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Table 15: Fit results for the parameterisation assuming the absence of BSM particles in the loops, BRBSM = 0, and
 j � 0. The measured results with their measured and expected uncertainties are reported for the combination of
ATLAS and CMS, together with the measured results with their uncertainties for each experiment. The uncertainties
are not indicated when the parameters are constrained and hit a boundary, namely  j = 0.

Parameter ATLAS+CMS ATLAS+CMS ATLAS CMS
 j � 0 Measured Expected uncertainty Measured Measured
Z 1.00+0.10

�0.11
+0.10
�0.10 0.98+0.14

�0.14 1.04+0.15
�0.16

W 0.91+0.09
�0.09

+0.09
�0.09 0.91+0.12

�0.13 0.92+0.14
�0.14

t 0.89+0.15
�0.13

+0.14
�0.13 0.98+0.21

�0.18 0.78+0.20
�0.16

⌧ 0.90+0.14
�0.13

+0.15
�0.14 0.99+0.20

�0.18 0.83+0.20
�0.18

b 0.67+0.22
�0.20

+0.23
�0.22 0.65+0.29

�0.30 0.71+0.34
�0.29

µ 0.2+1.2
�0.2

+0.9
�1.0 0.0+1.4 0.5+1.4
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Figure 18: Fit results for the combination of ATLAS and CMS in the case of the parameterisation with reduced
coupling modifiers yV , i =

q
V , i

gV , i

2v =
p
V , i

mV , i

v for the weak vector bosons, and yF, i = F, i
gF, ip

2
= F, i

mF, i

v for
the fermions, as a function of the particle mass. The dashed line indicates the predicted dependence on the particle
mass for the SM Higgs boson.
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Charm Yukawa

1. Inclusive
h→J/ψ+γh→cc

2. Exclusive



Inclusive
h→cc
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recasting h→bb analysis
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b-tagging to study H→bb

B-meson is long-lived ~440μm/c
fly in the detector

Secondary Vertex: 
b-jet is distinguished from other jets

D-meson, also long-lived 
                      ~120-310μm/c

main issue: Mistag

c-jet 4-40%, 
light jet: O(0.1-1)%



Vh (Associate) production

2 b-tags required

W/Z reconstructed
0,1, 2 lep
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some fairly high scale, were “unitarity” or the SM weakly
coupled description would breakdown. This is somewhat
similar to what was the status of the EW gauge sector
prior to the first run of the LHC. The unitarity bound
for the light quarks assuming no coupling to the Higgs
(see e.g. [5–7]) is:

p
s . 8⇡v2

mb,c,s,d,u

p
6
⇡ 2·102, 1·103, 1·104, 2·105, 5·105 TeV,

these bounds are weak enough as to make the question
regarding the nature of light quark masses a potentially
fundamentally interesting question. The third argument,
following probably an opposite reasoning, is that with
new physics it is actually pretty easy to obtain an en-
hancement in the Higgs-light quark interaction strength.
Furthermore, as the Higgs is rather light its only open
decay channels are to particles that very weakly interact
with it. The dominant decay mode of the Higgs is to bot-
tom pair, with the bottom Yukawa coupling is O(0.02).
Any deformation of the Higgs couplings to the lighter
SM particles, say the charm quarks (for possibly relevant
discussions see [8–16]), could in principle compete with
the Higgs-bottom coupling and would lead to a dramatic
change of the Higgs phenomenology at collider [17].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at future colliders as follows. On the
theoretical frontier, it was demonstrated in [17] that us-
ing inclusive charm-tagging would enable the LHC ex-
periments to search for the decay of the Higgs into pair
of charm jets. Furthermore in [18] it was shown that
the charm-Higgs coupling could be probed by looking at
exclusive decay modes involving a c � c̄ meson and a
photon. A similar mechanism, based on exclusive final
state with light quark states and vector bosons (photon
as well as EW ones) was shown to yield a potential access
to the light quark-Higgs couplings in [19] (see also [20]
for study of exclusive EW gauge boson decays). On the
experimental frontier in the last year or so ATLAS has
published two papers on SUSY searches which are based
on charm-tagging to identify stop to charm final state,
in a compressed scenario [21] and scharm to charm de-
cay model in non-degenerate-squarks SUSY models [22].
Furthermore on the exclusive frontier in [23] ATLAS has
searched for Higgs and Z Boson Decays to charmonia
and a photon final states. The above works provide a
proof of principle that in the future we may be able to
test the Higgs mechanism of mass generation even for
the light quarks. In the following we introduce four dif-
ferent type of data-driven analyses with di↵erent level
of robustness that constrain the size of the Higgs-charm
Yukawa couplings, c, (measured in units of the Standard
Model (SM) charm Yukawa). This should be considered
as a first (baby) step towards improving our informa-
tion regarding the origin of masses of the light quarks,
in the near future (and as is discussed in a companion

paper [24]) the methods described below are expected
to yield significantly better bounds on the corresponding
Yukawa couplings. One direct implications of our analy-
ses is the establishment of the fact that the Higgs couple
to the quarks in a non-universal manner.
Direct bound via recast of V h(bb̄): We recast the,

vector associated higgs, V h, production analysis that
search for bottom final states. We use this mode to
directly and model independently constrain the Higgs
to charm coupling. The ATLAS and CMS experiments
have studied a Higgs decay into bb̄ associated with a
W/Z gauge boson. Due to the rough similarities between
charm jets and bottom ones, jets originating from charm
quark are often mis-tagged as b-jets. Thus, we can recast
the analysis of h ! bb̄ to study and constrain the h ! cc̄
rate. Allowing the Higgs to charm coupling to float freely,
the signal strength should be modified according to

µb ! � · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2
(4)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc (5)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originating
from bottom and charm quark, respectively. µc is nor-
malized to be 1 in a case of the SM, and BrSMc /BrSMb '
5%.
We note that a single working point for b-tagging and

contamination form charm jets, defined via ✏b1,2 , ✏c1,2 ,
only constraints a linear combination of µb and µc

and thus leading to a flat direction in the µb � µc

plane. In order to break this degeneracy, at least
two tagging point/criteria with di↵erent ratios, ✏c/b ⌘
(✏c1✏c2)/(✏b1✏b2) should be adopted. Both ATLAS and
CMS have di↵erent tagging working points and thus com-
bining their information allow us to constrain µc. The
tagging e�cient used in our recast are given Table . Us-
ing them for two b-tags, the ATLAS [25] has two criteria
which have high rejection rate of c-jet, and the CMS [26]
has four criteria which has high acceptance of of c-jet.
The tagging e�ciencies have pjetT dependence, while ra-

tio of e�ciencies, such as ✏c/b, is less sensitive to pjetT .
Therefore, we assume constant e�ciencies over the dif-
ferent analyses bins. We utilize existing analyses based
on 5 fb�1 at 7 TeV and 20 fb�1 8 TeV, as summarized
in Table . We take all the bins except for ones with
S/B < 0.025.

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. CMS has CSV scheme [27] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

⇒ bottom Yukawa
ATLAS [arXiv:1409.6212]  CMS [arXiv:1310.3687] 

µb =
SV H
obs

SV H
exp

=
L · � · Brb · ✏b1✏b2 · ✏

L · �SM · BrSM
b · ✏b1✏b2 · ✏

=
� · Brb

�SM · BrSM
b

SV H = L · � · Brb · ✏b1✏b2 · ✏
Signal strength

µATLAS
b = 0.52± 0.32± 0.24 µCMS

b = 1.0± 0.5

h  

W*/Z*

l

l

Tagging Efficiency of b-jet

 ̄b

b

Number of Signal

http://arxiv.org/abs/1409.6212
http://arxiv.org/abs/1409.6212
http://arxiv.org/abs/1310.3687
http://arxiv.org/abs/1310.3687


What if H→cc is enhanced?

� · Brb · ✏b1✏b2 + � · Brc · ✏c1✏c2
�SM · BrSM

b · ✏b1✏b2

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc

µb + (0.05 ✏c/b)µc

Large       , more sensitive to μc

but only constrain a combination (degeneracy)
✏c/b

Need very different working points ✏c/b

µb =
SV H
obs

SV H
exp

=
L · � · Brb · ✏b1✏b2 · ✏

L · �SM · BrSM
b · ✏b1✏b2 · ✏

=
� · Brb

�SM · BrSM
b

✏c/b ⌘
✏c1✏c2
✏b1✏b2

BrSM(h ! cc̄) = 2.9%

BrSM(h ! bb̄) = 58%
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Collect info from ATLAS, use S/B>2.5%
ATLAS [arXiv:1409.6212] 
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Collect info from CMS, use S/B>2.5%

Please provide table or keep good resolution...

CMS [arXiv:1310.3687]  Phys.Rev. D89 (2014) 012003
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Disentangle degeneracy

ATLAS&CMS have different working pointsµb + (0.05 ✏c/b)µc

Statistics and b-tagging

Kohsaku Tobioka

December 10, 2014

The basic formula of Higgs signal in bb channel is roughly given by

N = �

pp!h

⇥ Br(h ! bb)⇥ L⇥ ✏

0

⇥ ✏

2

b

(1)

where

�

pp!h

: Higgs boson production,

Br(h ! bb) : Branching ratio of decay into bb,

L : Integrated Luminosity,

✏

0

: E�ciency except for b-tag e�ciency

✏

b,c

: b or c-tag e�ciency. (2)

In this channel, two b-tags are required and then there is ✏

2

b

. We give important theoretical and
experimental values (arXiv:1409.6212, arXiv:1310.3687),

BrSM (h ! bb) = 0.57,

BrSM (h ! cc) = 0.028,

µ

ATLAS

bb

= 0.52± 0.32± 0.24,

µ

CMS

bb

= 1.0± 0.5 , (3)

where m

h

= 125.5 GeV is assumed.
We give an expression of its signal strength,

N

obs

N

SM

=
�

SM

pp!h

⇥ [Br(h ! bb)⇥ ✏

2

b

+ Br(h ! cc)⇥ ✏

2

c

]⇥ L⇥ ✏

0

�

SM

pp!h

⇥ [BrSM (h ! bb)⇥ ✏

2

b

+ BrSM (h ! cc)⇥ ✏

2

c

]⇥ L⇥ ✏

0

(4)

In the following, the second term of the denominator is neglected because is highly suppressed.

1 Statictics

In our analysis, we use Likelihood function based on Poisson probability. Recall Poisson distribution is

P

poiss

(k
i

,�

i

) =
e

��i
�

ki
i

k

i

!
(5)

where x

i

is data and �

i

is expectation in ith measurement (or bin). Then the likelihood function is

L(µ) =
Y

i

P

poiss

(k
i

, N

BG

SM,i

+ µN

signal

SM,i

). (6)

1

1st Tag 2nd Tag ✏c/b
(a)ATLAS Med Med 8.2⇥10

�2

(b)ATLAS Tight Tight 5.9⇥10

�3

(c)CMS Med1 Med1 0.18

(d)CMS Med2 Loose 0.19

(e)CMS Med1 Loose 0.23

(f)CMS Med3 Loose 0.16
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2

c

]⇥ L⇥ ✏

0

�

SM

pp!h

⇥ [BrSM (h ! bb)⇥ ✏

2

b

+ BrSM (h ! cc)⇥ ✏

2

c

]⇥ L⇥ ✏

0

(4)

In the following, the second term of the denominator is neglected because is highly suppressed.

1 Statictics

In our analysis, we use Likelihood function based on Poisson probability. Recall Poisson distribution is

P

poiss

(k
i

,�

i

) =
e

��i
�

ki
i

k

i

!
(5)

where x

i

is data and �

i

is expectation in ith measurement (or bin). Then the likelihood function is

L(µ) =
Y

i

P

poiss

(k
i

, N

BG

SM,i

+ µN

signal

SM,i

). (6)

1

1st Tag 2nd Tag ✏c/b
(a)ATLAS Med Med 8.2⇥10

�2

(b)ATLAS Tight Tight 5.9⇥10

�3

(c)CMS Med1 Med1 0.18

(d)CMS Med2 Loose 0.19

(e)CMS Med1 Loose 0.23

(f)CMS Med3 Loose 0.16

✏c/b = 16–23%
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Disentangle degeneracy

ATLAS&CMS have different working pointsµb + (0.05 ✏c/b)µc

First bound on signal strength!
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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

1σ band

✏c/b = 16–23%
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New Production by large Yukawa

At large coupling                       ~100
switch on new production 
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V H enhancement at LHC8

100 < pT (W )/GeV < 130

130 < pT (W )/GeV < 180

180 < pT (W )/GeV

100 < MET(Z��)/GeV < 130

130 < MET(Z��)/GeV < 170

170 < MET(Z��)/GeV

100 < pT (Z��)/GeV < 130

170 < pT (Z��)/GeV

Figure 1: Modification of V W production at LO in mg5 using the cuts of the CMS
analysis [2] for the W ! `⌫, Z ! `` and Z ! ⌫⌫ samples.

We see that the point at which the additional production is as large as the SM production
does depend on the pT (W ) cut. It is as low as cc ' 60 for the very boosted W ’s and
cc ' 115 for W ’s of low boost. Whether and how we want ZH modifications is given for
both Z ! `` and A ! ⌫⌫ decays.The modification in terms of center-of-mass energy is
presented in Fig. 2.

2 VBF enhancement

In Fig. 3 we show the modification of VBF production. We do not decay or apply any
cut on the Higgs, just the VBF cuts on the two jets. In Figs. 4 we should distributions
of the jets.
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(1- and 2-lep channels)
Thanks for ATLAS for providing tables!

Δμb~0.5 @ATLAS 8TeV

1.More Statistics

2. New Technology: Charm tagging

Med: 70,  20,  1.25 (%) 

13,  19,  0.5C-tag:

✏light✏b ✏c

Scharm study[arXiv:1501.01325]
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Figure 3: Dependence of the tagging e�ciencies on the jet transverse momentum (left) or pseudora-
pidity (right) for b-, c-, and light-flavour jets for the JetFitterCharm medium (top) and loose (bottom)
operating points. The medium and loose operating points were chosen to give an average c-tagging ef-
ficiency of ⇡ 20% and ⇡ 95%. The jets are from tt̄ simulated events generated with Powheg+Pythia6.

Figure 4: JetFitterCharm light-jet rejection versus c-tagging e�ciency, where the b-rejection (1/✏
b

) is
held fixed (left). Bottom rejection versus light rejection for constant charm-tagging e�ciency (right).
JetFitterCharm operating points select jets above a pair of thresholds in a 2-dimensional discriminant
plane, thus for any c-tagging e�ciency a range of b and light rejections are possible.
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Better sensitivity of Vh→bb
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More data and charm-tagging to disentangle μc
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Inclusive channel at Future LHC
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Δμc~100

68%CL

Inclusive channel at Future LHC

(%) 13,  19,  0.5C-tag:
✏light✏b ✏c

Δμc=15  (2x300fb-1)
      =5.6 (2x3000fb-1)

✏c/b ⇠2.13

More data and charm-tagging to disentangle μc

Run I
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Δμc~100

Inclusive channel at Future LHC

(%) 20,  30,  0.5C-tag:
✏light✏b ✏c

68%CL

Δμc=10  (2x300fb-1)
      =3.7 (2x3000fb-1)

Thanks to IBL ✏c/b ⇠2.25

More data and charm-tagging to disentangle μc

Run I
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Δμc~100

Inclusive channel at Future LHC

Based on ATLAS preliminary study

(%)  5,   20,  0.5C-tag:
✏light✏b ✏c

Thanks to IBL ✏c/b ⇠ 16!
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More data and charm-tagging to disentangle μc

Run I



-60 -40 -20 0 20 40 60
0.0

0.5

1.0

1.5

2.0

mc

mb

LHC run II and HL-LHC Prospects HUncorrelatedL
1 and 2 lepton Hc–tagging II and b-taggingL

3000fb-1+3000fb-1
300fb-1+300fb-1

ec
Ctag=0.20, eb

Ctag=
1
20
, euCtag=

1
215

95%

68.3%
95%

68.3%

-200 -100 0 100 200 300 400 500

-2

-1

0

1

2

3

mc

mb

5fb-1H7TeVL+20fb-1H8TeVL
Stat.+Monte Carlo Error

95%
68.3%

HaL

HbL
HcLHeL HfL

24

Δμc~100

Inclusive channel at Future LHC

68%CL

Δμc=2.8 (2x3000fb-1)

Based on ATLAS preliminary study

(%)  5,   20,  0.5C-tag:
✏light✏b ✏c

Thanks to IBL ✏c/b ⇠ 16!

More data and charm-tagging to disentangle μc

Run I
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4

tive to the overall three-body invariant mass resolution.
Similarly, the systematic uncertainty associated with the
muon momentum measurement is determined using data
samples of J/ ! µ+µ� and Z ! µ+µ� decays and
validated using ⌥(nS) ! µ+µ� decays [43]. For the
pT range relevant to this analysis, the systematic uncer-
tainties associated with the muon momentum scale are
negligible.

The uncertainty in the shape of the inclusive QCD
background is estimated through the study of variations
in the background modeling procedure. The shape of
the pdf is allowed to vary around the nominal shape
within an envelope associated with shifts in the pµµT and
p�T distributions. Furthermore, a separate background
model, generated without removing the contamination

from Z ! µ+µ�� decays, provides an upper bound on
potential mismodeling associated with this process.
Results are extracted by means of a simultaneous

unbinned maximum likelihood fit, performed to the
selected events with 30 GeV < mµµ� < 230 GeV
seperately in each of the analysis categories. In the
J/ � final state, the fit is performed on the mµµ� and
pµµ�
T distributions, while for the ⌥(nS) � candidates

a similar fit is performed using the mµµ� , pµµ�
T , and

mµµ distributions. The latter distribution provides
discrimination between the three ⌥(nS) states and
constrains the Z ! µ+µ�� background normalization.
No significant Z ! Q � or H ! Q � signals are observed,
as shown in Figs. 1 and 2.
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FIG. 1. (color online) The mµµ� and pµµ�T distributions of the selected J/ � candidates, along with the results of the maximum
likelihood fit to the signal and background model (S+B fit). The Higgs and Z boson contributions as expected for branching
fraction values of 10�3 and 10�6, respectively, are also shown.
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FIG. 2. (color online) The mµµ� , mµµ and pµµ�T distributions of the selected ⌥(nS) � candidates, along with the results of the
maximum likelihood fit to the signal and background model (S+B fit). The Higgs and Z boson contributions as expected for
branching fraction values of 10�3 and 10�6, respectively, for each of the ⌥(nS) are also shown.
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Exclusive J/ψ+γ channel

Bodwin, Chung, Ee, Lee, Petriello (’14)

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

3

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

3

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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11

across the di↵erent runs. If future findings indicate that the e�ciencies di↵er from each other, then the corresponding
modification to Eq. (16) can be absorbed by an appropriate rescaling of R

E

. The rate for Higgs production is
characterised by a harder physical scale than the one of the corresponding QCD background. Consequently, colliders
with larger center of mass are expected to have a larger signal to background ratio, i.e., R

E

& 1 .
The expected upper bound on the signal strength in Eq. (15) can be easily interpreted as a bound on the Higgs

couplings using Eq. (12). For pp colliders with a center-of-mass energy of 14TeV and 100TeV, assuming µ
ZZ

⇤ =

�

= 
V

= 1 and SM Higgs production, we find that the expected reach at 95% CL is

11 � 80

✓
1

R14

2 ⇥ 300 fb�1

L14

◆1/4

<
c

< 11 + 80

✓
1

R14

2 ⇥ 300 fb�1

L14

◆1/4

, (17)

11 � 45

✓
1

R14

2 ⇥ 3000 fb�1

L14

◆1/4

<
c

< 11 + 45

✓
1

R14

2 ⇥ 3000 fb�1

L14

◆1/4

, (18)

11 � 40

✓
1

R100

2 ⇥ 300 fb�1

L100

◆1/4

<
c

< 11 + 40

✓
1

R100

2 ⇥ 300 fb�1

L100

◆1/4

, (19)

11 � 22

✓
1

R100

2 ⇥ 3000 fb�1

L100

◆1/4

<
c

< 11 + 22

✓
1

R100

2 ⇥ 3000 fb�1

L100

◆1/4

. (20)

Here, we used �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [33], L8 = 19.2 fb�1 and µ95

J/ ,8 = 515 [32]. These bounds may be

compared to the current bound of 
c

. 220 [22]. We see that the projected bounds depend only weakly on the
integrated luminosity and on R

E

. The corresponding expected upper bound on the branching ratio is BR
J/ ,14(100) <

2.4 (0.60) ⇥ 10�4, where we assume SM production and L14(100) = 300 fb�1.
The di↵erent exclusive channels are expected to be subject to analogous backgrounds, namely QCD production

and an associated fake jet or a real photon. The ATLAS result for h ! J/ � [32] can be, thus, used to estimate the
future reach in the di↵erent channels. In particular, we focus on the case of h ! �� decay, but the generalisation of
our analysis to other final states, such as ⇢ or ! is straightforward. However, as our results are very pessimistic we
do not expect good results for the other analyses.

To make the following discussion more transparent, we supplement our previously used symbols for signal and
background (S, B) with a subscript J/ � (S

J/ ,E

and B
J/ ,E

). Symbols regarding h ! �� will contain a ��
subscript.

In order to estimate the upper bound on the h ! �� signal strength, we use an approximation,

S95
��,Ep
B
��,E

⇡
S95

J/ �,Ep
B

J/ �,E

. (21)

We then estimate S
��,E

and B
��,E

in the following way. The ratio between the number of signal events in each
channel is given by

S
��,E

S
J/ �,E

=
�

h,E

BR(h ! ��) L
E

�
h,E

BR(h ! J/ �) L
E

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏
�

✏
J/ 

(22)

where ✏
J/ (�) stands for the triggering and reconstruction e�ciency (including the isolation and various kinematical

cuts following Ref. [32]). The J/ is observed via its rather clean J/ ! µ+µ� leptonic decay mode, while the �
is assumed to decay to � ! K+K�, which is a much more challenging final state for triggering, identification and
background rejection. Nevertheless, we focus on this final state because it has a large branching ratio. In that sense,
the bound below is rather conservative, given that we ignore these challenges when we rescale the ATLAS J/ result.
The ratio of backgrounds for the two di↵erent exclusive final states can be written as

B
��,E

B
J/ ,E

=
�

E

(pp ! � “�”)

�
E

(pp ! J/ “�”)

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏
�

✏
J/ 

, (23)

where by “�” we refer to a photon candidate, namely an object that has passed the (ATLAS) tight-photon selection
cuts, i.e., it is either a genuine photon or a jet faking a photon. The corresponding rate reads

�
E

(pp ! �, J/ “�”) = �
E

(pp ! �, J/ j) P (j ! �) + �
E

(pp ! �, J/ �) ,

2.Measurement

http://arxiv.org/abs/1501.03276
http://arxiv.org/abs/1501.03276
http://arxiv.org/abs/1501.03276
http://arxiv.org/abs/1501.03276


28

Exclusive J/ψ+γ channel

4 Interpretation of h ! J/ �

Recently, ATLAS put the first bound on the Higgs exclusive decay to J/ � [?]

�(pp ! h)⇥ BRh!J � < 33 fb , (19)

under the assumption of SM Higgs production this can be interpreted as bound of BR(h !
J/ �) < 1.5⇥ 10�3 .

The partial width of h ! J/ � at mh = 125GeV can be extrapolated from Eqs. (16)–(17)
of [?]

�h!J/ � = 1.32 (� � 0.13c)
2 ⇥ 10�8 GeV . (20)

Ref. [?] includes relativistic corrections and gives the result for mh = 125.9± 0.4GeV

�h!J/ � = |(11.9± 0.2)� � (1.04± 0.14)c|2 ⇥ 10�10 GeV

=1.42 (� � 0.087c)
2 ⇥ 10�8 GeV , (21)

see Eqs. (53) of [?]. The result for Note that we should evaluate this partial width at mh =
125.1± 0.3GeV using the formalism of [?].

The dependence on the production mechanism and the Higgs total width can be canceled
to good approximation in the ration between the bound (or measurement in the future) of the
pp ! h ! J/ � rate and one of the other Higgs rate measurements with inclusive production,
for example h ! ZZ⇤ ! 4` . We define

RJ/ ,Z =
�(pp ! h)⇥ BRh!J/ �

�(pp ! h)⇥ BRh!ZZ⇤!4`
=

�h!J/ �

�h!ZZ⇤!4`
= 2.79

(� � 0.087c)2

2V
⇥ 10�2 , (22)

where perfect cancellation of the production is assumed (correct for leading order) and BRSM

h!ZZ⇤!4` =
1.26⇥10�4 . By using Eq. (??) and the ZZ⇤ signal strength µZZ⇤ = 1.44+0.40

�0.33 [?] we can extract

RJ/ ,Z =
33 fb

µZZ⇤�SMBRSM

h!ZZ⇤!4`

< 9.32 . (23)

Combine the last with Eq. (??) leads to

�210V + 11� < c < 210V + 11� . (24)
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We learned BG is large

10

good approximation in the ratio between the rates of two processes with similar production but di↵erent final states.
In particular, we choose to normalize the exclusive decay signal strength by h ! ZZ⇤ ! 4` [22],

R
M�,Z

⌘ µ
M�

µ
ZZ

⇤

BRSM
M�

BRSM
ZZ

⇤
!4`

' �
M�

�
ZZ

⇤
!4`

=

(
2.8 ⇥ 10�2

�

�

� 8.7 ⇥ 10�2
c

�2
/2

V

for M = J/ 

2.4 ⇥ 10�2
�

�

� 2.6 ⇥ 10�3
s

�2
/2

V

for M = �
, (10)

where µ
M�

= �
h

BR
M�

/�SM
h

BRSM
M�

and 
X

⌘ y
X

/ySM
X

and V = Z, W . Here, we assumed a perfect cancellation of the
production cross sections and that the Higgs decay width to a Z and two leptons (e.g. h ! Z�⇤ ! 4`) is close to its
SM value. The theoretical predictions for h ! J/ � and h ! �� are taken from Ref. [52] and [24], respectively, using
the SM predictions BRSM

J/ �

= 2.9 ⇥ 10�6 [52] and BRSM
��

= 3.0 ⇥ 10�6 [24]. Ref. [33] gives BRSM
ZZ

⇤
!4` = 1.25 ⇥ 10�4.

We are now in a position to study the prospects of the exclusive modes in the next phases of the LHC, HL-LHC,
and a future 100 TeV pp collider. We first define the inequality,

R
M�,Z

<
µ95

M�,E

µ
ZZ

⇤

BRSM
M�

BRSM
ZZ

⇤
!4`

, (11)

where µ95
M�,E

is a 95%CL upper bound for the h ! M� channel at the energy of E = 8, 14, 100 TeV. We neglect the
uncertainty in µ

ZZ

⇤ , because it is expected to be smaller than 10% [53, 54]. The inequality in Eq. (11) together with
Eq. (10) leads to the following bound for the charm and strange Yukawa couplings,

11
�

� 10
V

 
µ95

J/ �,E

µ
ZZ

⇤

!1/2

<
c

< 11
�

+ 10
V

 
µ95

J/ �,E

µ
ZZ

⇤

!1/2

, (12)

3.8
�

� 3.8
V

 
µ95
��,E

µ
ZZ

⇤

!1/2

<


s

100
< 3.8

�

+ 3.8
V

 
µ95
��,E

µ
ZZ

⇤

!1/2

. (13)

If the upper bounds on the J/ � and �� signal strengths are similar, the resulting bound on 
s

is weaker than the
bound on 

c

by a factor of O ⇥(m
c

/m
s

) ⇥ (m
J/ 

/m
�

)
⇤
.

We note in passing that during the last preparation stage of this paper, Ref. [55] appeared. The authors of Ref. [55]
presented an interpretation of the same ATLAS exclusive Higgs decay result, and obtained a weaker bound than the
one found in Ref. [22]. The reason for this is three fold: (i) we normalised the signal strength of the exclusive channels
by µ

ZZ

⇤ to reduce the dependence on 
�

(which is more sensitive to new-physics contributions) while [55] chose to
normalise it by µ

��

, which leads to weakening the bound by 10%. This happens because the observed central value of
µ
��

[56] is smaller than that of the ATLAS µ
ZZ

⇤ result. (ii) we did not include the order 10% theoretical uncertainty
in the bound. (iii) most importantly, Ref. [55] has provided an improved and more precise calculation of the central
value of the relevant matrix element that leads to a significant 40% reduction in the dependence of 

c

(and a slight
increase of the theoretical uncertainties), which translates to a 40% increase in the bound.

Next, we move to provide a rough estimation of the future bound on the pp ! h ! J/ � rate given the current
ATLAS upper bound [32]. We denote by S95

E

the 95%CL upper bound on the number of signal events and by B
E

the
expected number of background events at the center-of-mass energy E. Based on the available 8 TeV result (S95

8 ), we
estimate the future sensitivity by assuming that

S95
Ep
B

E

⇡ S95
8p
B8

. (14)

Using this, we find the following scaling,

µ95
J/ �,E

=
S95

E

SSM
E

⇡
✓

B
E

B8

SSM
8

SSM
E

◆1/2✓
SSM
8

SSM
E

◆1/2
S95
8

SSM
8

=
1

R
1/2
E

 
�SM

h,8 L8

�SM
h,E

L
E

!1/2

µ95
J/ �,8 , (15)

where

R
E

⌘ SSM
E

/B
E

SSM
8 / B8

and µ95
J/ �,8 =

S95
8

SSM
8

. (16)

SSM
E

is the number of signal events as expected in the SM, �SM
h,E

is the SM Higgs-production cross section and L
E

is
the integrated luminosity. We have implicitly assumed above that the signal and background e�ciencies are equal

(⇠ 2�)

10
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where
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. (16)

SSM
E

is the number of signal events as expected in the SM, �SM
h,E

is the SM Higgs-production cross section and L
E

is
the integrated luminosity. We have implicitly assumed above that the signal and background e�ciencies are equal
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good approximation in the ratio between the rates of two processes with similar production but di↵erent final states.
In particular, we choose to normalize the exclusive decay signal strength by h ! ZZ⇤ ! 4` [22],

R
M�,Z

⌘ µ
M�

µ
ZZ

⇤

BRSM
M�

BRSM
ZZ

⇤
!4`

' �
M�

�
ZZ

⇤
!4`

=

(
2.8 ⇥ 10�2

�

�

� 8.7 ⇥ 10�2
c

�2
/2

V

for M = J/ 

2.4 ⇥ 10�2
�

�

� 2.6 ⇥ 10�3
s

�2
/2

V

for M = �
, (10)

where µ
M�

= �
h

BR
M�

/�SM
h

BRSM
M�

and 
X

⌘ y
X

/ySM
X

and V = Z, W . Here, we assumed a perfect cancellation of the
production cross sections and that the Higgs decay width to a Z and two leptons (e.g. h ! Z�⇤ ! 4`) is close to its
SM value. The theoretical predictions for h ! J/ � and h ! �� are taken from Ref. [52] and [24], respectively, using
the SM predictions BRSM

J/ �

= 2.9 ⇥ 10�6 [52] and BRSM
��

= 3.0 ⇥ 10�6 [24]. Ref. [33] gives BRSM
ZZ

⇤
!4` = 1.25 ⇥ 10�4.

We are now in a position to study the prospects of the exclusive modes in the next phases of the LHC, HL-LHC,
and a future 100 TeV pp collider. We first define the inequality,

R
M�,Z

<
µ95

M�,E

µ
ZZ

⇤

BRSM
M�

BRSM
ZZ

⇤
!4`

, (11)

where µ95
M�,E

is a 95%CL upper bound for the h ! M� channel at the energy of E = 8, 14, 100 TeV. We neglect the
uncertainty in µ

ZZ

⇤ , because it is expected to be smaller than 10% [53, 54]. The inequality in Eq. (11) together with
Eq. (10) leads to the following bound for the charm and strange Yukawa couplings,

11
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� 10
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, (12)
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s
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�
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V

 
µ95
��,E

µ
ZZ

⇤

!1/2

. (13)

If the upper bounds on the J/ � and �� signal strengths are similar, the resulting bound on 
s

is weaker than the
bound on 

c

by a factor of O ⇥(m
c

/m
s

) ⇥ (m
J/ 

/m
�

)
⇤
.

We note in passing that during the last preparation stage of this paper, Ref. [55] appeared. The authors of Ref. [55]
presented an interpretation of the same ATLAS exclusive Higgs decay result, and obtained a weaker bound than the
one found in Ref. [22]. The reason for this is three fold: (i) we normalised the signal strength of the exclusive channels
by µ

ZZ

⇤ to reduce the dependence on 
�

(which is more sensitive to new-physics contributions) while [55] chose to
normalise it by µ

��

, which leads to weakening the bound by 10%. This happens because the observed central value of
µ
��

[56] is smaller than that of the ATLAS µ
ZZ

⇤ result. (ii) we did not include the order 10% theoretical uncertainty
in the bound. (iii) most importantly, Ref. [55] has provided an improved and more precise calculation of the central
value of the relevant matrix element that leads to a significant 40% reduction in the dependence of 

c

(and a slight
increase of the theoretical uncertainties), which translates to a 40% increase in the bound.

Next, we move to provide a rough estimation of the future bound on the pp ! h ! J/ � rate given the current
ATLAS upper bound [32]. We denote by S95

E

the 95%CL upper bound on the number of signal events and by B
E

the
expected number of background events at the center-of-mass energy E. Based on the available 8 TeV result (S95

8 ), we
estimate the future sensitivity by assuming that

S95
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. (14)

Using this, we find the following scaling,
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. (16)

SSM
E

is the number of signal events as expected in the SM, �SM
h,E

is the SM Higgs-production cross section and L
E

is
the integrated luminosity. We have implicitly assumed above that the signal and background e�ciencies are equal

J/ψ+γ Channel at Future LHC
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4

tive to the overall three-body invariant mass resolution.
Similarly, the systematic uncertainty associated with the
muon momentum measurement is determined using data
samples of J/ ! µ+µ� and Z ! µ+µ� decays and
validated using ⌥(nS) ! µ+µ� decays [43]. For the
pT range relevant to this analysis, the systematic uncer-
tainties associated with the muon momentum scale are
negligible.

The uncertainty in the shape of the inclusive QCD
background is estimated through the study of variations
in the background modeling procedure. The shape of
the pdf is allowed to vary around the nominal shape
within an envelope associated with shifts in the pµµT and
p�T distributions. Furthermore, a separate background
model, generated without removing the contamination

from Z ! µ+µ�� decays, provides an upper bound on
potential mismodeling associated with this process.
Results are extracted by means of a simultaneous

unbinned maximum likelihood fit, performed to the
selected events with 30 GeV < mµµ� < 230 GeV
seperately in each of the analysis categories. In the
J/ � final state, the fit is performed on the mµµ� and
pµµ�
T distributions, while for the ⌥(nS) � candidates

a similar fit is performed using the mµµ� , pµµ�
T , and

mµµ distributions. The latter distribution provides
discrimination between the three ⌥(nS) states and
constrains the Z ! µ+µ�� background normalization.
No significant Z ! Q � or H ! Q � signals are observed,
as shown in Figs. 1 and 2.
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FIG. 1. (color online) The mµµ� and pµµ�
T distributions of the selected J/ � candidates, along with the results of the maximum

likelihood fit to the signal and background model (S+B fit). The Higgs and Z boson contributions as expected for branching
fraction values of 10�3 and 10�6, respectively, are also shown.
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FIG. 2. (color online) The mµµ� , mµµ and pµµ�
T distributions of the selected ⌥(nS) � candidates, along with the results of the

maximum likelihood fit to the signal and background model (S+B fit). The Higgs and Z boson contributions as expected for
branching fraction values of 10�3 and 10�6, respectively, for each of the ⌥(nS) are also shown.
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across the di↵erent runs. If future findings indicate that the e�ciencies di↵er from each other, then the corresponding
modification to Eq. (16) can be absorbed by an appropriate rescaling of R

E

. The rate for Higgs production is
characterised by a harder physical scale than the one of the corresponding QCD background. Consequently, colliders
with larger center of mass are expected to have a larger signal to background ratio, i.e., R

E

& 1 .
The expected upper bound on the signal strength in Eq. (15) can be easily interpreted as a bound on the Higgs

couplings using Eq. (12). For pp colliders with a center-of-mass energy of 14TeV and 100TeV, assuming µ
ZZ

⇤ =

�

= 
V

= 1 and SM Higgs production, we find that the expected reach at 95% CL is
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Here, we used �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [33], L8 = 19.2 fb�1 and µ95

J/ ,8 = 515 [32]. These bounds may be

compared to the current bound of 
c

. 220 [22]. We see that the projected bounds depend only weakly on the
integrated luminosity and on R

E

. The corresponding expected upper bound on the branching ratio is BR
J/ ,14(100) <

2.4 (0.60) ⇥ 10�4, where we assume SM production and L14(100) = 300 fb�1.
The di↵erent exclusive channels are expected to be subject to analogous backgrounds, namely QCD production

and an associated fake jet or a real photon. The ATLAS result for h ! J/ � [32] can be, thus, used to estimate the
future reach in the di↵erent channels. In particular, we focus on the case of h ! �� decay, but the generalisation of
our analysis to other final states, such as ⇢ or ! is straightforward. However, as our results are very pessimistic we
do not expect good results for the other analyses.

To make the following discussion more transparent, we supplement our previously used symbols for signal and
background (S, B) with a subscript J/ � (S

J/ ,E

and B
J/ ,E

). Symbols regarding h ! �� will contain a ��
subscript.

In order to estimate the upper bound on the h ! �� signal strength, we use an approximation,

S95
��,Ep
B
��,E

⇡
S95

J/ �,Ep
B

J/ �,E

. (21)

We then estimate S
��,E

and B
��,E

in the following way. The ratio between the number of signal events in each
channel is given by

S
��,E

S
J/ �,E

=
�

h,E

BR(h ! ��) L
E

�
h,E

BR(h ! J/ �) L
E

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏
�

✏
J/ 

(22)

where ✏
J/ (�) stands for the triggering and reconstruction e�ciency (including the isolation and various kinematical

cuts following Ref. [32]). The J/ is observed via its rather clean J/ ! µ+µ� leptonic decay mode, while the �
is assumed to decay to � ! K+K�, which is a much more challenging final state for triggering, identification and
background rejection. Nevertheless, we focus on this final state because it has a large branching ratio. In that sense,
the bound below is rather conservative, given that we ignore these challenges when we rescale the ATLAS J/ result.
The ratio of backgrounds for the two di↵erent exclusive final states can be written as

B
��,E

B
J/ ,E

=
�

E

(pp ! � “�”)

�
E

(pp ! J/ “�”)

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏
�

✏
J/ 

, (23)

where by “�” we refer to a photon candidate, namely an object that has passed the (ATLAS) tight-photon selection
cuts, i.e., it is either a genuine photon or a jet faking a photon. The corresponding rate reads

�
E

(pp ! �, J/ “�”) = �
E

(pp ! �, J/ j) P (j ! �) + �
E

(pp ! �, J/ �) ,

�30 . c . 50 [95%CL]
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