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Status: two paths to measuring light-quark Yukawas
Recent rapid (th+exp) progress (things are still preliminary,    

                                                                                           tons of info missing) 

Delaunay, Golling, GP & Soreq (13)
GP, Soreq, Stamou & Tobioka (Feb/15)
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           Inclusive (c-tagging)                exclusive (formalism: Neubert’s talk)
         
                           c                                                      udscquarks

Bodwin, Petriello, Stoynev & Velasco (13);
Kagan, GP, Petriello, Soreq, Stoynev & Zupan;
Bodwin, Chung, Ee, Lee & Petriello (14);
Grossmann, Konig & Neubert (15);
GP, Soreq, Stamou & Tobioka (Feb/15)
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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Outline

♦ Intro’: Higgs & flavor physics within the standard model (SM) & beyond.

♦ Charming the Higgs, an inclusive approach. (charm-tagging)
Recent developments, establishing Higgs-quark non-univ. & more.

♦ Some projections & summary.

♦ Brief: exclusive approach, unique window to Higgs-light quarks couplings.
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Higgs & flavor physics within the SM

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

4

♦ Recall: in the SM we have 2 type of interactions:
  (i) gauge interactions: these are flavor blind/universal/same for all quarks;
  (ii) Yukawa interactions: generation-dependent, non-universal, but to a single scalar.

(i) was already tested in a quantitative way (ii) much less & mostly for 3rd gen’.
We focus on (ii), significant progress can be made. 



Higgs & flavor physics within the SM
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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♦ The above 2 facts + renormalizability leads to a simple relations, up two 
small corrections (1loop+GIM suppressed)

SM: Higgs couples like the mass - yi = mi/v

yi

mi
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How much is known experimentally

  Analysis strategy 

-  2 analysis channels (ggF and VBF) 

-  Analytic background model (similarly to γγ) 
 

µ+µ!

 [GeV]Hm
120 125 130 135 140 145 150

S
µ

95
%

 C
L 

lim
it 

on
 

0

10

20

30

40

50
Observed CL
Expected CL

σ 1±
σ 2±

ATLAS -µ+µ →H 
-1=7 TeV  4.5 fbs

-1=8 TeV  20.3 fbsResults'at'95%'CL:''
'

σ.Br'<'7.0'(7.2)(σ.Br)SM''

Rare'Decays'

Universal'couplings''
~260'Lmes'SM'

Submifed'to'PLB'and'ATLAS2CONF220132010'

mi

6

𝜇𝜇 :

𝜇 ATLAS+CMS
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Higgs & flavor physics within the SM
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have
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Does the Higgs couples like the mass - yi = mi/v

mi

??
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? ?
? ?

??



Higgs & flavor physics within the SM
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♦ This could dramatically change if non-SM exists, especially because the 
Higgs is light and its decay (& production) is controlled by small couplings. 
Let us see a trivial example.

Does the Higgs couples like the mass - yi = mi/v

mi

??
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♦ Currently not much known directly on the charm Yukawa: 

Charming the Higgs

_
BR(H → cc) ~ 4%(i) SM - yc = mc/v ~ 0.4 % =>                               , very non-trivial to observe...

♦ However, as yb ~ 2% &                          , Higgs collider pheno’ is 
susceptible to small perturbation.

_

BR(H → bb) ~ 60%

♦ Enlarging charm Yukawa by few leads to dramatic changes, for instance:
but$there$is$hope$as:  

!"Hcc"cpl."could"be"significantly"larger"due"to"BSM"physics:"
"
"
"
"
"
"
"
"
""""" yet,"modulo"an"accidental"cancellation"of"o(1/few)"
"
!""a"method"was"recently"put"forward"to"tag"c!jets"at"the"LHC""
"

medium"working"point:"""20%"efficiency""w/"1/5,"1/140,"1/10"rejection"for"b,QCD,�!jets"
$

(loose"point:""95%"efficiency""w/out"significant"rejection"power"for"fakes.)"

[ATLAS6CONF620136068]$

Hcc"enhancement"
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in Section III that an enhanced charm coupling signifi-
cantly suppresses the h → bb̄ signal strength in associated
Higgs production, and that the SM level of this signal
can be almost entirely recovered by enriching the sample
with charm-tagged events. In Section IV, we argue that
a large Higgs to charm coupling can be obtained under
reasonable conditions in various theories beyond the SM
where moderate cancellation is present. We present our
conclusions in Section V.

II. CONSTRAINTS FROM HIGGS DATA

A charm Yukawa coupling significantly larger than in
the SM affects both Higgs production cross sections and
branching ratios, and is therefore indirectly contrained
by current Higgs rate measurements at the LHC. Indeed
a large charm Yukawa coupling implies a universal
reduction of all Higgs branching ratios other than into
cc̄ final states, provided all other Higgs couplings remain
standard. On the other hand Higgs production at
hadron colliders is also typically enhanced relative to the
SM through a more important charm fusion mechanism
occurring at tree-level. (Another effect, though far
subdominant, arises in gluon fusion Higgs production
through a modified charm-loop contribution.) There-
fore, there must be a charm Yukawa value for which the
enhancement in Higgs production may compensate the
universal suppression in Higgs decays so that Higgs rates
measured at the LHC remain close to SM predictions.
We thus perform a fit of all available Higgs data allowing
deviations of the charm Yukawa coupling relative to
the SM in order to quantitatively determine the largest
value presently allowed.

We follow the approach of Ref. [3] to globally fit avail-
able Higgs data. We consider both direct data from
Higgs rate measurements at the LHC and indirect con-
straints from EW precision measurements at LEP. We
assume that there is only one Higgs scalar h of mass
mh = 126GeV, which is a singlet of the custodial symme-
try preserved by EW symmetry breaking (EWSB). The
Higgs interactions with other SM particles are assumed
to be flavor-conserving and accurately enough parame-
terized by the effective Lagrangian

Leff = L0 + L2 , (1)

where interactions to zeroth-order in derivatives are

L0 =
h

v

[
cV

(
2m2

WW+
µ Wµ− +m2

ZZµZ
µ
)

−
∑

q

cqmq q̄q −
∑

ℓ

cℓmℓℓ̄ℓ
]
, (2)

and interactions to next-to-leading order in derivatives

are

L2 =
h

4v

[
cggG

a
µνG

µνa − cγγFµνF
µν − 2cWWW+

µνW
µν−

−2cZγFµνZ
µν − cZZZµνZ

µν
]
. (3)

q = u, d, s, c, b, t and ℓ = e, µ, τ are the SM massive
quarks and charged leptons, v = 246GeV is the EWSB
scale, Wµ, Zµ, Aµ and Gµ are the SM gauge fields with
the corresponding fields strength tensors. We neglect CP-
odd operators and assume real cq,l coefficients as there
is only a weak sensitivity on CP-odd couplings and CP-
violating phases in Higgs rate measurements. The under-
lying custodial symmetry imposes the following relations
among couplings in L2 [3]

cWW = cγγ +
gL
gY

cZγ , cZZ = cγγ +
g2L − g2Y
gY gL

cZγ , (4)

where gL and gY are the SU(2)L and U(1)Y gauge
couplings, respectively. The SM limit is achieved by
cV = cq = cℓ = 1 and cγγ = cgg = cZγ = 0 (betore
the top has been integrated out). In contrast with ex-
isting Higgs fits, as in e.g. Refs [3, 4, 12, 13], we leave
the charm Yukawa coupling as a free parameter of the fit.
Current Higgs data are very unlikely to be sensitive to
Higgs couplings to e, µ, and u, d, s, as the latter are al-
ready very small in the SM. We thus set ce,µ = cu,d,s = 1
in the following. We are left with at most eight indepen-
dent free parameters: cV , cc,b,t, cτ , cgg, cγγ and cZγ .

The Higgs rate measurements at the LHC are pre-
sented in the form of signal strengths defined as

µf ≡ σpp→h BRh→f

σSM
pp→h BR

SM
h→f

, (5)

for each final state f , where σpp→h and BRh→f are the
Higgs production cross section and branching ratio, re-
spectively, while the SM label denotes their corresponding
SM predictions. Similar signal strengths measured at the
Tevatron are obtained from Eq. (5) through the replace-
ment pp → pp̄. We perform a standard χ2 analysis in
order to fit the coefficients in Eq. (1) to current Higgs
data. The total χ2 function is

χ2 =
∑

f,i

(
µth
f,i − µex

f,i

)2

σ2
f,i

, (6)

where the index i runs over all measurements of the chan-
nel f and correlations between different channels are ne-
glected. µex

f,i and σf,i denote the experimental central val-
ues and their corresponding standard deviations, respec-
tively. Asymmetric experimental errors are symmetrized
for simplicity. We consider the most updated set of Higgs
measurements in h → WW ∗, ZZ∗, γγ and τ τ̄ channels
from ATLAS [15], CMS [16] and Tevatron [17] collab-
orations. We also include the recent h → bb̄ search in
vector-boson associated production at ATLAS [18] and

but$there$is$hope$as:  

!"Hcc"cpl."could"be"significantly"larger"due"to"BSM"physics:"
"
"
"
"
"
"
"
"
""""" yet,"modulo"an"accidental"cancellation"of"o(1/few)"
"
!""a"method"was"recently"put"forward"to"tag"c!jets"at"the"LHC""
"

medium"working"point:"""20%"efficiency""w/"1/5,"1/140,"1/10"rejection"for"b,QCD,�!jets"
$

(loose"point:""95%"efficiency""w/out"significant"rejection"power"for"fakes.)"

[ATLAS6CONF620136068]$

Hcc"enhancement"

Delaunay, Golling, GP & Soreq (13)
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♦ Or is it simply technicolor for the light quarks ? cc̄

If you really care, more models: Delaunay, Grojean & GP (13); Kagan, GP, Volansky 
& Zupan (09); Dery, Efrati, Hiller, Hochberg & Nir (13); Giudice & Lebedev (08) 

 



♦ Ball park bounds are from Higgs “invisible” bound (assumes cv=1):

Charming the Higgs, current status & few projections

This%yields%significant%change%(V)
���!channel:!

BR(
���) is!significantly!suppressed:!
!
!
!
!
!
!
but!most!charm!fusion!events!rejected!after!VH<enriching!cuts:!
!

��	��������   

with!cgg>0 

 ���bb ����
������������� 
 
 
large!part!of!bb!signal!expected!@ATLAS/CMS!could!be!lost!!

in!the!benefit!of!!charm�!

with!cgg>0 

������!the!sensitivity!to!larger!charm!coupling!in!Higgs!data? 

!"indirectly"constrained"through"the"invisible"width:"

!"charm"fusion"opens"up"as"a"significant"H"prod."mechanism"

if"all"other"���������		�couplings"""
set"to"SM"values:"
"

  Brinv ~< 22% @95%CL"
"
adding"a"new"physics"source"of""
ggh:"Brinv ~< 50%"@95%CL"
"

@NLO:" �cc ��0.008 �gg  in"the"SM"

~I5% increase"in �pp�h if"Hcc"4x larger"

[Falkowski:Riva:Urbano!!�	
�!

build&cc'enriched&bb&signal&=&��charming)the)Higgs���)
&
&
&
&

�		
����������medium)working)point&w/&�c=20%&efficiency,&
and&�b=70% for&b'tagging&efficiency:&
&
&
&

assume&instead&a&speculative&�c=40%&c'tagging&efficiency:&
&

now,)one)can)use)charm)tagging)technique)to&capture&
���:&

 ���bb+cc ����	����������
��� 
& &

& & only&marginal&fraction&of&lost&signal&recovered&

 ���bb+cc ��������������
��� 
 

& large&fraction&recovered,&almost&back&to&bb&SM&rate!&
& & 10

3

are neglected. µex
f,i and σf,i denote the experimental

central values and their corresponding standard devia-
tions, respectively. Asymmetric experimental errors are
symmetrized for simplicity. We consider the most up-
dated set of Higgs measurements in h → WW ∗, ZZ∗

and γγ channels from ATLAS [18], CMS [19] and Teva-
tron [20] collaborations, as well as the h → ττ results
from CMS [21] and Tevatron [20]. We also include the
recent h → bb̄ search in vector-boson associated produc-
tion [22] and in vector-boson fusion at CMS [23], as well
as the h → Zγ search at CMS [24]. We do not use the
recent h → bb̄ and h → ττ preliminary ATLAS results.
However, we checked that the latter does not significantly
change our results given the current experimental sen-
sitivity in these channels. µth

f,i are the theoretical sig-
nal strength predictions, which incorporate the relative
weights of each Higgs production mechanisms as quoted
by the experimental collaborations, whenever available.
This is the case for all channels that we use except for
V h(bb̄) at CMS for which we assume pure vector-boson
associated production. Theoretical predictions for Higgs
signal strengths in terms of the effective coefficients in
Eq. (1) can be found in Ref. [3], while we use the SM
Higgs production cross sections and branching ratios of
Ref. [25]. We however add the following two modifica-
tions in order to implement a hcc̄ coupling significantly
different than its SM value. First of all, we include the
charm loop contribution in the gluon fusion cross section

as σgg→h/σSM
gg→h ≃ |ĉgg|2 /

∣

∣ĉSMgg
∣

∣

2
with

ĉgg = cgg +
[

1.3× 10−2ct − (4.0− 4.3i)× 10−4cb

− (4.4− 3.0i)× 10−5cc
]

, (7)

where numbers are obtained using the running quark
masses extracted from Ref. [5]. ĉSMgg ≃ 0.012 is obtained
by taking the SM limit, cgg → 0 and ct,b,c → 1, in
Eq. (7). Then, we include the charm fusion cross section
as σcc̄→h ≃ 3.0 × 10−3 |cc|2 σSM

gg→h, where the charm
fusion to gluon fusion cross section ratio is evaluated at
next-to-leading order in the QCD coupling and we use
MSTW parton distribution functions [26]. We trans-
posed the NLO bottom fusion cross section obtained in
Ref. [27] in order to estimate σSM

cc̄→h.

We mainly focus on two different scenarios, where

(a) all Higgs couplings but the charm one are SM-like.

(b) all the Higgs couplings but the charm one and cgg are
SM-like.

The general case, where all independent parameters are
allowed to deviate from the SM is discussed in Ap-
pendix A. However, the results are found to be very close
to those from case (b) above. Thus, unless explicitly
mentioned otherwise, case (b) can be taken as a proxy
for the general case. In both cases (a) and (b), χ2 only
depends on the Higgs to charm coupling through |cc|2, up

0 2 4 6 8
0

1

2

3

4

5

cc

∆Χ
2

cgg#0
cgg$0

95.4% CL

68.3% CL

FIG. 1: δχ2 = χ2
− χ2

min as a function of the Higgs to charm
pairs coupling cc. The black and red curves correspond re-
spectively to case (a), where all Higgs coupling but cc are
SM-like, and case (b), where only cc and cgg deviate from
the SM and marginalizing over the latter. Horizontal dashed
lines denotes the 68.3% and 95.4% CL (δχ2 = 1 and 4, re-
spectively).

0 2 4 6 8 10

0.0

0.5
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to a small interference effect with top and bottom loops
in gluon fusion production. Hence, there is almost no
sensitivity to the sign of cc. For simplicity we consider
positive cc in the following. χ2 minimization yields

cc ≤ 3.7 (7.3) , at 95.4% CL , (8)

for case (a) (case (b)) as defined above. The bound
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ĉgg = cgg +
[

1.3× 10−2ct − (4.0− 4.3i)× 10−4cb

− (4.4− 3.0i)× 10−5cc
]

, (7)

where numbers are obtained using the running quark
masses extracted from Ref. [5]. ĉSMgg ≃ 0.012 is obtained
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0.012 .

to a small interference effect with top and bottom loops
in gluon fusion production. Hence, there is almost no
sensitivity to the sign of cc. For simplicity we consider
positive cc in the following. χ2 minimization yields

cc ≤ 3.7 (7.3) , at 95.4% CL , (8)

for case (a) (case (b)) as defined above. The bound

Delaunay, Golling, GP & Soreq (13)
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♦

♦

Before talking about our work, 
2 slides about an experimental break through
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More recently, constraining (non-deg.) scharms
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♦ An interesting viable possibility is anarchic squark spectrum. Nir & Seiberg (93) 

♦ Scenario still viable and the bounds on scharms are very weak.
Gedalia, Kamenik, Ligeti & GP (12)
Mahbubani, Papucci, GP, Ruderman % Weiler (13)

♦ Has potential consequences for naturalness (“flavorful naturalness”).
Blanke, Giudice, Paradisi, GP & Zupan (13)

♦ ATLAS: light scharms search \w new working point for charm tagging:
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ATLAS NOTE

ATLAS-CONF-2014-06
November 22, 2014

Search for Scalar-Charm Pair-Production with the ATLAS Detector in pp

Collisions at

p
s = 8 TeV

The ATLAS Collaboration

Abstract

The results of a dedicated search for pair production of scalar partners of charm quarks
are reported. The search is based on an integrated luminosity of 20.3 fb�1 of pp collisions
at
p

s = 8 TeV recorded with the ATLAS detector. The search is performed using events
with large missing transverse momentum and at least two jets, where the two leading jets
are each tagged as originating from c quarks. Events containing isolated electrons or muons
are vetoed. In an R-parity conserving minimal supersymmetric scenario in which a single
scalar-charm state is kinematically accessible, and where it decays exclusively into a charm
quark and a neutralino, 95% confidence-level upper limits are obtained in the c̃ � �̃0

1 mass
plane such that, for neutralino masses below 200 GeV, scalar-charm masses up to 490 GeV
are excluded.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Figure 1: Distributions of mCT (left) and mcc (right), and their corresponding SM predictions. SR selec-
tions (mCT > 150 GeV for the mcc distribution) are applied, other than for the variable plotted. Arrows
indicate the SR requirements on mCT and mcc. In the ratio plots, the grey band corresponds to the com-
bined MC statistical and experimental systematic uncertainty.

Figure 2: Exclusion limits at 95% C.L. in the c̃ � �̃0
1 mass plane (colour online). The observed (solid

red line) and expected (dashed blue line) limits include all uncertainties except for the theoretical signal
cross-section uncertainty (PDF and scale). The bands around the expected limits show ±1� uncertainties.
The dotted lines around the observed limits represent the results obtained when moving the nominal
signal cross section up or down by ±1� theoretical uncertainty.
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✏c = 19% ✏b = 12%

ATLAS-CONF-2014-063
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Executive sum.: Constraining Higgs-charm univ.
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♦ Bottom line: can use existing data to constrain Higgs-quarks univ..

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

(i) Direct constraint: recast VH(bb),  taking advantage of 2 working point cc < 250. 

 (ii) the recent ATLAS search to h → J/ψγ (see later) yield cc < 210 ;

         (assumes Higgs coupling to two photons and/or four leptons is not significantly modified by new physics); 

 (iii) the direct measurement of the total width yield cc < 150 (ATLAS),120 (CMS).; 

(iv) Global fit to the Higgs signal strength, cc < 6. 

(v) tth data =>  ct > 0.9 (equivalence to cc > 280). 
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#1 Direct constraint: recast VH(bb) (preliminary)

15

♦ Idea: use several charm-tagging working points of ATLAS & CMS in their 
VH(bb) analysis.

GP, Soreq, Stamou & Tobioka (Feb/15)
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weakly interact with it. The dominant decay mode of the
Higgs is to bottom pair, with the bottom Yukawa cou-
pling is O(0.02). Any deformation of the Higgs couplings
to the lighter SM particles, say the charm quarks (for
possibly relevant discussions see [4–12]), could in princi-
ple compete with the Higgs-bottom coupling and would
lead to a dramatic change of the Higgs phenomenology
at collider [13].

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

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

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

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

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

µbb̄ =
�

�SM

BRbb̄

BRSM
bb̄

(4)

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

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

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

b · ✏b1✏b2
(5)

= µb +
BrSM

c

BrSM
b

✏c1✏c2
✏b1✏b2

µc (6)

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

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

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

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

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

Plots 1st tag 2nd tag ✏c/b

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

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

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

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

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

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

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

ATLAS Med Tight CMS Loose Med1 Med2 Med3

✏b 70% 50% ✏b 88% 82% 78% 71%

✏c 20% 3.8% ✏c 47% 34% 27% 21%

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

Plots 1st tag 2nd tag ✏c/b

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

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

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

(d)CMS Fig.13 Left Med2 Loose 0.19

(e)CMS Fig.13 Right Med1 Loose 0.23

(f)CMS Fig.14 Med3 Loose 0.16

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

Recent theoretical and experimental progress allowed
to open a window towards studying the Higgs coupling
to light quarks at the LHC as follows. On the theoretical
frontier, it was demonstrated in [13] that using inclu-
sive charm-tagging would enable the LHC experiments
to search for the decay of the Higgs into pair of charm
jets. Furthermore in [14] it was shown that the charm-
Higgs coupling could be probed by looking at exclusive
decay modes involving a c � c̄ meson and a photon. A
similar mechanism, based on exclusive final state with
light quark states and vector bosons (photon as well as
EW ones) was shown to yield a potential access to the
light quark-Higgs couplings in [15].

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

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

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

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

µbb̄ =
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�SM

BRbb̄

BRSM
bb̄

(4)

When b-tag is imposed, some other jets are mis-tagged by
chance. In particular, jets originating from charm quark
are mis-tagged by O(10)% because D mesons have long
lifetime ⇠ 120�300 µm/c which is comparable to lifetime
of B mesons ⇠ 400 µm/c.
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where ✏b1,2 and ✏c1,2 are e�ciencies to tag jets originat-
ing from bottom and charm quark, respectively. µc is
normalized to be 1 in a case of the SM.
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If the charm tagging rates, ✏c1,2 , are larger, we will
be more sensitive to charm final states, µc. However,
this is not enough because one criterion of b-tagging only
constraints a linear combination of µb and µc. In order to
disentangle the degeneracy, we need at least two tagging
criteria with di↵erent ratios, ✏c/b ⌘ (✏c1✏c2)/(✏b1✏b2). The
ATLAS and CMS have di↵erent tagging working points
and hence µc is extracted.
Signal Strength: We use constant e�ciencies of tag-

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

less sensitive to pjetT . Therefore, the assumption of our
analysis is still reasonable.
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♦ Each working point yields flat direction:

♦ However, combining points => bound.
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New production mechanism VH(bb) (preliminary)
GP, Soreq, Stamou & Tobioka (Feb/15)

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

�SM

Br

BrSMc

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

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

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

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

    ‘medium’ operating point:  c-tagging efficiency = 20%,  
rejection factor of 5 for b jets, 140 for light jets.
#’s obtained for simulated      events for jets with 
                     ,  and calibrated with data
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V H enhancement at LHC8
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100 < MET(Z⌫⌫)/GeV < 130
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100 < pT (Z``)/GeV < 130

170 < pT (Z``)/GeV

(MG, cuts from CMS analysis) 

GP, Soreq, Stamou & Tobioka, preliminary

No runaway for cc cc < 250.
16

-200 -100 0 100 200 300 400 500

-2

-1

0

1

2

3

mc

mb

ATLAS+CMS Hstat+MC errorL



Constraining Higgs-quark universality #1 (model indep’)

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

comparing to the SM prediction of �SM

h = 4.07MeV [11] for mh = 125.0GeV.
We can use the above upper bound on the total width to bound the charm Yukawa by

assuming that the entire Higgs width is saturated by it

2

c BR
SM

h!cc̄�
SM

h = 1.18⇥ 10�42

c GeV < �h (9)

where BRSM

h!cc̄ = 2.90⇥ 10�2 . The corresponding upper bounds from Eqs (7)–(8) are

c < 150 ,ATLAS , c < 120 ,CMS , (10)

where in ATLAS we use the bound from h ! 4` and in CMS the combined.
On the other hand, naive average of µtth from ATLAS [7] and CMS [8], µavg

tth = 2.41± 0.81
see Eq. (6), leads to lower bound on the top Yukawa

|t| > 0.9

s
BRSM

h!relevant modes

BRh!relevant modes

> 0.9 , (11)

where BRh!relevant modes

stands for the relevant final state in the tth measurements. Note that
the last equality valid in case that the Higgs to charm pair is the dominant partial width.
Taking the ratio between the charm and the top Yukawa

c

t
=

ySMt
ySMc

yc
yt

= 279
yc
yt

< 133 ) yc < yt . (12)

Therefore we conclude that the up-sector Yukawa is not universal.

3 Bounding the Higgs total width from µVBF!WW

The bound on the total Higgs width from the global is driving by the measurement of the VBF
channel in the WW ⇤ final state. The recent ATLAS results is [9] YS: should check CMS

µ
VBF!h!WW ⇤ = 1.27+0.44+0.30

�0.40�0.21 = 1.27+0.53
�0.45 , (13)

the VBF to WW ⇤ signal strength can be expressed as

µ
VBF!h!WW ⇤ =

�
2

V + �̄non�SM

VBF

� 2

V

R
�

(14)

where R
�

= �h/�SM

h and �̄non�SM

VBF

is an additional non SM VBF production normalised to the
SM. The allowed range of V from from EWPT with cuto↵ scale of 3TeV is evaluated in [10]

V = 1.08± 0.07 . (15)

Combing Eqs. (13)–(14) leads to

0.432

V

�
2

V + �̄non�SM

VBF

�
< R

�

< 2.732

V

�
2

V + �̄non�SM

VBF

�
. (16)

By assuming V = 1 we get that

0.43 < R
�

< 2.73
�
1 + �̄non�SM

VBF

�
, (17)

and by taking the 2� range from Eq. (15) we get

0.34 < R
�

< 6.05 + 2.73�̄non�SM

VBF

. (18)

2

) ct > 0.9

s
BrSMh!relevant modes

Brh!relevant modes

> 0.9

17

cc
ct

=
ySMt
ySMc

yc
yt

= 280
yc
yt

< 250 ) yc < yt !

As shown below: the method works much better via real c-tagging working point. 

♦ New production eliminates the yc runaway cc < 250 what about yt ?

♦ ATLAS+CMS tth:



Constraining Higgs-quark universality #2+3 

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

18

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

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

January 27, 2015

1 Naive averaging of ATLAS and CSM

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

mATLAS

h = 125.36± 0.37± 0.18GeV , (1)

mCMS

h = 125.02± 0.27± 0.15GeV , (2)

where naive average leads to

mavg

h = 125.14± 0.25GeV . (3)

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

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

µATLAS

⌧ ⌧̄ = 1.43+0.43
�0.37 , µCMS

⌧ ⌧̄ = 0.78± 0.27 , µavg

⌧ ⌧̄ = 0.98± 0.22 , (4)

µATLAS

b¯b = 0.52± 0.40 , µCMS

b¯b = 1.0± 0.5 , µavg

b¯b
= 0.71± 0.31 , (5)

µATLAS

t¯th = 1.7± 1.4 , µCMS

t¯th = 2.76± 0.99 , µavg

t¯th = 2.41± 0.81 , (6)

where the µavg

XX is naive averaging of ATLAS and CMS results.

2 Bounds from the total width

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

�h < 5.0GeV from h ! �� ,

�h < 2.6GeV from h ! ZZ⇤ ! 4` . (7)

The corresponding CMS bounds are [2]

�h < 2.4GeV from h ! �� ,

�h < 3.4GeV from h ! ZZ⇤ ! 4` ,

�h < 1.7GeV combined , (8)

1
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1

♦   Interpretation of ATLAS recent h ! J/ � (1501.03276): 

4 Interpretation of h ! J/ �

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

�(pp ! h)⇥ BRh!J � < 33 fb , (19)

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

The partial width of h ! J/ � at mh = 125GeV can be extrapolated from Eqs. (16)–(17)
of [13]

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

Ref. [14] includes relativistic corrections and gives the result for mh = 125.9± 0.4GeV

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

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

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

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

RJ/ ,Z =
�(pp ! h)⇥ BRh!J/ �

�(pp ! h)⇥ BRh!ZZ⇤!4`
=

�h!J/ �

�h!ZZ⇤!4`
= 2.79

(� � 0.087c)2

2V
⇥ 10�2 , (22)

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

h!ZZ⇤!4` =
1.26⇥10�4 . By using Eq. (19) and the ZZ⇤ signal strength µZZ⇤ = 1.44+0.40

�0.33 [15] we can extract

RJ/ ,Z =
33 fb

µZZ⇤�SMBRSM

h!ZZ⇤!4`

< 9.32 . (23)

Combine the last with Eq. (22) leads to

�210V + 11� < c < 210V + 11� . (24)

3
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♦ The conventional way of doing the fit leads to:               cc < 6.

♦ It is equivalence to the invisible (untagged) Higgs decay bound, driven by VBF:            

comparing to the SM prediction of �SM

h = 4.07MeV [11] for mh = 125.0GeV.
We can use the above upper bound on the total width to bound the charm Yukawa by

assuming that the entire Higgs width is saturated by it
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c BR
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h = 1.18⇥ 10�42

c GeV < �h (9)

where BRSM

h!cc̄ = 2.90⇥ 10�2 . The corresponding upper bounds from Eqs (7)–(8) are

c < 150 ,ATLAS , c < 120 ,CMS , (10)

where in ATLAS we use the bound from h ! 4` and in CMS the combined.
On the other hand, naive average of µtth from ATLAS [7] and CMS [8], µavg

tth = 2.41± 0.81
see Eq. (6), leads to lower bound on the top Yukawa

|t| > 0.9

s
BRSM

h!relevant modes

BRh!relevant modes

> 0.9 , (11)

where BRh!relevant modes

stands for the relevant final state in the tth measurements. Note that
the last equality valid in case that the Higgs to charm pairs is the dominant partial width. In
case that the dominant decays are to charms and ⌧ 0s than ⌧ � 1 and BRh!⌧+⌧� ⇡ 0.06 (as in
the SM) this will imply that the µ

VBF,⌧⌧ > 2 because of the enhancement charm Yukawa (for
c ⇠ 240), which is excluded by the data. Taking the ratio between the charm and the top
Yukawa

c

t
=

ySMt
ySMc

yc
yt

= 279
yc
yt

< 133 ) yc < yt . (12)

Therefore we conclude that the up-sector Yukawa is not universal.

3 Bounding the Higgs total width from µVBF!WW

The bound on the total Higgs width from the global is driving by the measurement of the VBF
channel in the WW ⇤ final state. The recent ATLAS results is [9] YS: should check CMS

µ
VBF!h!WW ⇤ = 1.27+0.44+0.30

�0.40�0.21 = 1.27+0.53
�0.45 , (13)

the VBF to WW ⇤ signal strength can be expressed as

µ
VBF!h!WW ⇤ =

�
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V + �̄non�SM
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� 2
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R
�

(14)

where R
�

= �h/�SM

h and �̄non�SM

VBF

is an additional non SM VBF production normalised to the
SM. The allowed range of V from from EWPT with cuto↵ scale of 3TeV is evaluated in [10]

V = 1.08± 0.07 . (15)

Combing Eqs. (13)–(14) leads to
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By assuming V = 1 we get that

0.43 < R
�

< 2.73
�
1 + �̄non�SM

VBF

�
, (17)

and by taking the 2� range from Eq. (15) we get

0.34 < R
�

< 6.05 + 2.73�̄non�SM

VBF

. (18)
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always set to zero, however not 
necessarily negligible. 

Currently small effect but might not 
be in the future. 

VBF & Vh can be compared to other 
machines, leptons? hadrons?
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♦ Use the eff. Lagrangian: 

Exclusive path towards Higgs-light quark couplings

in the SM: 

Notice that: 

An Exclusive Window onto Higgs Yukawa Couplings
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is

Le↵ = �
X

q=u,d,s

̄

q

m

b

v

hq̄
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q
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�
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µ
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�

A

�

↵

⇡

h

v

F

µ⌫

F

µ⌫

, (1)

where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 

Z

= 

V

, while
̄

qq

0 = ̄

⇤

q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ̄

s

= m

s

/m

b

' 0.020, ̄
d

= m

d

/m

b

' 1.0 · 10�3,
̄

u

= m

u

/m

b

' 4.7 · 10�4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄

qq

0 vanish in
the SM. Any deviations from these relations would signal
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where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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= 
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V

, while
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qq

0 = ̄

⇤

q

0
q

and 
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are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A
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�0.81 [12]. The SM limit corresponds to 
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and ̄

s

= m

s

/m

b

' 0.020, ̄
d

= m

d

/m

b

' 1.0 · 10�3,
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= m

u

/m

b

' 4.7 · 10�4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄

qq

0 vanish in
the SM. Any deviations from these relations would signal
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Exclusive path towards Higgs-light quark couplings

where generically: 

♦ Use the eff. Lagrangian: 
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Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K
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modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is
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CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
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0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A
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' 4.7 · 10�4. The quark masses are evalu-
ated at µ = m
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using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄

qq

0 vanish in
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Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
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⇤0
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⇤0
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modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custo-
dial symmetry preserved by electroweak symmetry break-
ing and has CP conserving couplings. The e↵ective La-
grangian used in our analysis is
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are real because of the assumed
CP conservation. Note that ̄
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to the SM b-quark Yukawa coupling for later convenience.
The ̄
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0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The SM loop function
for the h�� coupling is given at one-loop order by A

�

⇡
�0.81 [12]. The SM limit corresponds to 

�

= 

V

= 1,
and ̄

s

= m

s

/m

b

' 0.020, ̄
d

= m

d

/m

b

' 1.0 · 10�3,
̄

u

= m

u

/m

b

' 4.7 · 10�4. The quark masses are evalu-
ated at µ = m

h

using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ̄

qq

0 vanish in
the SM. Any deviations from these relations would signal

ar
X

iv
:su

bm
it/

09
95

20
3 

 [h
ep

-p
h]

  6
 Ju

n 
20

14

̄q = yq/ySMb ,

varying only one at the time (95%CL)  

varying all couplings (95%CL)  

Harnik, Kopp & Zupan; Blankenburg, Ellis, Isidori, (12)FCNC non-robust bound: (                                                                                                     )
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same for the flavor violating case
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The main idea
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exclusive decays
h ! MV

vector meson � W Z
work in progress

ys

yd , yu

h ! J/ � yc

h !
��
⇢�
!�

Bodwin, Petriello, 
Stoynev, Velasco!

1306.5770

Small branching ratio, BUT reduced QCD background!Adding off-diagonal: h → B̄0∗γ, h → B̄0∗γ, h → K0∗γ,h → D0∗γ
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Ex.: h → φγ

♦ Two paths to get h → φγ:

2

̄

d

= m

d

/m

b

' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the

h

�

s

s̄

h

s

s̄

�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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(6)
where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
P

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is

h1/uūi�
?

=

Z 1

0
du

�

�

?

(u)

u(1� u)
. (7)
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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= 
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= 
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, while
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qq

0 = ̄

⇤

q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The h ! �� amplitude
can be written as
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The SM loop function for the h�� coupling is given at
one-loop order by A
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⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
h ! ⇢� and h ! !� are similarly given by
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where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �

?

are truncated at second or-
der, yielding h1/uūi�

?

= 6.84(42), h1/uūi⇢
?

= 6.84(36),
h1/uūi!

?

= 6.84(72), using the inputs from [27] and fixing
µ = 1GeV. The decay constants are f

�
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= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale for f�,⇢,!
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in the range [0.5, 10]GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f
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=
0.160(25)GeV, f!
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= 0.139(27)GeV. Normalizing to the
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where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

♦ Let us understand them one by one. 
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Ex.: h → φγ, indirect contribution

♦ Two paths to get h → φγ:

2
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' 1.0 ·10�3, ̄
u

= m

u

/m

b

' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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s̄
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�

Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
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f is the electromagnetic current.

Note that for CP violating couplings, M�
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.
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s
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modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 
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V

, while
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are real because of the assumed
CP conservation. Note that ̄

q

and ̄
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0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The h ! �� amplitude
can be written as
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The SM loop function for the h�� coupling is given at
one-loop order by A

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 
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= 1, and ̄
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' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.
Inclusive Higgs rate measurements cannot distinguish

between the individual ̄
qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
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) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
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where the first and second terms are the direct and in-
direct contributions; f�
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are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q
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�

and "
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ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄
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.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵
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based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄
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by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive
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| < 1.3 , |̄
d

| < 1.4 , |̄
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We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
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0 | < 0.6 (1) , (5)
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0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄
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0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄
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| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
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The leading twist chiral-odd LCDA �
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(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [25, 26]:
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The partial decay width for h ! �� decay is
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where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
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are truncated at second or-
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= 6.84(36),
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µ = 1GeV. The decay constants are f
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= 0.187(10)GeV [27]. We es-
timate the error on our LO calculation by varying the
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The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f
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=
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= 0.139(27)GeV. Normalizing to the
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where we have neglected the smaller ̄

2
s,d,u

terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D

⇤0 pro-
vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb

, ̄
bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄
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s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
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from experiment, φ→e+e-
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the presence of new physics.
Constraints from the current data. In [10] the

inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] using
MSTW parton distribution functions [20].

We begin with the flavor-conserving couplings. A naive
�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
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| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.70 . (2)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (3)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (4)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|̄

bs

| < 8·10�2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �⇤ ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄
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). Working in the limit of real
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q

s

e = �e/3 is
the strange quark electric charge, and "
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and "
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are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ
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for the � decay constant f
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f is the electromagnetic current.

Note that for CP violating couplings, M�
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is sensitive to
the phase between A
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and ̄
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.
The LCDA convolution integral is
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The leading twist chiral-odd LCDA �
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(u) is defined
through the following matrix element of the transversely
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where we used the fact that |✏�
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· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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♦ Two paths to get h → φγ:
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using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄
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0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄
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.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵
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based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄
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by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive
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2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds
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If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds
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We repeat the analysis for the o↵-diagonal couplings.
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only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
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0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄
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0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2
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). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
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) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
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plitudes which, however, only involves the real part of
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where the first and second terms are the direct and in-
direct contributions; f�
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stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q
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We show that both flavor-conserving and flavor-violating Yukawa couplings of the Higgs boson to
first- and second-generation quarks can be probed by measuring rare decays of the form h ! MV ,
where M denotes a vector meson and V indicates either �,W or Z. We calculate the branching
ratios for these processes in both the Standard Model and its possible extensions. We discuss the
experimental prospects for their observation. The possibility of accessing these Higgs couplings
appears to be unique to the high-luminosity LHC and future hadron colliders, providing further
motivation for those machines.

Introduction. The discovery of a Higgs-like boson
by the ATLAS and CMS collaborations [1, 2] ushered in
a new era of exploration in high-energy physics driven
by the desire to understand the properties of this new
state. Current measurements only give information on
the Higgs couplings to gauge bosons and third-generation
fermions. In the well-measured decay modes, h ! ��,
WW and ZZ, the measured couplings agree with the
Standard Model (SM) values at the 20� 30% level [3, 4].
Initial evidence in the h ! ⌧⌧ channel also indicates no
deviation from the SM value [5].

In contrast, the couplings of the Higgs to the first- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modifications in beyond-
the-SM theories, making them interesting experimental
targets. The ATLAS and CMS collaborations have stud-
ied the possibility of measuring the Higgs couplings to
muons at the high-luminosity LHC (HL-LHC) with en-
couraging results [6–8]. However, the question of whether
the Higgs couplings to the other light fermions can be di-
rectly accessed is left completely open.

In this Letter we lay out a program to measure en-
hanced Higgs couplings to light quarks using the exclu-
sive decays h ! MV , where M denotes a vector meson
and V denotes either a �,W or Z. The possibility of using
h ! J/ � to probe the flavor-diagonal Higgs coupling
to charm quarks was recently pointed out in [9]. This
coupling can also be accessed using charm-tagging tech-
niques [10]. The modes studied here, on the other hand,
allow access to Higgs couplings that are impossible to di-
rectly determine in other ways. For example, the h ! ��

mode considered here allows direct access to the flavor-
diagonal coupling of the Higgs to the strange quark. The
h ! ⇢�,!� modes probe the Higgs couplings to up and
down quarks, while the h ! K

⇤0
�, D

⇤0
�, B

⇤0
�, B

⇤0
s

�

modes probe the o↵-diagonal Yukawa couplings of the
Higgs. We discuss the signatures of the above rare ra-

diative processes, and also comment on h ! MW, MZ

decays, e.g. h ! B

(⇤)+
W

�. Probes of the electroweak
couplings of the Higgs via h ! MZ,MW decays have
been discussed in [11].
These rare decays are only accessible at the HL-

LHC and future high-energy colliders, due to their small
branching ratios. We note that the predicted event rates
at planned e

+
e

� facilities are too small. This strengthens
the motivation for future hadron colliders.
Theoretical framework. We first consider the con-

straints on the Higgs Yukawa couplings coming from the
inclusive Higgs production rate at the LHC. In our anal-
ysis we assume that there is only one Higgs scalar with
mass m

h

' 125.7GeV, which is a singlet of the custodial
symmetry preserved by electroweak symmetry breaking
and has CP conserving couplings. The following phe-
nomenological Lagrangian is used in our analysis:
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where v = 246GeV is the Higgs VEV. The underly-
ing custodial symmetry implies 

W

= 
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= 

V

, while
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qq

0 = ̄

⇤

q

0
q

and 

V,�,q

are real because of the assumed
CP conservation. Note that ̄

q

and ̄
qq

0 are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ̄

qq

0 couplings are flavor-violating, while the other
couplings are flavor-conserving. The h ! �� amplitude
can be written as

M
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µ⌫

|hi . (2)

The SM loop function for the h�� coupling is given at
one-loop order by A

�

⇡ �0.81 [12], where the contribu-
tion of the light quarks loops can be safety neglected
due to the chiral suppression. The SM limit corre-
sponds to 

�

= 

V

= 1, and ̄
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= m

s

/m
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' 0.020,
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' 1.0 ·10�3, ̄
u

= m

u

/m
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' 4.7 ·10�4. The
quark masses are evaluated at µ = m

h

using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ̄

qq

0 vanish in the SM. Any deviations from
these relations would signal the presence of new physics.

Constraints from the current data. In [10] the
inclusive production rate at the LHC was used to put an
indirect bound on the charm Yukawa coupling. Here we
adapt this analysis to the other Yukawa couplings, ̄

i

.
The current ATLAS [14], CMS [5, 15] and Tevatron [16]
Higgs measurements are included (based on Tables 13
and 14 of Ref. [17]), as are the indirect constraints from
the LEP electroweak precision measurements [18]. For
simplicity, correlations between the di↵erent measure-
ments are neglected and asymmetric uncertainties are
symmetrized. The quark anti-quark Higgs-fusion cross
section is evaluated at next-to-leading order in ↵

s

based
on the bottom fusion cross section obtained in [19] us-
ing MSTW parton distribution functions [20]. Below, we
check that our fit results are stable against uncalculated
higher-order corrections by varying our production cross
sections by 40%, the estimated theoretical error at next-
to-leading order [19]. The shifts in the bounds obtained
on the ̄

i

by this variation are extremely small.
We begin with the flavor-conserving couplings. A naive

�

2 fit to the data that fixes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% confidence level
(CL) bounds

|̄
u

| < 0.98 , |̄
d

| < 0.93 , |̄
s

| < 0.74 . (3)

If all of the Higgs couplings (including h !
WW,ZZ, ��, gg, Z�, bb̄ and ⌧ ⌧̄) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|̄
u

| < 1.3 , |̄
d

| < 1.4 , |̄
s

| < 1.4 . (4)

We repeat the analysis for the o↵-diagonal couplings.
The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modification of the other Higgs couplings as above) are:

|̄
qq

0 | < 0.6 (1) , (5)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |̄

bs

| < 8 · 10�2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
is part of a multiplet that approximately conserves the
flavor symmetries, cancellations will occur between the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

contributions of the Higgs and other members of the mul-
tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
remaining unobserved.
Flavor-conserving photonic decays. We begin

with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contri-
bution proceeds through the h�� coupling, followed by
the fragmentation of �⇤ ! �. In our analysis we use the
on-shell h ! �� amplitude (2). The error due to this
is small, O(m2

�

/m

2
h

). Similarly, the indirect contribution
from h ! �Z is neglected, because it is suppressed by
the o↵-shell Z. The direct amplitude involves a hard
h ! ss̄� vertex, where an intermediate s-quark line with
an o↵-shellness Q

2 ⇠ O(m2
h

) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the Higgs–strange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(̄

s

). Working in the limit of real ̄
s

, the
h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�

?

and h1/uūi�
?

are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (8), Q

s

e = �e/3 is
the strange quark electric charge, and "

�

and "

�

are the
� and � polarization vectors. We have used the defini-
tion h�|Jµ

EM(0)|0i = f

�

m

�

✏

µ

�

for the � decay constant f
�

,

where Jµ

EM =
P

f

Q

f

f̄�

µ

f is the electromagnetic current.

Note that for CP violating couplings, M�

ss

is sensitive to
the phase between A

�

and ̄

�

.
The LCDA convolution integral is

h1/uūi�
?

=

Z 1

0
du

�

�

?

(u)

u(1� u)
. (7)
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modification of the other Higgs couplings as above) are:
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qq

0 | < 0.6 (1) , (4)

for q, q0 2 u, d, s, c, b and q 6= q

0. The bounds are 10-20%
stronger for couplings only involving sea quarks, as their
slightly smaller direct production cross section does not
compensate for the increased decay width.

Inclusive Higgs rate measurements cannot distinguish
between the individual ̄

qq

0 . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
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bs

| < 8·10�2 [21] (see also [22]). However, these bounds
are model dependent. For instance, if the Higgs is part
of a multiplet that approximately conserves the flavor
symmetries, cancellations will occur between the contri-
butions of the Higgs and other members of the multiplet.
The latter could either have reduced production rates or
they could mostly decay to light quarks, thus remaining
unobserved.

Flavor-conserving photonic decays. We begin
with h ! ��. The decay amplitude receives two dom-
inant contributions which we denote as direct and indi-
rect. These are shown in Fig. 1. The indirect contribu-
tion proceeds through the h�� coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! ��.

fragmentation of �⇤ ! �. The direct amplitude involves
a hard h ! ss̄� vertex, where an intermediate s-quark
line with an o↵-shellness Q2 ⇠ O(m2

h

) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the Higgs–
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(̄

s

). Working in the limit of real
̄

s

, the h ! �� decay amplitude is
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where the first and second terms are the direct and in-
direct contributions; f�
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and h1/uūi�
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are the decay con-
stant and inverse moment of the light-cone distribution
amplitude (LCDA) defined in Eq. (7), Q
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e = �e/3 is
the strange quark electric charge, and "
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are the
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The LCDA convolution integral is
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The leading twist chiral-odd LCDA �

?

(u) is defined
through the following matrix element of the transversely
polarized � meson on the light-cone [24, 25]:
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The partial decay width for h ! �� decay is
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where we used the fact that |✏�
?

· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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where we used the fact that |✏�
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· ✏� | = 1 for the two pos-
sible photon polarizations, so that the two corresponding
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where the amplitudes are obtained from M

�

ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.

In our numerical estimates the Gegenbauer polyno-
mial expansions of the �
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are truncated at second or-
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= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of


�

and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B
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vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄

bs,sb
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bd,db

, ̄
sd,ds

and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
s
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decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �
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can
be determined from B ! `⌫�. Present limits, includ-
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where we have neglected the smaller ̄
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terms. The
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h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄
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⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of

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and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative
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Higgs couplings ̄
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. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄
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decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
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where the amplitudes are obtained from M
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ss

via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.
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where we have neglected the smaller ̄
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terms. The
SM BR

h!bb̄

= 0.57 is kept explicit in the denominators.
The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄

s,d,u

have a relative error
of O(20%). This means that for ̄

i

⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of

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and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B

⇤0
s

, B

⇤0
d

, K

⇤0
, D
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vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄
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and ̄

cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B

⇤0
(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m

c

� ⇤QCD). Focusing first on the h ! B̄

⇤0
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decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �
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(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �
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can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible
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where the amplitudes are obtained from M
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via the re-
placements s ! u, d and � ! ⇢,!. For simplicity we
have neglected ! � � mixing.
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The numerators thus give the h ! (�, ⇢,!)� branching
ratios if the Higgs has the SM total decay width.

The coe�cients multiplying ̄
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have a relative error
of O(20%). This means that for ̄
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⇠ O(1), deviations
from the SM predictions for h ! (�, ⇢,!)� can be signif-
icantly larger than the present SM errors. The SM errors
can be systematically reduced through advances in lat-
tice QCD and measurements of the leptonic �, ⇢ and !

decays. Moreover, the above predictions are relatively in-
sensitive to potentially more dangerous non-perturbative
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Figure 2: The expected deviation in the branching ratio h !
�� relative to its SM value as a function of � and ̄s.

QCD e↵ects, e.g. power corrections. For instance, the
h ! gg ! gq̄q� transition results in a higher Fock state
contribution to h ! �� which only enters at the level of
a few⇥10�4 of the SM BR

h!��

.
The expected deviation in the h ! �� branching ratio

from its SM value is shown in Fig. 2, as a function of

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and ̄

s

. We note that the direct amplitude by itself
contributes at the O(10�11) level in the SM. Only the
interference with the indirect term allows this mode to
be potentially observable.
Flavor-violating photonic decays. The radiative

decays h ! V �, where V = B
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vide interesting possibilities to probe the flavor-violating
Higgs couplings ̄
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, ̄
bd,db
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cu,uc

. These
flavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves flavor. The
h ! K

⇤0
� rate is readily obtained from the results of the

previous section, yielding an O(10�8) branching ratio for
̄

ds

⇠ O(1), out of reach of planned colliders. We thus
focus on the decays to heavy mesons.
The essential di↵erence with respect to the light

mesons is that the B
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(s) and D

⇤0 LCDA are heavily

weighted toward the b and c quarks (we treat the c quark
as heavy, m
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� ⇤QCD). Focusing first on the h ! B̄

⇤0
s

�

decay, the dominant contribution comes from the dia-
gram where the photon is emitted from the s-quark in-
termediate leg. Emission of the photon from an interme-
diate b quark line is O(⇤QCD/mb

) suppressed and can be
neglected. We thus obtain the partial decay width
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where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield �

B

(µ) = (460 ± 110)MeV
for µ = 1GeV [28] (see also [29]). Note that �

B

can
be determined from B ! `⌫�. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

Similar holds
for 1st generation:

♦ The resulting sensitivity:

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)29
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HL projection, inclusive c-tagging (sorry haven’t finish the FCC ones)

Combining medium & charm-tagging points:  ✏b,c = (0.7, 0.2), (0.12, 0.19)
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zoom in

Not including new IBL @ ATLAS => poten’ improve things! 
(yesterday’s dinner-discussion with Anadi Canepa, correspondence \w Tim Scanlon)

Of course O(5%) for yc  for lepton colliders (ex. of complementarity) 



Exclusive modes, projections

MITP workshop, July 17, 2014J. Zupan   An Exclusive Window onto Higgs…

future experimental 
prospects

• focus on h → φγ, use Pythia 8.1!

• main decay modes: φ →K⁺K⁻(49%), KLKS (34%), +⁺+⁻+°(15%)"

•  for pp→h → φγ at 14TeV LHC in 70 to 75% cases the kaons/pions 
and the prompt photon have |η| < 2.4"

• within the minimal fiducial volume of the ATLAS and CMS 
experiments!

• adopt the geometrical acceptance factor Ag = 0.75"

• do not include other efficiency or trigger factors!
• assume κγ = 1, negligible background, 3σ reach
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5

p
s [TeV]

R
L dt [fb�1] # of events (SM) ̄s > (<) ̄stat.

s > (<)

14 3000 770 0.56 (�1.2) 0.27 (�0.81)

33 3000 1380 0.54 (�1.2) 0.22 (�0.75)

100 3000 5920 0.54 (�1.2) 0.13 (�0.63)

Table I: Three future hadron colliders with expected center of mass energies, integrated luminosities, number of h ! �� events
for ̄s = ̄SM

s = ms/mb, the minimal (maximal) values of ̄s that can be probed with present (4th column) and negligible (last
column) theory error, see text.
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MITP workshop, July 17, 2014J. Zupan   An Exclusive Window onto Higgs…

future experimental 
prospects

• only a few events expected at e⁺e⁻ colliders !

• ILC, ILC with luminosity upgrade, CLIC!

• probably too small for observation of h → φγ!
• ≈ 30 events expected at FCC-ee (TLEP) !

• too small to probe a deviation from the SM 
prediction !

• h → φγ measurements unique to future hadron 
machines

16
33



       Conclusions

♦ Is the Higgs-mechanism behind the light quark masses?.

34

♦ Order one modifications to Higgs light quark (charm) coupling 
lead to dramatic change in Higgs pheno’.

♦ Charm coupling is constrained via charm-tagging, or exclusively.

♦ The light quarks can be potentially probed via exclusive decays.

♦ Looked at h → Mγ, with h → φγ most promising.

♦ Established higgs-quarks non-universality.



Backups

35



Experimental sensitivity
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MITP workshop, July 17, 2014J. Zupan   An Exclusive Window onto Higgs…

future experimental 
prospects

• focus on h → φγ, use Pythia 8.1!

• main decay modes: φ →K⁺K⁻(49%), KLKS (34%), +⁺+⁻+°(15%)"

•  for pp→h → φγ at 14TeV LHC in 70 to 75% cases the kaons/pions 
and the prompt photon have |η| < 2.4"

• within the minimal fiducial volume of the ATLAS and CMS 
experiments!

• adopt the geometrical acceptance factor Ag = 0.75"

• do not include other efficiency or trigger factors!
• assume κγ = 1, negligible background, 3σ reach

15

no theory error

5x SM strange Yukawa

tw
o 

de
te

ct
or

s
on

e 
de

te
ct

or

4

̄
bs,sb

with ̄
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, respectively, with BR(1)
B̄

⇤0
�

=

(1.4±0.7)·10�7 and BR(1)
D

⇤0
�

= (8.6±8.3)·10�8. We have
taken �

D

= �
B

, but have inflated the errors on �
D

by
a factor of 2. For the decay constants we have used the
FLAG averages f

Bs = 228(5)MeV, f
B

= 191(4)MeV,
and f

D

= 209(3)MeV [33].
The radiative decays to B⇤0 and B⇤0

s

are negligible in
the SM, where ̄

ij

= 0. Thus, their observation at future
high-luminosity hadron colliders would provide definitive
evidence for new physics in the Higgs Yukawa sector.

Exclusive decays with W and Z. The charged
h ! M�W+ decays di↵er qualitatively from the radia-
tive decays. The W attaches itself to a charged cur-
rent, allowing probes of flavor violating Higgs - top quark
couplings. The complication is that the W can have
both transverse and longitudinal polarizations, yield-
ing lengthier analytical expressions to be presented else-
where [34]. For the most promising mode we find

BR
h!B

⇤�
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+

BR
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' 1.2 · 10�10
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V

+ 22̄2
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+ 26̄2
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where only the potentially largest contributions are
shown. The bounds on ̄

tu,ut

and ̄
tc,ct

from t ! hu, hc
decays are [35, 36] (|̄

tc

|2+|̄
ct

|2+|̄
tu

|2+|̄2
ut

|)1/2 < 7.1 ,
which implies that BR

h!B

⇤�
W

+  1.6 · 10�7 is allowed.
The h ! MZ decays feature smaller interference be-

tween the direct and indirect amplitudes, and are less
useful for measuring the Higgs couplings to light quarks.

Future experimental perspectives. We begin
by estimating the number of events at future collider
facilities. We focus on the h ! �� mode and use
Pythia 8.1 [37] to estimate its main features in proton-
proton collisions at the LHC with the center of-mass en-
ergy of 14 TeV. The main � decay modes (K

L,S

, K±,
⇡± and ⇡0) were explored. In ⇡ 75% of the decays the
kaons/pions and the prompt photon have |⌘| < 2.4 and
are thus within the minimal fiducial volume of the AT-
LAS and CMS experiments. We therefore adopt the ge-
ometrical acceptance factor of Ag = 0.75 below, but do
not include other e�ciency or trigger factors.

We focus on three facilities which were considered by
the Snowmass Higgs working group [10]: the HL-LHC,
a high-energy LHC (HE-LHC), and a VLHC. The Higgs
production cross sections at these machines are obtained
from the LHC Higgs cross section working group [38].
We have assumed two detectors for the HL-LHC and a
single detector for the other colliders.

We estimate the reach in ̄
s

that can be obtained, given
the current theoretical uncertainties and the expected
statistical errors. For simplicity, we assume 

�

= 1 as in
the SM. The significance of a deviation in the measured
value of BR

h!��

with respect to its SM prediction can
be quantified by S = |BR

h!��

� BRSM
h!��

|/(�BR
h!��

),

where (�BR
h!��

)2 = BR
h!��

/(�
h

LAg) + (�BRth
h!��

)2

is the estimated uncertainty. The first term is the statis-
tical uncertainty (�

h

is the total Higgs production cross
section and L is the integrated luminosity), while the sec-
ond term is the theoretical one, �BRth

h!��

⇡ 1.3 ·10�7 for

�

= 1, see Eq. (11). Our criterion for a large-enough de-
viation from the SM prediction is S � 3. Our results are
summarized in Table I. Only a few events are expected
in future electron-positron colliders (ILC, CLIC, TLEP).
Thus, the possibility of observing this mode appears to
be unique to the hadron machines.
The h ! �� mode o↵ers several promising experimen-

tal handles. The decay products, kaons or pions, fly in
a narrow cone, �R < 0.1, with tens of GeV of energy.
They reach the detector before they decay (except the
K

S

and ⇡0, which have much shorter lifetimes). The
most apparent features for identification of the charged
decay modes are the near collinearity of the photon and
the �-jet in the transverse plane, the jet sub-structure
information (two close high-p

T

tracks in a narrow cone)
and the di-track invariant mass distribution assuming
kaons/pions. A detailed experimental simulation will be
required to determine if this signature is feasible.
The h ! ⇢� and h ! !� modes have rates comparable

to or larger than the � channel, see Eq. (11). The ⇢
decays almost exclusively to ⇡+⇡�. This is a relatively
clean mode, similar to � ! K+K�, featuring two tracks
with high transverse momenta and a proper invariant
mass. The ! decays to ⇡+⇡�⇡0. This will be harder
to trigger on than the ⇢ or � modes, as the transverse
momenta of the charged pions are lower and the hard-to-
identify neutral pion smears the observable quantities.
A detailed experimental study is required to assess the
feasibility of this channel. The h ! B̄⇤0� mode is more
di�cult, as the B⇤0 decays to B0�, leading to a b-jet +
� final state. More study of this mode is needed.

Conclusions. In this Letter we have shown that rare
Higgs decays to vector mesons can explore the structure
of the Higgs Yukawa couplings to the first and second
generation quarks. Directly accessing the couplings of
the Higgs to the lightest quarks was previously thought
to be impossible. Rare decays of the form h ! MV o↵er
sensitivity to both flavor-conserving and flavor-violating
couplings of the Higgs. They are theoretically calculable,
experimentally promising, and should become a priority
at the LHC Run II and at future hadron colliders. We
look forward to further investigation of these ideas.
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⇡± and ⇡0) were explored. In ⇡ 75% of the decays the
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viation from the SM prediction is S � 3. Our results are
summarized in Table I. Only a few events are expected
in future electron-positron colliders (ILC, CLIC, TLEP).
Thus, the possibility of observing this mode appears to
be unique to the hadron machines.
The h ! �� mode o↵ers several promising experimen-

tal handles. The decay products, kaons or pions, fly in
a narrow cone, �R < 0.1, with tens of GeV of energy.
They reach the detector before they decay (except the
K
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and ⇡0, which have much shorter lifetimes). The
most apparent features for identification of the charged
decay modes are the near collinearity of the photon and
the �-jet in the transverse plane, the jet sub-structure
information (two close high-p
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tracks in a narrow cone)
and the di-track invariant mass distribution assuming
kaons/pions. A detailed experimental simulation will be
required to determine if this signature is feasible.
The h ! ⇢� and h ! !� modes have rates comparable

to or larger than the � channel, see Eq. (11). The ⇢
decays almost exclusively to ⇡+⇡�. This is a relatively
clean mode, similar to � ! K+K�, featuring two tracks
with high transverse momenta and a proper invariant
mass. The ! decays to ⇡+⇡�⇡0. This will be harder
to trigger on than the ⇢ or � modes, as the transverse
momenta of the charged pions are lower and the hard-to-
identify neutral pion smears the observable quantities.
A detailed experimental study is required to assess the
feasibility of this channel. The h ! B̄⇤0� mode is more
di�cult, as the B⇤0 decays to B0�, leading to a b-jet +
� final state. More study of this mode is needed.

Conclusions. In this Letter we have shown that rare
Higgs decays to vector mesons can explore the structure
of the Higgs Yukawa couplings to the first and second
generation quarks. Directly accessing the couplings of
the Higgs to the lightest quarks was previously thought
to be impossible. Rare decays of the form h ! MV o↵er
sensitivity to both flavor-conserving and flavor-violating
couplings of the Higgs. They are theoretically calculable,
experimentally promising, and should become a priority
at the LHC Run II and at future hadron colliders. We
look forward to further investigation of these ideas.
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L dt [fb�1] # of events (SM) ̄s > (<) ̄stat.

s > (<)

14 3000 770 0.56 (�1.2) 0.27 (�0.81)

33 3000 1380 0.54 (�1.2) 0.22 (�0.75)

100 3000 5920 0.54 (�1.2) 0.13 (�0.63)

Table I: Three future hadron colliders with expected center of mass energies, integrated luminosities, number of h ! �� events
for ̄s = ̄SM

s = ms/mb, the minimal (maximal) values of ̄s that can be probed with present (4th column) and negligible (last
column) theory error, see text.
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Thoughts about experimental strategy 
• for h → φγ decay most promising φ →K⁺K⁻

• near collinearity of the photon and the φ-jet in the 
transverse plane

• jet sub-structure information

• two close high-pT tracks in a narrow cone

• di-track invariant mass distribution assuming kaons

• 1.5% (better than 15 MeV) resolution (CMS)
• can probably be used to significantly cut on the background

• on jet+γ QCD backgrounds

• on h → φγ+nπ°,  η(‘)(→neutr.) γ

• dedicated trigger probably required to enhance the reach37



Thoughts about experimental strategy 

• h → ρ°γ mode

• Br(ρ°→ π⁺π⁻)~100% 

• relatively clean mode, similar to φ →K⁺K⁻ decay

• h → ωγ mode

• Br(ω→ π⁺π⁻π°)~89% 

• harder to trigger on

• hard-to-identify π° smears the observable 
quantities

• a detailed experimental study required
38



Flavor violating couplings

• FV modes h → B̄s0∗γ, h → B̄0∗γ, h → K̄0∗γ , h → D0∗γ 

• can probe κ̄bs,sb, κ̄bd,db, κ̄sd,ds and κ̄cu,uc

• h → K̄0∗γ similar expr. as  h → φγ

• but only direct amplitude

• for κ̄ds ∼ O(1) ⇒ Br(h → K̄0∗γ)~O(10−8)

• not observable at planned future colliders

d
d

BRh!B̄⇤0
s �

BRh!bb̄
=

(2.1± 1.0) · 10�7

0.57̄2
b

|̄bs|2 + |̄sb|2

2
,

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)
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40

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

Charm tagging at the LHC   ATLAS EPS 2013

t̃ ! c+ �0

ATLAS-CONF-2013-068

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

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

tt̄
30 < pT < 200c

s

H

W

yc

in the SM.
5The tt̄h ! 4` signal is comprised of the final states WW (54.1%), ZZ(17.4%) and ⌧⌧(28.5%)
in the SM.

Analysis Signal strength Signal contamination [in %]
ggH VBF WH ZH tt̄H

ATL (pp)� > h� > WW� > l⌫l⌫(inclusive) [?] 1.08+0.22
�0.20 89.8 5.7 2.6 1.5 0.4

ATL (pp)� > h� > ZZ� > 4l(inclusive) [?] 1.44+0.40
�0.33 89.8 5.7 2.6 1.5 0.4

ATL (pp)� > h� > ��(inclusive) [?] 1.17+0.27
�0.27 89.8 5.7 2.6 1.5 0.4

ATL (pp)� > h� > ⌧⌧ [?] 1.42+0.43
�0.37 90.1 5.7 2.7 1.5 0.0

ATL (pp)� > V h� > V bb [?] 0.51+0.40
�0.37 0.0 0.0 63.3 36.7 0.0

CMS (pp)� > h� > WW [?] 0.72+0.20
�0.18 90.1 5.7 2.7 1.5 0.0

CMS (pp)� > h� > ZZ� > 4l [?] 0.93+0.29
�0.25 90.1 5.7 2.7 1.5 0.0

CMS (pp)� > h� > ��(inclusive) [?] 1.14+0.26
�0.23 89.8 5.7 2.6 1.5 0.4

CMS (pp)� > h� > ⌧⌧ [?] 0.78+0.27
�0.27 90.1 5.7 2.7 1.5 0.0

CMS (pp)� > V h� > bb [?] 1.00+0.50
�0.50 0.0 0.0 63.3 36.7 0.0

B qq̄ fusion

The production via qq̄ ! h in pp with 8TeV are

�uū!h =

✓
yu
ySMb

◆
2

9.16 pb , (25)

�d ¯d!h =

✓
yd
ySMb

◆
2

6.29 pb , (26)

�ss̄!h =

✓
ys
ySMb

◆
2

1.67 pb , (27)

�cc̄!h =

✓
yc
ySMb

◆
2

0.83 pb . (28)
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