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Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-
ments of Higgs boson couplings. The plot shows (from left to right in each set of error bars)
1 � confidence intervals for LHC at 14 TeV with 300 fb�1, for ILC at 250 GeV and 250 fb�1

(‘ILC1’), for the full ILC program up to 500 GeV with 500 fb�1 (‘ILC’), and for a program
with 1000 fb�1 for an upgraded ILC at 1 TeV (‘ILCTeV’). More details of the presentation
are given in the caption of Fig. 1. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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Figure 1: Capabilities of LHC for model-independent measurements of Higgs boson cou-
plings. The plot shows the 1 � confidence intervals for LHC at 14 TeV with 300 fb�1 as they
emerge from my fit. Deviation of the central values from zero indicates a bias, which can be
corrected for. The upper limit on the WW and ZZ couplings arises from the constraints
(2) and (3). No error is estimated for g(hcc). The bar for the invisible channel gives the 1 �
upper limit on the branching ratio. The marked horizontal band represents a 5% deviation
from the Standard Model prediction for the coupling.
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What can we do at LHC?



• Recasting VH→bb study for charm Yukawa

• Other measurements: Total width,  J/psi+γ, 
Global Analysis 

• Future prospects

7

Outline



Recast
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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 (Associated) production

    

        

2 b-tags required

W/Z reconstructed
categorize by pVT

 Z→vv 0lep, W→lv 1lep
 Z→ll   2lep

2

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.

µb =
SV H
obs

SV H
exp

=
L · � · Brb · ✏b1✏b2 · ✏

L · �SM · BrSM
b · ✏b1✏b2 · ✏

=
� · Brb

�SM · BrSM
b

Signal strength

SV H = L · � · Brb · ✏b1✏b2 · ✏
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b · ✏b1✏b2
(4)
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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
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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.

Signal strength

info of H-bb coupling 

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)
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but only constrain a combination (degeneracy)
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µb =
SV H
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b · ✏b1✏b2 · ✏

=
� · Brb

�SM · BrSM
b
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BrSM(h ! cc̄) = 2.9%

BrSM(h ! bb̄) = 58%
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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
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New Production

Decay Br(H→cc)=100%,  still μc=34 

At large coupling                       ~100
switch on new production 

c = yc/y
SM
c
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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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Other Measurements

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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2. Total width

� · Br(H ! J/ �) < 33fb�1

1. Exclusive decay

h ! J/ �

ATLAS: 2.6 GeV, CMS: 1.7 GeV

3. Global Analysis

EW precision + Other Higgs measurements
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Current LHC constraints

Top-charm coupling is non-universal, yt≠yc!!

0.5<κb<1.4
        κc<6
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Summary

• Recasting VH study gives first bound on μc

  To extract it, we need different tagging points

• charm-Yukawa bounds

• Future sensitivity with charm-tagging

Δμc=23  Run II
      =6.5 HL-LHC

6

tagging [33]. We estimate the sensitivity from current
data as follows. We rescale the expected number of sig-
nal and background events of the 8 TeV ATLAS analysis
(Table 8 of Ref. [4]) according to the e�ciencies of the
charm-tagging [32],

✏b = 13% , ✏c = 19% , ✏l = 0.5% , (23)

where ✏l is e�ciency to tag light jets. Here, we assume
that medium b-tagging in Table I (✏l = 1.25%) is used in
the analysis and that the decomposition of W (Z)+heavy-
flavor quarks background is 35(20)% W (Z) + cc̄ and
65(80)% W (Z) + bb̄. We combine the rescaled ATLAS
analysis with the CMS results (c)-(f) in Table II and ob-
tain an uncertainty of

�µc ' 50 (107) , (24)

at 68.3 (95)% CL. We see that even with the same lumi-
nosity the error is significantly reduced with respect to
the one in Eq. (8).

Future LHC prospects: Finally, we estimate the fu-
ture sensitivity at the LHC. We utilize results of Tables 6-
9 in Ref. [66] where ATLAS performed a dedicated Monte
Carlo study of V h(bb̄) in the 1- and 2-lepton final states
for LHC run II with 300 fb�1 and LHC high-luminosity
upgrade (HL-LHC) with 3000 fb�1 at 14 TeV. From the
given working point of medium b-tagging, we rescale the
signal and background of 1-lepton final state to those in
charm-tagging. We leave the 2-lepton analysis as origi-
nal because, as discussed, we need at least two working
points to extract µb and µc independently. We then also
assume that the same analysis can be performed by CMS.

The future sensitivity reach for µc is shown as ellipses
in the µc–µb plane in Fig. 6. Here, we take into account
only the statistical error. The expected uncertainty with
profiled µb reads

�µc =

(
23 (45) with 300 fb�1

6.5 (13) with 3000 fb�1

(25)

at 68.3 (95)% CL. Compared to the result of LHC run I,
the uncertainty is improved by roughly an order of magni-
tude with 3000 fb�1 thanks to charm-tagging. In the fu-
ture, one may hope that the charm-tagging performance
will be further optimized. As an example for such a
case, we have considered the following improved charm-
tagging point ✏b = 20 %, ✏c = 40 % and ✏l = 1.25 %. As
a consequence the bounds will be further strengthened,
�µc ' 20 (6.5) at 95 % CL with integrated luminosity of
300 (3000) fb�1.

Conclusions: We have performed four di↵erent anal-
yses to constrain the charm Yukawa and obtained the
following bounds

yc

ySM

c

. 234, 120 (140), 220, 6.2, (26)

-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
1 leptonHcharm–taggingL and 2 leptonHMediumL

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

95%
68.3%

95%68.3%

FIG. 6. Expected reach for the signal-strength measurement
of h ! bb̄ and h ! cc̄ at LHC run II and HL-LHC: The black-
thick (purple-thin) curves correspond to the reach with 3000
(300) fb�1. The solid (dashed) ones correspond to 68.3 (95)
% CL. The SM expectation is µb,c = 1 .

that correspond to: a recast of the h ! bb̄ searches, the
direct bound on the Higgs total width at CMS (ATLAS),
the exclusive decay of h ! J/ �, and the global analysis,
respectively. Together with the tt̄h analyses of ATLAS
and CMS we conclude that the Higgs coupling to the
top and charm quarks is not universal. We further point
out two new production mechanisms, related to V h and
VBF processes that become important when the first two
generation quarks have enhanced couplings to the Higgs.
In conjunction with a future measurement at electron-
positron collider (linear or circular) the former mecha-
nism is sensitive to the Higgs–light-quark couplings. We
also provide projections for the sensitivity of the LHC ex-
periments to the charm Yukawa by adopting a dedicated
charm-tagging analysis resulting in an order of magni-
tude improvement. Finally, we point out that with the
recent installation of the Insertable B-Layer (IBL) sub-
detector [67], the ATLAS capability for charm-tagging is
expected to be further improved enhancing the sensitiv-
ity to the Higgs–charm coupling.
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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

VH recast Total width Exclusive decay
h ! J/ �

Global fit
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