM(Z → φ+ γ) = (1.17± 0.08)× 10−8. (1)

Although small, it is possible that the heavy quarkonium branching ratios will be accessible

in Run II measurements [12]. Compared to the analogous Higgs-boson decays [3, 4], the

J/ψ and φ branching ratios are smaller by 1-2 orders of magnitude. This is due primarily

to the suppression of the indirect amplitude in the Z-boson decays as compared to the

Higgs decays. This amplitude proceeds through the Zγγ∗ effective coupling, which receives

contributions from Standard Model anomaly diagrams. It depends on the difference between

fermion masses within a generation, and decouples for heavy fermions such as the top quark.

The only numerically-relevant contributions therefore come from the tau lepton, the charm

quark and the bottom quark. Since these fermion masses are small, the indirect amplitude

is small for this process.

Our paper is organized as follows. In Section II, we derive the amplitude for the Z →

J/ψ + γ decay. The Υ decay calculation is identical. We discuss our evaluation of both the

direct and indirect contributions, and our evaluation of the leading QCD and relativistic

corrections. In Section III we describe our calculation of the Z → φ + γ process using

the LCDA approach. We present our numerical results and describe our estimates of the

theoretical uncertainties in Section IV. We conclude in Section V.

II. THE DECAY Z → J/ψ + γ

We begin by discussing the decay Z → J/ψ + γ. Since the calculation of the Υ decay is

identical to the J/ψ we do not present it explicitly. We give numerical results for both modes

in a later section. This process receives contributions from both a direct amplitude and an

indirect amplitude. These are shown respectively in the left and right panels of Fig. 1. We

calculate the direct-amplitude contribution to this process using the non-relativistic QCD

(NRQCD) framework [9]. We include the velocity corrections through O(v2). In addition,
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Analysis - The ATLAS Analysis (arXiv:1501.03276)

The first experimental information on H/Z ! Q � decays, from the
ATLAS experiment!

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.
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Probing Higgs Yukawa Couplings with Rare Decays 11 / 39ATLAS performed the first search for these exclusive decays of the Higgs and Z bosons
H/Z→Qγ, where Q = J/ψ or Y(nS), n=1,2,3
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Signature: µ+µ-+γ 
→ event selection:

single(di)-muon trigger
pTµ>20,3 GeV, 
pTµµ>36 GeV, 
pTγ>36 GeV
µµ and γ isolation, 
[ J/ψ mass requirement ]
Lxy significance, 
Δφ(µµ,γ)>0.5

→ total signal acceptance/efficiency 
Η(Z)→J/ψγ→µ+µ-+γ ~ 22% (12%)
Η(Z)→Υγ→µ+µ-+γ  ~ 28% (15%)

→ mµµγ mass resolution ~1.2-1.8%

Phys.Rev.Lett. 114 (2015) 12, 121801

e+e-+γ 
experimentally more challenging

- dedicated reconstruction for 
nearby electrons
- poorer mass resolution/efficiency
- typically larger backgrounds
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Categories
For this search simple - detector performance 
driven categorisation

→ Muon pseudo-rapidity 
→ Both Central/One Non-Central

→ Photon Unconverted/Converted

Background
→ inclusive Quarkonium with jet “seen” as γ
→ small component of combinatoric

→ Non-parametric data-driven background 
estimation
→ for Y(nS)γ also Z→µµγFSR from side-band fit

Phys.Rev.Lett. 114 (2015) 12, 121801



K. Nikolopoulos May 22nd, 2015Higgs boson rare decays

h→J/ψγ and h→Y(ns)γ: Results

15

→ Multi-observable fit to mµµγ, pTµµγ 
→ also mµµ for Υ(nS)γ

→ No significant excess above 
background observed

Phys.Rev.Lett. 114 (2015) 12, 121801
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First search for H/Z→Qγ, will 
constitute the basis for Run 2 
and HL-LHC extrapolations

BR 95% CLs upper limits:
~10-3 level for Higgs boson 

(SM production) decays and 
~10-6 for the Z boson decays

Phys.Rev.Lett. 114 (2015) 12, 121801

Theory

Naive projection to 3000 fb-1 gives a limit of about 
O(15-20xSM). With two experiments, analysis improvements 

and the H→ccbar with charm-tagging →
Probing the charm Yukawa maybe feasible at HL-LHC

This is a nice and, relatively, clean final state.
Fun and interesting thing to do!

A few drawbacks of these exclusive decays:
1) Small branching ratio, 

a handful of events expected even at HL-LHC
2) At SM sensitivity significant contribution from non-

resonant h→µµγ ~3×h→J/ψγ
3) This channel is also affected by potential “anomalies” in 

the h→γγ loop
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FIG. 1. Feynman diagrams contributing to H → ZV , V being a vector quarkonium resonance. The diagrams originate from
three different couplings: (a) tree level HZZ coupling, (b) loop induced HZγ coupling, (c) Hqq̄ Yukawa coupling.

ied in previous works [8–10] but a combined analysis is
still lacking.
The relative strengths of the diagrams and their inter-

ference terms vary depending on the final vector quarko-
nium resonance. Because of quite different masses of J/ψ
and Υ resonances the relative strengths of these diagrams
differ appreciably in the two cases. We explicitly calcu-
late the individual contributions for J/ψ(1S) and Υ(1S)
to demonstrate this fact.
In SM the first diagram Fig.1(a), originates from tree

level HZZ gauge coupling. The matrix element for it is
given by

M1 = −K1

(

aZZ
1 gµν

)

ε∗µ1 ε∗ν2 (1)

where

K1 =
2g gqV fV
cos θW

MV M2
Z

M2
Z −M2

V

, (2)

with θW as Weinberg angle, gqV = (14 − 2
3 sin

2 θW )
for Charm(c) quark and gqV = (− 1

4 + 1
3 sin

2 θW ) for
Bottom(b) quark. Also, εµ1 (q1) and εν2(q2) are the po-
larization vectors for Z and V having momenta q1 and
q2 respectively. Moreover, fV is defined by the matrix
element 〈0|q̄γµq|V (q2, ε2)〉 = fV MV ε

µ
2 .

Since in SM the HZγ coupling is forbidden at tree
level, the second diagram Fig.1(b), can only arise via
loop processes. One can compute this process by writing
down an effective lagrangian for the HZγ coupling [10–
12, 30] The matrix element for this diagram is given by

M2 = −K2

(

aZγ
1 q1.q2 gµν − aZγ

2 q1νq2µ
)

ε∗µ1 ε∗ν2 (3)

where

K2 =
g αQffV

2πv

CZγ

MV
. (4)

CZγ is the dimensionless effective coupling constant for

the HZγ vertex [11, 12, 30], α = e2

4π and Qf = 2
3 ,

−1
3 for

V = J/ψ,Υ respectively.
The third contribution Fig.1(c) comes from Hqq̄

Yukawa coupling and is given by

M3 = −K3

(

aZqq̄
1 q1.q2 gµν − aZqq̄

2 q2µq1ν
)

ε∗µ1 ε∗ν2 (5)

where

K3 =
4
√
3ggqV φ0

cos θW (M2
H −M2

Z −M2
V )

(

MV GF

2
√
2

)
1
2

, (6)

and φ0 is the wave function of the vector quarkonium
resonance evaluated at zero three momentum [15, 31, 32].
The total decay width for H → ZV process is combi-

nation of all three contributions given by

Γtotal = Γ1 + Γ2 + Γ3 + Γ12 + Γ13 + Γ23. (7)

where Γi are obtained from |Mi|2 and Γij are interfer-
ence terms between Mi and Mj with i, j = 1, 2, 3. The
individual contributions for both J/ψ(1S) and Υ(1S) are
listed in Table I.

TABLE I. Contributions to the branching fraction from
the three contributing diagrams and their interferences for
J/ψ(1S) and Υ(1S) resonances. The total decay width of
Higgs is assumed to be 4.07 MeV. Values of fV = 0.405(0.680)
GeV [8] and φ2

0 = 0.073(0.512) GeV3[32] for J/ψ(Υ).

Br(H → ZV ) J/ψ(1S) Υ(1S)
BrΓ1 1.75 × 10−6 1.68× 10−5

BrΓ2 1.14 × 10−6 8.33× 10−8

BrΓ3 8.52 × 10−9 5.80× 10−7

BrΓ12 4.50 × 10−7 1.10× 10−6

BrΓ13 3.89 × 10−8 2.89× 10−6

BrΓ23 1.97 × 10−7 4.40× 10−7

From Table I it is clear that the relative contributions
of the three channels is different for J/ψ and Υ reso-
nances. In case of J/ψ the dominant contributions come
from Γ1 and Γ2 corresponding to HZZ and HZγ cou-
plings respectively. The subleading contributions come
from the interference terms Γ12 and Γ23. The contribu-
tion Γ3 coming from Hqq̄ coupling is negligibly small.
The major contribution from Yukawa sector will come
from the interference term Γ23. Therefore while probing
the anomalous Yukawa couplings one should not neglect
the contribution of the interference terms over Γ3.
However, in case of Υ the situation is quite different.

The leading contribution comes only from the Γ1 term
whereas Γ12 and Γ13 provide the subleading contribu-
tions. The contribution of Γ3 is now larger than Γ2 but
still negligibly small compared to Γ1. Again as before
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resonance evaluated at zero three momentum [15, 31, 32].
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nation of all three contributions given by
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where Γi are obtained from |Mi|2 and Γij are interfer-
ence terms between Mi and Mj with i, j = 1, 2, 3. The
individual contributions for both J/ψ(1S) and Υ(1S) are
listed in Table I.
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of the three channels is different for J/ψ and Υ reso-
nances. In case of J/ψ the dominant contributions come
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plings respectively. The subleading contributions come
from the interference terms Γ12 and Γ23. The contribu-
tion Γ3 coming from Hqq̄ coupling is negligibly small.
The major contribution from Yukawa sector will come
from the interference term Γ23. Therefore while probing
the anomalous Yukawa couplings one should not neglect
the contribution of the interference terms over Γ3.
However, in case of Υ the situation is quite different.

The leading contribution comes only from the Γ1 term
whereas Γ12 and Γ13 provide the subleading contribu-
tions. The contribution of Γ3 is now larger than Γ2 but
still negligibly small compared to Γ1. Again as before

unfortunately, 
need to account for the additional 

BR(Z→ee/µµ) ~6%
and properly evaluate S/B
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BRSM(h→J/ψγ) ≃ BRSM(h→ZJ/ψ)

h→ZQ could be another way to approach the charm/
bottom Yukawa couplings, quite similar to the 

exclusive h→Qγ decays discussed earlier.

arXiv:1411.2210



BRSM
h!�� ⇡ 3 · 10�6

BRSM
h!⇢� ⇡ 1.9 · 10�5

BRSM
h!!� ⇡ 1.6 · 10�6

K. Nikolopoulos May 22nd, 2015Higgs boson rare decays

Light-Quark Yukawa couplings

18

Initially, considered impossible at the LHC, recent activity on its feasibility:
→ Exploit the exclusive decays H→Qγ as direct probe to the quark Yukawa couplings 
[ Phys.Rev.Lett. 114 (2015) 10, 101802 ]

→ Sensitive to BSM physics [Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79, Phys.Rev. D90 (2014) 115022]

implies real κ̄q, κV;γ, and κ̄qq0 ¼ κ̄"q0q. Note that κ̄q and κ̄qq0 are
normalized to the SM b-quark Yukawa coupling. The SM
limit corresponds to κγ ¼ κV ¼ 1, and κ̄s ¼ ms=mb ≃ 0.020,
κ̄d ¼ md=mb ≃ 1.0 × 10−3, κ̄u ¼ mu=mb ≃ 4.7 × 10−4.
The quark masses are evaluated at μ ¼ mh using NNLO
running in the M̄S scheme with low-energy inputs from
Ref. [14]. The κ̄qq0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.
Constraints from the current data.—In Ref. [7] the LHC

inclusive production rate was used to place an indirect
bound on the charm Yukawa coupling. Here, we adapt this
analysis to the other Yukawa couplings, κ̄i. The current
ATLAS [15], CMS [16], and Tevatron [17] Higgs measure-
ments are included (based on Tables 13 and 14 of Ref. [18]),
as are the indirect constraints from the LEP electroweak
precision measurements [19]. For simplicity, correlations
between the different measurements are neglected and
asymmetric uncertainties are symmetrized. The quark anti-
quark Higgs-fusion cross section is evaluated at next-to-
leading order in αs based on the bottom fusion cross section
obtained in Ref. [20] using MSTW parton distribution
functions [21]. Below, we check that our fit results are
stable against uncalculated higher-order corrections by
varying our production cross sections by 40%, the estimated
theoretical error at next-to-leading order [20]. The resulting
shifts in the bounds on the κ̄i are extremely small.
We begin with the flavor-conserving couplings. A naive

χ2 fit to the data that fixes all Higgs couplings to their SM
values, except for one of the up, down, or strange Yukawa
couplings at a time, leads to the 95% confidence level
(C.L.) bounds

jκ̄uj < 1.0; jκ̄dj < 0.9; jκ̄sj < 0.7: ð3Þ

If all of the Higgs couplings (including h → WW;
ZZ; γγ; gg; Zγ; bb̄ and ττ̄) are allowed to vary from their
SM values, we get the weaker 95% C.L. bounds

jκ̄uj < 1.3; jκ̄dj < 1.4; jκ̄sj < 1.4: ð4Þ

The 95% C.L. upper bounds obtained for the off-
diagonal couplings, when modifying only a single
Yukawa coupling at a time (or allowing for modification
of the other Higgs couplings as above), are

jκ̄qq0 j < 0.6ð1Þ; ð5Þ

for q; q0 ∈ u; d; s; c; b and q ≠ q0. The bounds are 10%–
20% stronger for couplings only involving sea quarks, as
their slightly smaller direct production cross section does
not compensate for the increased decay width.
Inclusive Higgs rate measurements cannot distinguish

between the individual κ̄qq0 . The weakest indirect bound
from low-energy observables is found to be jκ̄bsj<8×10−2

[22] (see also Refs. [23,24]). However, such bounds are
model dependent. For instance, if the Higgs boson is part of

a multiplet that approximately conserves the flavor sym-
metries, its contributions could be (partially) canceled by
other members of the multiplet. The latter could mostly
decay to light quarks or have reduced production rates, thus
remaining unobserved.
Flavor-conserving photonic decays.—We begin with

h → ϕγ. The decay amplitude receives two dominant
contributions, which we denote as direct and indirect;
see Fig. 1. The indirect contribution proceeds through
the hγγ coupling, followed by the fragmentation of γ" → ϕ.
In our analysis, we use the on-shell h → γγ amplitude (2).
The error due to this is small, Oðm2

ϕ=m
2
hÞ. Similarly, the

indirect contribution from h → γZ is neglected, because it
is suppressed by the off-shell Z. The direct amplitude
involves a hard h → ss̄γ vertex, where an intermediate
s-quark line with an off-shellnessQ2 ∼Oðm2

hÞ is integrated
out. Its evaluation is a straightforward application of QCD
factorization [25]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes. (The direct amplitude by itself yields
BRh→ϕγ ∼ 10−11 in the SM.) However, the interference
only involves the real part of the coupling, Reðκ̄sÞ. Working
in the limit of real κ̄s, the h → ϕγ decay amplitude is

Mϕ
ss ¼

Qse
2

ϵϕ × ϵγ
!
κ̄s
mb

v
fϕ⊥h1=uūi

ϕ
⊥ þ 4α

πv
κγAγ

fϕm2
h

mϕ

"
;

ð6Þ

where the first and second terms are the direct and indirect
contributions; fϕ⊥ and h1=uūiϕ⊥ are the decay constant and
inverse moment of the light-cone distribution amplitude
(LCDA) defined in Eq. (8), Qse ¼ −e=3 is the strange
quark electric charge, and εγ and εϕ are the γ and ϕ
polarization vectors. We have used the definition
hϕjJμEMð0Þj0i ¼ fϕmϕϵ

μ
ϕ for the ϕ decay constant fϕ,

where JμEM ¼
P

fQff̄γμf is the electromagnetic current.

Note that for CP-violating couplingsMϕ
ss is sensitive to the

phase between Aγ and κ̄γ .
The LCDA convolution integral is

h1=uūiϕ⊥ ¼
Z

1

0
du

ϕϕ
⊥ðuÞ

uð1 − uÞ
: ð7Þ

FIG. 1 (color online). Direct-amplitude diagram (left) and
indirect-amplitude diagram (right) contributing to h → ϕγ.
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The idea is to benefit from the interference of the “direct” and “indirect” amplitudes!

The leading twist chiral-odd LCDA ϕ⊥ðuÞ is defined
through the following matrix element of the transversely
polarized ϕ meson on the light-cone [26,27]:

hϕðp; ε⊥Þjs̄ðxÞσμνsð0Þj0i

¼ −ifϕ⊥
Z

1

0
dueiup×xðε⊥μpν − ε⊥νpμÞϕ

ϕ
⊥ðuÞ: ð8Þ

The partial decay width for h → ϕγ is

Γh→ϕγ ¼
1

8π
1

mh
jMϕ

ssj2; ð9Þ

where jϵϕ⊥ × ϵγj ¼ 1 for the two possible photon polar-
izations so that the two corresponding decay amplitudes are
equal in size. The decay widths for h → ργ and h → ωγ are
similarly given by

Γh→ργ¼
jMρ

dd−Mρ
uuj2

16πmh
; Γh→ωγ¼

jMω
ddþMω

uuj2

16πmh
; ð10Þ

where the amplitudes are obtained from Mϕ
ss via the

replacements s → u; d and ϕ → ρ;ω. For simplicity, we
have neglected ω − ϕ mixing.
In our numerical estimates the Gegenbauer polynomial

expansions of the ϕ⊥ are truncated at second order, yielding
h1=uūiϕ⊥¼6.84ð42Þ, h1=uūiρ⊥ ¼ 6.84ð36Þ, and h1=uūiω⊥ ¼
6.84ð72Þ, using the inputs from Ref. [28] and fixing
μ ¼ 1 GeV. The decay constants are fϕ¼0.235ð5ÞGeV,
fρ ¼ 0.216ð6Þ GeV, and fω ¼ 0.187ð10Þ GeV [28]. We
estimate the error on our LO calculation by varying the
renormalization scale for fϕ;ρ;ω⊥ in the range ½0.5; 10& GeV.
The variation is combined in quadrature with the errors
quoted in Ref. [28] to obtain fϕ⊥ ¼ 0.191ð28Þ GeV,
fρ⊥ ¼ 0.160ð25Þ GeV, fω⊥¼0.139ð27ÞGeV. Normalizing
to the h → bb̄ branching ratio gives

BRh→ϕγ

BRh→bb̄
¼
κγ½ð3.0'0.3Þκγ−0.78κ̄s&×10−6

0.57κ̄2b
;

BRh→ργ

BRh→bb̄
¼
κγ½ð1.9'0.2Þκγ−0.24κ̄u−0.12κ̄d&×10−5

0.57κ̄2b
;

BRh→ωγ

BRh→bb̄
¼
κγ½ð1.6'0.2Þκγ−0.59κ̄u−0.29κ̄d&×10−6

0.57κ̄2b
; ð11Þ

where we have neglected the smaller κ̄2s;d;u terms. When
calculating the theoretical error on the indirect amplitude,
we have added in quadrature an additional uncertainty
associated with the scale choice of the electromagnetic
coupling that appears. The SM BRh→bb̄ ¼ 0.57 is kept
explicit in the denominators. The numerators thus give the
h → ðϕ; ρ;ωÞγ branching ratios if the Higgs boson has the
SM total decay width. The expected deviation from the SM

h → ϕγ branching ratio is shown in Fig. 2, as a function of
κγ and κ̄s.
The coefficients multiplying κ̄s;d;u in Eq. (11) have a

relative error of Oð20%Þ. This means that for κ̄i ∼Oð1Þ,
deviations from the SM predictions for h → ðϕ; ρ;ωÞγ can
be significantly greater than the SM errors. The latter can be
systematically reduced through advances in lattice QCD
and measurements of the leptonic ϕ; ρ, and ω decays. The
BR predictions are relatively insensitive to other non-
perturbative QCD effects, e.g., power corrections. For
instance, h → gg → gq̄qγ yields a higher Fock state con-
tribution to h → ϕγ of OðfewÞ × 10−4 of the SM BR.
Finally, the electroweak amplitude due to a W or Z and a c
or s quark in the loop (the Higgs boson attaches to the
gauge boson) scales as OðαW=4πÞ ×Oðmϕ=mhÞ, yielding
Oð10−2Þ of the SM h → ϕγ branching ratio.
Flavor-violating photonic decays.—The radiative decays

h → Vγ, where V ¼ B(0
s ; B(0

d ; K(0; D(0 provide interesting
possibilities to probe the flavor-violating Higgs couplings
κ̄bs;sb, κ̄bd;db, κ̄sd;ds, and κ̄cu;uc. They only receive direct
amplitude contributions, since photon splitting preserves
flavor. The h → K(0γ rate is readily obtained from the
results of the previous section, yielding an Oð10−8Þ
branching ratio for κ̄ds ∼Oð1Þ, out of reach of planned
colliders. We thus focus on the decays to heavy mesons.
The essential difference with respect to the light mesons

is that the B(0
ðsÞ and D

(0 LCDA are heavily weighted toward
the b and c quarks (we treat the c quark as heavy,
mc ≫ ΛQCD). For h → B̄(0

s γ, the dominant leading power
contribution, in a general Rξ gauge, due to photon emission
from the intermediate s quark, is

Γh→B̄(0
s γ¼

1

8π
1

mh

!
fBs

mBs

2

mb

v
Qse0
λBðμÞ

"
2 jκ̄bsj2þ jκ̄sbj2

2
: ð12Þ

heavy quark effective theory sum rule estimates of the
inverse moment of the B meson LCDA yield λBðμÞ ¼
ð460' 110Þ MeV for μ ¼ 1 GeV [29] (see also Ref. [30]).
Note that λB can be determined from B → lνγ. Present
limits, including NLO radiative corrections, yield a result
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FIG. 2 (color online). The expected deviation in the branching
ratio h → ϕγ relative to its SM value as a function of κγ and κ̄s.

PRL 114, 101802 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

13 MARCH 2015

101802-3

Phys.Rev.Lett. 114 (2015) 10, 101802

and
∆Υ(1S) =

[

(0.948± 0.040) + i(0.130± 0.019)
] κb
κeffγγ

+ 0.0184− 0.0015i ,

∆Υ(2S) =
[

(1.014± 0.054) + i(0.141± 0.022)
] κb
κeffγγ

+ 0.0207− 0.0015i ,

∆Υ(3S) =
[

(1.052± 0.060) + i(0.148± 0.025)
] κb
κeffγγ

+ 0.0221− 0.0015i .

(43)

Approximate expressions for κ̄ρ0 , κ̄ω and κ̄φ have been given in (22) and (23). The constant
terms in the above results show the tiny power-suppressed corrections. Only for the Υ(nS)
states they reach the level of percent. Our complete expressions for the CP-odd coefficients ∆̃V

are also given in Appendix E. It is a good approximation to only keep the direct contributions
in these terms, which are likely to give rise to the dominant effects. Their coefficients are the
same as in the expressions above, but with κ̄q replaced by ¯̃κq and κb replaced by κ̃b.

It is interesting to compare our result for the quantities ∆V with corresponding expressions
obtained by other authors. From [10] one can extract ∆ρ0 = (0.095 ± 0.020) (2κ̄u + κ̄d)/3,
∆ω = (0.092± 0.021) (2κ̄u + κ̄d) and ∆φ = (0.130± 0.027)κ̄s, while from [32] one can obtain
∆J/ψ = (0.392±0.053)κ̄c, ∆Υ(1S) = (1.048±0.046)κb, ∆Υ(2S) = (1.138±0.053)κb and ∆Υ(3S) =
(1.175± 0.056)κb. These values are systematically higher than ours due to the fact that these
authors have not (or not fully) included QCD radiative corrections and RG evolution effects
in the direct contributions. For the Υ(nS) states it is important to keep the small imaginary
parts of the direct contributions, since in the SM the real parts almost perfectly cancel in the
combinations

∣

∣1−∆V

∣

∣ in (37). The result for ∆ω obtained in [10] misses the contribution from
ω−φ mixing and contains a sign mistake in front of κ̄d. Note also that our predictions for the
∆V parameters of light mesons are significantly more accurate than those obtained in [10].

4 Phenomenological results

We begin by quoting our benchmark results for the h → V γ branching fractions in the SM.
For a Higgs mass of mh = (125.09± 0.024) GeV, the SM value of the h → γγ branching ratio
is (2.28± 0.11) · 10−3 [57]. Using this result, we obtain for the decays into light vector mesons

Br(h → ρ0γ) = (1.68± 0.02fρ ± 0.08h→γγ) · 10−5 ,

Br(h → ωγ) = (1.48± 0.03fω ± 0.07h→γγ) · 10−6 ,

Br(h → φγ) = (2.31± 0.03fφ ± 0.11h→γγ) · 10−6 ,

(44)

where we quote separately the uncertainties due to the vector-meson decay constant fV and the
h → γγ branching ratio, the latter being the dominant source of uncertainty. Our predictions
are systematically lower and more accurate than those obtained in [10], where the values
Br(h → ρ0γ) = (1.9 ± 0.15) · 10−5, Br(h → ωγ) = (1.6 ± 0.17) · 10−6 and Br(h → φγ) =
(3.0 ± 0.13) · 10−6 are quoted. While the first two results are compatible with ours within
errors, there is a significant difference for the important mode h → φγ. For decays into heavy

18
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 φ→Κ+Κ- (BR=48.9%), ~8 events 100fb-1 @14 TeV!
ω→π+π-π0 (BR=89.2%) similar rate

ρ→π+π- (BR~100%) expect ~100 events!

Interesting/experimentally challenging topologies! 
-triggering on a photon + narrow hadronic jet 

→ will benefit from ATLAS FTK
- boosted decays but overwhelming QCD 

backgrounds, 
-  Γρ and ω-ρ interference 

The leading twist chiral-odd LCDA ϕ⊥ðuÞ is defined
through the following matrix element of the transversely
polarized ϕ meson on the light-cone [26,27]:

hϕðp; ε⊥Þjs̄ðxÞσμνsð0Þj0i

¼ −ifϕ⊥
Z

1

0
dueiup×xðε⊥μpν − ε⊥νpμÞϕ

ϕ
⊥ðuÞ: ð8Þ

The partial decay width for h → ϕγ is

Γh→ϕγ ¼
1

8π
1

mh
jMϕ

ssj2; ð9Þ

where jϵϕ⊥ × ϵγj ¼ 1 for the two possible photon polar-
izations so that the two corresponding decay amplitudes are
equal in size. The decay widths for h → ργ and h → ωγ are
similarly given by

Γh→ργ¼
jMρ

dd−Mρ
uuj2

16πmh
; Γh→ωγ¼

jMω
ddþMω

uuj2

16πmh
; ð10Þ

where the amplitudes are obtained from Mϕ
ss via the

replacements s → u; d and ϕ → ρ;ω. For simplicity, we
have neglected ω − ϕ mixing.
In our numerical estimates the Gegenbauer polynomial

expansions of the ϕ⊥ are truncated at second order, yielding
h1=uūiϕ⊥¼6.84ð42Þ, h1=uūiρ⊥ ¼ 6.84ð36Þ, and h1=uūiω⊥ ¼
6.84ð72Þ, using the inputs from Ref. [28] and fixing
μ ¼ 1 GeV. The decay constants are fϕ¼0.235ð5ÞGeV,
fρ ¼ 0.216ð6Þ GeV, and fω ¼ 0.187ð10Þ GeV [28]. We
estimate the error on our LO calculation by varying the
renormalization scale for fϕ;ρ;ω⊥ in the range ½0.5; 10& GeV.
The variation is combined in quadrature with the errors
quoted in Ref. [28] to obtain fϕ⊥ ¼ 0.191ð28Þ GeV,
fρ⊥ ¼ 0.160ð25Þ GeV, fω⊥¼0.139ð27ÞGeV. Normalizing
to the h → bb̄ branching ratio gives

BRh→ϕγ

BRh→bb̄
¼
κγ½ð3.0'0.3Þκγ−0.78κ̄s&×10−6

0.57κ̄2b
;

BRh→ργ

BRh→bb̄
¼
κγ½ð1.9'0.2Þκγ−0.24κ̄u−0.12κ̄d&×10−5

0.57κ̄2b
;

BRh→ωγ

BRh→bb̄
¼
κγ½ð1.6'0.2Þκγ−0.59κ̄u−0.29κ̄d&×10−6

0.57κ̄2b
; ð11Þ

where we have neglected the smaller κ̄2s;d;u terms. When
calculating the theoretical error on the indirect amplitude,
we have added in quadrature an additional uncertainty
associated with the scale choice of the electromagnetic
coupling that appears. The SM BRh→bb̄ ¼ 0.57 is kept
explicit in the denominators. The numerators thus give the
h → ðϕ; ρ;ωÞγ branching ratios if the Higgs boson has the
SM total decay width. The expected deviation from the SM

h → ϕγ branching ratio is shown in Fig. 2, as a function of
κγ and κ̄s.
The coefficients multiplying κ̄s;d;u in Eq. (11) have a

relative error of Oð20%Þ. This means that for κ̄i ∼Oð1Þ,
deviations from the SM predictions for h → ðϕ; ρ;ωÞγ can
be significantly greater than the SM errors. The latter can be
systematically reduced through advances in lattice QCD
and measurements of the leptonic ϕ; ρ, and ω decays. The
BR predictions are relatively insensitive to other non-
perturbative QCD effects, e.g., power corrections. For
instance, h → gg → gq̄qγ yields a higher Fock state con-
tribution to h → ϕγ of OðfewÞ × 10−4 of the SM BR.
Finally, the electroweak amplitude due to a W or Z and a c
or s quark in the loop (the Higgs boson attaches to the
gauge boson) scales as OðαW=4πÞ ×Oðmϕ=mhÞ, yielding
Oð10−2Þ of the SM h → ϕγ branching ratio.
Flavor-violating photonic decays.—The radiative decays

h → Vγ, where V ¼ B(0
s ; B(0

d ; K(0; D(0 provide interesting
possibilities to probe the flavor-violating Higgs couplings
κ̄bs;sb, κ̄bd;db, κ̄sd;ds, and κ̄cu;uc. They only receive direct
amplitude contributions, since photon splitting preserves
flavor. The h → K(0γ rate is readily obtained from the
results of the previous section, yielding an Oð10−8Þ
branching ratio for κ̄ds ∼Oð1Þ, out of reach of planned
colliders. We thus focus on the decays to heavy mesons.
The essential difference with respect to the light mesons

is that the B(0
ðsÞ and D

(0 LCDA are heavily weighted toward
the b and c quarks (we treat the c quark as heavy,
mc ≫ ΛQCD). For h → B̄(0

s γ, the dominant leading power
contribution, in a general Rξ gauge, due to photon emission
from the intermediate s quark, is

Γh→B̄(0
s γ¼

1

8π
1

mh

!
fBs

mBs

2

mb

v
Qse0
λBðμÞ

"
2 jκ̄bsj2þ jκ̄sbj2

2
: ð12Þ

heavy quark effective theory sum rule estimates of the
inverse moment of the B meson LCDA yield λBðμÞ ¼
ð460' 110Þ MeV for μ ¼ 1 GeV [29] (see also Ref. [30]).
Note that λB can be determined from B → lνγ. Present
limits, including NLO radiative corrections, yield a result
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FIG. 2 (color online). The expected deviation in the branching
ratio h → ϕγ relative to its SM value as a function of κγ and κ̄s.
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Summary

20

Yukawa sector likely the least theoretically motivated 
and constrained part of the Standard Model 
→ Particularly true for 1st/2nd generation. 

New Physics could  be lurking here!

A wealth of information has been collected over the 
last few years on the nature of the Higgs boson
→ Yukawa sector still relatively unconstrained  

Yukawa Couplings EWSB
1st gen. 2nd gen. 3rd gen.

Most importantly:
ingenuity, both from both theory 
and experiment, will be crucial to 
achieve such an enhancement of 

the LHC physics potential

Currently, under intense phenomenological and 
experimental focus; new results 

(H→J/ψγ, H→Yγ, etc) 
and new ideas/approaches to probe this sector at 

the LHC appear!
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SM Higgs boson production at the LHC
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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A Toroidal LHC ApparatuS

23

⇒ General purpose detector designed for the harsh LHC environment

ATLAS

Magnets 2T solenoid, 
3 air-core toroids

Tracking silicon + transition 
radiation tracker

EM Calorimetry sampling Liquid Argon
Hadron 

Calorimetry
plastic scintillator (barrel) 

Liquid Argon(endcap)
Muon independent system

with trigger capabilities
Trigger 3 Level Implementation 

from 40 MHz to 400 Hz



sensitive probes of new physics
‣ significant reduction of parameter space due to knowledge of MH

‣ predictions are more precise than the direct measurements
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Τhe Standard Model Higgs boson
Substantial progress made in understanding its nature

ATLAS-CMS Higgs boson mass combination; 0.19% precision 
• ATLAS measurement: 125.36 +0.37 (stat) +0.18 0.41-0.15 (syst) GeV 
• CMS measurement: 125.02 +0.26-0.27 (stat) +0.14-0.15 (syst) GeV

This was not unexpected, given the level of 
agreement of the SM predictions with the 

observed precision electroweak data
(even w/o knowledge of mH)

HVV (V=W,Z,γ) coupling 
probed via observed rates; 
SM rates agree with data

Precision at ~20-40%
Systematic uncertainties 

becoming important
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Overview of rate measurements
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H→ττ
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epT = 56 GeV, τhad pT = 27 GeV, MET=113 GeV, mj1,j2=1.53 TeV, 
mττMMC=129 GeV, BDT score = 0.99. S/B ratio of this bin 1.0

• Most promising for down-type fermion/lepton couplings
• Backgrounds

• Z → ττ dominant [embedding]
• “Fakes”: Multijet, W+jets, top [data-driven]
• “Other”: Dibosons/Η->WW* [MC]

• Three sub-channels: τlepτlep, τlepτhad, τhadτhad

• Two exclusive categories/final state: VBF (2 jets with 
large Δη) and Boosted (large di-tau pT)
• BDT for each category: di-tau properties (mττ, ΔRττ, ...), jet 
topology (mjj, Δηjj, ...), event activity/topology (scalar/vector 
pT sum, object centralities, ...)

e
τ 1-prong

VBF H→τlepτhad

arXiv:1501.04943
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H→ττ: Results

e
τ 1-prong
Evidence observed for Higgs 

boson decays to τ-leptons 
significance at 125 GeV

ATLAS: 4.5σ (3.4σ)
CMS: 3.2σ (3.5σ)

Rate measurement
ATLAS µ=1.43+0.27-0.26(stat) 

+0.32-0.25(syst) ± 0.09 (theo syst)
[ @ mH=125.36 GeV ]

CMS µ=0.78 ± 0.27
[ @ mH=125.00 GeV ]

27

arXiv:1501.04943

JHEP 1405 (2014) 104

mH=122±7 GeV
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H→ττ
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H→J/ψγ and H→Y(ns)γ
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Phys.Rev.Lett. 114 (2015) 12, 121801
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H→J/ψγ and H→Y(ns)γ
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Phys.Rev.Lett. 114 (2015) 12, 121801
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H→J/ψγ and H→Y(ns)γ
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Phys.Rev.Lett. 114 (2015) 12, 121801
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H→J/ψγ and H→Y(ns)γ
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BRSM
h!�� ⇡ 3 · 10�6

BRSM
h!⇢� ⇡ 1.9 · 10�5

BRSM
h!!� ⇡ 1.6 · 10�6
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Light-Quark Yukawa couplings
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This was also considered impossible for the LHC. Recent activity on its feasibility:
→ Exploit the exclusive decays H→Qγ as direct probe to the quark Yukawa couplings 
[ Phys.Rev.Lett. 114 (2015) 10, 101802 ]

→ Sensitive to BSM physics [Phys. Rev. D 80, 076002, Phys. Lett. B665 (2008) 79, Phys.Rev. D90 (2014) 115022]

implies real κ̄q, κV;γ, and κ̄qq0 ¼ κ̄"q0q. Note that κ̄q and κ̄qq0 are
normalized to the SM b-quark Yukawa coupling. The SM
limit corresponds to κγ ¼ κV ¼ 1, and κ̄s ¼ ms=mb ≃ 0.020,
κ̄d ¼ md=mb ≃ 1.0 × 10−3, κ̄u ¼ mu=mb ≃ 4.7 × 10−4.
The quark masses are evaluated at μ ¼ mh using NNLO
running in the M̄S scheme with low-energy inputs from
Ref. [14]. The κ̄qq0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.
Constraints from the current data.—In Ref. [7] the LHC

inclusive production rate was used to place an indirect
bound on the charm Yukawa coupling. Here, we adapt this
analysis to the other Yukawa couplings, κ̄i. The current
ATLAS [15], CMS [16], and Tevatron [17] Higgs measure-
ments are included (based on Tables 13 and 14 of Ref. [18]),
as are the indirect constraints from the LEP electroweak
precision measurements [19]. For simplicity, correlations
between the different measurements are neglected and
asymmetric uncertainties are symmetrized. The quark anti-
quark Higgs-fusion cross section is evaluated at next-to-
leading order in αs based on the bottom fusion cross section
obtained in Ref. [20] using MSTW parton distribution
functions [21]. Below, we check that our fit results are
stable against uncalculated higher-order corrections by
varying our production cross sections by 40%, the estimated
theoretical error at next-to-leading order [20]. The resulting
shifts in the bounds on the κ̄i are extremely small.
We begin with the flavor-conserving couplings. A naive

χ2 fit to the data that fixes all Higgs couplings to their SM
values, except for one of the up, down, or strange Yukawa
couplings at a time, leads to the 95% confidence level
(C.L.) bounds

jκ̄uj < 1.0; jκ̄dj < 0.9; jκ̄sj < 0.7: ð3Þ

If all of the Higgs couplings (including h → WW;
ZZ; γγ; gg; Zγ; bb̄ and ττ̄) are allowed to vary from their
SM values, we get the weaker 95% C.L. bounds

jκ̄uj < 1.3; jκ̄dj < 1.4; jκ̄sj < 1.4: ð4Þ

The 95% C.L. upper bounds obtained for the off-
diagonal couplings, when modifying only a single
Yukawa coupling at a time (or allowing for modification
of the other Higgs couplings as above), are

jκ̄qq0 j < 0.6ð1Þ; ð5Þ

for q; q0 ∈ u; d; s; c; b and q ≠ q0. The bounds are 10%–
20% stronger for couplings only involving sea quarks, as
their slightly smaller direct production cross section does
not compensate for the increased decay width.
Inclusive Higgs rate measurements cannot distinguish

between the individual κ̄qq0 . The weakest indirect bound
from low-energy observables is found to be jκ̄bsj<8×10−2

[22] (see also Refs. [23,24]). However, such bounds are
model dependent. For instance, if the Higgs boson is part of

a multiplet that approximately conserves the flavor sym-
metries, its contributions could be (partially) canceled by
other members of the multiplet. The latter could mostly
decay to light quarks or have reduced production rates, thus
remaining unobserved.
Flavor-conserving photonic decays.—We begin with

h → ϕγ. The decay amplitude receives two dominant
contributions, which we denote as direct and indirect;
see Fig. 1. The indirect contribution proceeds through
the hγγ coupling, followed by the fragmentation of γ" → ϕ.
In our analysis, we use the on-shell h → γγ amplitude (2).
The error due to this is small, Oðm2

ϕ=m
2
hÞ. Similarly, the

indirect contribution from h → γZ is neglected, because it
is suppressed by the off-shell Z. The direct amplitude
involves a hard h → ss̄γ vertex, where an intermediate
s-quark line with an off-shellnessQ2 ∼Oðm2

hÞ is integrated
out. Its evaluation is a straightforward application of QCD
factorization [25]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes. (The direct amplitude by itself yields
BRh→ϕγ ∼ 10−11 in the SM.) However, the interference
only involves the real part of the coupling, Reðκ̄sÞ. Working
in the limit of real κ̄s, the h → ϕγ decay amplitude is

Mϕ
ss ¼

Qse
2

ϵϕ × ϵγ
!
κ̄s
mb

v
fϕ⊥h1=uūi

ϕ
⊥ þ 4α

πv
κγAγ

fϕm2
h

mϕ

"
;

ð6Þ

where the first and second terms are the direct and indirect
contributions; fϕ⊥ and h1=uūiϕ⊥ are the decay constant and
inverse moment of the light-cone distribution amplitude
(LCDA) defined in Eq. (8), Qse ¼ −e=3 is the strange
quark electric charge, and εγ and εϕ are the γ and ϕ
polarization vectors. We have used the definition
hϕjJμEMð0Þj0i ¼ fϕmϕϵ

μ
ϕ for the ϕ decay constant fϕ,

where JμEM ¼
P

fQff̄γμf is the electromagnetic current.

Note that for CP-violating couplingsMϕ
ss is sensitive to the

phase between Aγ and κ̄γ .
The LCDA convolution integral is

h1=uūiϕ⊥ ¼
Z

1

0
du

ϕϕ
⊥ðuÞ

uð1 − uÞ
: ð7Þ

FIG. 1 (color online). Direct-amplitude diagram (left) and
indirect-amplitude diagram (right) contributing to h → ϕγ.
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The idea is to benefit from the interference of the “direct” and “indirect” amplitudes!

The leading twist chiral-odd LCDA ϕ⊥ðuÞ is defined
through the following matrix element of the transversely
polarized ϕ meson on the light-cone [26,27]:

hϕðp; ε⊥Þjs̄ðxÞσμνsð0Þj0i

¼ −ifϕ⊥
Z

1

0
dueiup×xðε⊥μpν − ε⊥νpμÞϕ

ϕ
⊥ðuÞ: ð8Þ

The partial decay width for h → ϕγ is

Γh→ϕγ ¼
1

8π
1

mh
jMϕ

ssj2; ð9Þ

where jϵϕ⊥ × ϵγj ¼ 1 for the two possible photon polar-
izations so that the two corresponding decay amplitudes are
equal in size. The decay widths for h → ργ and h → ωγ are
similarly given by

Γh→ργ¼
jMρ

dd−Mρ
uuj2

16πmh
; Γh→ωγ¼

jMω
ddþMω

uuj2

16πmh
; ð10Þ

where the amplitudes are obtained from Mϕ
ss via the

replacements s → u; d and ϕ → ρ;ω. For simplicity, we
have neglected ω − ϕ mixing.
In our numerical estimates the Gegenbauer polynomial

expansions of the ϕ⊥ are truncated at second order, yielding
h1=uūiϕ⊥¼6.84ð42Þ, h1=uūiρ⊥ ¼ 6.84ð36Þ, and h1=uūiω⊥ ¼
6.84ð72Þ, using the inputs from Ref. [28] and fixing
μ ¼ 1 GeV. The decay constants are fϕ¼0.235ð5ÞGeV,
fρ ¼ 0.216ð6Þ GeV, and fω ¼ 0.187ð10Þ GeV [28]. We
estimate the error on our LO calculation by varying the
renormalization scale for fϕ;ρ;ω⊥ in the range ½0.5; 10& GeV.
The variation is combined in quadrature with the errors
quoted in Ref. [28] to obtain fϕ⊥ ¼ 0.191ð28Þ GeV,
fρ⊥ ¼ 0.160ð25Þ GeV, fω⊥¼0.139ð27ÞGeV. Normalizing
to the h → bb̄ branching ratio gives

BRh→ϕγ

BRh→bb̄
¼
κγ½ð3.0'0.3Þκγ−0.78κ̄s&×10−6

0.57κ̄2b
;

BRh→ργ

BRh→bb̄
¼
κγ½ð1.9'0.2Þκγ−0.24κ̄u−0.12κ̄d&×10−5

0.57κ̄2b
;

BRh→ωγ

BRh→bb̄
¼
κγ½ð1.6'0.2Þκγ−0.59κ̄u−0.29κ̄d&×10−6

0.57κ̄2b
; ð11Þ

where we have neglected the smaller κ̄2s;d;u terms. When
calculating the theoretical error on the indirect amplitude,
we have added in quadrature an additional uncertainty
associated with the scale choice of the electromagnetic
coupling that appears. The SM BRh→bb̄ ¼ 0.57 is kept
explicit in the denominators. The numerators thus give the
h → ðϕ; ρ;ωÞγ branching ratios if the Higgs boson has the
SM total decay width. The expected deviation from the SM

h → ϕγ branching ratio is shown in Fig. 2, as a function of
κγ and κ̄s.
The coefficients multiplying κ̄s;d;u in Eq. (11) have a

relative error of Oð20%Þ. This means that for κ̄i ∼Oð1Þ,
deviations from the SM predictions for h → ðϕ; ρ;ωÞγ can
be significantly greater than the SM errors. The latter can be
systematically reduced through advances in lattice QCD
and measurements of the leptonic ϕ; ρ, and ω decays. The
BR predictions are relatively insensitive to other non-
perturbative QCD effects, e.g., power corrections. For
instance, h → gg → gq̄qγ yields a higher Fock state con-
tribution to h → ϕγ of OðfewÞ × 10−4 of the SM BR.
Finally, the electroweak amplitude due to a W or Z and a c
or s quark in the loop (the Higgs boson attaches to the
gauge boson) scales as OðαW=4πÞ ×Oðmϕ=mhÞ, yielding
Oð10−2Þ of the SM h → ϕγ branching ratio.
Flavor-violating photonic decays.—The radiative decays

h → Vγ, where V ¼ B(0
s ; B(0

d ; K(0; D(0 provide interesting
possibilities to probe the flavor-violating Higgs couplings
κ̄bs;sb, κ̄bd;db, κ̄sd;ds, and κ̄cu;uc. They only receive direct
amplitude contributions, since photon splitting preserves
flavor. The h → K(0γ rate is readily obtained from the
results of the previous section, yielding an Oð10−8Þ
branching ratio for κ̄ds ∼Oð1Þ, out of reach of planned
colliders. We thus focus on the decays to heavy mesons.
The essential difference with respect to the light mesons

is that the B(0
ðsÞ and D

(0 LCDA are heavily weighted toward
the b and c quarks (we treat the c quark as heavy,
mc ≫ ΛQCD). For h → B̄(0

s γ, the dominant leading power
contribution, in a general Rξ gauge, due to photon emission
from the intermediate s quark, is

Γh→B̄(0
s γ¼

1

8π
1

mh

!
fBs

mBs

2

mb

v
Qse0
λBðμÞ

"
2 jκ̄bsj2þ jκ̄sbj2

2
: ð12Þ

heavy quark effective theory sum rule estimates of the
inverse moment of the B meson LCDA yield λBðμÞ ¼
ð460' 110Þ MeV for μ ¼ 1 GeV [29] (see also Ref. [30]).
Note that λB can be determined from B → lνγ. Present
limits, including NLO radiative corrections, yield a result
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FIG. 2 (color online). The expected deviation in the branching
ratio h → ϕγ relative to its SM value as a function of κγ and κ̄s.
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The leading twist chiral-odd LCDA ϕ⊥ðuÞ is defined
through the following matrix element of the transversely
polarized ϕ meson on the light-cone [26,27]:

hϕðp; ε⊥Þjs̄ðxÞσμνsð0Þj0i

¼ −ifϕ⊥
Z

1

0
dueiup×xðε⊥μpν − ε⊥νpμÞϕ

ϕ
⊥ðuÞ: ð8Þ

The partial decay width for h → ϕγ is

Γh→ϕγ ¼
1

8π
1

mh
jMϕ

ssj2; ð9Þ

where jϵϕ⊥ × ϵγj ¼ 1 for the two possible photon polar-
izations so that the two corresponding decay amplitudes are
equal in size. The decay widths for h → ργ and h → ωγ are
similarly given by
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16πmh
; Γh→ωγ¼

jMω
ddþMω

uuj2

16πmh
; ð10Þ

where the amplitudes are obtained from Mϕ
ss via the
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LHC/HL-LHC Plan
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LHC upgrade timescale

• HL-LHC upgrade proposed
� Goal to collect 3000 fb�1 by 2035

• Corresponding proposals for upgrades of the LHC experiments

� Central feature of ATLAS upgrade programme a new, all silicon tracking system

36 of 39

today

• Run II will provide ×5-6 more integrated luminosity compared to Run I
• Aiming for 3000 fb-1 by 2035

• Experiments will be upgraded ATLAS to go for an new all Si tracker

Run III HL-LHCRun IIRun I
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Higgs in Run II and beyond

35

The LHC is a Higgs Factory Production cross section 
(mH=125 GeV)

17.4 pb @ 7 TeV
22.1 pb @ 8 TeV

57.02 pb @ 14 TeV

• Run II ×5-6 more integrated luminosity compared to Run I
• ×2.3 - 3.9 increase in Higgs production cross section from 8TeV to 13TeV
• ×3.4-5 improvement in statistical sensitivity
In Run II several Higgs analysis may become systematics limited

need to work on reducing those

Several open topics in the Higgs 
sector for future studies:

- Rare decays & Couplings 
- CP studies

- BSM Higgs boson searches  
- Higgs boson pair production

ATL-PHYS-PUB-2013-014

ATL-PHYS-PUB-2013-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
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H→ZZ(*)→4l: Fiducial/Differential cross sections
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the estimated unfolded signal yield into a fiducial cross section. This uncertainty is derived following
the same methodology as that detailed in Ref. [59] from a preliminary calibration of the luminosity scale
derived from beam-separation scans performed in November 2012.

Systematic uncertainties on the data-driven estimate of the reducible backgrounds are assigned both
to the normalization and the shapes of the distributions by varying the estimation methods [14].

The systematic uncertainties on the lepton trigger, reconstruction and identification e�ciencies [60,
61] are fully correlated between and propagated to the signal correction factors and the ZZ⇤ background.
For the correction factors, systematic uncertainties are assigned due to di↵erences in the jet resolution and
energy scales between simulation and data. The largest systematic uncertainty is due to the uncertainty
in the jet flavour composition [56, 62, 63]. Systematic uncertainties due to the modelling of QED final
state radiation are found to be negligible with respect to the total uncertainty.

The uncertainties on the correction factors due to PDF choice as well as QCD renormalization and
factorization scale variations are evaluated with Powheg signal samples using the procedure described
in Ref. [14]. A similar procedure is followed for most variables for the irreducible ZZ background.
For the jet-related observables an uncertainty is derived instead by comparing data and predicted ZZ
distributions for m4` > 190 GeV, after normalizing the MC estimate to the observed data yield: The
systematic uncertainty is evaluated as the larger of the data-MC di↵erence and the statistical uncertainty
on the data. This systematic uncertainty accounts for both theory and experimental uncertainties in the
modelling of the ZZ jet distributions.

The correction factors Ci are calculated assuming the predicted relative cross sections of the di↵erent
Higgs production modes. The corresponding systematic uncertainty is evaluated by varying these pre-
dictions within the current experimental bounds [13]: The VBF and VH fractions are varied by factors
of 0.5 and 2 with respect to the SM prediction, the tt̄H fraction is varied by factors of 0 and 5.

The experimental uncertainty on mH [10] has been propagated to the correction factors by studying
their dependence on the Higgs boson mass.

The systematic uncertainties on the theoretical predictions include the PDF and QCD scale choices
as well as the uncertainty on the H ! ZZ branching fraction [54]. The procedure described in Ref. [64]
is used to evaluate the scale uncertainties in the njets distribution.

The upper edges of the uncertainty ranges in Table 1 are in most cases due to the highest bins in
the njets and pjet

T distributions. For all variables and bins the resulting cross section measurements are
dominated by statistical uncertainties.

8 Results

The inclusive cross section in the fiducial region described above is

�fid
tot = 2.11+0.53

�0.47(stat)+0.08
�0.08(syst) fb.

The SM-based theoretical prediction from Ref. [54] for a Higgs boson mass of 125.4 GeV is 1.30±0.13 fb.
The di↵erential cross sections for pT,H , yH , m34, | cos ✓⇤|, njets, and pjet

T are shown in Fig. 2. The results
are dominated by statistical uncertainties. Powheg, Minlo and HRes2 calculations of ggF, added to VBF,
ZH/WH and tt̄H (see Sec. 2), are overlaid. The HRes2 calculation was developed for modelling the
Higgs kinematic variables and is only used for pT,H and yH . The theoretical calculations are normalized
to the most precise SM inclusive cross section predictions currently available [54].

The p-values quantifying the compatibility between data and predictions, computed with the method
described in Sec. 6, are shown in Table 2. No significant discrepancy with any of the SM-based theoret-
ical predictions is observed.
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First result/statistics limited →No large surprise

fiducial cross-section

6 differential cross sections

Procedure (120<m4l<130 GeV):
- expected background subtracted from 
observed events in bins of interesting 
variable
- bin-by-bin unfolding 

pTH |yH|

njets pTjets
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ATLAS-CONF-2014-010The properties of the observed Higgs boson already constraint BSM contributions

Additional EW singlet field
Simplest extension of SM Higgs sector
Results in two CP-even Higgs bosons: h, H 
(assumed non degenerate)
Couplings similar to SM Higgs boson, but each scaled by 
common factor, denoted as κ (κ’) for h(H). 
From unitarity: κ2+κ‘2=1

4 MINIMAL COMPOSITE HIGGS MODEL 4

The production and decay rates are modified from their SM expectations accordingly. For example,
assuming the narrow-width approximation [23,24], the rate for the process gg! h! ZZ⇤ ! 4` relative
to the SM prediction can be parametrized as [25]:

µ = �⇥BR
(�⇥BR)SM

=
2g ·2Z
2h
. (4)

Here g is the scale factor for the loop-induced coupling to the gluon through the top and bottom
quarks, where both the top and bottom couplings are scaled by  f , and Z is the coupling scale factor
for the Z boson. The scale factor for the total width of the Higgs boson, 2h, is calculated as a squared
e↵ective coupling scale factor. It is defined as the sum of squared coupling scale factors for all decay
modes, 2i , each weighted by the corresponding SM branching ratio:

2h =
X

i

2i BRi, (5)

where the summation is taken over all decay modes. The production and decay modes are assumed to be
the same as those in the SM. Production or decays through loops are resolved in terms of the contributing
particles in the loops, assuming the same mixture of contributions as in the SM. For example, the W
boson provides the dominant contribution, followed by the top quark, to the h! �� decay, such that the
e↵ective coupling scale factor � at mh = 125.5 GeV is given by:

2� ⇠ |1.26W � 0.26t|2, (6)

where the negative interference between the W and top loops, as well as the contributions from other
particles in the loops, are accounted for.

Combined fits to the measured rates are performed with the mass scaling factor ✏ and the vacuum
expectation value parameter M as the two parameters of interest. Figure 1 shows the two-dimensional
likelihood scan as a function of ✏ and M. The best-fit point is compatible with the expectation for the
SM Higgs boson within approximately 1.5�. The extracted value of ✏ is close to 0, indicating that the
measured couplings to fermions and vector bosons are consistent with the linear and quadratic mass
dependence, respectively, predicted in the SM. The best-fit value for M is less than v ⇡ 246 GeV since
the measured overall signal strength µh is greater than 1.

4 Minimal Composite Higgs Model

Minimal Composite Higgs Models (MCHM) [26–28] represent another possible explanation for the
scalar naturalness problem, wherein the Higgs boson is a composite, pseudo-Nambu-Goldstone bo-
son rather than an elementary particle. In such cases, the Higgs boson couplings to vector bosons and
fermions are modified with respect to their SM expectations as a function of the Higgs boson compos-
iteness scale, f . It is assumed here that corrections due to new heavy resonances such as vector-like
quarks [29] are sub-dominant.

In the MCHM4 model [26], the ratio of the predicted couplings to their SM expectations can be
written in the particularly simple form:

 = V = F =
p

1 � ⇠, (7)

where ⇠ = v2/ f 2 is a scaling parameter such that the SM is recovered in the limit ⇠ ! 0, namely f ! 1.
The combined signal strength, µh, and equivalent coupling scale factor,  = pµh, measured using the
combination of all considered channels are listed in Model 1 of Table 1. The experimental measurements
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Figure 1: Two-dimensional likelihood scan of the mass scaling factor, ✏, and the vacuum expectation
value parameter, M. The likelihood contours where �2 ln⇤ = 2.3 and �2 ln⇤ = 6.0, corresponding
approximately to 68% CL (1�) and 95% CL (2�) respectively, are shown for both the data and the
prediction for a SM Higgs boson. The best fit to the data and the SM expectation are indicated as ⇥ and
+ respectively.

are interpreted in the MCHM4 scenario by rescaling the rates in di↵erent production and decay modes
as functions of the couplings  = V = F , assuming the same production and decay modes as in the SM.
The couplings are in turn expressed as functions of ⇠ using Eq. 7.

The MCHM4 model contains a physical boundary ⇠ � 0, with the SM Higgs boson corresponding to
⇠ = 0. Ignoring this boundary, the scaling parameter is measured to be ⇠ = 1�µh = �0.30+0.17

�0.18, while the
expectation assuming the SM Higgs boson is 0.00+0.15

�0.17. The best-fit value observed for ⇠ is negative since
µh >1 is measured. The statistical and systematic uncertainties are of similar size. Accounting for the
lower boundary produces an observed (expected) 95% CL upper limit of ⇠ < 0.12 (0.29), corresponding
to a Higgs boson compositeness scale of f >710 GeV (460 GeV). The observed limit is stronger than
expected since µh >1 is measured.

Similarly, in the MCHM5 model [27,28] the measured rates are expressed in terms of ⇠ by rewriting
the couplings as:

V =
p

1 � ⇠

F =
1�2⇠p

1�⇠
.

(8)

The measurements of V and F are given in Model 2 of Table 1. As with the MCHM4 model, the
MCHM5 model contains the physical boundary ⇠ � 0, with the SM Higgs boson corresponding to ⇠ = 0.
Ignoring this boundary, the composite Higgs boson scaling parameter is determined to be ⇠ = �0.08+0.11

�0.16,
while 0.00+0.11

�0.13 is expected assuming the SM Higgs boson. As above, the best-fit value for ⇠ is negative
since µh >1 is measured. Accounting for the boundary produces an observed (expected) 95% CL upper
limit of ⇠ < 0.15 (0.20), corresponding to a Higgs boson compositeness scale of f >640 GeV (550 GeV).
Figure 2 shows the two-dimensional likelihood for vector boson (V ) and fermion (F) coupling measure-
ments in the (V , F) plane, overlaid with predictions as parametric functions of ⇠ for the MCHM4 and
MCHM5 models. A secondary minimum in the likelihood exists at F < 0 due primarily to the large
measured h! �� rate [13].

Minimal Composite Higgs Model
Higgs is pseudo Nambu-Goldstone boson
Neglecting contributions from new heavy resonances the 
Higgs couplings modified wrt SM as a function of 
compositeness scale:

MCHM4:

MCHM5:

f>710 (460) GeV at 95%CL

f>640 (550) GeV at 95%CL
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those of a SM Higgs boson with equal mass by the branching ratio of all new decay modes, BRH,new, as:

�H = 02 ⇥ �H,SM

�H =
02

1 � BRH,new
⇥ �H,SM

BRH,i = (1 � BRH,new) ⇥ BRH,SM,i.

(11)

Here �H,SM, �H,SM, and BRH,SM,i denote the cross section, total width, and branching ratio for a given
decay mode (indexed i) predicted for a SM Higgs boson with mass mH .

Consequently the overall signal strength, namely the ratio of production and decay rates in the mea-
sured channels relative to the expectations for a SM Higgs boson with corresponding mass, is given by:

µh =
�h ⇥ BRh

(�h ⇥ BRh)SM
= 2

µH =
�H ⇥ BRH

(�H ⇥ BRH)SM
= 02

�
1 � BRH,new

�
(12)

for h and H respectively, assuming the narrow-width approximation.
Combining Eqs. 9 and 12, the squared coupling of the heavy Higgs boson can be expressed in terms

of the signal strength of the light Higgs boson as:

02 = 1 � µh. (13)

The signal strength of the light Higgs boson, measured using the combination of all considered
channels, is given in Model 1 of Table 1. The EW singlet model contains the physical boundary 02 � 0,
with the SM corresponding to 02 = 0. Ignoring this boundary, the squared coupling of the heavy Higgs
boson is measured to be 02 = 1 � µh = �0.30+0.17

�0.18, where the best-fit value is approximately 1.5� below
the physical boundary. The expectation is 0.00+0.15

�0.17.
Accounting for the lower boundary yields an observed (expected) 95% CL upper limit of 02 < 0.12

(0.29). From Eqs. 12, this corresponds to the maximum signal strength for contamination of a heavy
Higgs boson into the light Higgs boson signal. Figure 3 shows the limits in the (µH ,BRH,new) plane of
the heavy Higgs boson. Contours of the scale factor for the total width, �H/�H,SM, and 02, based on
Eqs. 11 and 12, are also illustrated.

6 Two-Higgs-Doublet Model

Another simple extension of the SM Higgs sector is a class of models termed “Two-Higgs-Doublet
Models” (2HDMs) [25, 36–38], in which the SM Higgs sector is extended by an additional doublet.
A concrete example of this model is realized in the Minimal Supersymmetric Standard Model since
supersymmetry requires a second Higgs doublet, one coupling only to up-type quarks and the other only
to down-type quarks and leptons.

2HDMs predict the existence of five Higgs bosons: two neutral CP-even bosons h and H, one neutral
CP-odd boson A, and two charged bosons H±. The most general 2HDMs predict CP-violating Higgs
boson couplings as well as tree-level flavor changing neutral currents. Since the latter are strongly
constrained by existing data, the models considered have additional requirements imposed, such as the
Glashow-Weinberg condition [39, 40], in order to evade existing experimental bounds.
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Several open topics in the Higgs sector for future studies:
- Rare decays & Couplings - CP studies

- BSM Higgs boson searches  - Higgs boson pair production
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