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It is of interest to inquire whether gauge
vector mesons acquire mass through interac-
tion'; by a gauge vector meson we mean a
Yang-Mills field' associated with the extension
of a Lie group from global to local symmetry.
The importance of this problem resides in the
possibility that strong-interaction physics orig-
inates from massive gauge fields related to a
system of conserved currents. ' In this note,
we shall show that in certain cases vector
mesons do indeed acquire mass when the vac-
uum is degenerate with respect to a compact
Lie group.
Theories with degenerate vacuum (broken

symmetry) have been the subject of intensive
study since their inception by Nambu. ' ' A
characteristic feature of such theories is the
possible existence of zero-mass bosons which
tend to restore the symmetry. 'y' We shall
show that it is precisely these singularities
which maintain the gauge invariance of the
theory, despite the fact that the vector meson
acquires mass.
~e shall first treat the case where the orig-

inal fields are a set of bosons qA which trans-
form as a basis for a representation of a com-
pact Lie group. This example should be con-
sidered as a rather general phenomenological
model. As such, we shall not study the par-
ticular mechanism by which the symmetry is
broken but simply assume that such a mech-
anism exists. A calculation performed in low-
est order perturbation theory indicates that

those vector mesons which are coupled to cur-
rents that "rotate" the original vacuum are the
ones which acquire mass [see Eq. (6)].
~e shall then examine a particular model

based on chirality invariance which may have a
more fundamental significance. Here we begin
with a chirality-invariant Lagrangian and intro-
duce both vector and pseudovector gauge fields,
thereby guaranteeing invariance under both local
phase and local y, -phase transformations. In
this model the gauge fields themselves may break
the y, invariance leading to a mass for the orig-
inal Fermi field. ~e shall show in this case
that the pseudovector field acquires mass.
In the last paragraph we sketch a simple

argument which renders these results reason-
able.
(1) Lest the simplicity of the argument be

shrouded in a cloud of indices, we first con-
sider a one-parameter Abelian group, repre-
senting, for example, the phase transformation
of a charged boson; we then present the general-
ization to an arbitrary compact Lie group.
The interaction between the y and the A &fields is

H. =ieA y~8 y-e'y*yA Aint p. p, p, p,
'

where y =(y, +iy, )/v2. We shall break the
symmetry by fixing &y) e0 in the vacuum, with
the phase chosen for convenience such that
&V) =&q ') =&q,)/~2.
%'e shall assume that the application of the
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well into account the radiation correction to the 
ß-decay constant found by Berman 3) and Kino- 
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where T µo is the muon life time calculated by 
means of universal theory of four fermion inter- 
action with a constant taken from ß-decay without 
any corrections, Aß is the cut off momentum due 

to the strong interactions, Aß M, E is the en- 
ergy of 0-transition. According to experimental 
data Tµ /T µ° = 0.988: 1 0.004. 

Substituting the numbers into (1) we obtain 
T µ/ Tµ=1.003 and the disagreement between 
the theory and experiment will be in our case 
1.5 * 0.4%. When discussing this result one should 
take into consideration that in (1) only the terms 

e2 In e-2 were correctly taken into account but 
the terms ^- e2 were discarded. 

It seems to us that the conclusion that in the 
theory of weak interaction with intermediate W- 

meson 0- and µ-constants must be with good ac- 
curacy the same (taking into account the correc- 
tions due to the electromagnetic and weak inter- 
actions), is in favour of the weak interaction the- 
ory with W-meson unlike the four-fermion theory. 

More detailed paper will be published else- 
where. 

The author is indebted to B. V. Geshkenbein, 
1. Yu. Kobsarev, L. B. Okun, A. M. Perelomov, 
1. Ya. Pomeranchuk, V. S. Popov, A. P. Rudik and 
M. V. Terentyev for valuable discussions. 
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Recently a number ofpeople have discussed 
the Goldstone theorem 1, -2): that any solution of a 
Lorentz-invariant theory which violates an inter- 
nal symmetry operation of that theory must con- 
tain a massless scalar particle. Klein and Lee 3) 

showed that this theorem does not necessarily ap- 
ply in non-relativistic theories and implied that 
their considerations would apply equally wgll to 
Lorentz-invariant field theories. Gilbert 4), how- 

ever, gave a proof that the failure of the Goldstone 
theorem in the nonrelativistic case is of a type 
which cannot exist when Lorentz invariance is im- 
posed on a theory. The purpose of this note is to 
show that Gilbert's argument fails for an impor- 
tant class of field theories, that in which the con- 
served currents are coupled to gauge fields. 

Following the procedure used by Gilbert 4), let 
us consider a theory of two hermitian scalar fields 
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BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS
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In a recent note' it was shown that the Gold-
stone theorem, ' that Lorentz-covaria. nt field
theories in which spontaneous breakdown of
symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if
the conserved currents associated with the in-
ternal group are coupled to gauge fields. The
purpose of the present note is to report that,
as a consequence of this coupling, the spin-one
quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
ticles (which would be absent if their mass were
zero) go over into the Goldstone bosons when the
coupling tends to zero. This phenomenon is just
the relativistic analog of the plasmon phenome-
non to which Anderson' has drawn attention:
that the scalar zero-mass excitations of a super-
conducting neutral Fermi gas become longitudi-
nal plasmon modes of finite mass when the gas
is charged.
The simplest theory which exhibits this be-

havior is a gauge-invariant version of a model
used by Goldstone' himself: Two real' scalar
fields y„y, and a real vector field A interact
through the Lagrangian density

2 2
L =-&(&v ) -@'7v )1 2

2 2 ~ JL(,V—V(rp + y ) -P'1 2 P,v

where

V p =~ p -eA
1 jL(, 1 p, 2'

p2 +eA {p1'

F =8 A -BA
PV P, V V

e is a dimensionless coupling constant, and the
metric is taken as -+++. I. is invariant under
simultaneous gauge transformations of the first
kind on y, + iy, and of the second kind on A
Let us suppose that V'(cpa') = 0, V"(&p,') ) 0; then
spontaneous breakdown of U(1) symmetry occurs.
Consider the equations [derived from (1) by
treating ~y„ay„and A & as small quantities]
governing the propagation of small oscillations

about the "vacuum" solution y, (x) =0, y, (x) = y, :
s "(s (np )-ep A )=0,1 0 (2a)

(&'-4e,'V"(y,')f(&y, ) = 0, (2b)

s r"'=eq (s"(c,p, ) ep A-t.
V 0 1 0 p,

(2c)

Pv 2 2
8 B =0, 8 t" +e y 8 =0.

v 0 (4)

Equation (4) describes vector waves whose quanta
have (bare) mass ey, . In the absence of the gauge
field coupling (e =0) the situation is quite differ-
ent: Equations (2a) and (2c) describe zero-mass
scalar and vector bosons, respectively. In pass-
ing, we note that the right-hand side of (2c) is
just the linear approximation to the conserved
current: It is linear in the vector potential,
gauge invariance being maintained by the pres-
ence of the gradient term. '
When one considers theoretical models in

which spontaneous breakdown of symmetry under
a semisimple group occurs, one encounters a
variety of possible situations corresponding to
the various distinct irreducible representations
to which the scalar fields may belong; the gauge
field always belongs to the adjoint representa-
tion. ' The model of the most immediate inter-
est is that in which the scalar fields form an
octet under SU(3): Here one finds the possibil-
ity of two nonvanishing vacuum expectation val-
ues, which may be chosen to be the two Y=0,
I3=0 members of the octet. There are two
massive scalar bosons with just these quantum
numbers; the remaining six components of the
scalar octet combine with the corresponding
components of the gauge-field octet to describe

Equation (2b) describes waves whose quanta have
(bare) mass 2po(V"(yo'))'"; Eqs. (2a) and (2c)
may be transformed, by the introduction of new
var iables

fl =A -(ey ) '8 (n, (p ),
p. 0 p, 1'

G =8 B -BB =F
IL(.V p. V V p, LL(V

into the form

508

Vox.vMz 13,NvMaER 20 PHYSI C A I. R K V I K %" L K T7K R S 16Nova MszR 1964

from one or more compound states, probably in
the 'P and S configurations. '~'
The position of the hydrogen resonance on the

energy scale is in very good agreement with the-
oretical predictions, which range from 9.6 to
9.8 ev.
Because of the difficulty of the present experi-

ment the author had to seek advice on many as-
pects of the experiment. He is indebted to A. O.
McCoubrey, R. F. C. Vessot, and F. Kaufman
for advice on handling of atomic hydrogen; to
B.R. McAvoy, J. L. Pack, and J. L. Moruzzi
for advice on and loan of high-power microwave
equipment; to A. V. Phelps and P. J. Chantry for
frequent discussions; and to %. J. Uhlig, J. Kear-
ney, and H. T. Garstka for technical assistance.

*This work was supported in part by the Advanced
Research Projects Agency through the Office of Naval
Research.
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147 (1962}. Their value for the energy at resonance
is 9.61 eV, with a width of 0.109 eV. The state in-
volved is the ~S state.
P. G. Burke and K. Smith, in Atomic Collision

Processes, edited by M. R. C. McDowell (John Wi-
ley @ Sons, Inc. , New York, 1964). They calculate
the energy at resonance resulting from the {2s2P}P
state to be 9.78 eV, width 0.009 eV. They also cal-
culate resonances resulting from (ls2s) ~S and
(ls2P) ~P configurations at much lower energies.
M. Gailitis and R. Damburg, Proc. Phys. Soc.

(London) 82, 192 (1963), find the minimum of the
cross section at 9.6 eV (singlet) and 9.8 eV (no ex-

change) i
M. H. Mittleman, Phys. Rev. Letters 10, 145

(1962), finds the minimum in the cross section at
9.8 eV.
~K. Smith, R. F. Eachran, and P. A. Frazer,

Phys. Rev. 125, 553 (1962).
~A. Temkin and R. Pohle, Phys. Rev. Letters
10, 22 (1963), find the minimum in the cross sec-
tion just below 9.7 eV.
VA. Herzenberg, K. L. Kwok, and F. Mandl, Proc.

Phys. Soc. (London) 84, 345 (1964), discuss the 'S
level at 9.61 eV.
G. J. Schulz, Phys. Rev. Letters 10, 104 (1963).
R. J. Fleming and G. S. Higginson, Proc. Phys.

Soc. (London) 81, 974 (1963); see also J. A. Simpson
and U. Fano, Phys. Rev. Letters 11, 158 (1963).
~OG. J. Schulz, Phys. Rev. 136, A650 (1964).
'~In addition to the usual problems encountered in
calibrating energy scales, the charging of the glass
and the existence of a residual plasma in the region
in which the electron beam traverses the gas stream
may play a role in establishing the potential in that
region.
' The elastic cross section in both molecular and
atomic hydrogen decreases with electron energy;
thus the transmitted current vs electron energy under
our operating conditions is a steeply rising function.
On such a curve it would be very difficult to observe
a resonance. Fortunately„ the elastic cross section
of H20 increases with energy in the 9- to 10-eV range
and thus it is possible to alter the slope of the trans-
mitted current vs electron energy by admixing vari-
ous amounts of H20 to Hz.' In a mixture of H2 and H20 it is difficult to estab-
lish the proper energy scale. In a mixture of H2 and
Ne, the rare gas serves both as a buffer gas for en-
hanced dissociation and as a calibrating gas.

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik, f C. R. Hagen, f.and T. %. B. Kibble
Department of Physics, Imperial College, London, England

(Received 12 October 1964)

In all of the fairly numerous attempts to date to
formulate a consistent field theory possessing a
broken symmetry, Goldstone's remarkable the-
orem' has played an important role. This theo-
rem, briefly stated, asserts that if there exists
a conserved operator Q; such that

[q.,a (x)j=Q f. .„X (x),

and if it is possible consistently to take Q&f. &k ggk
x(OIAy I 0)t 0, then A (x) has a zero-mass par-
ticle in its spectrum. It has more recently been
observed that the assumed Lorentz invariance
essential to the proof' may allow one the hope of
avoiding such massless particles through the in-

troduction of vector gauge fields and the conse-
quent breakdown of manifest covariance. ' This,
of course, represents a departure from the as-
sumptions of the theorem, and a limitation on
its applicability which in no way reflects on the
general validity of the proof.
In this note we shall show, within the frame-

work of a simple soluble field theory, that it is
possible consistently to break a symmetry (in
the sense that Q~t;&~(OIA~ I 0) x 0) without requir-
ing that A(x) excite a zero-mass particle. While
this result might suggest a general procedure
for the elimination of unwanted massless bosons,
it will be seen that this has been accomplished
by giving up the global conservation law usually
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Higgs mechanism and the Higgs boson

 SU(2)L⊗U(1)Y local gauge symmetry;  
electro-weak unification: massless carriers 
 Symmetry spontaneously broken; Higgs field 
obtains non-zero vacuum expectation value 

 3 d.o.f of Higgs field become longitudinal 
polarisations of W±/Z bosons 
 1 d.o.f of Higgs field becomes the physical 
Higgs boson 

 Higgs interactions to vector bosons: 
defined by symmetry breaking
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Higgs Mechanism: Scalar Couplings Structure

Bosonic sector:

• EWSB gives mass to W+,W�,Z bosons

• Higgs couplings proportional to m2
W/Z

gHVV =
2m2

V

v

H

V

V

gHV V

gHff̄

H
f

f̄

Fermionic sector:

• After introducting Higgs field, can add
Yukawa terms to Lagrangian

• Higgs couplings proportional to fermion mass

gHf f̄ = Yf =
mf

v

• v is Higgs field vacuum expectation value

• Loops (e.g. �, gluon) sensitive to BSM physics
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Higgs-fermion interactions: Yukawa couplings

ghff̄ =
mf

�
ghV V =

2m2
V

�

 Higgs interactions to vector bosons: defined by electroweak symmetry breaking 
 Higgs interactions to fermions: ad-hoc hierarchical Yukawa couplings∝mf

 Yukawa couplings not imposed by fundamental principle 
 Probing fermion mass generation scale→independent task 
 Fermion mass generation scale from unitarity bounds:

[Phys. Rev. Lett. 59, 2405 (1987); Phys.Rev. D71 (2005) 093009]

⇤ ⇡ 23, 31, 52, 77, 84 TeV

me

mt
⇡ 3⇥ 10�6

(b,c,s,d,u)

 Modified Higgs-fermion couplings in BSM scenarios 
 Concise summary in LHC Higgs Cross-section WG YR4 
[arxiv:1610.07922] 
 Effects ~1/Λ2 or ~ to mixing angles with extra scalars
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SM Higgs boson production and decay

87%  
mh = 125 GeV

7% 
mh = 125 GeV

4% 
mh = 125 GeV

2% 
mh = 125 GeV

3.1.2 Higgs production at hadron machines

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

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

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

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

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

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

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

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

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

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H
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•
q

q
V ∗

V ∗

H

q
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•
g

g

H
Q •

g
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

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

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

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

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

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

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

Higgs production mechanisms listed above.
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mh~125 GeV gives access to 
several decay channels



ATLAS-CONF-2017-043

ATLAS-CONF-2018-002
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Τhe Higgs boson properties
Higgs boson discovery through the h→ZZ/WW/γγ channels  
Significant progress in Higgs boson property measurements: 

 mass known to better than 0.2% 
 bosonic decays measured to ~10-20% 

CMS Run 2 H→ZZ*→4l measurement: 125.26±0.21 GeV [arXiv:1706.09936]

ATLAS-CONF-2017-047

ATLAS-CONF-2017-046

Common coupling scaling: 
Fermions (κF) and Bosons (kV); 

no BSM contributions

JHEP 08 (2016) 045

Experimental information on 
Yukawa couplings essential 

to fully characterise the 
observed Higgs boson!



CMS-PAS-HIG-16-043

Run 1+2 
5.9(5.9)σ

4.9(4.7)σ

JHEP 08 (2016) 045

K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions

JHEP 12 (2017) 024

3.5(3.0)σ

10

Higgs-fermion interactions: The story so far

For 3rd generation fermions:  
 top-quark, bottom-quark, τ-lepton: tth observed, h→bb 
established, h→ττ observed 

For 1st/2nd generation fermions, different picture: 
 e/µ: no evidence yet → established non-universality 

 h→µµ: feasible in LHC (possibly in Run II/III)... 
 c-quark: no direct evidence, loose bounds from h→bb 
 u/d/s-quarks: no inclusive searches available 
 Higgs couplings: margin for undetected/unobserved decays

Run 1+2 
3.6(4.0)σ

[in a nutshell]

arXiv:1804.02610

Run 1+2 
5.2(4.2)σ

h→ττ h→bb

tth
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ATLAS High Level c-tagger - Bringing Everything Together 21
39

Combine approaches to exploit all features of c/b-jets and mitigate the shortcomings
of the individual methods:

X Benefit from the advantages of all basic techniques/algorithms

7 Complex sensitivity to convolution of all detector and physics modelling issues relies
strongly on“calibration” in data (see next slide)

Use the output of the three basic approaches as input to a boosted decision tree
(BDT) to build two discriminants, one trained to separate c-jets from b-jets (x-axis),
another to separate c-jets from light-jets (y -axis)

c-jets
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light flavour (u, d , s, g) jets
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41% efficiency

“c-tag” jets by making a cut in the 2D discriminant space, working point optimised
for H ! cc̄ is shown in the rectangular selection (shaded region rejected)

H→bb 

c
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Higgs boson-charm quark coupling
Inclusive search for h→cc, similar to h→bb 

In SM BR(h→ccbar)/BR(h→bbbar) ~ 5.1% 
Need an algorithm aimed at c-tagging 

Displacements for c-jets ×3.5 less than for b-jets 
 First used for search for scharm  
[Phys.Rev.Lett. 114 (2015) 161801] 
 New  Run2 “inclusive” c-tagging based on 
several “low level” taggers combined into a “high 
level” tagger using ML techniques 

 Track Impact Parameter 
 Reconstruction of Secondary Vertices 
 JetFitter: Fit the decay chain of a b/c-jet

c
c̄

H→bb 

H→bb c̄

c
c̄

ATLAS-CONF-2017-078
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Zh(→cc):Event Selection
Data Sample and Event Selection 26

39

Use a
p

s = 13TeV pp collision sample collected during 2015 and 2016
corresponding to an integrated luminosity of 36.1 fb�1

Z ! `+`� Selection

Trigger with lowest available pT
single electron or muon triggers

Exactly two same flavour
reconstructed leptons (e or µ)

Both leptons pT > 7 GeV and at
least one with pT > 27 GeV

Require opposite charges
(dimuons only)

81 < m`` < 101 GeV

pZ
T > 75 GeV

H ! cc̄ Selection

Consider anti-kT R = 0.4
calorimeter jets with |⌘| < 2.5 and
pT > 20 GeV

At least two jets with leading jet
pT > 45 GeV

Form H ! cc̄ candidate from the
two highest pT jets in an event

At least one c-tagged jet from
H ! cc̄ candidate

Dijet angular separation �Rjj

requirement which varies with pZ
T

Split events into 4 categories (with varying S/B) based on
H ! cc̄ candidates with 1 or 2 c-tags and pZ

T above/below 150 GeV

Data Sample and Event Selection 26
39

Use a
p

s = 13TeV pp collision sample collected during 2015 and 2016
corresponding to an integrated luminosity of 36.1 fb�1

Z ! `+`� Selection

Trigger with lowest available pT
single electron or muon triggers

Exactly two same flavour
reconstructed leptons (e or µ)

Both leptons pT > 7 GeV and at
least one with pT > 27 GeV

Require opposite charges
(dimuons only)

81 < m`` < 101 GeV

pZ
T > 75 GeV

H ! cc̄ Selection

Consider anti-kT R = 0.4
calorimeter jets with |⌘| < 2.5 and
pT > 20 GeV

At least two jets with leading jet
pT > 45 GeV

Form H ! cc̄ candidate from the
two highest pT jets in an event

At least one c-tagged jet from
H ! cc̄ candidate

Dijet angular separation �Rjj

requirement which varies with pZ
T

Split events into 4 categories (with varying S/B) based on
H ! cc̄ candidates with 1 or 2 c-tags and pZ

T above/below 150 GeV

First search for exclusive Zh→llcc decays, l=e, µ 
 Small experimental uncertainties  
 Main backgrounds: Z+jets, Z(W/Z), ttbar

 Split events into 4 categories  
 h→cc candidates with 1 or 2 c-tags  
 pTZ above/below 150 GeV  

Background modelling and uncertainties validated with Z(Z/W) production measurement 
 Observed (expected) ZV production with significance of 1.4σ (2.2σ)  
 Measure ZV signal strength of 0.6+0.5-0.4, consistent with SM expectation 



pTZ > 150 GeV
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Zh(→cc):Background Composition

2 c-tags

1 c-tag

75< pTZ < 150 GeV

arXiv:1802.04329
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Zh(→cc):Fit Results

2 c-tags

1 c-tag

75< pTZ < 150 GeV

arXiv:1802.04329
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Zh(→cc):Results

Results 35
39

Cross check with ZV production

To validate background modelling and uncertainty prescriptions, measure production
rate of the sum of ZZ and ZW relative to the SM expectation

Observe (expect) ZV production with significance of 1.4� (2.2�)

Measure ZV signal strength of 0.6+0.5
�0.4, consistent with SM expectation

Limits on ZH(cc̄) production

95% CL CLs upper limit on �(pp ! ZH)⇥ B(H ! cc̄) [pb]

Observed Median Expected Expected +1� Expected �1�

2.7 3.9 6.0 2.8

No evidence for ZH(cc̄) production with current dataset (as expected)

Upper limit of �(pp ! ZH) ⇥ B(H ! cc̄) < 2.7 pb set at 95% CL, to be
compared to an SM value of 2.55⇥ 10�2 pb

Corresponds to 110⇥ the SM expectation

World’s most stringent direct constraint on H ! cc̄ decays!

No evidence for Zh(cc) production with current dataset 

10 GeV. The parameter of interest, µ, common to all categories, is the signal strength, defined as the ratio
of the measured signal yield to the SM prediction.

Systematic uncertainties a�ecting the signal and background predictions include theoretical uncertainties
in the signal and background modeling and experimental uncertainties. Table 2 shows their relative impact
on the fitted value of µ. Uncertainties in the mcc̄ shape of the backgrounds are assessed by comparisons
between nominal and alternative event generators as indicated in Table 1.

Systematic uncertainties are incorporated within the statistical model through nuisance parameters that
modify the shape and/or normalization of the distributions. Statistical uncertainties in the simulation
samples are accounted for. The Z+jets background is normalized from the data through the inclusion of
an unconstrained normalization parameter for each category. The fitted normalization parameters range
between 1.13 and 1.30. All other background normalization factors are correlated between categories,
with acceptance uncertainties of order 10% to account for relative variations between categories.

The dominant contributions to the uncertainty in µ are the e�ciency of the tagging algorithms, the
jet energy scale and resolution, and the background modeling. The largest uncertainty is due to the
normalization of the dominant Z+jets background. The typical uncertainty in the tagging e�ciency is
25% for c-jets, 5% for b-jets, and 20% for l-jets.

Table 2: Breakdown of the relative contributions to the total uncertainty in µ. The statistical uncertainty includes the
contribution from the floating Z+jets normalization parameters. The sum in quadrature of the individual components
di�ers from the total uncertainty due to correlations between the components.

Source �/�tot
Statistical 49%
Floating Z + jets normalization 31%

Systematic 87%
Flavor tagging 73%
Background modeling 47%
Lepton, jet and luminosity 28%
Signal modeling 28%
MC statistical 6%

Table 3 shows the fitted signal and background yields. The mcc̄ distributions in the 2 c-tag categories are
shown in Figure 2 with the background shapes and normalizations according to the result of the fit. Good
agreement is observed between the post-fit shapes of the distributions and the data.

The analysis procedure is validated by measuring the yield of ZV production, where V denotes a W or
Z boson, with the same event selection. The fraction of the Z Z yield from Z ! cc̄ decays is ⇠ 55%
(20%) in the 2 c-tag (1 c-tag) category, while the fraction of the ZW yield from W ! cs, cd is ⇠ 65%
for both the 2 and 1 c-tag categories. Contributions of Higgs boson decays to cc̄ and bb̄ are treated as
background and constrained to the SM predictions within its theoretical uncertainties. The diboson signal
strength is measured to be µZV = 0.6+0.5

�0.4 with an observed (expected) significance of 1.4 (2.2) standard
deviations.

The best-fit value for the ZH(cc̄) signal strength is µZH = �69 ± 101. By assuming a signal with the
kinematics of the SM Higgs boson, model-dependent corrections are made to extrapolate to the inclusive

5

The sum in quadrature of the individual components differs from the total 
uncertainty due to correlations between the components. 

SM: 2.55×10-2 pb 
110×SM (150+80-40)

A tagging working point constrains linear combination of h→cc/h→bb 
 Analysis in conjunction with h→bb; account for cross-contamination 

For future key is the controlling of systematic uncertainties 
 Phenomenological analysis indicates |κc|≲2.5-5.5 at 95%CL 
 2×3000 fb-1 depending on the c-tagging scenario [Phys.Rev. D93 (2016) 013001 

arXiv:1802.04329
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Exclusive Decays h→Qγ

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

“Direct” contribution “Indirect” contribution

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

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

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

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

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

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

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

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

corrections to be m2
V /m

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

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

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

⟨v2⟩, and uncalculated corrections of order α2
s, order αsv2, and order v4. We estimate the

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

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

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

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

other uncertainties in the direct amplitude.

Our results for the widths are7

Γ(H → J/ψ + γ) =
∣

∣(11.9± 0.2)− (1.04± 0.14)κc
∣

∣

2 × 10−10 GeV, (53a)

Γ[H → Υ(1S) + γ] =
∣

∣(3.33± 0.03)− (3.49± 0.15)κb
∣

∣

2 × 10−10 GeV, (53b)

Γ[H → Υ(2S) + γ] =
∣

∣(2.18± 0.03)− (2.48± 0.11)κb
∣

∣

2 × 10−10 GeV, (53c)

Γ[H → Υ(3S) + γ] =
∣

∣(1.83± 0.02)− (2.15± 0.10)κb
∣

∣

2 × 10−10 GeV. (53d)

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

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

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

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

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

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

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

would be very large.
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 h→Qγ decays: clean probe for Higgs-quark couplings for 1st/2nd generation quarks  
 Q is a vector meson or quarkonium state 

 Two contributions: direct and indirect amplitude 
 Direct amplitude: provides sensitivity to Higgs boson-quark couplings 
 Indirect amplitude: insensitive to Higgs boson-quark couplings; larger than direct amplitude  
 Destructive interference

Phys.Rev. D90 (2014) 11, 113010
Similar decays of W± and Z bosons: also rich physics programme 

Novel precision studies of quantum chromo-dynamics 
W±/Z boson interactions with light quarks not well covered at earlier facilities 
Discovery potential for new physics processes
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Table 162: Theoretical predictions for the h ! M� branching ratios in the SM, obtained using different theoret-
ical approaches.

Mode Branching Fraction [10�6]

Method NRQCD [1487] LCDA LO [1486] LCDA NLO [1489]

Br(h ! ⇢�) – 19.0 ± 1.5 16.8 ± 0.8

Br(h ! !�) – 1.60 ± 0.17 1.48 ± 0.08

Br(h ! ��) – 3.00 ± 0.13 2.31 ± 0.11

Br(h ! J/ �) – 2.79 +0.16
�0.15 2.95 ± 0.17

Br(h ! ⌥(1S) �) (0.61 +1.74
�0.61) · 10�3 – (4.61 + 1.76

� 1.23) · 10�3

Br(h ! ⌥(2S) �) (2.02 +1.86
�1.28) · 10�3 – (2.34 + 0.76

� 1.00) · 10�3

Br(h ! ⌥(3S) �) (2.44 +1.75
�1.30) · 10�3 – (2.13 + 0.76

� 1.13) · 10�3

one-loop expression by less than 1% for the measured value of the Higgs boson mass [1491]. However,
physics beyond the SM could affect these couplings in a non-trivial way, either through modifications of
the htt̄ and hW+W� couplings or by means of loops containing new heavy particles. The measurement
of the light-quark couplings to the Higgs should therefore be considered together with the extraction of
the effective h�� coupling. As pointed out in [1489], by taking the ratio of the h ! M� and h ! ��
branching fractions one can remove this sensitivity to unknown new contributions to the h�� coupling.

We now consider the theoretical prediction for the direct amplitude. This quantity cannot be
directly related to data, unlike the indirect amplitude. Two theoretical approaches have been used to cal-
culate this contribution. The hierarchy mh � mM implies that the vector meson is emitted at very high
energy EM � mM in the Higgs boson rest frame. The partons making up the vector meson can thus be
described by energetic particles moving collinear to the direction of M . This kinematic hierarchy allows
the QCD factorization approach [1492,1493] to be utilized. Up to corrections of order (⇤QCD/mh)2 for
light mesons, and of order (mM/mh)2 for heavy vector mesons, this method can be used to express the
direct contribution to the h ! M� decay amplitude as a perturbatively calculable hard-scattering coef-
ficient convoluted with the leading-twist light-cone distribution amplitude (LCDA) of the vector meson.
This approach was pursued in [1489], where the full next-to-leading order (NLO) QCD corrections were
calculated and large logarithms of the form [↵s ln(mh/mM )]n were resummed at NLO, and in [1486],
where an initial LO analysis was performed. The dominant theoretical uncertainties remaining after
this calculation are parametric uncertainties associated with the non-perturbative LCDAs of the vector
mesons. Thanks to the high value µ ⇠ mh of the factorization scale, however, the LCDAs are close to
the asymptotic form �M (x, µ) = 6x(1 � x) attained for µ ! 1, and hence the sensitivity to not yet
well-known hadronic parameters turns out to be mild. For the heavy vector mesons M = J/ , ⌥(nS),
the quark and antiquark which form the meson are slow-moving in the M rest frame. This allows the
non-relativistic QCD framework (NRQCD) [711] to be employed to facilitate the calculation of the di-
rect amplitude. This approach was pursued in [1487], where the NLO corrections in the velocity v of
the quarks in the M rest frame, the next-to-leading order corrections in ↵s, and the leading-logarithmic
resummation of collinear logarithms were incorporated into the theoretical predictions. The dominant
theoretical uncertainties affecting the results for h ! J/ � and h ! ⌥(nS) � after the inclusion of
these corrections are the uncalculated O(v4) and O(↵sv

2) terms in the NRQCD expansion.
Table 162 collects theoretical predictions for the various h ! M� branching fractions in the SM.

The inclusion of NLO QCD corrections and resummation help to reduce the theoretical uncertainties.
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Exclusive Decays h→Qγ

JHEP 1504 (2015) 101

Decay mode Branching ratio asymptotic LO

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

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

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

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

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

+0.39
− 0.36 σ) · 10−8 10.48 6.55

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

+0.11
− 0.08 σ) · 10−8 7.55 4.11

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

+0.02
− 0.02 σ) · 10−8 1.71 0.93

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

+0.20
− 0.15 σ) · 10−8 13.96 7.59

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

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

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

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

1

m2
Z

(

1

ϵ
+ ln

m2
Z

µ2
− iπ + const.

)

, (70)

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

3.4 Phenomenological results

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

for heavy ones. The predicted branching fractions range from about 10−11 for Z0 → π0γ to
about 10−7 for Z0 → J/ψ γ. In the last row, the symbol Υ(nS) means that we sum over
the first three Υ states (n = 1, 2, 3). Strong, mode-specific differences arise foremost from the
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 Substantial interest from theory community on branching ratio estimates and feasibility

PRL 114 (2015) 101802PRD90 (2014) 113010



K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions

Phys.Rev.Lett. 114 (2015) 121801

19

h/Z→J/ψγ and h/Z→Y(nS)γ (n=1,2,3)

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase

3

c _
J/𝞇

c

First search for exclusive h/Z→Qγ decays 
 Q = J/ψ or Y(nS), n=1,2,3 decaying to µ+µ- 

Event Selection 
single muon and dimuon trigger 
|ηµ|<2.5, pTµ>20,3 GeV, pTµµ>36 GeV 
|ηγ|<2.47, pTγ>36 GeV 

excluding 1.37<|ηγ|<1.52 
 µµ and γ isolation 
 mµµ  requirements 

mJ/ψ±0.15/0.20 GeV barrel/endcap 
8<mµµ<12 GeV 

 |Lxy /σLxy|<3 
 Δφ(µµ,γ)>0.5 

 Total efficiency  
 h/Z→J/ψ(→µµ)γ~22% (12%) 
 h/Z→Υ(→µµ)γ~ 28% (15%)
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h/Z→J/ψγ and h/Z→Y(nS)γ: Mass Resolution

unconverted/barrel unconverted/end-cap

 Simple event categorisation 
 4 detector-driven categories 

 Muon pseudorapidity (×2) 
 Photon conversion (×2) 

 Mass resolution ~1.2-1.8%

Phys.Rev.Lett. 114 (2015) 121801

Y(1S)

Y(2S)

Y(3S)
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h/Z→J/ψγ and h/Z→Y(nS)γ: Background

Phys.Rev.Lett. 114 (2015) 121801

 Inclusive quarkonium with jet “seen” as γ 
 combinatoric background: small contribution 
 contribution from Q+γ production 

 Non-parametric data-driven background model 
 Begin with loose sample of candidates 
 Model kinematic and isolation distributions 
 Generate “pseudo”-background events 
 Apply selection to “pseudo”-candidates 

 Y(nS)γ: also Z→µµγFSR from side-band fit
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Systematics Uncertainties - Signal and Background

Signal Yield Uncertainty: Several sources of systematic uncertainty on the H and
Z signal yields are considered, all modeled with nuisance parameters in likelihood:

Source Signal Yield Uncertainty Estimated From

Total H cross section 12% QCD scale variation and
PDF uncertaintiesTotal Z cross section 4%

Integrated Luminosity 2.8%
Calibration observable and
vdM scan uncertainties

Trigger E�ciency 1.7%

Data driven techniques with
Z ! `+`�, Z ! `+`�� and
J/ ! µ+µ� events

Photon ID E�ciency Up to 0.7%

Muon ID E�ciency Up to 0.4%

Photon Energy Scale 0.2%

Muon Momentum Scale Negligible

Search for rare Higgs and Z boson decays to � � 32 / 32

 Signal Yield Uncertainty: Several sources of systematic uncertainty on the h and Z 
signal yields are considered, all modelled by nuisance parameters in likelihood:

22

h/Z→J/ψγ and h/Z→Y(nS)γ: Systematics

 Background Shape Uncertainty: Estimated from modifications to modeling 
procedure (e.g. shifting/warping input distributions), shape uncertainty included in 
likelihood as a shape morphing nuisance parameter
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h/Z→J/ψγ and h/Z→Y(nS)γ: Results

Phys.Rev.Lett. 114 (2015) 1121801

 Multi-observable fit   
 mµµγ, pTµµγ for J/ψγ 
 mµµγ, pTµµγ, mµµ for Υ(nS)γ 

 No significant excess 
above background observed
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h/Z→J/ψγ and h/Z→Y(nS)γ: Results

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

Theory

95% CL upper limits on decay Branching Ratios: 
 𝓞(10-3) for Higgs boson (SM production) 
 𝓞(10-6) for Z boson 

 Indicate non-universal Higgs boson coupling to quarks  
[Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012] 

CMS obtained the same 95% CL upper limit: BR[H→(J/ψ)γ] < 1.5x10-3 [Phys.Lett. B753 (2016) 341]
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Search for h/Z→φγ and ργ

 First search, with 2.7 fb-1 at 13 TeV collected in 2015 
 h→φγ sensitive to strange quark Yukawa coupling 

 challenging to access with inclusive h→ss decays! 
 Looking for new physics through anomalous couplings 

 possible in various BSM scenarios, modifies BR(h→φγ) 
 Z→φγ not directly constrained by existing measurements

Phys. Rev. Lett. 117, 111802
 New results with up to 35.6/fb 

 updated h/Z→φγ  
 added h/Z→ργ probing up- and -down quark couplings to Higgs boson

BR(h ! � �) = (2.31± 0.03f� ± 0.11h!��) · 10�6

arXiv:1712.02758

FIG. 1: The Feynman diagrams for the direct amplitude for H → V + γ at order α0
s. The shaded

blob represents the quarkonium wave function. The momenta that are adjacent to the heavy-quark

lines are defined in the text.

FIG. 2: The Feynman diagram for the indirect amplitude for H → V + γ. The hatched circle

represents top-quark or W -boson loops, and the shaded blob represents the quarkonium wave

function.

• In the direct process, the Higgs boson decays into a heavy quark-antiquark (QQ̄) pair,

one of which radiates a photon before forming a quarkonium with the other element

of the pair.

• In the indirect process, the Higgs boson decays through a top-quark loop or a vector-

boson loop to a γ and a γ∗ (virtual photon). The γ∗ then decays into a vector quarko-

nium.

The Feynman diagrams for the direct and indirect processes are shown in Figs. 1 and 2,

respectively. It is the quantum interference between these two processes that provides phase
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Search for Higgs and Z Boson Decays to ϕγ with the ATLAS Detector

M. Aaboud et al.*

(ATLAS Collaboration)
(Received 14 July 2016; published 9 September 2016)

A search for the decays of the Higgs and Z bosons to a ϕ meson and a photon is performed with a pp
collision data sample corresponding to an integrated luminosity of 2.7 fb−1 collected at

ffiffiffi
s

p
¼ 13 TeV with

the ATLAS detector at the LHC. No significant excess of events is observed above the background, and
95% confidence level upper limits on the branching fractions of the Higgs and Z boson decays to ϕγ of
1.4 × 10−3 and 8.3 × 10−6, respectively, are obtained.

DOI: 10.1103/PhysRevLett.117.111802

Rare decays of the 125 GeV Higgs boson [1,2] H to a
light meson and a photon γ have been suggested to present
one viable probe of the Yukawa coupling of the Higgs
boson to light (u, d, s) quarks [3–5]. While the Standard
Model (SM) predicts these couplings to be small, sub-
stantial modifications are predicted in several scenarios
beyond the SM, which include the minimal flavor violation
framework [6], the Froggatt-Nielsen mechanism [7], the
Higgs-dependent Yukawa couplings model [8], the
Randall-Sundrum family of models [9], and the possibility
of the Higgs boson being a composite pseudo-Goldstone
boson [10]. The light-quark Yukawa couplings are almost
entirely unconstrained by existing data and the large
multijet background at the Large Hadron Collider (LHC)
severely inhibits the study of such couplings with inclusive
H → qq̄ decays. The decay of the Higgs boson to a ϕ
meson and a photon would give access to the strange-quark
Yukawa coupling and to potential deviations from the SM
prediction. The expected SM branching fraction is
BðH → ϕγÞ ¼ ð2.3$ 0.1Þ × 10−6 [4], and no direct exper-
imental information about this decay mode currently exists.
The analogous rare decays of the Higgs boson to a heavy
quarkonium state and a photon offer sensitivity to the
charm- and bottom-quark Yukawa couplings [11–13]. The
Higgs boson decays to J=ψγ and ϒγ have already been
searched for by the ATLAS Collaboration [14]. The former
decay mode has also been searched for by the CMS
Collaboration [15].
The corresponding decay of the Z boson has also been

considered from a theoretical perspective [16,17], as it
offers a precision test of the SM and the predictions of the
factorization approach in quantum chromodynamics [17].
Owing to the large Z boson production cross section at the
LHC, rare Z boson decays can be probed at branching

fractions much smaller than for Higgs boson decays to the
same final state. The most precise prediction for the SM
branching fraction is BðZ → ϕγÞ ¼ ð1.17$ 0.08Þ × 10−8

[16]. The decay Z → ϕγ has not yet been observed and is
not well constrained by existing measurements of Z boson
decays.
This Letter describes a search for Higgs and Z boson

decays to the exclusive final state ϕγ. The decay
ϕ → KþK− is used to reconstruct the ϕ meson. The search
is performed with a sample of pp collision data corre-
sponding to an integrated luminosity of 2.7 fb−1 recorded
at a center-of-mass energy

ffiffiffi
s

p
¼ 13 TeV with the ATLAS

detector, described in detail in Ref. [18].
Higgs boson production is modeled using the POWHEG-

BOX v2 Monte Carlo (MC) event generator [19–23] for the
gluon fusion (ggH) and vector-boson fusion (VBF) proc-
esses calculated up to next-to-leading order in αS with CT10
parton distribution functions [24]. Additional contributions
from the associated production of a Higgs boson and aW or
Z boson (denoted WH and ZH, respectively) are modeled
by the PYTHIA 8.186 MC event generator [25,26] with
NNPDF 2.3 parton distribution functions [27]. The pro-
duction rates and dynamics for a SM Higgs boson with
mH ¼ 125 GeV, obtained from Ref. [28], are assumed
throughout this analysis. The ggH signal model is appro-
priately scaled to account for the production of a Higgs
boson in association with a tt̄ or bb̄ pair. The POWHEG-BOX
v2 MC event generator, with the CTEQ6L1 parton distri-
bution functions [29], is used to model Z boson production.
The total cross section is obtained from the measurement in
Ref. [30], with an uncertainty of 5.5%.
The Higgs and Z boson decays are simulated as a

cascade of two-body decays. Effects of the helicity of
the ϕmesons on the K$ kinematics are found to modify the
acceptance by at most $1% and this is corrected for in the
Higgs boson case and treated as a systematic uncertainty in
the Z boson case, due to the unknown Z boson polarization.

PYTHIA 8.186 [25,26] with the AZNLO set of hadro-
nization and underlying-event parameters [31] is used to
simulate showering and hadronization. The simulated

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Analysis Strategy
Exclusive decays → distinct experimental signature 

 Pair of collimated high-pT isolated tracks  
recoils against high-pT isolated photon 

 Meson decays: 
 φ→Κ+Κ-, BR=49% 
 ρ→π+π-, BR~100% 

Small opening angles between decay products 
 Particularly for φ→Κ+Κ-  
 Tracking in dense environments

Phys. Rev. Lett. 117, 111802

Z→µµ candidate with 25 reconstructed vertices from the 2012 run. Only good quality tracks with pT>0.4GeV are shown

photon

meson decay 
products

Higgs

Small angular separation of decay 
products
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Analysis Strategy

Phys. Rev. Lett. 117, 111802

Exclusive decays → distinct experimental signature 
 Pair of collimated high-pT isolated tracks  
recoils against high-pT isolated photon 

 Meson decays: 
 φ→Κ+Κ-, BR=49% 
 ρ→π+π-, BR~100% 

Small opening angles between decay products 
 Particularly for φ→Κ+Κ-  
 Tracking in dense environments
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Trigger Strategy

 ATLAS features a two-level trigger system to reduce the data rate from 40 MHz 
to the 1kHz that can be stored for further processing and analysis 

Level-1: Hardware-based 
 40 MHz → 100 kHz 

High Level Trigger: Software-based  
 100kHz → 1 kHz  

 This is the total data rate ATLAS can record 
 A dedicated analysis-specific trigger will only allowed a small fraction of this rate 

 typically well below 10 Hz 
 Highly selective trigger design is needed

Trigger rates (July 2016) LHC fill with peak luminosity 1.02*1034cm-2s-1 and <μ>= 24.2
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Trigger Strategy

Eur. Phys. J. C 77 (2017) 317

photon

meson 
decay 
products

Higgs

Small angular separation 
of decay productsEnabled by dedicated trigger items 

Modified τ-lepton algorithms 
Activated: 9/2015 (φγ) and 5/2016 (ργ) 
Efficiency ~80% w.r.t offline selection 

Level-1: Isolated EM object 
Lowest pT unprescaled EM object 

HLT: Collimated/isolated high-pT track pair recoiling 
against high-pT photon 

Isolated di-track (leading pT>15 GeV) consistent with mMeson 
Photon (pTγ>35 GeV)

Eur. Phys. J. C 77 (2017) 317



H/Z æ „“: Selection
Photon Selection:

“Tight” “ ID and p“
T > 35 GeV

|÷“ | < 2.47, excluding 1.37 < |÷“ | < 1.52
*“FixedCutTight” photon isolation
�„(K+K≠, “) > fi/2

„ æ K+K≠ Selection

Tracking CP “Loose” working point
Leading/sub-leading track pT > 20, 15 GeV
|mKK ≠ m„| < 8 MeV

*Track isolation (ptcone20) relative to pKK
T < 0.10

*Di-track system transverse momentum
requirement:

pM
T >
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* removed/loosened in background Generation region (GR).
Validation regions defined where each requirement applied independently: pT validation region

(VR1); “ Isolation Validation Region (VR2); Di-Track Isolation Validation Region (VR3)

R. Owen (University of Birmingham) H/Z æ „/fl “ 16th July 2017 4 / 22
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Event Selection
 Tracks  

 No particle identification available at pT range of interest, all tracks considered K/π 
 Two opposite charged tracks 

 Leading pT>20GeV, sub-leading pT>15 GeV 
 di-track consistent to mφ±8 MeV or mρ±140 MeV 
 track-based isolation 
 di-track system must satisfy: 

Photons 
“Tight” identification criteria 
 pTγ>35 GeV 
 |ηγ|<2.47 and not in 1.37<|ηγ|<1.52 
 Isolated (calorimeter- and track-based) 
 Δφ(M,γ)>π/2 

 Total signal acceptance/efficiency  
 h(Z)→φγ→K+K-γ ~ 17% (8%) 
 h(Z)→ργ→π+π-γ ~ 10% (0.4%)

arXiv:1712.02758

Full event selection w/o mKK requirement

arXiv:1712.02758
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Efficiency and Resolution

Phys. Rev. Lett. 117, 111802

 No categorisation 
 Mass resolution ~1.8% 
 Signal Model 

Higgs: double Gauss 
Z: double Voigt with eff. corr. 

Signal Systematic Uncertainty

arXiv:1712.02758 arXiv:1712.02758

arXiv:1712.02758
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Background Modelling
 Dominated by QCD production γ+jet and multi-jet events 
 Exclusive “peaking” backgrounds (e.g. h/Z→µµγFSR) estimated to be negligible 
 Non-parametric data-driven background model; common for ATLAS Qγ searches 

 Begin with loose sample of candidates 
 Model kinematic and isolation distributions 
 Generate “pseudo”-background events 
 Apply selection to “pseudo”-candidates 

 Background Normalisation: Directly from the data in the Signal Region 
 Background Shape Uncertainty: Estimated from modifications to modelling 
procedure (e.g. shifting/warping input distributions), shape uncertainty included in 
likelihood as a shape morphing nuisance parameter

arXiv:1712.02758
pTMeson γ-isolation Meson-isolation
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Background validation in side-bands

arXiv:1712.02758 arXiv:1712.02758
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Results

Final discriminant is mΚΚγ and mππγ  
No significant signal observed  
 95% confidence level upper limit 

 CLs with profile likelihood test statistic 
 Limit on production cross-section 
times branching ratio 

 h→φγ < 25.3 fb 
 h→ργ < 45.5 fb

arXiv:1712.02758

h/Z→φγ h/Z→ργ

x3 improvement in expected limits with  
respect to 2.7/fb result [PRL 117, 111802] 



LHC upgrade timescale

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

• Corresponding proposals for upgrades of the LHC experiments

� Central feature of ATLAS upgrade programme a new, all silicon tracking system
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Run II Run III HL-LHCtodayRun I
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 H (NNLO+NNLL QCD + NLO EW)
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q q→pp 

 WH (NNLO QCD)

→pp 
 ZH (NNLO QCD)

→pp 

H (NLO QCD)

t t→pp 
 HH (NLO QCD)

→pp 

H (NNLO QCD - 5FS)

b b→pp 

 = 125 GeVHM
MSTW2008

 HL-LHC is a Higgs boson factory 
 𝓞(200M) Higgs bosons produced 

HL-LHC projections for h/Z→J/ψγ  
Simple and, relatively, clean final state 
Small branching ratio, few events expected 
At SM sensitivity h→µµγFSR contribution 
~3×h→J/ψγ and (Z→µµγFSR for Z) 
 Sensitive to “anomalous” h→γγ; use ratio 

 Future colliders: leap in Higgs production rate 
 FCC-hh 100 TeV 20/ab: 𝓞(15G) Higgs bosons
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HL-LHC and beyond
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The results presented in Tables 2 and 4 demonstrate that the introduction of a simple multivariate analysis
provides a 20% improvement in the expected limits.

Expected branching ratio limit at 95% CL
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

Cut Based Multivariate Analysis Cut Based
300 fb�1 185+81

�52 153+69
�43 7.0+2.7

�2.0
3000 fb�1 55+24

�15 44+19
�12 4.4+1.9

�1.1

Standard Model expectation
B (H ! J/ �) [ 10�6 ] B (Z ! J/ �) [ 10�7 ]

2.9 ± 0.2 0.80 ± 0.05

Table 2: The expected branching ratio limit at 95% CL for 300 fb�1 and 3000 fb�1 scenarios. The Standard Model
expectations are also reported for comparison.

Expected branching ratio limit at 95% CL
Bkgd. Syst. Unc. Scenario 2%

B (H ! J/ �) [ 10�6 ] Median 1� 2�
Cut Based Analysis 52 +21

�14
+51
�24

Multivariate Analysis 43 +18
�12

+43
�20

B (Z ! J/ �) [ 10�7 ] Median 1� 2�
Cut Based Analysis 4.3 +1.7

�1.2
+3.7
�2.0

Table 3: Comparison of the expected branching ratio limit at 95% CL for 3000 fb�1, assuming the alternative back-
ground systematic uncertainty scenario.

Expected � ⇥ B limit at 95% CL
� (pp ! H) ⇥ B (H ! J/ � ) [fb]
Cut Based Multivariate Analysis

300 fb�1 10.4+2.9
�4.5 8.6+2.4

�3.7
3000 fb�1 3.1+0.9

�1.3 2.5+0.7
�1.0

Table 4: The expected limits at 95% CL on the Higgs cross section times branching fraction for 300 fb�1 and
3000 fb�1 scenarios.

6
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HL-LHC and beyond 2

II. SETUP

Within the SM the couplings of the physical Higgs bo-
son to the fermions are completely determined in terms
of fermion masses. However, in the presence of NP, a
misalignment between quark-mass and Yukawa matri-
ces is possible. This can be parametrized in a model-
independent way by adding the D = 6 operators

LY
6 = � 1

v2
�
(�†�) q̄LCu�

cuR + (�†�) q̄LCd� dR
�

(1)

to the SM Lagrangian. Here, � denotes the Higgs
doublet, parametrized in unitary gauge as � =
1/

p
2 (0, h+ v)T , where v corresponds to the vacuum ex-

pectation value h�i = 1/
p
2 (0, v)T , h is the physical

Higgs field, and qL, uR, dR are the chiral SM-quark dou-
blet and singlets (all quark fields being 3-vectors in flavor
space). Inserting this decomposition of the Higgs doublet
into (1) as well as into the SM-like (D = 4) Yukawa terms

with couplings Ŷ
u,d

SM, we obtain the fermion masses and
Higgs couplings in the flavor basis

L � �ūL

✓
M̂

u
+

hp
2
Ŷ

u
◆
uR � d̄L

✓
M̂

d
+

hp
2
Ŷ

d
◆
dR ,

(2)

where the Yukawa matrix Ŷ
u,d

= Ŷ
u,d

SM + 3
2 Cu,d and the

mass matrix M̂
u,d

= vp
2
(Ŷ

u,d

SM + 1
2Cu,d) = vp

2
(Ŷ

u,d �
Cu,d) are independent parameters. After performing a
rotation to the mass basis

M̂
u
= Uu

L Mu
diagU

u †
R , Mu

diag= diag(mu,mc,mt) ,

M̂
d
= Ud

L Md
diagU

d †
R , Md

diag= diag(md,ms,mb) ,
(3)

with Ud
L = Uu

L V CKM, we finally arrive at the cou-
plings of the physical quarks to the Higgs boson Y u =

Uu †
L Ŷ

u
Uu

R, Y
d = Ud †

L Ŷ
d
Ud

R, such that

L � �ūL

✓
Mu

diag +
hp
2
Y u

◆
uR + (u ! d). (4)

Here, we concentrate on possible experimental con-
straints on the diagonal entry Yc ⌘ (Y u)22. For conve-
nience, we parametrize the deviations from the SM pre-
diction (Cu = Cd = 0) in terms of q ⌘ Yqv/(

p
2mq) 6=

1, which we assume to be real for simplicity.2

III. THE QCD-YUKAWA pp ! hc PROCESS

We consider the production of a Higgs boson in asso-
ciation with a charm-quark jet. At the LHC, the main

2 In the following we assume the top and bottom Yukawa cou-
plings to be constrained close to their SM values after the high-
luminosity LHC run.

FIG. 1. Diagrams contributing to pp ! hc at leading order.
Black dots correspond to vertices where the Yukawa coupling
Yc enters, while the crossed vertex corresponds to the SM-like
top triangle, integrated out.

partonic process inducing this final state is gc ! hc and
the corresponding Feynman diagrams are presented in
Figure 1. The charm Yukawa coupling, depicted as a
black dot, enters in the first two graphs, that yield a
contribution to the amplitude of O(gsYc). The t�channel
diagram turns out to be largely dominant. The third dia-
gram is formally of higher order in ↵s but is enhanced by
the top-quark Yukawa coupling. Here the crossed vertex
corresponds to the e↵ective ggh interaction obtained by
integrating out the top quark. This diagram yields the
contribution to the amplitude that survives in the limit
c ! 0 (see Table I).
The challenge of the proposed process is to tag the

charm-quark jet, as in h ! cc̄. However, as anticipated,
it o↵ers some interesting virtues compared to h ! cc̄.
In particular, it allows us to fully reconstruct the Higgs
boson in a clean decay channel such as h ! �� or h !
WW , and it requires only a single charm tag. The main
drawback is that the process does not vanish in the limit
Yc ! 0 (contrary to h ! cc̄) requiring a good theoretical
control on the cross section as a function of Yc. While
a full analysis, including the optimization of the event
selection, is beyond the scope of this article, here we just
want to examine the potential of the channel by deriving
the expected number of signal and background events,
based on reasonable e�ciency assumptions.
We have calculated the cross section of pp ! hc at

leading order in QCD (including the e↵ective ggh as dis-
cussed above) at the LHC with 14TeV center-of-mass
energy for various values of c, employing MadGraph5
[10], with a tailored model file and CTEQ6L1 parton
distribution functions. Using mc(mZ) = 0.63GeV and
mh = 125GeV, for c = 1 (i.e., the SM) we obtain a cross
section of �(pp ! hc) = 166.1 fb, employing the default
cuts of pT (j)> 20GeV, ⌘(j)< 5, �R(j1, j2)> 0.4 for all
processes considered here. In the following, we focus on
the h ! �� decay channel, with a branching fraction of
B(h ! ��) = 0.0023. This leads to S0 = 2292 events at
the HL-LHC with 3000 fb�1, taking into account also the
pp ! hc̄ process. Assuming a charm-tagging e�ciency
of ✏c = 0.4 (see e.g. Ref. [9]), we finally end up with
S = ✏cS0 = 917 signal events. The di↵erent number of
events obtained by varying c are reported in Table I.

The main backgrounds to the process studied here
are pp ! hg, with the gluon mis-identified as a charm

 For HL-LHC pp→hc could be used  
 with high purity Higgs boson decays 
 SM cross section σ(pp→hc)~166 fb 

 Main backgrounds are  
pp→hg (σ~12pb), pp→hcc (~55fb),  
pp→hb (σ~200fb) 

 Phenomenological study suggests: 
2×3000 fb-1 |κc|≲2 at 95%CL 

Phys.Rev.Lett. 115 (2015) 211801

pp→ch(→γγ) 3000 fb-1

[pTj>20 GeV, |ηj|<5, DR(j1,j2)>0.4, εc=0.4, εg→c=1%, εb→c=30%]

 Derive constraints on Higgs boson-quark couplings  
through the Higgs boson kinematic distributions 

 For example pTh or yh 
 Phenomenological study suggests that couplings to up-
and down-quarks could be constrained to <0.4 of the b-
quark Yukawa at HL-LHC.
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Figure 1: The 1/�h · d�h/dyh (left) and 1/�h · d�h/dpT (right) normalized distributions at
p
s =

13 TeV collision energy for several values of up quark Yukawa couplings, ̄u = 0 (SM, blue), ̄u = 1

(orange), ̄u = 4 (green).

is under much better control than the absolute value of the cross section [52]. This is

illustrated in the top panels of Fig. 2, where we compare LO, NLO and NNLO theoretical

predictions for the normalized and unnormalized yh distributions at
p
s = 13 TeV collision

energy [53]. Similar cancellation of theoretical uncertainties is observed for normalized pT

distribution, illustrated in the bottom panels of Fig. 2, although the reduction of theoretical

uncertainties is not as dramatic as in the rapidity distribution. Normalized distribution also

help reduces many of the experimental uncertainties. For un-normalized distribution, the

total systematic uncertainties due to, e.g., luminosity and background estimates range from

4% to 12% [37]. However, most of the systematic uncertainties cancel in the normalized shape

distribution. The dominant experimental uncertainties for the shape of the distribution are

statistical ones, ranging from 23% to 75% [37], and can be improved with more data.

In this work we perform an initial study using the rapidity and pT distributions to con-

strain the light-quark Yukawa couplings. In the study we use Monte Carlo samples of events

on which we impose the experimental cuts in Section III. We generate the parton level,

pp ! h + n jets, including the SM gluon fusion (the background) and qq̄ and qg, q̄g fusion

(the signal) using MadGraph 5 [56] with LO CT14 parton distribution function (PDF) [57]

and Pythia 6.4 [58] for the showering, where q = u, d, s, c and n = 0, 1, 2. Events of di↵erent

multiplicities are matched using the MLM scheme [59]. Further re-weighting of the generated

tree-level event samples is necessary because of the large k-factor due to QCD corrections to

the Higgs production [60]. We re-weight the LO cross section of di↵erent jet multiplicities
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a misalignment between quark-mass and Yukawa matrices
is possible. This can be parametrized in a model-indepen-
dent way by adding the D ¼ 6 operators

LY
6 ¼ −

1

v2
½ðΦ†ΦÞq̄LCuΦcuR þ ðΦ†ΦÞq̄LCdΦdR& ð1Þ

to the SM Lagrangian. Here, Φ denotes the Higgs doublet,
parametrized in unitary gauge as Φ ¼ 1=

ffiffiffi
2

p
ð0; hþ vÞT ,

where v corresponds to the vacuum expectation value
hΦi ¼ 1=

ffiffiffi
2

p
ð0; vÞT , h is the physical Higgs field, and

qL, uR, dR are the chiral SM-quark doublet and singlets (all
quark fields being three-vectors in flavor space). Inserting
this decomposition of the Higgs doublet into Eq. (1) as well
as into the SM-like (D ¼ 4) Yukawa terms with couplings
Ŷu;d
SM, we obtain the fermion masses and Higgs couplings in

the flavor basis

L ⊃ −ūL
"
M̂u þ hffiffiffi

2
p Ŷu

#
uR − d̄L

"
M̂d þ hffiffiffi

2
p Ŷd

#
dR; ð2Þ

where the Yukawa matrix Ŷu;d ¼ Ŷu;d
SM þ 3

2Cu;d and the
mass matrix M̂u;d¼ðv=

ffiffiffi
2

p
ÞðŶu;d

SMþ1
2Cu;dÞ¼ðv=

ffiffiffi
2

p
ÞðŶu;d−

Cu;dÞ are independent parameters. After performing a
rotation to the mass basis

M̂u ¼ Uu
LM

u
diagU

u†
R ; Mu

diag ¼ diagðmu;mc;mtÞ;

M̂d ¼ Ud
LM

d
diagU

d†
R ; Md

diag ¼ diagðmd;ms;mbÞ; ð3Þ

with Ud
L ¼ Uu

LVCKM, we finally arrive at the couplings of
the physical quarks to the Higgs boson Yu ¼ Uu†

L ŶuUu
R,

Yd ¼ Ud†
L ŶdUd

R, such that

L ⊃ −ūL
"
Mu

diag þ
hffiffiffi
2

p Yu

#
uR þ ðu → dÞ: ð4Þ

Here, we concentrate on possible experimental constraints
on the diagonal entry Yc ≡ ðYuÞ22. For convenience, we
parametrize the deviations from the SM prediction
(Cu ¼ Cd ¼ 0) in terms of κq ≡ Yqv=ð

ffiffiffi
2

p
mqÞ ≠ 1, which

we assume, for simplicity, to be real. (In the following we
assume the top and bottom Yukawa couplings to be con-
strained close to their SM values after the high-luminosity
LHC run.)
The QCD-Yukawa pp → hc process.—We consider the

production of a Higgs boson in association with a charm-
quark jet. At the LHC, the main partonic process inducing
this final state is gc → hc and the corresponding Feynman
diagrams are presented in Fig. 1. The charm Yukawa
coupling, depicted as a black dot, enters in the first two
graphs, which yield a contribution to the amplitude of
OðgsYcÞ. The t-channel diagram turns out to be largely
dominant. The third diagram is formally of higher order in

αs but is enhanced by the top-quark Yukawa coupling.
Here, the crossed vertex corresponds to the effective ggh
interaction obtained by integrating out the top quark. This
diagram yields the contribution to the amplitude that
survives in the limit κc → 0 (see Table I).
The challenge of the proposed process is to tag the

charm-quark jet, as in h → cc̄. However, as anticipated, it
offers some interesting virtues compared to h → cc̄. In
particular, it allows us to fully reconstruct the Higgs boson
in a clean decay channel such as h → γγ or h → WW, and it
requires only a single charm tag. The main drawback is that
the process does not vanish in the limit Yc → 0 (contrary to
h → cc̄), requiring a good theoretical control on the cross
section as a function of Yc. While a full analysis, including
the optimization of the event selection, is beyond the scope
of this Letter, here we just want to examine the potential
of the channel by deriving the expected number of signal
and background events, based on reasonable efficiency
assumptions.
We have calculated the cross section of pp → hc at

leading order in QCD (including the effective ggh, as
discussed above) at the LHC with 14 TeV center-of-mass
energy for various values of κc, employing MADGRAPH 5
[10], with a tailored model file and CTEQ6L1 parton
distribution functions. Using mcðmZÞ ¼ 0.63 GeV and
mh ¼ 125 GeV, for κc ¼ 1 (i.e., the SM) we obtain a
cross section of σðpp → hcÞ ¼ 166.1 fb, employing the
default cuts of pTðjÞ > 20 GeV, ηðjÞ < 5, ΔRðj1; j2Þ >
0.4 for all processes considered here. In the following, we
focus on the h → γγ decay channel, with a branching
fraction of Bðh → γγÞ ¼ 0.0023. This leads to S0 ¼ 2292
events at the HL-LHC with 3000 fb−1, taking into account
also the pp → hc̄ process. Assuming a charm-tagging
efficiency of ϵc ¼ 0.4 (see, e.g., Ref. [9]), we finally end

FIG. 1. Diagrams contributing to pp → hc at leading order.
Black dots correspond to vertices where the Yukawa coupling Yc
enters, while the crossed vertex corresponds to the SM-like top
triangle, integrated out.

TABLE I. Number of signal events SðκcÞ in dependence on the
charm-quark Yukawa coupling. See the text for details.

κc 0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

S 874 877 885 899 917 941 973 1008 1052

κc 2.25 2.5 2.75 3 3.25 3.5 3.75 4 4.25 4.5

S 1097 1148 1206 1276 1350 1424 1504 1590 1683 1786
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� Goal to collect 3000 fb�1 by 2035
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� Central feature of ATLAS upgrade programme a new, all silicon tracking system
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4 Status and prospects for the Higgs couplings determination

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

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

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

S =
1

12⇡
(1� 2V ) ln

⇤2

M2
H

, T = � 3

16⇡ cos2✓`e↵
(1� 2V ) ln

⇤2

M2
H

, ⇤ =
�q

|1� 2V |
, (5)

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

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

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

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

�0.044 and F = 0.88+0.10
�0.09.
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sion observables is from the modified Higgs coupling to gauge bosons, and manifests itself through
loop diagrams involving the longitudinal degrees of freedom of these bosons. The corrections to
the Z and W boson propagators can be expressed in terms of the S, T parameters [66],

S =
1

12⇡
(1� 2V ) ln

⇤2

M2
H

, T = � 3

16⇡ cos2✓`e↵
(1� 2V ) ln

⇤2

M2
H

, ⇤ =
�q

|1� 2V |
, (5)

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

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

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

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

�0.044 and F = 0.88+0.10
�0.09.

‣ consider specific model in “κ parametrisation”:

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

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

‣ correlation between κV and MW

• slightly smaller values of MW 
preferred

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

Experimental information on Yukawa couplings essential 
to fully characterise the observed Higgs boson!

Λ = λ/√| 1-κV2|
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Spin/CP properties

 Eur. Phys. J. C75 (2015) 476
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Performance of the ATLAS c-tagger

Efficiency calibrated in data  

 b-jets from t →Wb decays  

 c-jets from W → cs, cd decays (in ttbar events) 

Typical total relative uncertainties of around 25%, 5% and 20% for c-, b- and light jets, 
respectively  

ATLAS-CONF-2017-078
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c-tagging

Properties of b-hadrons 12
39

Lifetime: Long enough to lead to a measureable decay length (around 5mm for a 50
GeV boost)

Mass: Weakly decaying b-hadrons have masses around 5 GeV, leading to high decay
product multiplicities (average of 5 charged particles per decay)

Fragmentation: Much harder than jets initiated by other species (b-hadrons carry
around 75% of jet energy, on average)
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Properties of c-hadrons 13
39

Lifetime: Shorter than the b-hadrons by around a factor of 2-3, still enough for
measureable decay length (around 1-3mm for a 50 GeV boost)

Mass: Weakly decaying c-hadrons have masses around 2 GeV, around 2–3⇥ lower
than b-hadrons (mean of ⇡ 2 charged particles per decay)

Fragmentation: Softer than b-jets, but still harder than jets initiated by light species
(c-hadrons carry around 55% of jet energy, on average)
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than b-hadrons (mean of ⇡ 2 charged particles per decay)
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ATLAS Low Level Taggers: 3 - Decay Chain (JetFitter algorithm) 20
39

Exploit common occurance of cascade decay chain; b-hadron ! c-hadron:

Use Kalman filter to search for common axis on which three vertices lie: primary (pp)
! secondary (b-hadron) ! tertiary (c-hadron)

Can then look for “1 track vertices” with decay chain axis

X Addition of 1 track vertices improves e�ciency, constraint to decay chain axis
improves separation power of SV based discriminants

7 Degraded performance for c/b-hadron vertices as jet pT increases, high fake rate
for 1 track vertices (increases light jet “mis-tag” rate)
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c-tagging

ATLAS Low Level Taggers: 1 - Track Impact Parameters (IP) 18
39

The signed IPs of tracks associated to jets are powerful jet flavour distriminants:

Exploit “sign” of impact parameter: positive if track point of closest approach to PV
is downstream of plane defined by the PV and jet axis

Tracks from b-hadrons tend to have highly significant (IP/�IP) positive IPs, while
most tracks from the PV have a narrow, symmetric distribution

X Very inclusive and highly e�cient

7 Relies upon accurate measurement of jet axis, sensitive to “mis-tag” high IP tracks
from V 0 decays or material interactions, IP/�IP di�cult to model in detector
simulation
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ATLAS Low Level Taggers: 2 - Secondary Vertices (SV) 19
39

Exploit expectation of a secondary vertex from either b or c-hadron decays:

Attempt to reconstruct a secondary vertex from high IP tracks associated with jet

Use invariant mass of tracks at SV to discriminate b or c-hadron decay vertices from
V 0 decays or material interations

Exploit hard c/b-jet fragmentation, SV should carry a large fraction of jet energy

X SV found in up to ⇡ 80% of b-jets but only a few % of light flavour jets

7 Degraded light jet rejection as jet pT increases, careful considerations to mitigate
“tagging” of material interactions required
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Zh→cc:Yields

Table 3: Post-fit yields for the signal and background processes in each category from the profile likelihood fit.
Uncertainties include statistical and systematic contributions. The pre-fit SM expected ZH(cc̄) signal yields are
indicated in parenthesis.

Sample Yield, 50 GeV < mcc̄ < 200 GeV
1 c-tag 2 c-tags

75  pZ
T < 150 GeV pZ

T � 150 GeV 75  pZ
T < 150 GeV pZ

T � 150 GeV
Z + jets 69400± 500 15650± 180 5320± 100 1280± 40
ZW 750± 130 290± 50 53± 13 20± 5
Z Z 490± 70 180± 28 55± 18 26± 8
tt̄ 2020± 280 130± 50 240± 40 13± 6
ZH(bb̄) 32± 2 19.5± 1.5 4.1± 0.4 2.7± 0.2
ZH(cc̄) (SM) -143± 170 (2.4) -84± 100 (1.4) -30± 40 (0.7) -20± 29 (0.5)
Total 72500± 320 16180± 140 5650± 80 1320± 40
Data 72504 16181 5648 1320

phase space. Hence, an upper limit on �(pp ! ZH) ⇥ B(H ! cc̄) is computed using a modified
frequentist CLs method [68, 69] with the profile likelihood ratio as the test statistic. The observed
(expected) upper limit is found to be 2.7 (3.9+2.1

�1.1) pb at the 95% CL. This corresponds to an observed
(expected) upper limit on µ at the 95% CL of 110 (150+80

�40). The uncertainties in the expected limits
correspond to the ±1� interval of background-only pseudo-experiments. With the current sensitivity, the
result depends weakly on the assumption of the SM rate for H ! bb̄. The observed limit remains within
5% of the nominal value when the assumed value for normalization of the ZH(bb̄) background is varied
from zero to twice the SM prediction.

6

arXiv:1802.04329



Search for the H ! cc̄ in association with a Z or
a W

The good jet tagging performance gives the possibility to discriminate
b- and c-jets
=) unique possibility to search for the H ! cc̄ at LHC
An enhancement of the SM predictions due to new physics have been
suggested PRD 92 (2015) 033016

Same event selection used for the W/Z +H(bb̄) process, but:

LHCb-CONF-2016-006

Additional requirement on the BDT
b|c tagging variable:

• Separation of b jets from c jets is
applied

• It removes about 90% of
W/Z +H(bb̄) events while
retaining 62% of the
W/Z +H(c̄c)

9/14
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LHCb H→cc
Lower luminosity, ∼ 3fb-1 in Run 1  
Complementary η coverage (2 < η < 5)  
Excellent vertexing (IP resolution of 13-20 µm), 
momentum resolution (0.4%-0.6%), particle ID  
b/c-tagging  

efficiency b-tag: ~65% 
efficiency c-tag: ~25% 
light mistag prob: ~0.3% 

Additional requirement on the BDT b|c tagging 
variable:  Separation of b jets from c jets is applied  

 It removes about 90% of W/Z + H(bb) events while 
retaining 62% of the W/Z + H(cc)  

Jets at LHCb

JHEP01 (2014) 033

• Particle Flow approach, with neutral

recovery

• Reconstructed using anti-kT (R = 0.5)

• Calibration in data, using Z ! µµ+jets

• Since Run 2, reconstructed both o✏ine

and online

b/c jet tagging JINST 10 (2015) P06013

• Require jet with a secondary vertex (SV)

• SV properties and jet properties combined in two

BDTs

• BDT(bc|udsg) trained to separate (b,c) jets from

light-parton jets

• BDT(b|c) trained to discriminate b jets from c jets

• ✏b ⇠ 65%, ✏c ⇠ 25% light jet mistag probability

⇠ 0.3%
4/14

LHCb-CONF-2016-006

JINST 10 (2015) P06013

W/Z +H(bb̄/cc̄) results @ 8 TeV

No excess has been found either in the W/Z +H(bb̄) or the
W/Z +H(cc̄) channel

95% C.L. upper limit set using the CL
s

method
LHCb-CONF-2016-006

H ! bb̄

Limit: < 1.6 pb (50 times SM)

H ! cc̄

Limit: < 9.4 pb (6400 times SM)

10/14

W/Z +H(bb̄/cc̄) results @ 8 TeV

No excess has been found either in the W/Z +H(bb̄) or the
W/Z +H(cc̄) channel

95% C.L. upper limit set using the CL
s

method
LHCb-CONF-2016-006

H ! bb̄

Limit: < 1.6 pb (50 times SM)

H ! cc̄

Limit: < 9.4 pb (6400 times SM)

10/14
LHCb-CONF-2016-006 LHCb-CONF-2016-006
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h/Z→J/ψγ and h/Z→Y(nS)γ: Mass Resolution

Phys.Rev.Lett. 114 (2015) 121801

 Simple event categorisation 
 4 detector-driven categories 

 Muon pseudorapidity (×2) 
 Photon conversion (×2) 

 Mass resolution: 1.2-1.8%  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h/Z→J/ψγ and h/Z→Y(nS)γ: Mass Resolution

converted γ

unconverted γ

barrel endcap

Phys.Rev.Lett. 114 (2015) 121801

 Simple event categorisation 
 4 detector-driven categories 

 Muon pseudorapidity (×2) 
 Photon conversion (×2) 

 Mass resolution: 1.2-1.8%  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h/Z→J/ψγ and h/Z→Y(ns)γ
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h/Z→J/ψγ and h/Z→Y(ns)γ

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



K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions 51

h/Z→J/ψγ and h/Z→Y(nS)γ: Results

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

Theory

95% CL upper limits on decay Branching Ratios: 
 𝓞(10-3) for Higgs boson (SM production) 
 𝓞(10-6) for Z boson 

 Indicate non-universal Higgs boson 
coupling to quarks  
[Phys.Rev. D92 (2015) 033016, JHEP 1508 (2015) 012] 
CMS obtained the same 95% CL upper limit: BR[H→(J/ψ)γ] < 
1.5x10-3 [Phys.Lett. B753 (2016) 341]
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Background
 Dominated by QCD production γ+jet and multi-jet events 
 Exclusive “peaking” backgrounds (e.g. h/Z→µµγFSR) estimated to be negligible 
 Nonparametric data-driven model; same procedure as in h/Z→J/ψγ

ATLAS-CONF-2017-057
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 CMS search for h→γ*γ→llγ and h→J/ψγ 
 used 19.7 fb-1 at 8 TeV 

 Event Selection [for h→J/ψγ] 
 single muon and a photon, both pT>22 GeV 
 |ηµ|<2.4, pTµ>23,4 GeV, pTµµ>40 GeV 
 |ηγ|<1.44, pTγ>40 GeV 
 µµ and γ isolation,  
 2.9 < mµµ < 3.3 GeV 
 ΔR(µ,γ)>1 for each muon 
 muon impact parameter requirements 
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h→γ*γ→llγ and h→J/ψγ

Phys.Lett. B753 (2016) 341



Phys.Lett. B753 (2016) 341
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h→γ*γ→llγ and h→J/ψγ

background-only fit to the data

Phys.Lett. B753 (2016) 341

 h→J/ψγ: fit over the 110-150 GeV mass range 
Background: 2nd degree polynomial 
Signal: Crystal Ball + Gaussian 

 No excess above background observed 
 95% CL upper limit H→γ*γ→llγ: 6.7(5.9)xSM 
 95% CL upper limit BR(H→J/ψγ) < 1.5x10-3   

 540 times the SM prediction
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c
c̄

55

Charm Tagging
One may “re-interpret” the h→bbbar search  
for anomalous h→ccbar production 
→ In the SM BR(h→ccbar)/BR(h→bbbar) ~ 5.1% 
→ Enhancement Yc: ↑BR(h→ccbar), ↓BR(h→bbbar) [through ↑Γh ] 
→ Constrains only a linear combination of µb and µc  
→ Need multiple b-tagging points

3
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FIG. 1. 68.3% CL (cyan) and 95.5% CL (gray) allowed re-
gions in µc–µb plane. The best-fit (SM) point is indicated
by the black circle (blue rectangle). The green(orange) bands
are the 68.3% CL bands obtained from ATLAS(CMS) data.
The labels (a)-(f) refer to the criteria in Table II. Note that
region (d) is not shown because it is too broad.

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

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

T

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

T

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

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

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

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

µc = 95+90(175)

�95(180)

at 68.3(95)% CL. (8)

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

W/Z

hc

s̄/c̄

yc

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

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

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

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

µc = BRcc̄/BRSM

cc̄ . 34 . (9)

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

�pp!V h

�SM

pp!V h

' 1 +

✓
c

75�200

◆
2

(10)

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

The new production mechanism significantly enhances
the production cross section for large Yukawa, which is
disfavoured by the V h data. Thus, combining ATLAS
and CMS data yields an upper bound on the charm
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moderate rejection rates for c-jets, while CMS [7] has
four points with relatively high acceptance of c-jets. In-
deed, there are various values of ✏2c/b, categories (a)-(f) in

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

T

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

T

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

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

�(µc, µb) = �2 log
L(µc, µb)

L(µ̂c, µ̂b)
, (7)

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

µc = 95+90(175)
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at 68.3(95)% CL. (8)

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

W/Z

hc

s̄/c̄

yc

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

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

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

Assuming no modification of the production w.r.t. the
SM restricts the Higgs to charm signal strength to be
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cc̄ . 34 . (9)

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

�pp!V h

�SM

pp!V h

' 1 +

✓
c

75�200

◆
2

(10)

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

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

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

→ No detailed experimental analysis performed yet!

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

2

Refs. [11–13])

p
s . 8⇡v2

p
6mb,c,s,d,u

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

Furthermore, stronger bounds are found when qq̄ ! nVL

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

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

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

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

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

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

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

Figures 1st tag 2nd tag ✏2c/b

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

(b)ATLAS 12(c) Tight Tight 0.059

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

(d)CMS 13 Left Med2 Loose 0.19

(e)CMS 13 Right Med1 Loose 0.23

(f) CMS 14 Med3 Loose 0.16

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

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

µb =
�BRb¯b

�
SM

BRSM

b¯b

! �BRb¯b ✏b1✏b2 + �BRcc̄ ✏c1✏c2
�

SM

BRSM

b¯b ✏b1✏b2

= µb +
BRSM

cc̄

BRSM

b¯b

✏c1✏c2
✏b1✏b2

µc ,

(6)

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

cc̄ /BRSM

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

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

H→bb 

H→bb 

H→bb 

c
c̄

c
c̄



Table 3: Numbers of FCNC signal events in the SR (m�� 2 [122, 129] GeV) for the fitted t ! cH branching ratio
B = 6.9⇥ 10�4. The numbers of events for the SM Higgs boson production and the fitted non-resonant background
are also shown, together with the number of observed events in data, in the four categories.

Selection Hadronic Leptonic
Category 1 2 1 2
Signal t ! cH 2.4 3.7 0.82 0.23
SM Higgs boson resonant background 1.1 3.1 0.24 0.22
Other background 16 63 0.14 0.29
Total background 17 66 0.38 0.51
Data 14 69 2 1
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Figure 6: Distributions of m�� for the selected sample in the (a) hadronic category 1, (b) hadronic category 2, (c)
leptonic category 1 and (d) leptonic category 2 channels. The result of fitting the data with the sum (full line)
of a signal component with the mass of the Higgs boson fixed to mH = 125.09 GeV, a continuum background
component (dashed line) and the SM Higgs boson contribution (di↵erence between the dotted and dashed lines) is
superimposed. The leptonic categories have only two bins: the seven-GeV-wide SR and the CR (see text). The CR
region bin extends from the signal region to both higher and lower masses; the content of the CR is shared equally
between the low-mass part (100 GeV to 122 GeV) and the high-mass part (129 GeV to 160 GeV) of the CR bin.
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The mass distributions corresponding to the result of the combined fit are illustrated for the hadronic and
leptonic selections in Figure 6. The result of fitting the data with the sum of a signal component and
a background component (dashed), described by a third-order polynomial for the hadronic selection, is
superimposed. The small contribution from SM Higgs boson production, included in the fit, is also shown
(di↵erence between the dotted and dashed lines). For the leptonic channels, the regions m�� < 122 GeV
and m�� > 129 GeV are used as a single-bin control region to estimate the background in the one-bin
signal region. For presentation in Figure 6, the content of the single-bin CR is shared equally between its
low mass part and its high mass part.
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Figure 7: Evolution of the signal confidence level, CLs, as a function of the t ! cH branching ratio B for the
observation (full line) and the expectation in the absence of signal (dashed line). The bands at ±1� and ±2� around
the expected curve are also shown.

Large-sample pseudo-experiments (which take into account the contribution of the SM Higgs boson pro-
duction) are used to set the limit on B. The evolution of the signal confidence level CLs [76] as a func-
tion of B, computed from these pseudo-experiments, is shown in Figure 7, where the observed result
B < 2.2 ⇥ 10�3 at the 95% CL is compared to the expected one in the absence of signal, B < 1.6 ⇥ 10�3.
The limit derived from these pseudo-experiments is close to the value obtained, in the asymptotic approx-
imation, from the intersection of the combined qB curve with the line at 3.84, marking the 95% confidence
level. It is dominated by statistical uncertainties, as shown in Figure 5.

The acceptance of the t ! uH decays is about 8% lower than for t ! cH in the four analysed channels.
The higher acceptance for t ! cH is mostly driven by the additional b-tagging e�ciency given by the
charm quark as opposed to the up quark. The observed limit for t ! uH is 2.4 ⇥ 10�3 and the expected
limit is 1.7 ⇥ 10�3, both at the 95% CL.

These limits on B can be translated to limits on the o↵-diagonal Yukawa coupling via the relation

�tqH = (1.92 ± 0.02) ⇥ pB,
where the mass of the light quark is neglected [33]. The �tqH coupling corresponds to the sum in quad-
rature of the couplings relative to the two possible chirality combinations of the quark fields, �tqH ⌘q
|�tLqR |2 + |�qLtR |2 [77]. The observed (expected) limits are �tcH < 0.090 (0.077) and �tuH < 0.094 (0.079)

at the 95% CL. As the analysis does not distinguish between the two channels, the limit can be written as:q
�2

tcH + 0.92�2
tuH < 0.090, where the factor 0.92 is due to the di↵erence in acceptance between the two

modes. With this limit ATLAS reaches the sensitivity region where an observation is possible according
to models predicting the largest yields (see Section 1 and Ref. [31]).

18

K. Nikolopoulos / Liverpool, 16 May 2018 / Study of the Higgs boson interactions with fermions 56

Quark/Lepton Flavour Violation
 Indirect constraints from low-energy data; certain transitions still loosely constrained[ JHEP 03 
(2013) 026; Phys.Lett. B712 (2012) 386 ]  
QFV: constraints from flavour physics 
LFV: constraints from µ→eγ, τ→µ/eγ, µ/e g-2, EDM 

BR(H→eµ)<10-8; BR(H→eτ)≲10%; BR(H→µτ)≲10% 
 LFV CMS Run 2 95% CL upper limit with 35.9 fb-1 

 BR(h→µτ)<0.25% (0.25%) 
 BR(h→eτ)<0.61% (0.37%) 

 QFV ATLAS Run 2   95% CL upper limit with 36.1 fb-1 
 in ttbar events looking for t→qh 
 hadronic and leptonic decays of the W boson used 
 BR(h→ch)<0.22% (0.16%) 
 BR(h→uh)<0.24% (0.17%) 
 t→uh acceptance ~8% lower than t→ch due to additional b-tagging efficiency provided by 
the c-quark versus the u-quark

[CMS-PAS-HIG-17-001]
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4.5σ (3.4σ)

3.2σ (3.5σ)
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h→ττ

epT = 56 GeV, τhad pT = 27 GeV, MET=113 GeV, mj1,j2=1.53 TeV, 
mττMMC=129 GeV, BDT score = 0.99. S/B ratio of this bin 1.0

Higgs boson-fermion coupling  
first direct evidence 

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

 Sensitivity mostly VBF and boosted topologies 
Sub-channels: τlepτlep, τlepτhad, τhadτhad 

Catergories based on event topology 
Multivariate techniques used either as BDT or 
multi-dimensional fits 

Run 1 ATLAS+CMS Combination: 5.5σ (5.0σ exp)

e τ 1-prong

VBF H→τlepτhad

Run 1+2 
5.9(5.9)σ

4.9(4.7)σ



3.5(3.0)σ

Run 1+2 
3.6(4.0)σ

JHEP 12 (2017) 024

H→bb 
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H→bb 

H→bb 
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h→bb
 Largest BR (58%@mH=125 GeV) 

 large QCD background 
Use associated production with W/Z 

 complex final states 
 b-tagging crucial 

 Backgrounds: W/Z+jets and top 
 Final discriminant: BDTVH 

 Evidence from both ATLAS and CMS

PLB 780 (2018) 501

mH= 
125 GeV Significance  µ=σ/σSM

ATLAS 3.6σ (4.0σ) 0.90+0.28-0.26

CMS 3.8σ (3.8σ) 1.06+0.31-0.29
2b-tags, MET=320GeV, PTe=151GeV, pTV=450GeV, mbb=124GeV

ATL-PHYS-PUB-2016-012

70% b-jet tag eff 
8.2% c-jet tag eff 
0.3% light-flavour tag eff

3.3(2.8)σ

Run 1+2 
3.8(3.8)σ
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top quark

 ggF Higgs boson production proceeds mostly through top-quark loop 
one can resolve the loops, assuming only SM contributions 
new physics may appear in the loop 

 ttH production: direct information on Higgs boson coupling to top-quark 
Combination of several Higgs boson decay modes 

 h→bb, h→multi-leptons (WW,ττ), h→γγ, h→ZZ→4l 
Complex final states with large number of objects 

 jets, b-jets, light and τ leptons, photons 
 multivariate techniques used extensively 

Run 1 ATLAS+CMS Combination: 4.4σ (2.0σ exp) 
Run 2 evidence for ttH production by ATLAS and CMS

[JHEP 08 (2016) 045]

JHEP 08 (2016) 045
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top quark
arXiv:1804.02610Phys. Rev. D 97 (2018) 072003
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top quark

arXiv:1804.02610arXiv:1804.02610
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h→µµ/ee
 h→µµ best available probe for second generation fermions 

 BRSM~2⋅10-4(125GeV) 
 simple final state 
 S/B ~0.1-0.4% 

backgrounds: Z/γ*→µµ, top, dibosons 
categorisation 

2x VBF (≥2jets+MVA) 
 main variables: mjj,pTµµ ,Δηjj, ΔRjj,  … 

6x ggF categories based on pT and η 
Parametric background Model: BW⊗Gaus+Exp/m3 

95% CL upper limit @mH=125 GeV:  
ATLAS: 2.8 (2.9)xSM [Run 1+2] 
CMS: 7.4 (6.5)xSM [Run 1] mµµ

PRL 119 (2017) 051802

PRL 119 (2017) 051802

PRL 119 (2017) 051802pTµµ<15 GeV,15<pTµµ<50 GeV,pTµµ>50 GeV

Run 1: non-universal Higgs 
boson coupling to fermions

tig
ht
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os

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

sys
Bkg (model) 68 110
�

sys
Bkg (fit) 190 620
�stat

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

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

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

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

 [GeV]µµm
60 80 100 120 140 160 180

Ev
en

ts
 / 

10
G

eV

0

100

200

300

400

500

600

700

ttH
ttZ

ATLAS Simulation Preliminary

-1dt = 3000 fb L
  ∫

 = 14 TeVs

Figure 17: The invariant mass of the di-muon system in the ttH, H ! µµ channel.
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ATLAS-PHYS-PUB-2013-014

h→ee: extremely rare decay in SM 
 BRSM(h→µµ)/BRSM(h→ee) ~ 4×104 

CMS performed a search for h→µµ/ee with Run 1 
95% CL upper limit BR(h→ee)<1.9·10-3

 Closing in on h→µµ! 
 Expected significance for Run 3 and HL-LHC 

 2.3σ for 300 fb-1 and 7.0σ for 3000 fb-1 
 Conservative extrapolation (no IBL, Run 1 analysis) 

 Run 2 result shows improved sensitivity wrt extrapolation 
 Evidence for h→µµ possible with Run 3 

 Even earlier with further improvements? 
 HL-LHC will be needed for detailed studies

[Phys.Lett. B744 (2015) 184]

ATLAS-PHYS-PUB-2013-014


