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                   Slide #1: (additional) theoretical inputs  

♦ Layman comment: theorists involvement => matching onto 
advance MC tools - cross communication with NLO/NNLO ?                               

♦ Energy/precision frontier why? => understanding flavor.

Talks by: Larkoski; Moult; Thaler …

(apologies to people involved in other work)

Higgs in minimal standard model, 2 roles: 
(i) induce electroweak gauge boson masses & unitarization (high-E consistency);
(ii) induce fermion masses & unitarization (high-E consistency) <=> not tested directly!

partial list of recent works: -
Farhi, Feige, Freytsis & Schwartz; Becher, Frederix, Neubert & Rothen; Larkoski, Moult & Neill (15); 
Gerwick, Hoeche, Marzani & Schumann (14);
GENEVA: Alioli, Bauer, Berggren, Hornig, Tackmann, Vermilion, Walsh & Zuberi (12,15) and more …

Instructive discussion with Marat on prospects for automation.
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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

Constraining the Charm Yukawa and Higgs–quark Universality

Gilad Perez,1, ⇤ Yotam Soreq,1, † Emmanuel Stamou,1, ‡ and Kohsaku Tobioka1, 2, 3, §

1Department of Particle Physics and Astrophysics,
Weizmann Institute of Science, Rehovot 7610001, Israel

2Theory Center, High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801, Japan
3School of Physics and Astronomy, Raymond and Beverley Sackler

Faculty of Exact Sciences, Tel Aviv University, Tel Aviv 6997801, Israel

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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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 ⌘

⇤

gilad.perez@weizmann.ac.il

†

yotam.soreq@weizmann.ac.il

‡

emmanuel.stamou@weizmann.ac.il

§

kohsakut@tau.post.ac.il

�
�SM

BRff̄

BR

SM
ff̄

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-
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bare mass terms to the first two generation fermions and
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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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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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                   Slide #2: flavor a task for (future) colliders
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Do you care? 
(i) in both cases TeV scale emerge => boosted h+light/c-jet; 
(ii) possible direct test in h    light; exclusively approachable but \w 

large BGs => new venue for new type of jet substructure.

Fire-works in Higgs phys.:                                               New EW sector:



                   Slide #3: phenomenological issues

♦ Aspects of “superboosted" jets -

Given a detector, minimal angular scale:

2

sion are very energetic. For example, for W jets with
pT near 3 (10) TeV, the three leading long-lived hadrons
carry on average energies of 1200 (2700), 700 (1500), 490
(1100) GeV, and the three leading neutral ones carry 600
(1330), 210 (470), 80 (190) GeV [10]. Similar numbers
are obtained for QCD jets. For hadrons in this range
of hundreds of GeV, the dependence on the energy and
species is rather mild [7, 11, 12]. The 95% longitudinal
containment of hadronic shower cascades, L95%, which is
the average calorimeter depth within which 95% of the
hadronic cascade energy will be deposited, is described
in terms of the nuclear interaction length, �A, as [7]

L95% ⇡ (6.2 + 0.8 ln(E/100 GeV))�A . (1)

The 95% lateral containment for hadronic cascades, d95%,
can also be expressed in terms of �A [7],

d95% ⇡ �A . (2)

Smaller interaction lengths are obtained for ma-
terials with larger atomic weights, with �A ⇡
10, 11, 15, 17, 17, 40 cm for tungsten, uranium, copper,
iron, lead, and aluminum respectively, while scintillator
materials typically have larger interactions lengths. Ef-
fective interaction lengths of HCALs (composed of scintil-
lator and stopping material) thus cannot be shorter than
⇠ 10 cm, with typical e↵ective interaction lengths, e.g. in
ATLAS and CMS, and the prototype future calorimeter
CALICE [12], being 20–30 cm.

One can then define a minimal scale,

dhad ⇡ d95% , (3)

below which the perturbative jet information becomes
increasingly unresolvable in the HCAL due to overlap
between the hadronic showers (see, e.g., Ref. [13]). Thus,
for any HCAL at a radial distance rHCAL from the beam
axis, one can define a typical minimal opening angle ✓had
below which jet substructure will be washed out,

✓had ⇡ dhad
rHCAL

⇡ 0.1⇥ �HCAL

20 cm
⇥ 2m

rHCAL
. (4)

While it seems very challenging to improve upon �HCAL,
it is in principle possible to decrease ✓had by increasing
the radial distance, rHCAL. A typical opening angle of a
boosted t or W jet is ✓t,W = 2mt,W /pT . Thus, assuming
�HCAL = 20 cm, to resolve the substructure of a 3 (10)
TeV jet the HCAL needs to be at a distance of at least
rHCAL ⇡ 2, 4 (6, 12) meters from the beam pipe. Note
that it means that superboosted jets might become rel-
evant already at the LHC, since the active inner radius
of the HCAL is 2.3 meters for ATLAS and 1.8 meters
for CMS. The HCAL shower size may or may not be the
most important limitation, since an angular size of about
0.1 describes also the granularity of the ATLAS and CMS
HCALs. However, future colliders are expected to have
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FIG. 1. Energy fractions carried by long-lived neutral hadrons
in boosted W jets (solid blue) and QCD jets (dashed red) for
pT = 3 TeV (left) and 10 TeV (right).

much better HCAL granularities (see, e.g., Ref. [11]), so
the HCAL shower size will become the leading obsta-
cle. While scaling up the detectors would eliminate the
problem, this would be very costly, not only due to the
increased HCAL volume but also due to the increased
volume of the magnetic field for the muon detector. This
will likely make such a solution unrealistic.

Limitations of neutralless jet substructure
variables.—The results obtained above lead to the con-
clusion that in the future the energy frontier will almost
unavoidably have to deal with jets in the superboosted
regime. In this regime, jet substructure analyses would
have to rely solely on information obtained by the tracker
and the electromagnetic calorimeter (ECAL). Tracker or
tracker+ECAL based jet substructure methods have al-
ready been explored in the literature in the context of
boosted tops [14–16] and W ’s and Z’s [16]. Here we take
a somewhat orthogonal path and attempt to characterize
the unavoidable fluctuations that arise in (practically all)
jet substructure variables due to the spatially unresolv-
able energy depositions of the neutral hadrons.

In Fig. 1, we show the fraction of energy carried by
neutrons, KL’s, as well as all other neutral hadrons that
due to a large boost happen to decay farther than 2 m
from the beam axis, for boosted W and QCD jets with
pT = 3 and 10 TeV. These results are based on a simu-
lation of WW and QCD events in 100 TeV pp collisions
using Pythia 8.205 [10] (with the default settings) in-
terfaced with FastJet [17]. Here and in the following,
we use as our defaults anti-kT jets [18] with cone size
R = 3mW /pT = 0.08 (0.024). Smaller cones would fre-
quently fail to capture the W decay products [19], while
larger cones would increase the QCD background at mW

since the average mass of a QCD jet is hmJi ⇠ ↵s pTR,
with the peak of the mJ distribution (the Sudakov peak)
being somewhat lower. Below, we shall discuss additional
impacts of using larger cones. The mean, hfN i, and stan-
dard deviation, �fN , of the energy fraction taken by the
neutrals in the 3 (10) TeV boosted W and QCD jets are

Superboosted jets: substructure cannot be probed within the HCAL:

�R
superboost

⇠ 2mW,Z,H,t

pT
. ✓

had

⇠ 0.1 pT
W,Z,H,t
superboosted

& 1.6, 1.8, 2.5, 3.4TeV

(i) is there a way out?
(ii) how bad is this ? [loosing O(20%) of the jet substructure]
(iii) is this true for coloured states? (like top)
(iv) are “EW/h-sub-Sudakov”  the next tau’s?  (can we, ignore EW corrections)
(v) is E mismatch a useful handle?


