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Flavour physics of the top quark 
and 

projecting on the Higgs to light



Flavor physics <=> precision test => good for HL

♦ Slow progress in energy frontier, still conventional searches should  
   push forward. (will be done in any case regardless of what we discuss today…)

More info’ e.g: Salam-Weiler, http://collider-reach.web.cern.ch/collider-reach/

♦ Faster progress in “precision frontier”, not too hard physics scale, 
   relatively weak coupling <=> this talk …
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Outline

♦  Intro: top and flavor.

♦ The case for top FCNC & its challenge, lurking Standard Model (SM) background.  

♦ Summary.

♦ Top B-phys., alternative incl. & excl. way for precision flavor tests at the LHC.
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♦ HL Higgs-to-light projections:  
   powerful inclusive (charm); miserable exclusive (post ATLAS                      ).h ! J/ �



Degrassi, Vita,  Elias-Miro, Espinosa, Giudice, Isidori & Strumia (12)   

Intro: top & flavor (post LHC1)
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♦  The top is a quark, a part of the flavor sector. (not enough for a dedicated talk)

♦  Special among quarks, reinforced by LHC1:

because of stability -
(raise of < 3% in top Yukawa => weakless universe)

SM: the largest Yukawa, but actually almost
maximal because of perturbativity -

µ
x

=
�x

h

BR
x

�x,SM

h

BRSM

x

! ATLAS+CMS

Ʈ 0.97±0.23

b 0.71±0.31

t 2.2±0.6 (Moriond)

and, because it is the only quark 
\w (proven) coupling to the Higgs -



Top and flavor, potential progress at the LHC & HL-LHC
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♦  The (established) top-Higgs couplings suggests that it’s linked to new physics (NP) 
related to electroweak sym’ breaking and/or the hierarchy problem.   

♦  There are many forms in which top-phys. probe NP scenario. The charge: not to 
discuss "top" as a signature of other BeyondSM particles, but top in its own.
Focus on 2 case studies, potentially relevant to HL-LHC:

(i) t-FCNC, clearly rare process but also well motivated theoretically (see below); 

(ii) t-bphys: leptonically decaying top => flavor-tagging b-quark => flavor factory. 



t 

tFCNC as new phys. probe, 
experimental challenges & opportunities 



♦ GIM+loop: t →c,u Z/h/   , SM null test.

tFCNC status & EFT
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♦ Effective field theory (EFT), consider t →cZ for simplicity:

examining the above relations it seems obvious that the first place to be looking for flavor violation
is in the top sector, namely in top-charm transitions. Examining Eq. (1) at any rate reveals that
the largest source of flavor violation would be within the RH sector in transitions related to RH top
decaying to RH charm, with the LH transitions being suppressed only by a factor of few. All this
seems to give a pretty strong motivation to study the t ! cZ process.

Within the SM the branching ratio of t ! cZ is highly suppressed and expected to be at the
order of 10�13 [14]. Thus, any signal well above it is a clear signal of NP. Currently, the searches
of t ! cZ give null result and set an upper bound of BR(t ! cZ) < 5 ⇥ 10�4 at 95%CL [15]. At
the LHC this constraint can be improved by an order of magnitude. Notice that, when considering
rates below BR(t ! cZ) < 5 ⇥ 10�5 or so, one needs to carefully take into account SM backgrounds
coming from production of top Z and a jet [16]. It seems thus that a branching ratio of roughly 10�5

is particularly timely and relevant when discussing t ! cZ. However, given the large enhancement
compared to the small SM rate it would be fair to ask whether such a rate can be expected from any
well motivated (reasonable) extension of the SM. To get some perspective on the size of the required
e↵ect let us use simple e↵ective field theory (EFT) to see how large is the expected rate.

The structure of the EFT mediating (t ! cZ) is in fact pretty simple. Only three dimension-six
operators are relevant for our discussion [17, 18, 19, 20, 21]:

t̄R�
µcR(H
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†$DµH) and t̄L�
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In order to fix our notation we write the generic flavor violating terms in the Lagrangian involving
the top and charm quarks and the Z boson as

Ltc
int

= (gtc,Lt̄L�
µcL + gtc,Rt̄R�

µcR)Zµ + h.c. . (3)

The branching fraction for the decay of the top into the charm quark and the Z can be expressed in
terms of the gtc,L and gtc,R couplings and is approximately equal to
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where v = 246GeV and cW is the cosine of the Weinberg angle. We have written Eq. (4) in a way that
reflects the various parametric suppression that control the flavor violation of our theory as explained
above. We have also use M⇤ to describe the scale that controls the “microscopic” scale of our e↵ective
theory. We can learn several interesting things by examining Eq. (4) as follows.

• We find that a rather low e↵ective scale is required to have BR(t ! cZ) of the order of 10�5.
However, such a scale is in fact motivated by naturalness. Indeed, it is roughly the scale where
we expect new degrees of freedom related to the extended top sector to be present.

• The small scale required further implies that theories in which top FCNC arises at the one-loop
level, or that are controlled by weak couplings are probably out of the reach of the current and
next run of the LHC. Furthermore, in this case the expected low rates implies that the search
would not be background free anymore.

• We find that we expect that the contributions to RH flavor violating currents would dominate
over the LH ones. In case of an observed signal it would be actually straightforward to test this
prediction. As the searches target tt̄ events that are produced via QCD hence both tops are
expected to be of the same chirality and one can use the standard top polarization tests to study
the polarization of the flavor violating top as well as the top on the “other side” of the event.

The above serves as a motivation to study top FCNC in models of strong dynamics where the
relevant couplings are expected to be sizeable and flavor violation arises at tree level. In [22] such a
scenario was analyzed in the context of anarchic RS models, or their dual composite Higgs models with
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FCNC couplings

Global fit: observables

t ! qZ :
Br(t ! qZ )<0.05% CMS-TOP-12-037

t ! qh:
Br(t ! ch)<0.56% CMS-PAS-HIG-13-034

qg ! t :
Br(t ! ug)<3.1 ⇥ 10�5, Br(t ! cg)<1.6 ⇥ 10�4 ATLAS-CONF-2013-063

qg ! t�:
Br(t ! u�)<0.0161%, Br(t ! c�)<0.182%
(assuming tug vanishes) CMS-PAS-TOP-14-003

Cen Zhang (CP3) Top Couplings 2 Oct 31

Cen Zhang, Top14.

� 106�7 tt̄/yr

           Top FCNC (tFCNC), �t = 1

Thursday, March 25, 2010

 RunII projections LHC (see HL below):



tFCNC status & EFT
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♦ Effective field theory (EFT), consider t →cZ for simplicity:

examining the above relations it seems obvious that the first place to be looking for flavor violation
is in the top sector, namely in top-charm transitions. Examining Eq. (1) at any rate reveals that
the largest source of flavor violation would be within the RH sector in transitions related to RH top
decaying to RH charm, with the LH transitions being suppressed only by a factor of few. All this
seems to give a pretty strong motivation to study the t ! cZ process.

Within the SM the branching ratio of t ! cZ is highly suppressed and expected to be at the
order of 10�13 [14]. Thus, any signal well above it is a clear signal of NP. Currently, the searches
of t ! cZ give null result and set an upper bound of BR(t ! cZ) < 5 ⇥ 10�4 at 95%CL [15]. At
the LHC this constraint can be improved by an order of magnitude. Notice that, when considering
rates below BR(t ! cZ) < 5 ⇥ 10�5 or so, one needs to carefully take into account SM backgrounds
coming from production of top Z and a jet [16]. It seems thus that a branching ratio of roughly 10�5

is particularly timely and relevant when discussing t ! cZ. However, given the large enhancement
compared to the small SM rate it would be fair to ask whether such a rate can be expected from any
well motivated (reasonable) extension of the SM. To get some perspective on the size of the required
e↵ect let us use simple e↵ective field theory (EFT) to see how large is the expected rate.

The structure of the EFT mediating (t ! cZ) is in fact pretty simple. Only three dimension-six
operators are relevant for our discussion [17, 18, 19, 20, 21]:
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the top and charm quarks and the Z boson as

Ltc
int

= (gtc,Lt̄L�
µcL + gtc,Rt̄R�

µcR)Zµ + h.c. . (3)

The branching fraction for the decay of the top into the charm quark and the Z can be expressed in
terms of the gtc,L and gtc,R couplings and is approximately equal to
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where v = 246GeV and cW is the cosine of the Weinberg angle. We have written Eq. (4) in a way that
reflects the various parametric suppression that control the flavor violation of our theory as explained
above. We have also use M⇤ to describe the scale that controls the “microscopic” scale of our e↵ective
theory. We can learn several interesting things by examining Eq. (4) as follows.

• We find that a rather low e↵ective scale is required to have BR(t ! cZ) of the order of 10�5.
However, such a scale is in fact motivated by naturalness. Indeed, it is roughly the scale where
we expect new degrees of freedom related to the extended top sector to be present.

• The small scale required further implies that theories in which top FCNC arises at the one-loop
level, or that are controlled by weak couplings are probably out of the reach of the current and
next run of the LHC. Furthermore, in this case the expected low rates implies that the search
would not be background free anymore.

• We find that we expect that the contributions to RH flavor violating currents would dominate
over the LH ones. In case of an observed signal it would be actually straightforward to test this
prediction. As the searches target tt̄ events that are produced via QCD hence both tops are
expected to be of the same chirality and one can use the standard top polarization tests to study
the polarization of the flavor violating top as well as the top on the “other side” of the event.

The above serves as a motivation to study top FCNC in models of strong dynamics where the
relevant couplings are expected to be sizeable and flavor violation arises at tree level. In [22] such a
scenario was analyzed in the context of anarchic RS models, or their dual composite Higgs models with
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♦ Generic NP tale:

generic reach

anarchy,  LH-MFV,  RH (flavor models)   

♦ Model predictions:
(i) almost impossible for loop induced NP; 
(ii) only < TeV NP can be probed, preferably \w RH, non-MFV structure …
(iii) generically fulfilled by composite Higgs models, \w no extra th’ effort   …
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2 slides on composite Higgs => t→cZ

♦ tR→cR Z   in composite models could be large. Agashe GP & Soni (06)
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R , V CKM/L, V R / �i
L
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L

,
mc

mtV CKM
ij

same structure as in EFT

see: 
Gherghetta & Pomarol (00) 
Huber & Shafi (11)
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Figure 1: Schematic structure of the diagrams contributing to the flavor violating Z couplings
with the top and the charm quarks. The single lines denote the elementary fields while the
double lines correspond to the composite states. Each dashed line denotes one insertion of the
Higgs VEV.

through the insertion of the PLR breaking couplings, namely �t
L (or �c

L, which is however much
smaller and leads to a subleading correction). The corrections to the Ztc right-handed coupling
are then due to operators of the form YS: modified here, no M

1

M
4

O�u=1

RR ⇠ qiR

⇢�
mSM

u

�†
�†
LU

†
⇣

M
4

M †
4

M
4

⌘�1

d̂µ + d̂µ
⇣
M

1

M †
1

M
1

⌘�1

+
⇣
M

4

M †
4

⌘�1

d̂µM
�1

1

+
⇣
M

1

M †
1

M
1

+M
4

M †
4

M
4

⌘�1

êµ + . . .

�
U�µ�R

�ij

qjR , (34)

where for simplicity we have kept the flavor indices inside the curly brackets implicit and mSM

u

should be taken as the spurion that appears on the right hand side of Eq. (19), and we have only
shown a representative subclass of all the structured allowed at this order the rest is represented
by the dots. Similar to the case of O�u=1

LL discussed above flavor violation is further suppressed
by a factor of �M2/M6

⇤ as expected by a naive power counting.
The corresponding estimate of the gtc,R coupling is
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as for the left-handed coupling an additional contribution comes from operators containing
the bidoublet mass matrix. Note that the additional suppression given by the (�t

L/M⇤)2 fac-
tor is generic for all models that use the custodial symmetry to protect Zb̄LbL (and Zs̄LsL)
coupling. In all these models, indeed, the tR and cR fields must be in custodially protected
representations [15].

Before concluding this section it is useful to comment on the phenomenological impli-
cations of the custodial protection for the right-handed coupling. With respect to a model
without custodial protection, the gtc,R coupling is suppressed by two powers of the left-handed
top compositeness angle stL ⇠ �t

L/M⇤. As discussed at the end of sec. 2.3, the tL compositeness
is tightly related to the mass scale of the composite resonances m = g⇤f and must satisfy the
lower bound stL & yt/g⇤. This means that in natural scanerios, that require light resonances
(g⇤ . 2), the additional factor in gtc,R does not lead to any signiuficant suppression. The reduc-
tion of the right-handed flavor-changing e↵ects is only e↵ective when the composite resonances
are heavy. An explicit confirmation of this can be found in the context of the extra-dimensional
composite Higgs realizations. In that case the mass scale of the fermionic resonances is con-
nected to the one of the gauge resonances, which are constrained to be rather heavy from the
EW data. This of course implies that a significant suppression of the gtc,R coupling is expected
in custodially-protected models as explicitly found in [?].
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Composite natural t→cZ
♦ t →cZ  in custodial composite models could be small. 

Agashe, Contino, Da Rold & Pomarol (06)

♦ t →cZ  in natural custodial composite models should be large. 
As both LH & RH tops needs to be composite, Azatov, Panico GP & Soreq (14)

Note that the charm quark becomes massless in the limit of �
4

= �
1

, this is not surprising
because in this point of the parameter space only one combination of the elementary fermions
couples to the strong sector
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as can be easily seen from the mass matrix in Eq. (40). It is important to stress that this
property is an artifact of our truncation of the composite sector spectrum. In the complete
two-site model with two composite multiplets the charm mass is non-vanishing for �

4
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.
The flavor-violating Z couplings can be easily obtained with an explicit computation by

using an expansion in v/f . For the coupling involving the right-handed fields we find
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For the left-handed coupling instead we get
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In the derivation of the above estimates we have again assumed the “minimal tuning” conditions
�t
L ⇠ �t

R. Notice that the explicit results in Eqs. (43) and (44) are in agreement with the
estimates for gtc,L and gtc,R that we derived by the spurion analysis in sec. 3 (see Eqs. (33) and
(35)).

From the above results we can derive the following estimate for the branching fraction
BR(t ! cZ)

BR(t ! cZ) ⇠ 10�5
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The estimate in Eq. (45) shows that the natural size of the branching fraction for the t ! cZ
decay in the presence of light composite resonances is not far from the current experimental
bounds. The present searches indeed set an upper bound BR(t ! cZ) < 5⇥10�4 at 95%CL [7].
Although currently not probed, branching ratios of order 10�5 will be tested at the LHC in the
14 TeV run.

Accidental cancellations

In the explicit calculations that lead to Eqs. (43) and (44) for simplicity we did not inlcude all
the possible interaction operators between the Z boson and the composite states. In particular
we used only the interactions terms comeing from the êµ CCWZ symbol, that is we put ⇣↵� = 0
in Eq. (12) thus neglecting possible interactions coming from the d̂µ term. The reason for this
simplification is the fact that, for generic values of ⇣ no qualitative change is obtained for the
Ztc flavor violating couplings.

There is however a special point in the parameter space in which some important quanti-
tative e↵ect is present. In the case in which the ⇣↵�

parameter is exactly equal to one and is
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Figure 1: Schematic structure of the diagrams contributing to the flavor violating Z couplings
with the top and the charm quarks. The single lines denote the elementary fields while the
double lines correspond to the composite states. Each dashed line denotes one insertion of the
Higgs VEV.

through the insertion of the PLR breaking couplings, namely �t
L (or �c

L, which is however much
smaller and leads to a subleading correction). The corrections to the Ztc right-handed coupling
are then due to operators of the form YS: modified here, no M
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where for simplicity we have kept the flavor indices inside the curly brackets implicit and mSM

u

should be taken as the spurion that appears on the right hand side of Eq. (19), and we have only
shown a representative subclass of all the structured allowed at this order the rest is represented
by the dots. Similar to the case of O�u=1

LL discussed above flavor violation is further suppressed
by a factor of �M2/M6

⇤ as expected by a naive power counting.
The corresponding estimate of the gtc,R coupling is
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as for the left-handed coupling an additional contribution comes from operators containing
the bidoublet mass matrix. Note that the additional suppression given by the (�t

L/M⇤)2 fac-
tor is generic for all models that use the custodial symmetry to protect Zb̄LbL (and Zs̄LsL)
coupling. In all these models, indeed, the tR and cR fields must be in custodially protected
representations [15].

Before concluding this section it is useful to comment on the phenomenological impli-
cations of the custodial protection for the right-handed coupling. With respect to a model
without custodial protection, the gtc,R coupling is suppressed by two powers of the left-handed
top compositeness angle stL ⇠ �t

L/M⇤. As discussed at the end of sec. 2.3, the tL compositeness
is tightly related to the mass scale of the composite resonances m = g⇤f and must satisfy the
lower bound stL & yt/g⇤. This means that in natural scanerios, that require light resonances
(g⇤ . 2), the additional factor in gtc,R does not lead to any signiuficant suppression. The reduc-
tion of the right-handed flavor-changing e↵ects is only e↵ective when the composite resonances
are heavy. An explicit confirmation of this can be found in the context of the extra-dimensional
composite Higgs realizations. In that case the mass scale of the fermionic resonances is con-
nected to the one of the gauge resonances, which are constrained to be rather heavy from the
EW data. This of course implies that a significant suppression of the gtc,R coupling is expected
in custodially-protected models as explicitly found in [?].
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♦ Two extra generic predictions:

Azatov, Panico, GP & Soreq (14)
10
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Figure 1: Schematic structure of the diagrams contributing to the flavor violating Z couplings
with the top and the charm quarks. The single lines denote the elementary fields while the
double lines correspond to the composite states. Each dashed line denotes one insertion of the
Higgs VEV.

through the insertion of the PLR breaking couplings, namely �t
L (or �c

L, which is however much
smaller and leads to a subleading correction). The corrections to the Ztc right-handed coupling
are then due to operators of the form YS: modified here, no M
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where for simplicity we have kept the flavor indices inside the curly brackets implicit and mSM

u

should be taken as the spurion that appears on the right hand side of Eq. (19), and we have only
shown a representative subclass of all the structured allowed at this order the rest is represented
by the dots. Similar to the case of O�u=1

LL discussed above flavor violation is further suppressed
by a factor of �M2/M6

⇤ as expected by a naive power counting.
The corresponding estimate of the gtc,R coupling is
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as for the left-handed coupling an additional contribution comes from operators containing
the bidoublet mass matrix. Note that the additional suppression given by the (�t

L/M⇤)2 fac-
tor is generic for all models that use the custodial symmetry to protect Zb̄LbL (and Zs̄LsL)
coupling. In all these models, indeed, the tR and cR fields must be in custodially protected
representations [15].

Before concluding this section it is useful to comment on the phenomenological impli-
cations of the custodial protection for the right-handed coupling. With respect to a model
without custodial protection, the gtc,R coupling is suppressed by two powers of the left-handed
top compositeness angle stL ⇠ �t

L/M⇤. As discussed at the end of sec. 2.3, the tL compositeness
is tightly related to the mass scale of the composite resonances m = g⇤f and must satisfy the
lower bound stL & yt/g⇤. This means that in natural scanerios, that require light resonances
(g⇤ . 2), the additional factor in gtc,R does not lead to any signiuficant suppression. The reduc-
tion of the right-handed flavor-changing e↵ects is only e↵ective when the composite resonances
are heavy. An explicit confirmation of this can be found in the context of the extra-dimensional
composite Higgs realizations. In that case the mass scale of the fermionic resonances is con-
nected to the one of the gauge resonances, which are constrained to be rather heavy from the
EW data. This of course implies that a significant suppression of the gtc,R coupling is expected
in custodially-protected models as explicitly found in [?].
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♦ tZj  in the SM is important once BR(t →cZ) < 10-5 is reached.

The SM semi-irreducible background

Campbell, Ellis & Rontsch (13)

Figure 1. Feynman graphs to calculate the lowest order amplitudes. The wavy line denotes a W or Z/γ∗

boson.

with a smaller rate at the LHC due to the difference in up- and down-quark parton distribution
functions (pdfs). The leading order (LO) Feynman diagrams for the first process in Eq. (1.1) are
shown in Fig. 1, including also the non-resonant contribution, diagram (g), that should be included
when considering the charged lepton final state. The Z boson can be radiated from any of the four
quark lines, or from the W boson exchanged in the t-channel. As can be seen from the diagrams, this
process is related to hadronic WZ production by crossing. As a matter of principle, measurement of
single top+Z is thus as important as measuring the WZ pair cross section, with the added bonus that
it depends on the coupling of the top quark to the Z. In this paper, we present results for the single
top + Z process to next-to-leading order (NLO) in QCD1.

Although the single top + Z process is an electroweak one, in contrast to the QCD-induced pair
production mode (tt̄Z), it contains fewer particles in the final state and is therefore easier to produce.
Fig. 2 shows that any advantage in rate for the top pair production is effectively removed once an
additional Z-boson is required. As a result, the single top + Z cross section is about the same size as
the tt̄Z one. Given the status of current LHC searches for tt̄V production it is interesting to consider
the expected experimental sensitivity to the single top + Z channel. In particular, the impact of these
SM processes should already be present in current trilepton searches, albeit in regions of lower jet
multiplicity.

In order to properly assess the expected event rates in trilepton searches, in this paper we will

1Next-to-leading order QCD corrections to tZ associated production via the flavor-changing neutral-current couplings
at hadron colliders have been considered in Ref. [8].

– 2 –

♦  Current bound is BR(t →cZ)~ 5x10-4 , more serious studies  
required before the experimentalists actually go below 10-5 …

I apologise if it exists but I failed to find it.
11



♦ Similar story for BR(t →ch) for NP, but with suppression:

The SM semi-irreducible background

Campbell, Ellis & Rontsch (13)
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Figure 2: The correlation between BR(t ! cZ) and the additional fine-tuning of the model
FT
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However, at this this order the resulting Yukawa interaction is aligned with the mass matrix, as the
spurion structure coincide with that of the mass, see Eq.(19), and as a result no flavor violation is
generated [44]. Thus, Higgs flavor violating couplings appear only at the next order, O �
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We are thus lead to consider higher order terms in the mixings in order to compute the dominant
contributions to t ! hc . In the holographic Lagrangian the only other terms which are generated
by integrating out the composite fermions are the corrections to the kinetic terms of the elementary
fermions
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where the expression for uR is achieved by L ! R . Eqs. (51)–(52) are the first two terms in the
expansion of the form factor in powers of the external momenta. This expansion is equivalent to a
power series in i@ ⇠ m ⇠ �L�R/M⇤. Therefore, the operator in Eq. (52) is the only modification to
the Yukawa couplings at O �
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Given that the dominant contributions for tch coupling come from the elements that involve the largest
eigenvalue of mSM

u , i.e. mt, we can estimate

ytc,L ⇠ �t
R�

c
R

M2

⇤

v

f2

mt ⇠ mtmc

fM⇤Vcb
⇠ 4⇥ 10�3

✓
700GeV

f

◆✓
700GeV

M⇤

◆
, (55)

ytc,R ⇠ �t
L�

c
L

M2

⇤

v

f2

mt ⇠ m2

tVcb

fM⇤
⇠ 2⇥ 10�3

✓
700GeV

f

◆✓
700GeV

M⇤

◆
, (56)

The resulting branching ratio is
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This is similar to the rate found for the t ! cZ decay mode. Interesting to note that generically
composite models predict that top decay to right handed cR and Higgs, which is originated by the
larger level of compositeness of cR compared to cL. As in the case of t ! cZ this can be tested via
polarisation measurement of the other-side-top that is predicted to be left handed polarised. The
estimated branching ratio is well below the current experimental bounds of BR(t ! ch) < 0.56% [45]
by CMS and BR(t ! ch) < 0.79% [46] by ATLAS.
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The resulting branching ratio is
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This is similar to the rate found for the t ! cZ decay mode. Interesting to note that generically
composite models predict that top decay to right handed cR and Higgs, which is originated by the
larger level of compositeness of cR compared to cL. As in the case of t ! cZ this can be tested via
polarisation measurement of the other-side-top that is predicted to be left handed polarised. The
estimated branching ratio is well below the current experimental bounds of BR(t ! ch) < 0.56% [45]
by CMS and BR(t ! ch) < 0.79% [46] by ATLAS.
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♦ Background: similar story \w thj being the BG \w a twist:

Azatov, Panico, GP & Soreq (14)

Agashe & Contino (09)

ATL-PHYS-PUB-2013-012
♦ HL projection:  BR (t →ch)~10-4 .

(i) SM thj production is small due to cancellation.

(ii) thj production => test for BSM (sign of yt) => large enhancement.

♦ Would be good to check how much the t →ch mix \w thj



top B-physics

X _



♦ t-decay => charge of W is fully correlated \w the flavor of b.

Top as a flavor factory, basic idea
Gedalia, Isidori, Maltoni, GP, Selvaggi & Soreq (12) 
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Abstract

We discuss the future prospect to probe light quarks Yukawa. In particular, we consider the
inclusive and exclusive ways...

PACS numbers:
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1. INTRODUCTION

Since the Higgs discovery [1, 2] at the LHC a huge e↵ort has been done to explore it properties. Currently, after the
first run of the LHC, the Higgs measured signal strengths are compatible with the standard model (SM) predictions
within 20% [], while its mass is determined within an accuracy of 0.2% to be mh = 125.09 ± 0.24 GeV [4]. Thus, it is
well established that the Higgs play a major role in the EW symmetry breaking and in inducing the masses of the W
and the Z ....

Within the SM the Higgs plays another important role, the generation of the charged fermion masses. The current
search focus on the Higgs couplings to the third generation fermions, namely to tt̄h, bb̄ and ⌧+⌧� [].

The second role of the Higgs in the SM is to generate
Summary the current situation about heavy quarks and the di↵erence for light quarks.
refer to the ATLAS paper with charm tagging is used in SUSY searches.
Write about the two approach for probing light quarks Yukawa: (i) inclusive rates, only charm; (ii) exclusive rare

decays, in principle u, d, s and c.
Explain that the charm is unique since: (i) it can be done both inclusive and exclusive; (ii) there is already direct

bound on its signal strength and on c. Write that already with the current 8TeV data this bound can be improved
if one will use charm tagging.

For Run II we can estimate the sensitive to probe c by rescaling the current bound on h ! J/ � and by using
the ATLAS study of h ! bb̄.

The situation in e+e� collider is very di↵erent due to the clean environment, but there cross section and the
expected luminosity are much smaller. Thus, the number of events is much smaller. Refer to relevant studies....

2. LHC RUN II

2.1. Inclusive Rate

We begin by estimating the future sensitivity of the LHC to probe the h ! cc̄ signal strength, µc, and the charm
Yukawa, c ⌘ yc/ySM

c , via the inclusive rate. Our study is based on the dedicated ATLAS analysis for the future
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♦ Similar to b-factories define same-sign asymmetry but also 
opposite-sign asym’:

The observables & the asymmetries
Gedalia, Isidori, Maltoni, GP, Selvaggi & Soreq (12) 
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Y. Soreq Flavor and top physics @ 100TeV

t ! `+⌫ b ! `+ `+ X

Assume that light mesons (u,d,s) can be rejected, but not Charm mesons.

Same-Sign (SS) Opposite-Sign (OS)

t ! `+⌫ b ! `+ `� X

b ! b̄ ! `+

b ! c ! `+

b ! b̄ ! c c̄ ! `+

Ass ⌘ N++ �N��

N++ +N�� Aos ⌘ N+� �N�+

N+� +N�+

6

Constructing the Asymmetries

b ! `�

b ! b̄ ! c̄ ! `�

b ! c c̄ ! `�

♦ Sensitive to two class of CP asym’:

  (i) CPV in mixing; (ii) inclusive CPV in decay.

Y. Soreq Flavor and top physics @ 100TeV

b ! b̄ ! `+ b ! c ! `+

measured 
CP asymmetry

CP violation
sources

rq � the fraction of events from each sub-process

8

Same Sign Asymmetry 
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Y. Soreq Flavor and top physics @ 100TeV

b ! `�
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CP asymmetry

CP violation
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9

Opposite Sign Asymmetry

r̃q � the fraction of events from each sub-process

b ! b̄ ! c̄ ! `�
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N+� +N�+

= r̃
b

Ab`

dir

+ r̃
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top B-physics, projections
Flavor & Top at 100 TeV: Maltoni & Soreq (15) 
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Y. Soreq Flavor and top physics @ 100TeV

For CP violation only in mixing (no direct CPV):

Bounds on direct CP violation sources (95% CL):
current 8TeV 14TeV, 50 
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Conclusions

♦ Polarization & charm tagging provide support.    

♦ th/Zj backgrounds are important & interfere \w other searches?

♦ top-Bphys.: possible new way of doing precision flavor physics.

♦ HL-LHC order of 1010 tops => truly precision frontier.

♦ BR(t →ch/Z)~ 10-5,-6, well motivated in composite Higgs.
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Higgs & flavor physics within the SM

♦ Higgs in minimal SM, 2 roles: 
(i) induce electroweak (EW) gauge boson masses & unitarization (high-E consistency);
(ii) induce fermion masses & unitarization (high-E consistency).

19

(i) was already tested in a quantitative way (ii) much less & mostly for 3rd gen’.
Currently, clueless whether the Higgs mechanism is behind light fermion masses!

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,
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We introduce four di↵erent types of data-driven analyses with di↵erent level of robustness that
constrain the size of the Higgs-charm Yukawa coupling: (i) recasting the vector-boson associated,
V h, analyses that search for bottom-pair final state. We use this mode to directly and model
independently constrain the Higgs to charm coupling, yc/y

SM
c . 234; (ii) the direct measurement of

the total width, yc/y
SM
c . 120�140; (iii) the search to h ! J/ �, yc/y

SM
c . 220; (iv) a global fit to

the Higgs signal strengths, yc/y
SM
c . 6.2 . A comparison with tt̄h data allows us to show that current

data eliminates the possibility that the Higgs couples to quarks in a universal way, as is consistent
with the Standard Model prediction. Finally, we demonstrate how the experimental collaborations
can further improve our direct bound by roughly an order of magnitude by charm-tagging as already
used in new physics searches.

Introduction: The discovery of the Higgs boson is a
triumph of the LHC [1, 2] and yet another success for the
Standard Model (SM) with its minimal Higgs sector of
electroweak (EW) symmetry breaking (EWSB). The first
run of the LHC was very successful not only because of
the Higgs discovery but also because it provided us with
a rather strong qualitative test of several aspects of the
Higgs mechanism: it established that the Higgs plays a
dominant role in inducing the masses of the EW gauge
bosons and that the Higgs coupling to the longitudinal
states tames the WW scattering rates up to high ener-
gies.

However, in the minimalistic SM way of EWSB the
Higgs plays another crucial role, namely it induces the
masses of all charged fermions. This results in a sharp
prediction, free of additional input parameters, for the
Higgs–fermion interaction strength

yf '
p

2
mf

v
, (1)

where f = u, c, t, d, s, b, e, µ, ⌧ and v ' 246 GeV is the
Higgs vacuum expectation value. This prediction holds
to a very good accuracy. So far, this additional function
of the Higgs has not yet been tested directly in a strong
way. The best information currently available is on the
Higgs couplings to the third-generation charged fermions

µt¯th = 2.4 ± 0.8, µb = 0.71 ± 0.31, µ⌧ = 0.97 ± 0.23 . (2)

Here, we averaged the ATLAS [3–5] and CMS [6–8] re-
sults for the Higgs signal strength to fermions µf ⌘
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with � standing for the production cross sec-

tion, BRX = BR(h ! X) and the SM script indicating
the SM case. These results are consistent with the SM
expectations, though the errors are still noticeably large.
In contrast, our current knowledge regarding the Higgs
couplings to the first two generation, light, fermions, is
significantly poorer. In fact at this point we only have
a rather weak upper bound on the corresponding signal
strengths of muons and electrons [9, 10]

µµ  7 , µe  4 ⇥ 105 , (3)

at 95% Confidence Level (CL). Eqs. (2) and (3) together
exclude Higgs–lepton universality. Such information does
not exist at present regarding the Higgs–light-quark cou-
plings.

Measuring these Higgs–light couplings is interesting for
the following three reasons. The first, although some-
what mundane, is simply that the light-quark Yukawa
couplings are parameters of the SM and as such merit
a measurement. The second is that given the success of
both direct and indirect tests of the SM it is now expected
that the EW gauge bosons and the top quark acquire
their masses dominantly via the Higgs mechanism; this
is less obvious for the first two generation quarks. The
light-quark masses could be induced by other subdomi-
nant sources of EWSB, for instance from a technicolor-
like condensate, and hence light-quarks may have sup-
pressed or even vanishing Yukawa couplings to the Higgs.
In fact, based on current knowledge, we could just add
bare mass terms to the first two generation fermions and
treat the SM as an e↵ective theory that is valid up to
some fairly high scale, were “unitarity” or the weakly-
coupled description would breakdown. This is similar to
the status of the EW gauge sector prior to the first run
of the LHC. If we assume no coupling of light quarks
to the Higgs, the unitarity bound from the qq̄ ! VLVL

process (where VL is the longitudinal boson) is (see e.g.
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the following three reasons. The first, although some-
what mundane, is simply that the light-quark Yukawa
couplings are parameters of the SM and as such merit
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both direct and indirect tests of the SM it is now expected
that the EW gauge bosons and the top quark acquire
their masses dominantly via the Higgs mechanism; this
is less obvious for the first two generation quarks. The
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nant sources of EWSB, for instance from a technicolor-
like condensate, and hence light-quarks may have sup-
pressed or even vanishing Yukawa couplings to the Higgs.
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bare mass terms to the first two generation fermions and
treat the SM as an e↵ective theory that is valid up to
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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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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] 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 [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

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

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

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

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] 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 [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

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

b · ✏b1✏b2
(5)

= µb +
BrSM
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✏c1✏c2
✏b1✏b2

µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.
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(c)CMS Fig.10,11,12 Med1 Med1 0.18
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(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] 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 [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

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

b · ✏b1✏b2
(5)
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

TABLE I. CMS has CSV scheme [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] 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 [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

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

b · ✏b1✏b2
(5)

= µb +
BrSM
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✏b1✏b2

µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

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 [18] Working points of
CSV=0.244, 0.4, 0.5, and 0.677 are referred to as Loose,
Med1, Med2, and Med3, respectively.
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(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] 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 [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

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

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
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 quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

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

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] 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 [15].

Till recently reaching for the Higgs couplings to light
quarks was not consider an option at the LHC.

While some information
and properties of the Higgs boson, particularly spin

and mass, are subsequently studied in detail. Eventually
the study is at a stage of measuring Higgs coupling to
the other elementary particles. ........

Recast: The ATLAS and CMS experiments have
studied a Higgs decay into bb̄ associated withW/Z boson.
Jets generated from bottom quark can be distinguished
from ordinary light jets because B mesons leave displaced
vertices for their long lifetime. Then, in the analyses, two
b-tagged jets are required. Its signal strength is given by

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.

If there is enhancement of Higgs decay into cc̄, we can
recast the analysis of H ! bb̄ to study H ! cc̄. In this
case, the signal strength is modified,

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

b · ✏b1✏b2
(5)

= µb +
BrSM
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BrSM
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✏c1✏c2
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µc (6)

where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

ging as in Table . Using them for two b-tags, the ATLAS
[16] has two criteria which have high rejection rate of c-
jet, and the CMS [17] has four criteria which has high
acceptance of of c-jet. The tagging e�ciencies have pjetT
dependence, while ratio of e�ciencies, such as ✏c/b, is

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.

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

Plots 1st tag 2nd tag ✏c/b

(a)ATLAS Fig.11,12(a,b,d),13,17 Med Med 8.2⇥10�2

(b)ATLAS Fig.12(c) Tight Tight 5.9⇥10�3

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16
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♦ Each working point yields flat direction:

♦ However, combining points => bound.  (reproducing ATLAS/CMS hbb bounds to 10-20%)

ATLAS-Tight

GP, Soreq, Stamou & Tobioka (15)



New production mechanism VH(bb)
GP, Soreq, Stamou & Tobioka (Feb/15)

♦ 𝜇c =                   => \w SM VH-production 𝜇c < 30 => no constraint on yc.�

�SM

Br

BrSMc

♦ However 𝜇c < 30 for large cc >50 new production mechanism:

 In new ATLAS search for stop decay to charm + neutralino (               ), 
 charm jet tagging has been employed for the first time at LHC

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

charm jets identified by combining “information from the impact 
parameters of displaced tracks and topological properties of 
secondary and tertiary decay vertices” using multivariate techniques
 

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data

tt̄
30 < pT < 200

50 100 150 200 250
cc = yc/ySM

c

1

2

3

4

5

�
y c p
p
!

V
H

/�
S
M

p
p
!

V
H

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

(MG, cuts from CMS analysis) 

GP, Soreq, Stamou & Tobioka, preliminary

No runaway for cc cc < 250.
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Constraining Higgs-quark universality #2+3 

GP, Soreq, Stamou & Tobioka (Feb/15)

23

♦ Width bound:                          (ATLAS),                        (CMS) =>   

The relation between the total width and h ! J �
bounds to charm Yukawa

January 27, 2015

1 Naive averaging of ATLAS and CSM

The recent Higgs mass from ATLAS [1] and CMS [2] is

mATLAS

h = 125.36± 0.37± 0.18GeV , (1)

mCMS

h = 125.02± 0.27± 0.15GeV , (2)

where naive average leads to

mavg

h = 125.14± 0.25GeV . (3)

Below we use mh = 125GeV.
The signal strengths Higgs to ⌧ ⌧̄ [3, 4], to bb̄ [5, 6] and the Higgs production in association

with top-pairs [7, 8] are given by

µATLAS

⌧ ⌧̄ = 1.43+0.43
�0.37 , µCMS

⌧ ⌧̄ = 0.78± 0.27 , µavg

⌧ ⌧̄ = 0.98± 0.22 , (4)

µATLAS

b¯b = 0.52± 0.40 , µCMS

b¯b = 1.0± 0.5 , µavg

b¯b
= 0.71± 0.31 , (5)

µATLAS

t¯th = 1.7± 1.4 , µCMS

t¯th = 2.76± 0.99 , µavg

t¯th = 2.41± 0.81 , (6)

where the µavg

XX is naive averaging of ATLAS and CMS results.

2 Bounds from the total width

Both ATLAS and CMS give model independent bound on the Higgs total width from the in-
variant mass distribution of h ! 4` and h ! ��. These bounds are limited by the experimental
resolution of around 1GeV. Under the assumption of no interference with the background the
upper limits by ATLAS [1] are

�h < 5.0GeV from h ! �� ,

�h < 2.6GeV from h ! ZZ⇤ ! 4` . (7)

The corresponding CMS bounds are [2]

�h < 2.4GeV from h ! �� ,

�h < 3.4GeV from h ! ZZ⇤ ! 4` ,

�h < 1.7GeV combined , (8)
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♦   Interpretation of ATLAS recent h ! J/ � (1501.03276): 

4 Interpretation of h ! J/ �

Recently, ATLAS put the first bound on the Higgs exclusive decay to J/ � [12]

�(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 [13]

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

Ref. [14] 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 (� � 0.087c)
2 ⇥ 10�8 GeV , (21)

see Eqs. (53) of [14]. The result for Note that we should evaluate this partial width at mh =
125.1± 0.3GeV using the formalism of [14].

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

(� � 0.087c)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. (19) and the ZZ⇤ signal strength µZZ⇤ = 1.44+0.40

�0.33 [15] we can extract

RJ/ ,Z =
33 fb

µZZ⇤�SMBRSM

h!ZZ⇤!4`

< 9.32 . (23)

Combine the last with Eq. (22) leads to

�210V + 11� < c < 210V + 11� . (24)
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FIG. 4. 68.3% CL (cyan) and 95% CL (gray) allowed regions
of the recast study in the c–b plane, with the best-fit (SM)
point indicated by the black circle(blue rectangle). Shaded
areas represent the regions excluded by the total width (AT-
LAS and CMS) and the exclusive Higgs decay of h ! J/ �.

production mechanisms because they are found to be
negligible for c . 50. The allowed range of V from
EW precision data assuming a cuto↵ scale of 3TeV is
V = 1.08 ± 0.07 [49]. This, along with the Higgs mea-
surement of VBF and gluon fusion in WW ⇤, ZZ⇤, and
⌧ ⌧̄ final states, results in a much stronger bound on the
total Higgs width than the direct measurement.

Following the analysis of Ref. [25] and considering the
current available Higgs data from ATLAS [3–5, 44, 52–
55], CMS [6–8, 10, 42, 56–59] and Tevatron [60, 61] along
with the EW data as in Ref. [49], the 95% CL allowed
range for the charm Yukawa is

c . 6.2 , (20)

where all the Higgs couplings (including h !
WW, ZZ, ��, gg, Z�, bb̄, ⌧ ⌧̄) were allowed to vary from
their SM values. Allowing the up-quark Yukawa also to
vary keeps the same bound.

The ratio between the on-shell and the o↵-shell h !
ZZ(⇤) rates can probe the Higgs width [62]. The cur-
rent bounds are at order of �

total

/�SM

total

. 5.4 , 7.7 from
CMS [63] and ATLAS [64], respectively, which corre-
sponds to c . 14 , 16. However, as pointed out in
Ref. [65] these bounds are model dependent. Thus, we
do not consider this bound in our analysis.

Higgs–quark non-universality: We now turn to
provide a lower bound on the top Yukawa coupling to
compare it with the upper bounds on the charm Yukawa
coupling obtained above. A comparison with tt̄h data
allows us to show that current data eliminates the possi-
bility that the Higgs couples to quarks in a universal way,
as is consistent with the SM prediction. As mentioned in
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FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

Eq. (2), a naive average of the ATLAS and CMS results
yields µt¯th = 2.4 ± 0.8. This leads to a lower bound on
the top Yukawa (at 95% CL),

t > 0.9

s
BRSM

finals

BR
finals

> 0.9 , (21)

where BR
finals

stands for the final states that were consid-
ered by the collaborations in the tt̄h measurements. The
last inequality is valid in case that the Higgs to charm
pairs is the dominant partial width (as is expected in
the case where our rather weak bounds obtained above
are saturated). In the special case where the dominant
decays are to charms and ⌧ ’s, namely ⌧ � 1, we have
µ

VBF,⌧ > 2, which is excluded by data [5, 8]. We thus
conclude that

yc

yt
=
c

t

ySM

c

ySM

t

' 1

280
⇥ c

t
) yc < yt , (22)

where the last inequality is based on comparison of
Eqs. (11), (14), (19) and (20) with Eq. (21). We there-
fore conclude that the Yukawa couplings of the up-type
quarks are non-universal.
Summary of LHC constraints: In Fig. 4 we present

bounds on Higgs couplings from the V h recast, the total
width measurements, and the exclusive decay to J/ �,
on the c–b plane. We see that the relatively robust
bounds from the V h recast and the total width measure-
ments are of same order of magnitude and also comple-
ment each other.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-
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3

✏b ✏c ✏l

b-tagging 70% 20% 1.25%

c-tagging I 13% 19% 0.5%

c-tagging II 20% 30% 0.5%

TABLE I: The tagging e�ciency for the three jet-taggers used in our analysis. KT: I call medium b-tagging as b-tagging.

b-jet, c-jet, light jet). 1 Then, we obtain number of events for categories (i)–(iii) in both uncorrelated and correlated
scenarios as below.

Uncorrelated scenario:

N (i) = N, N (ii) =
✏
(b-tag)
x ✏

(c-tag)
y + ✏

(c-tag)
x ✏

(b-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N, N (iii) =
✏
(c-tag)
x ✏

(c-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N (2)

Conservative scenario:

N (i) = N � N (ii) � N (iii), N (ii) =
✏
(b-tag)
x ✏

(c-tag)
y + ✏

(c-tag)
x ✏

(b-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N � 2N (iii), N (iii) =
✏
(c-tag)
x ✏

(c-tag)
y

✏
(b-tag)
x ✏

(b-tag)
y

N (3)

The rescale is done on a bin-by-bin bases. After rescaling di↵erent background di↵erently (N ! BX where X is a type

of background), we obtain total background for each category, B(i,ii,iii), by sum of all the backgrounds, B(i) =
Pall

X B
(i)
X

and same for (ii) and (iii). The expected signal is straightforward, N ! S.
We follow the statical procedure described in Ref. [6]. Given expectation of signal and background, we construct a

likelihood function of µc and µb based on Poisson probability distribution function. We use two di↵erent c-taggers,
currently used c-tagging I and optimistic c-tagging II, and list these tagging e�ciencies in Table I. Note that we can
only define uncorrelated scenario in the case of c-tagging II, see Appendix A for detail. The future reach of the signal
strengths of h ! bb̄ and h ! cc̄ is given in Fig. 2, for the uncorrelated scenario, while a figure for the correlated
scenario is given in Fig. 4 of Appendix A. We obtain expected uncertainty on µc with profiled µb for using the two
di↵erent c-taggers

�µc-tagging I
c =

(
15 (XX) with 2 ⇥ 300fb�1

5.6 (XX) with 2 ⇥ 3000fb�1 , �µc-tagging II
c =

(
10.3 with 2 ⇥ 300fb�1

3.7 with 2 ⇥ 3000fb�1 , (4)

at 68.3% CL for the uncorrelated (correlated) scenarios [verify that these are the updated numbers.]. Since the
sensitivities in the above two scenario for c-tagging I are similar, we conclude that these results represent the actual
future reach well.

The translation of the constrains on the charm and bottom signal strengths to the Yukawa themselves requires
some caution. Assuming SM Higgs production the signal strengths are µc = BRcc̄/BRSM

cc̄ and µb = BRbb̄/BRSM
bb̄ . In

the extreme case where the Higgs decays only to charms and bottoms, BRcc̄ + BRbb̄ = 1 holds and the two rates are
linearly dependent. As long as the measured values of µc and µb are consistent with this hypothesis, arbitrary large
c ⌘ yc/ySM

c is allowed with some b ⌘ yb/ySM
b , which corresponds to a flat direction in the c–b plane. In other

words, if experimental result shows consistency with

µcBRSM
cc̄ + µbBRSM

bb̄ > 1 , (5)

then one can not constrain c and b assuming only SM Higgs production. We illustrate this with shaded region at
Fig. 2. If this region overlaps with the allowed regions of µc–µb (the coloured ellipses), it means that there is a flat
direction in the c–b consider only SM production.

Large charm Yukawa enhances the Higgs production in the V h production channel, where for c ⇠ O(100) it is
twice as big as the SM prediction [6]. This mechanism allows us to put a direct constrain on c already with the

1

For instance, x = y = b for h ! b

¯

b signal and t

¯

t background; x = y = c for W +cc̄ background; (x = b, y = l) for single top background.

4
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FIG. 2: 300 fb�1 and 3000 fb�1 prospects for the signal strengths of h ! bb̄ and h ! cc̄ based on b- and c-tagging for the
uncorrelated scenario employing c-tagging I (left panel) and c-tagging II (right panel).

FIG. 3: 300 fb�1 and 3000 fb�1 prospects for probing b and c with h ! bb̄ and h ! cc̄ based on b- and c-tagging for the
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Abstract

We discuss the future prospect to probe light quarks Yukawa. In particular, we consider the
inclusive and exclusive ways...
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1. INTRODUCTION

Since the Higgs discovery [1, 2] at the LHC a huge e↵ort has been done to explore it properties. Currently, after the
first run of the LHC, the Higgs measured signal strengths are compatible with the standard model (SM) predictions
within 20% [], while its mass is determined within an accuracy of 0.2% to be mh = 125.09 ± 0.24 GeV [4]. Thus, it is
well established that the Higgs play a major role in the EW symmetry breaking and in inducing the masses of the W
and the Z ....

Within the SM the Higgs plays another important role, the generation of the charged fermion masses. The current
search focus on the Higgs couplings to the third generation fermions, namely to tt̄h, bb̄ and ⌧+⌧� [].

The second role of the Higgs in the SM is to generate
Summary the current situation about heavy quarks and the di↵erence for light quarks.
refer to the ATLAS paper with charm tagging is used in SUSY searches.
Write about the two approach for probing light quarks Yukawa: (i) inclusive rates, only charm; (ii) exclusive rare

decays, in principle u, d, s and c.
Explain that the charm is unique since: (i) it can be done both inclusive and exclusive; (ii) there is already direct

bound on its signal strength and on c. Write that already with the current 8TeV data this bound can be improved
if one will use charm tagging.

For Run II we can estimate the sensitive to probe c by rescaling the current bound on h ! J/ � and by using
the ATLAS study of h ! bb̄.

The situation in e+e� collider is very di↵erent due to the clean environment, but there cross section and the
expected luminosity are much smaller. Thus, the number of events is much smaller. Refer to relevant studies....

2. LHC RUN II

2.1. Inclusive Rate

We begin by estimating the future sensitivity of the LHC to probe the h ! cc̄ signal strength, µc, and the charm
Yukawa, c ⌘ yc/ySM

c , via the inclusive rate. Our study is based on the dedicated ATLAS analysis for the future
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the first upper bound on exclusive Higgs decays in the h ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This first result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in the J/ � channel as well as in other modes such as �� .

The Higgs signal strength measurements at the LHC are sensitive only to �hBRfinal, i.e. the production cross
section times the branching ratio to a specific final state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we define

RM�,Z ⌘ �hBRM�

�hBRZZ⇤
!4`

' �M�

�ZZ⇤
!4`

=

(
2.8 ⇥ 10�2

�
� � 8.7 ⇥ 10�2c

�2
/2V M = J/ 

2.4 ⇥ 10�2
�
� � 2.6 ⇥ 10�3s

�2
/2V M = �

, (7)

where M = J/ ,� and a perfect cancellation of the production is assumed. The theoretical predication for h ! J/ �

and h ! �� are taken from [11] and [12], respectively, with BRSM
J/ � = 2.9 ⇥ 10�6, BRSM

�� = 3.0 ⇥ 10�6 [12] and

BRSM
ZZ⇤

!4` = 1.25 ⇥ 10�4 [7].
For a given upper bound on an exclusive mode, we can write

RM�,Z <
µM

µZZ⇤

BRSM
M�

BRSM
ZZ⇤

!4`

, µM ⌘ �hBRM,�

�SM
h BRSM

M,�

, (8)

where the error in the h ! ZZ⇤ ! 4` rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb�1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities

11� � 10V

q
µJ/ /µZZ⇤ <c < 11� + 10V

q
µJ/ /µZZ⇤ , (9)

380� � 380V

q
µ�/µZZ⇤ <s < 380� + 380V

q
µ�/µZZ⇤ . (10)

Note that in case of similar upper bounds on the J/ � and the �� rates, the resulting bound on s will be weaker
than the bound c by a factor at O �

(mcmJ/ )/(msm�)
�
.

Next, we naively estimate the future bound on the pp ! h ! J/ � given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider that S8/

p
B8 ⇡ SE/

p
BE , where S8,E is the

upper bound on the number of signal events and B8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as

µM,E = µM,8

✓
1

RP,E R
L,E RSB,E

◆1/2

, (11)

where we define

RSB,E ⌘ SSM
E /BE

SSM
8 / B8

, RP,E ⌘ �SM
h,E

�SM
h,8

, R
L,E ⌘ LE

L8
, (12)

SSM
8,E is the number of signal events in the SM, �SM

h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find

11 � (75 , 42)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L14

◆1/4

<c < 11 + (75 , 42)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L14

◆1/4

, (13)

11 � (38 , 21)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L100

◆1/4

<c < 11 + (38 , 21)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L100

◆1/4

, (14)

♦ Useful to define ratio that is independent of the production:                 
GP, Soreq, Stamou & Tobioka (Feb/15)

Bodwin, Petriello, Stoynev & Velasco (13); Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)
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Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find

11 � (75 , 42)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L14

◆1/4

<c < 11 + (75 , 42)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L14

◆1/4

, (13)

11 � (38 , 21)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L100

◆1/4

<c < 11 + (38 , 21)

✓
1

RSB,14

2 ⇥ (300, 3000) fb�1

L100

◆1/4

, (14)

. arXiv:1501.03276 [hep-ex]            



Exclusive, deriving the bound

28
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h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the first upper bound on exclusive Higgs decays in the h ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This first result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in the J/ � channel as well as in other modes such as �� .

The Higgs signal strength measurements at the LHC are sensitive only to �hBRfinal, i.e. the production cross
section times the branching ratio to a specific final state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we define
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where M = J/ ,� and a perfect cancellation of the production is assumed. The theoretical predication for h ! J/ �

and h ! �� are taken from [11] and [12], respectively, with BRSM
J/ � = 2.9 ⇥ 10�6, BRSM

�� = 3.0 ⇥ 10�6 [12] and
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where the error in the h ! ZZ⇤ ! 4` rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb�1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities
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Note that in case of similar upper bounds on the J/ � and the �� rates, the resulting bound on s will be weaker
than the bound c by a factor at O �

(mcmJ/ )/(msm�)
�
.

Next, we naively estimate the future bound on the pp ! h ! J/ � given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider that S8/

p
B8 ⇡ SE/

p
BE , where S8,E is the

upper bound on the number of signal events and B8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as
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8,E is the number of signal events in the SM, �SM

h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find
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h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �
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��

s
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BR(J/ ! µ+µ�)
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✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.
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BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.
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where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is
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As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)

✏J/ 

✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)

✏J/ 

✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)

✏J/ 

✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)
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✏�
= 0.33 µJ/ 

s
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✏J/ 
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(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 
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where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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2.2. Exclusive Higgs decays

Recently, the ATLAS collaboration has provided the first upper bound on exclusive Higgs decays in the h ! J/ �
mode, �hBRJ/ � < 33 fb [10]. This first result is interesting not only because it can be interpreted as a bound on
the Higgs couplings, in particular on the charm Yukawa [6], but also because of the important background study.
It was found that the main background originates from inclusive quarkoium production where a jet in the event is
reconstructed as a photon. This knowledge allows us to estimate the reach of future searches for exclusive Higgs
decays in the J/ � channel as well as in other modes such as �� .

The Higgs signal strength measurements at the LHC are sensitive only to �hBRfinal, i.e. the production cross
section times the branching ratio to a specific final state. The dependence on both production and the total width
can be canceled to good approximation by taking the ratio of rates which share similar production. In particular, for
exclusive decays we define

RM�,Z ⌘ �hBRM�

�hBRZZ⇤
!4`

' �M�

�ZZ⇤
!4`

=

(
2.8 ⇥ 10�2

�
� � 8.7 ⇥ 10�2c

�2
/2V M = J/ 

2.4 ⇥ 10�2
�
� � 2.6 ⇥ 10�3s

�2
/2V M = �

, (7)

where M = J/ ,� and a perfect cancellation of the production is assumed. The theoretical predication for h ! J/ �

and h ! �� are taken from [11] and [12], respectively, with BRSM
J/ � = 2.9 ⇥ 10�6, BRSM

�� = 3.0 ⇥ 10�6 [12] and

BRSM
ZZ⇤

!4` = 1.25 ⇥ 10�4 [7].
For a given upper bound on an exclusive mode, we can write

RM�,Z <
µM

µZZ⇤

BRSM
M�

BRSM
ZZ⇤

!4`

, µM ⌘ �hBRM,�

�SM
h BRSM

M,�

, (8)

where the error in the h ! ZZ⇤ ! 4` rate is been neglected as it is expected to be less than 10% for the 14 TeV LHC
run with 300 fb�1 [13, 14]. Combining Eqs. (7) and (8) leads to the following inequalities

11� � 10V

q
µJ/ /µZZ⇤ <c < 11� + 10V

q
µJ/ /µZZ⇤ , (9)

380� � 380V

q
µ�/µZZ⇤ <s < 380� + 380V

q
µ�/µZZ⇤ . (10)

Note that in case of similar upper bounds on the J/ � and the �� rates, the resulting bound on s will be weaker
than the bound c by a factor at O �

(mcmJ/ )/(msm�)
�
.

Next, we naively estimate the future bound on the pp ! h ! J/ � given the current ATLAS upper bound [10],
assuming background dominant search. For simplicity, we consider that S8/

p
B8 ⇡ SE/

p
BE , where S8,E is the

upper bound on the number of signal events and B8,E is the number of background events. The sub-index 8(E) is for
the 8 (E = 14, 100) TeV run. Therefore, the projected upper bound on the signal strength can be estimated as

µM,E = µM,8

✓
1

RP,E R
L,E RSB,E

◆1/2

, (11)

where we define

RSB,E ⌘ SSM
E /BE

SSM
8 / B8

, RP,E ⌘ �SM
h,E

�SM
h,8

, R
L,E ⌘ LE

L8
, (12)

SSM
8,E is the number of signal events in the SM, �SM

h,(8,E) is the SM Higgs production cross section and L8,E is the
integrated luminosity. Since the Higgs production cross section originates from harder scale than the QCD background,
in colliders with larger center of mass energy the signal cross section will have larger enhancement than the background.
Therefore, the ratio between signal and background is expected to be larger in the future colliders than in the LHC
with

p
s = 8TeV, resulting in RSB,E & 1 . Note, that we implicitly assume that the signal and background e�ciencies

are similar in the di↵erent runs. In case that they are di↵erent it can be absorbed by RSB,E .
The expected upper bound on the signal strength in Eq. (11) can be easily interpreted as a bound on the Higgs

couplings using Eq. (9). For the pp colliders with center of mass energy of 14 and 100TeV, assuming µZZ⇤ = � =
V = 1 and SM Higgs production, we find
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)

✏J/ 

✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)

✏J/ 

✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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at 95% CL, where �SM
h,(8,14,100) = 22.3, 57.2, 897 pb [7], L8 = 19.2 fb�1 and µJ/ ,8 = 510 [10]. YS: I have µJ/ = 510,

while ATLAS quote 540. These bounds may be compared to the current bound of c . 220 [6]. We see that the
projected bounds have only weak dependence on the integrated luminosity and on RSB,E as they scale like the forth
root of the two. The corresponding expected upper bound on the branching ratio is BRJ/ ,14(100) < 2.4 (0.61)⇥10�4,

where we assume SM production and L14(100) = 300 fb�1.
It is interesting to compare the projected bounds on c between the inclusive rate with c-tagging and the exclusive

decays to h ! J/ �. From Eqs. (6) and (13) we learn that the reach of the inclusive rate to probe the charm Yukawa
is stronger than the exclusive method. For example, with the first 300 fb�1 the projected bound from the inclusive is
expected by be stronger by roughly a factor of 4 than the inclusive, while for the high luminosity stage with 3000 fb�1

it is expected to be stronger by a factor of 10. [YS: maybe this paragraph should be in a di↵erent place. ]
The di↵erent exclusive modes of a vector meson and a photon are expected to share the same background features.

Thus, the study of [10] can help us to estimate the future reach of the di↵erent channels, in particular for h ! �� .
In order to do so, for upper bounds at the same CL we use the approximation S�/

p
B� ⇡ SJ/ /

p
BJ/ , where

BJ/ (�) is the number of background events and SJ/ (�) is the upper bound in the number of signal events in the
J/ (�) mode. Below, we estimate the ratios between the number of signal and background events in each case and
extrapolate an upper bound on the h ! �� signal strength, µ�.

The ratio between the number of signal events in each case is given by

S�
SJ/ 

=
�hBR(h ! ��) L

�hBR(h ! J/ �) L
BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

(15)

where ✏J/ (�) is the triggering and reconstruction e�ciency, . Following [10], the main background is expected to be
QCD production of the vector meson and a jet that fakes a photon, thus we can estimate

B�

BJ/ 
=

�(pp ! � j) P (j ! �)L
�(pp ! J/ j) P (j ! �)L

BR(� ! K+K�)

BR(J/ ! µ+µ�)

✏�
✏J/ 

, (16)

where P (j ! �) ⇠ 2 ⇥ 10�4 is the probability for a jet to be misidentified as a photon under the tight selection
criteria [15].

Combing S�/
p

B� ⇡ SJ/ /
p

BJ/ with Eqs. (15)–(16) leads to an estimation of the upper bound on h ! �� rate
in terms of µJ/ 

µ� = µJ/ 

BRSM
J/ �

BRSM
��

s
�(pp ! � j)

�(pp ! J/ j)

BR(J/ ! µ+µ�)

BR(� ! K+K�)

✏J/ 

✏�
= 0.33 µJ/ 

s
�(pp ! � j)

�(pp ! J/ j)

✏J/ 

✏�
(17)

where BR(� ! K+K�) = 48.9% and BR(J/ ! µ+µ�) = 5.93% [16]. Since the J/ is reconstructed in the di-muon
channel, while the � in the K+K� channel we expect that ✏J/ > ✏� . Moreover, we expect that �(pp ! � j) >
�(pp ! J/ j) for a given jet definition YS: should we explain more?. Therefore, we conclude that µ� > 0.33 µJ/ .

In order to estimate the ratio �(pp ! � j)/�(pp ! J/ j), we generate di-jet events in Pythia 8.2 [17, 18] with
pT > 20 GeV on the hard process. Following [10], we select events which have J/ (�) with pT > 36 GeV and an
anti-kT jet of cone 0.4 with pT > 36 GeV, |⌘| < 2.37 and ��(J/ (�), j) > 0.5 . The resulting ratio is

�(pp ! � j)

�(pp ! J/ j)

����
Pythia

⇠ 8.5 . (18)

As a cross check we evaluate the ratio of �(pp ! J/ j) from Pythia and the one that is reported by ATLAS to
be ⇠ 3.4, where the Pythia is the larger, where the background e�ciency is not taken into account for the Pythia
cross section. Moreover, we verify that there is no significant change for 14 TeV center of mass energy and find that
�(pp ! � j)/�(pp ! J/ j) ⇠ 9.

We can further use Eqs. (10), (17) and (18) to obtain
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Summary

30

♦ C-tagging based analysis is just “waiting” for someone to dominate the field.  

♦ To improve on the exclusive miserable situation, one needs to device new methods, 

to use the “quiet” nature of the Higgs decay. (new class of jet substructure)   

GP, Soreq, Stamou & Tobioka (May/15)

Inclusive (c-tagging): c < 4;

Exclusive (J/ �): c < 40;

Exclusive (��): s < 2000.

♦ What about CMS? Impact of ATLAS new IBL? LHCb?


