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Outline

 �  Probing relaxion physics at the FCCee at the Z pole & via precision Higgs. 
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 �  Summary.

 �  Higgs & origin of fermion masses at the FCCee. (new:               )h ! søs



(i)How are elementary matter masses generated ?

(ii) What sets their hierarchy ?

Fermion masses & the ßavor puzzle

Large phase space & potential new phys?
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(i) The range of possibilities is large.

 (ii) Generically, models that account for Yukawas predict new light particles that couple to ßavor/mass.

Yukawafull

Yukawaless

Giudice & Lebedev (08); see also Bauer, et al. (15). 
Ghosh, Gupta & GP; see also: Altmannshofer, et al. (15).  

3rd genÕ 
masses less 

affected



Flavor physics at the 21st century:

(i) Is the Higgs mechanism behind the origin of fermion masses?

(ii) Does it follow the SM prediction (hierÕ masses = hierÕ Yukawas)? 

can we directly probe the Yukawas ?



Discovery of origin of the top & tau masses (LHC, 2016)
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ATLAS+CMS ofÞcial (tau)
& unofÞcial (top) combinations:
ATLAS-CONF-2015-044; CMS-PAS-HIG-15-002

! ATLAS+CMS

! 0.97±0.23

b 0.71±0.31

t 2.2±0.6 (Moriond)

1.12± 0.24

0.69± 0.28

2.3 ± 0.65

µx =
! prod

! SM !
BR(h " x)

BRSM (h " x)

2016: The Higgs mechanism is behind the tau and top masses! 

µ! ,t ! 1.1 ± 0.24, 2.0 ± 0.4 " 5! !

(SM predicts µx = 1)Signal strength: 
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However, what about lighter fermion (quark) masses ? 

µµ,b ! 0.1 ± 2.5, 0.6 ± 0.25. credit: Y. Soreq.

Very weak/non-existing bounds on lighter fermions!



The ßavor puzzle, the origin of mass hierarchy
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h

The ßavor puzzle, the origin of mass hierarchy

67

Known point-like charged
particle masses span 5 orders
of magnitude.

And, there is even a more 
severe problem É

!"!!#

!"!#

!"#

#

#!

#!!

#!!!

1st 
generation

2nd 
generation

3rd 
generation

GeV
Fermion masses

electron

muon

tau

up quark

charm 
quark

top 
quark

bottom 
quark

strange 
quark

down 
quark

!"!!#

!"!#

!"#

#

#!

#!!

#!!!

1st 
generation

2nd 
generation

GeV
Fermion masses

up quark

down 
quark

g

g

t

t-
hh

! +

! !

y! yt
cy

Z

c

c-

Testing for the Higgs mechanism of light quark masses
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!  Higgs decay to light quarks: (i) hard to predict; (ii ) have large backgrounds.   

!  Yet, charm is heavy enough & its decay is visible =>     
    FCCee: coupling will be established at the % level.

Testing for the Higgs mechanism of light quark masses
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!  As events where higgs decays to light quarks are rare and similar to boring 
QCD events, it was considered an impossibility.

!  However, as the charm-quark leads to displaced
vertices & 
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Down sector? lighter quarks?
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Origin of ultra light (matter constituents) quark masses?
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!  As                            their entity/ßavor is inaccessible in perturbation theory.

!  Different approach: Higgs decay to exclusive states                      : 
   (i) reduced backgrounds; (ii ) theoretical control via low energy data (ÒLCDAÓ).

Testing for the Higgs mechanism of light quark masses

24

!  Higgs decay to light quarks: (i) hard to predict; (ii ) have large backgrounds.   
    Hence, it was considered an impossibility.

!  However, as the charm-quark being heavy enough
vertices & 
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syhh
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!

h ! ! (søs)"

Bodwin, Petriello, Stoynev & Velasco (13) ;
Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14);

ATLAS (16).



Future: exclusive program, constraining light quark Yukawa
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GP, Soreq, Stamou & Tobioka #2 (15);

ATLAS (16).

!  FCCee: 106-7 Higgses can yield O(40)              events, will give Þrst direct 
bound on up/down Yukawa, however very weak one.   

h ! !"

!  FCChh: large ßux of Higgsses, however, new strategy to clean QCD 
background is required.

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

Soreq, Xing Zhu & Zupan;  Bishara, Haisch, Monni & Re (2016 );  Brivio, Goertz & Isidori (15);
 Yu;  Carpenter, Han, Hendricks, Qian & Zhou (16).

!  Indirect probes, via differential distributions can further shed light. 



jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )

FCCee: alternative brute-force approach, 
observing the strange Yukawa

          



jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )

!                                       :  more than 2000 events with 107 Higgses.

Strange Yukawa at FCCee

BR(h ! søs) " 0.02%

Measurement of the strange quark forward backward asymmetry around the Z0 peak 

DELPHI Collaboration, Eur.Phys.J. C14 (2000) 

Light quark fragmentation in polarized Z0 decays  

SLD Collaboration, Nucl.Phys.Proc.Suppl. 96 (2001) 

!  Already applied to Z:

!  
Ssøs!

Bbøb,
!

Bgg
! 1.0, 2.8. (107 Higgses)
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in Figs 10 and 11 the FFs for di! erent ßavors are pre-
sented in two cases atµ2 = M 2

Z . In the Þrst case we
determine FFs by Þtting on the single-inclusive electron-
positron annihilation (SIA) and also SIDIS asymmetry
data. According to the last section, we assume asymme-
try between valence or favored fragmentation functions
and unfavored fragmentation functions for both pion and
kaon because the possibility of! + /K + -production from
valence or favored quarks is more than sea or unfavored
quarks. Moreover, SIDIS data help us to specify the dif-
ference between the quark and anti-quark distributions
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FIG. 8: Comparison of extracted pion fragmentation func-
tions at Q2 = 100 GeV 2 using KATAO [35] and DSSV [3]
PPDFs at NLO.
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FIG. 9: Comparison of extracted kaon fragmentation func-
tions at Q2 = 100 GeV 2 using KATAO [35] and DSSV [3]
PPDFs at NLO.
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FIG. 10: Comparison of calculated ! + FFs at Q2 = M 2
Z

from Þtting on SIA data [8Ð17] with (solid lines) and without
(dashed lines) SIDIS data [25Ð27] at NLO. The results are
compered with AKK [28] (dot-dashed lines) too.
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FIG. 11: Comparison of calculated K + FFs at Q2 = M 2
Z

from Þtting on SIA data [8Ð17] with (solid lines) and without
(dashed lines) SIDIS data [25Ð27] at NLO. The results are
compered with AKK [28] (dot-dashed lines) too.

in the nucleon considering outgoing produced hadrons
which is not possible in fully inclusive experiments.
In the second case we calculate FFs by Þtting just on
the single-inclusive electron-positron annihilation (SIA)
data. Since we omit asymmetry SIDIS data from our
Þt, the symmetry between the quark and anti-quark is
assume in this case

D H
u (z, µ2

0) = D H
øu (z, µ2

0),

D H
d (z, µ2

0) = D H
ød (z, µ2

0),

D H
s (z, µ2

0) = D H
øs (z, µ2

0). (36)
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in the nucleon considering outgoing produced hadrons
which is not possible in fully inclusive experiments.
In the second case we calculate FFs by Þtting just on
the single-inclusive electron-positron annihilation (SIA)
data. Since we omit asymmetry SIDIS data from our
Þt, the symmetry between the quark and anti-quark is
assume in this case

D H
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0),

D H
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0). (36)

For ex: Soleymaninia et al. (13)

jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )

Strategy for digging out higgs to strange decay

!  Looking for 2 leading Kaons that are (i) hard; (ii) prompt. 



Kaons from Higgs decay are harder (no PID)

h ! gg
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h ! søs

jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )

preliminary preliminary

jordi Duarte-Campderros, GP, Schlaffer  

& A. Soffer.

jordi Duarte-Campderros, GP, Schlaffer  

& A. Soffer.
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Promptness of charge Kaons

jordi Duarte-Campderros, GP, Schlaffer & A. Soffer (in preparations )

preliminary

jordi Duarte-Campderros , 

GP, Schlaffer  

& A. Soffer.



Adding bound on impact parameter and PID

SigniÞcance (Impact < 13 mm)          BG decomposition

!  Leading charm background can be dealt \w dedicated cuts.

SM strange Yukawa is within the reach of FCCee !



Probing relaxion physics at the FCCee
Flacke, Frugiuele, Fuchs, Gupta & GP  (16)

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )



RelaxionÕs physics
Graham, Kaplan & Rajendran  (15)

!  A dynamical solution/amelioration of the Higgs Þne-tuning problem: 

(i) Add a scalar (relaxion) Higgs dependent mass:                             .
!
! 2 ! g2! 2"

H   H

µ2(! )

! roles till µ2 changes sign! " H # $= 0 ! stops rolling.(ii )

V (! )

!

!

 U(1) toy model, symmetric phase

77

V (H ) = ! µ2H   H + ! (H   H )2

For further use, consider the following toy model,  of a global U(1) symÕ: 

µ2 < 0 ! trivial case:

H ! ei ! H(invariant under:                ,          ) ! > 0

V(H )

H

Both Lagrangian & Higgs VEV (ground state) respect the symmetry,             .       

 �

!H " = 0

µ2(! ) = 0
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V (H ) = ! µ2H   H + ! (H   H )2

For further use, consider the following toy model,  of a global U(1) symÕ: 
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!H " = v #= 0

µ2 > 0 ! at present: V(H )

H

V(H )

H

mW,Z != 0

µ2(! ) = 0
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V (! )

!

!
 U(1) toy model, broken phase

78

V (H ) = ! µ2H   H + ! (H   H )2

For further use, consider the following toy model,  of a global U(1) symÕ: 

Higgs VEV (ground state) breaks the symmetry,                       =>                .       

 �

!H " = v #= 0

µ2 > 0 ! at present: V(H )

H

V(H )

H

mW,Z != 0
!H " = v #= 0

µ2(! ) = 0

evolution  
ends



Relaxion phenoÕ
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!  The relaxion Higgs mixings is: 

!  The relaxion mass is: 

sin ! !
÷M 2v

m2
h f

! 10! 1 "

!
÷M

100 GeV

" 2

"
1 TeV

f
.

m! !
÷Mv
f

! 10 GeV"
÷M

100 GeV
"

1 TeV
f

.
!

! sin ! "
m2

h
÷M

"

Flacke, Frugiuele, Fuchs, Gupta & GP (16)

!  Focus shifts from Higgs dynamics to relaxion one:
    different phenoÕ, no partners (stops/tÕ, gauginos/KK ZÕs É) 

!  Consider 2 ÒgenericÓ properties: 
   (i) Higgs-relaxion mixing; (ii) coupling to EW gauge,                             .   !

f
(W, Z )µ ! ( ÷W , ÷Z/ ÷" )µ !

Flacke, Frugiuele, Fuchs, Gupta & GP (16)
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How to search for a relaxion?
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Figure 4 . Constraints on the relaxion-Higgs mixing sin2 ! for relaxions with m! between 5 GeV
and 90 GeV from LEP and the LHC: 4-fermion Þnal states from Higgs strahlung at LEP (green,
labelled as LEP hZ); Higgs decays to NP with BR(" ! NP) " 20% at the LHC (purple, solid) as
well as a projection for BR(" ! NP) " 10% (purple, dashed); explicit searches forh ! "" with
Þnal states 4# (dark blue, dotted, m! < 10 GeV, Run 3 projection) and 2µ2b (dark blue, dotted,
m! > 25 GeV, Run 3 projection). Contours for ! br = 120 GeV (gray, dashed for j = 2; brown,
dashed forj = 1), f = mh and f = 1 TeV (black for j = 2, brown for j = 1).

6 Cosmological and astrophysical probes of relaxion-Higgs mixing

As discussed in the previous section, laboratory measurements can probe a signiÞcant region
of the relaxion parameter space. However, in the sub-MeV region, before the Þfth force
experiments start to gain sensitivity in the sub-eV region, a large portion of the parameter
space is left unconstrained. In this section we show how astrophysical and cosmological
probes can explore part of this region of the parameter space, as shown in Fig.5, and
also provide relevant bounds if the relaxion mass is in the MeV-GeV range (also shown
in Fig. 3). In order to identify the part of the parameter space most relevant for relaxion
models and to gain an understanding of the theory contours in Fig.5, we refer the reader
to the discussion at beginning of Sec.5.
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Figure 2 . Constraints on the relaxion-Higgs mixing sin2 ! for light relaxions with m! between
10! 16 GeV and 10! 7 GeV. Fifth-force experiments (orange) probe the lightest mass range via
the equivalence principle (labelled as EqP), the inverse square law (ISqL) and the Casimir e! ect
(Casimir). Contours of constant " br (gray) for " br = 0 .99(" br )max ! 104 GeV (gray, thick, solid),
" br = " "

br ! 74 GeV and " br / (" br )max = 10! 1, 10! 2, 10! 3 (gray, dashed). Contours of constant
f = M Pl , 1016 GeV, 1014 GeV (black, solid), the area of f > M Pl is shaded in dark gray. The light
gray region below the dotted gray line corresponds to trans-Planckian Þeld excursions# " > M Pl

for " = 5 TeV.

5.2 Relaxion masses between the MeV- and the weak scale

Let us now study the region of parameter space where the relaxion mass is above the
electron threshold and thus it can decay into SM fermions. Furthermore, as shown in
Fig. 1(b), in this region the relaxion has a shorter lifetime and can be directly searched for
in laboratory facilities. Let us further distinguish two sub-regions based on the di! erent
relevant probes. The bounds in the MeV-5 GeV mass range are presented in Fig.3 including
also astrophysical and cosmological constraints which will be discussed in the next section.
Fig. 4 presents the bound in GeV region.

5.2.1 The 1 MeV - 5 GeV range

This region of the parameter space is well covered by rareK - and B -meson decays at
proton beam dump and ßavour experiments. Crucial for both kinds of experiments is
the possibility of producing a relaxion in rare decays ofK - and B -mesons. In ßavour
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Figure 5 . Cosmological and astrophysical bounds ons! and m" from 100 eV to 0.3 GeV: globular
cluster via coupling to electrons (blue) or coupling to photons (turquoise), supernova 1987a (light
blue), extragalactic background light (EBL, yellow), CMB y-distortion (light green) and µ-distortion
(green), entropy injection ! S/S bounded by the baryon-to-photon ratio ! B (orange) and by Ne!

(pink), BBN (red). The light gray band indicates the possible range of s! for j = 1, i.e. the
QCD case. The gray lines (from top to bottom) are contours of constant" br = 0 .99(" br )max

(thick, solid), " !
br , 0.01 GeV (dashed). The black lines (from left to right) are contours of constant

f = 1010 GeV, 106 GeV (thin) and f = M h (thick).

n = 3 N = 3 30; as indicated in the Þgure these values can be easily rescaled for other values
of n or N .

The overview presented in Fig.6 shows that large areas in the" br ! f plane are
already well covered by existing experimental and observational probes, or instance the
high-f region up to M Pl is probed by the Þfth force experiments, on the other hand the
cosmological, astrophysical, beam dump and collider observables constrain lower values of
f . We see that in the abovef ranges, the region with electroweak scale" br is practically
completely ruled out apart from small gaps that still remain. We also show in Fig.6 how
some of these gaps in parameter space might be covered soon by future experiments such as
SHiP, NA62 and PIXIE. However, the region betweenf " 1010 GeV and 1014 GeV which
corresponds to relaxion masses between 0.1 eV and 1 keV, is currently hardly constrained
by data.

For any f (or m! ) value, all the constraints can be evaded for su# ciently small " br
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one of the most promising regions for rareK -decay measurements to probe new physics.
For instance the CERN experiment NA62 will improve the present limit on invisible K -
decays by almost an order of magnitude. They expect to see 90 SM signal events and 20
background events in two years [48]. Using only this information about the total rate and
no information about the di ! erential distribution of the SM and background events, we
show a conservative estimate of the 95% CL excluded region in light blue in Fig.3 where
we have assumed a 10% theoretical error [49]. The gap in the excluded region is again due
to the veto around the charged pion mass, 100 MeV! m! ! 160 MeV [48].

Finally for GeV scale masses we see from Fig.3 that some regions of the parameter
space are bounded by LEP and LHC searches that we describe in detail in the next section.
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Figure 3 . Constraints on the relaxion-Higgs mixing sin2 ! for relaxions with m! between MeV and
GeV. The laboratory probes include: proton beam dump experiments (red for CHARM, light red
for the projected sensitivity for SHIP, SeaQuest and NA62 possible run in beam dump mode),K -
meson decays (blue, projection from NA62 in a lighter shade of blue),B -meson decays (turquoise),
LHC search for h ! 4µ (light blue) and LEP (green). Astrophysical and cosmological probes
include the Supernova 1987a (pale violet, labelled as SN)," b (orange) and Ne! ( pink). Contours
for " br = 0 .99(" br )max " 104 GeV (gray, thick, solid), " br = 10 GeV (gray, dashed), f / GeV =
106, 104, 125 (black, solid) are presented. The vertical light gray line corresponds to the contour
for the relaxion mass at the muon threshold; the yellow contour corresponds toc# = 2 m and the
purple one to # = 1s.
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Current-near-future constraints
Flacke, Frugiuele, Fuchs, Gupta & GP (16)
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Figure 4 . Constraints on the relaxion-Higgs mixing sin2 ! for relaxions with m! between 5 GeV
and 90 GeV from LEP and the LHC: 4-fermion Þnal states from Higgs strahlung at LEP (green,
labelled as LEP hZ); Higgs decays to NP with BR(" ! NP) " 20% at the LHC (purple, solid) as
well as a projection for BR(" ! NP) " 10% (purple, dashed); explicit searches forh ! "" with
Þnal states 4# (dark blue, dotted, m! < 10 GeV, Run 3 projection) and 2µ2b (dark blue, dotted,
m! > 25 GeV, Run 3 projection). Contours for ! br = 120 GeV (gray, dashed for j = 2; brown,
dashed forj = 1), f = mh and f = 1 TeV (black for j = 2, brown for j = 1).

6 Cosmological and astrophysical probes of relaxion-Higgs mixing

As discussed in the previous section, laboratory measurements can probe a signiÞcant region
of the relaxion parameter space. However, in the sub-MeV region, before the Þfth force
experiments start to gain sensitivity in the sub-eV region, a large portion of the parameter
space is left unconstrained. In this section we show how astrophysical and cosmological
probes can explore part of this region of the parameter space, as shown in Fig.5, and
also provide relevant bounds if the relaxion mass is in the MeV-GeV range (also shown
in Fig. 3). In order to identify the part of the parameter space most relevant for relaxion
models and to gain an understanding of the theory contours in Fig.5, we refer the reader
to the discussion at beginning of Sec.5.
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Figure 2 . Constraints on the relaxion-Higgs mixing sin2 ! for light relaxions with m! between
10! 16 GeV and 10! 7 GeV. Fifth-force experiments (orange) probe the lightest mass range via
the equivalence principle (labelled as EqP), the inverse square law (ISqL) and the Casimir e! ect
(Casimir). Contours of constant " br (gray) for " br = 0 .99(" br )max ! 104 GeV (gray, thick, solid),
" br = " "

br ! 74 GeV and " br / (" br )max = 10! 1, 10! 2, 10! 3 (gray, dashed). Contours of constant
f = M Pl , 1016 GeV, 1014 GeV (black, solid), the area of f > M Pl is shaded in dark gray. The light
gray region below the dotted gray line corresponds to trans-Planckian Þeld excursions# " > M Pl

for " = 5 TeV.

5.2 Relaxion masses between the MeV- and the weak scale

Let us now study the region of parameter space where the relaxion mass is above the
electron threshold and thus it can decay into SM fermions. Furthermore, as shown in
Fig. 1(b), in this region the relaxion has a shorter lifetime and can be directly searched for
in laboratory facilities. Let us further distinguish two sub-regions based on the di! erent
relevant probes. The bounds in the MeV-5 GeV mass range are presented in Fig.3 including
also astrophysical and cosmological constraints which will be discussed in the next section.
Fig. 4 presents the bound in GeV region.

5.2.1 The 1 MeV - 5 GeV range

This region of the parameter space is well covered by rareK - and B -meson decays at
proton beam dump and ßavour experiments. Crucial for both kinds of experiments is
the possibility of producing a relaxion in rare decays ofK - and B -mesons. In ßavour
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Figure 5 . Cosmological and astrophysical bounds ons! and m" from 100 eV to 0.3 GeV: globular
cluster via coupling to electrons (blue) or coupling to photons (turquoise), supernova 1987a (light
blue), extragalactic background light (EBL, yellow), CMB y-distortion (light green) and µ-distortion
(green), entropy injection ! S/S bounded by the baryon-to-photon ratio ! B (orange) and by Ne!

(pink), BBN (red). The light gray band indicates the possible range of s! for j = 1, i.e. the
QCD case. The gray lines (from top to bottom) are contours of constant" br = 0 .99(" br )max

(thick, solid), " !
br , 0.01 GeV (dashed). The black lines (from left to right) are contours of constant

f = 1010 GeV, 106 GeV (thin) and f = M h (thick).

n = 3 N = 3 30; as indicated in the Þgure these values can be easily rescaled for other values
of n or N .

The overview presented in Fig.6 shows that large areas in the" br ! f plane are
already well covered by existing experimental and observational probes, or instance the
high-f region up to M Pl is probed by the Þfth force experiments, on the other hand the
cosmological, astrophysical, beam dump and collider observables constrain lower values of
f . We see that in the abovef ranges, the region with electroweak scale" br is practically
completely ruled out apart from small gaps that still remain. We also show in Fig.6 how
some of these gaps in parameter space might be covered soon by future experiments such as
SHiP, NA62 and PIXIE. However, the region betweenf " 1010 GeV and 1014 GeV which
corresponds to relaxion masses between 0.1 eV and 1 keV, is currently hardly constrained
by data.

For any f (or m! ) value, all the constraints can be evaded for su# ciently small " br
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one of the most promising regions for rareK -decay measurements to probe new physics.
For instance the CERN experiment NA62 will improve the present limit on invisible K -
decays by almost an order of magnitude. They expect to see 90 SM signal events and 20
background events in two years [48]. Using only this information about the total rate and
no information about the di ! erential distribution of the SM and background events, we
show a conservative estimate of the 95% CL excluded region in light blue in Fig.3 where
we have assumed a 10% theoretical error [49]. The gap in the excluded region is again due
to the veto around the charged pion mass, 100 MeV! m! ! 160 MeV [48].

Finally for GeV scale masses we see from Fig.3 that some regions of the parameter
space are bounded by LEP and LHC searches that we describe in detail in the next section.
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Figure 3 . Constraints on the relaxion-Higgs mixing sin2 ! for relaxions with m! between MeV and
GeV. The laboratory probes include: proton beam dump experiments (red for CHARM, light red
for the projected sensitivity for SHIP, SeaQuest and NA62 possible run in beam dump mode),K -
meson decays (blue, projection from NA62 in a lighter shade of blue),B -meson decays (turquoise),
LHC search for h ! 4µ (light blue) and LEP (green). Astrophysical and cosmological probes
include the Supernova 1987a (pale violet, labelled as SN)," b (orange) and Ne! ( pink). Contours
for " br = 0 .99(" br )max " 104 GeV (gray, thick, solid), " br = 10 GeV (gray, dashed), f / GeV =
106, 104, 125 (black, solid) are presented. The vertical light gray line corresponds to the contour
for the relaxion mass at the muon threshold; the yellow contour corresponds toc# = 2 m and the
purple one to # = 1s.

Ð 24 Ð

28

Current-near-future constraints
Flacke, Frugiuele, Fuchs, Gupta & GP (16)
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Relaxion phenoÕ & Higgs/Z factories

29

!  Rescaling LEP to FCCee \w O(107 Higgses) & O(1013 Zs).

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )

m!!  Higgs prodÕ: simple models: triple couplings only function of       :  

potentially exclude/discover heavy relaxion region above 10 GeV.

!  Also, can constrain direct the scale f  via                                   coupling!
f

(W, Z )µ ! ( ÷W , ÷Z/ ÷" )µ !

robust operator, as in particle production mixing \w Higgs & digamma is small.
Hook & Marques-Tavares (16)!

!  3-body decay of off-shell Z, very strong bound on mixing angles.



Bounds from Higgs untagged decay

30

!  Rescaling LEP to FCCee \w O(106 Higgses) => improvement of 2 orders of     
    magnitude in the constrain on the mixing2 angle!

Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )

our strategy: relaxion bound (m! , sin2 ! , f ) from the new 3-body decay of an

on-shell Z :

!" tot
Z = " (Z ! Z ! " ! f øf " ) + " (Z ! f øf ! f øf " ) , (6)

where in the second term the contribution from f = b dominates.

2 Bound from H ! inv

FCCee benchmark: At
"

s = 240 GeV, Higgs bosons are predominantly

produced in Higgs strahlung o# a Z with #(
"

s = 240 GeV) # 230 fb [7, 8, 9]

whereas the the production via VBF is negligible. If we require 107 Higgs events,

we needL int $
!

Ldt # 43 ab" 1.

Comparison of bounds on untagged Higgs decays Estimations can be

found in the Higgs WG report [10].

Collider
"

s L int [fb" 1] BR(H ! untagged) Ref.

LHC 7 %8 TeV 22 0.2 [11, 12]

LHC 7 & 14 TeV 300 0.089 [11]

HL-LHC 7 & 14 TeV 3000 0.05 [11]

ILC 250 GeV 250 9 á10" 3 [10]

FCCee 240 GeV 104 1.9 á10" 3 [10]

FCCee 240 GeV 4.3 á104 9 á10" 4 [10, 7, 8]
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Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )

Figure 1: Bounds on sin2 ! and m! from the upper limit on the untagged

branching ratio of the Higgs boson, hereH ! "" . Current (solid, blue

area) and projected (blue, dash-dotted) exclusion from the LHC. Pro-

jection for the ILC with
"

s = 250 GeV, L int = 250 fb! 1 and the FCCee

with 4IP,
"

s = 240 GeV and L int = 10 ab! 1, 43 ab! 1.
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Flacke, Frugiuele, Fuchs, Gupta, GP & Schlaffer (in preparations )
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!  Probing on shell Z decay to Z*( f f )+relaxion.
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       Conclusions

 �  Is the Higgs-mechanism behind the light quark masses?

33

 �  Relaxion, new approach to hierarchy problem, with potential 

connection to Òßaovor/mass dependentÓ light mediator.

 �  FCCee may strongly probe regions of relaxion-models. 

 �  FCCee: direct probe of all 2nd generation origin of ßavor!



RelaxionÕs basic structure
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Choi, Kim & Yun (2014) Choi & Im; Kaplan & Rattazzi; Gupta, Komargodski, GP & Ubaldi  (15)  

!  QFT consistent constructions are of the form: 

(M ! ! )

.

!  It implies that generically:

(i) CP violation is spontaneously induced (problematic for axion-relaxion models); 

(ii) Higgs-relaxion mixing is induced:

V (! , H ) = H   H [! 2 ! M 2 cos(! /f )]+ r ! 2M 2 cos(! /f )+ H   H ÷M 2 cos(n! /f )

V !(! " , v) = 0 " r ! 4 sin(! " /f ) # v2n ÷M 2 sin(n! " /f ) " ! " is generic.

Vmix !
nv ÷M 2

f
sin(n! ! /f ) " H ! phys #

r ! 4

vf
sin(! ! /f ) " H ! phys .

(GKR: g ! M/f )}
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Relaxion parameter space: ÷M, f
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5th force exp. (orange), EBL (blue), cosmological entropy injection (pink), supernova (red), CHARM (dark blue), rare B- and 
K-decays (light blue), LHCb (turquoise), LEP (green). The vertical gray band indicates exclusion due to M ! > M !max. The 
light gray, dotted lines correspond to "!  = MPl with # = 5 TeV (upper), # = 100 TeV (lower). The dashed, gray lines show 
the classical- vs.-quantum condition for # = 100 TeV (upper), # = 105 TeV. The thin, black lines indicate M!  from 10$15 GeV 
(uppermost) to 1 GeV (lowest) with a spacing factor of 103 . 

The big picture (prelim)

Zooming on region \w low cutoff: 
simple construction; 
lots of progress can be made;
and, relevant to intensity frontier.

             Batell, M. Pospelov, and A. Ritz  (09); Clarke, Foot & Volkas (13); Essig, et al. 

(13); Piazza & Pospelov (10); Dolan, Kahlhoefer, McCabe, Schmidt-Hoberg 

(14); Krnjaic (15); Dolan et al,  (14); Alekhin, et al. SHIP (15)É
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Relaxion beams, relaxion ßavor
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Relaxion beams, relaxion ßavor
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Final result for BR(h "  !" ) 

3

The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p," ! )|øs(x)#µ ! s(0)|0" =

# if "
!

! 1

0
dueiup áx (" ! µ p! # " ! ! pµ )! "

! (u).
(8)

The partial decay width for h $ !$ decay is

! h" "# =
1

8%
1

mh
|M "

ss |2, (9)

where we used the fact that|&"
! á&# | = 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

! h" $# =
|M $

dd # M $
uu |2

16%mh
, ! h" %# =

|M %
dd + M %

uu |2

16%mh
,

(10)
where the amplitudes are obtained fromM "

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 !1/u øu""

! = 6 .84(42), !1/u øu"$
! = 6 .84(36),

!1/u øu"%
! = 6 .84(72), using the inputs from [27] and Þxing

µ = 1 GeV. The decay constants aref " = 0 .235(5) GeV,
f $ = 0 .216(6) GeV, f % = 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf " ,$,%

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

! = 0 .191(28) GeV, f $
! =

0.160(25) GeV, f %
! = 0 .139(27) GeV. Normalizing to the

h $ bøb branching ratio gives

BRh" "#

BRh" bøb
=

) #
"#

3.0 ± 0.13)) # # 0.78ø) s
$

á10# 6

0.57ø) 2
b

,

BRh" $#

BRh" bøb
=

) #
"
(1.9 ± 0.15)) # # 0.24ø) u # 0.12ø) d

$
á10# 5

0.57ø) 2
b

,

BRh" %#

BRh" bøb
=

) #
"
(1.6 ± 0.17)) # # 0.59ø) u # 0.29ø) d

$
á10# 6

0.57ø) 2
b

,

(11)

where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) 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 ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [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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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
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# if "
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where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) i % O(1), deviations
from the SM predictions for h $ (! , ' , ( )$ can be signif-
icantly larger than the present SM errors. The SM errors
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Figure 2: The expected deviation in the branching ratio h !
!" relative to its SM value as a function of #! and ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [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:

Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)39

3

The partial decay width for h ! !" is

! h! !" =
1

8#
1

mh
|M !

ss |2, (9)

where |$!
" á$" | = 1 for the two possible photon polariza-

tions, so that the two corresponding decay amplitudes are
equal in size. The decay widths forh ! %" and h ! &"
are similarly given by

! h! #" =
|M #

dd " M #
uu |2

16#mh
, ! h! $" =

|M $
dd + M $

uu |2

16#mh
,

(10)
where the amplitudes are obtained fromM !

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 #1/u øu$!

" = 6 .84(42), #1/u øu$#
" = 6 .84(36),

#1/u øu$$
" = 6 .84(72), using the inputs from [28] and Þxing

µ = 1 GeV. The decay constants aref ! = 0 .235(5) GeV,
f # = 0 .216(6) GeV, f $ = 0 .187(10) GeV [28]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf ! ,#,$

" in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [28] to obtain f !

" = 0 .191(28) GeV, f #
" =

0.160(25) GeV, f $
" = 0 .139(27) GeV. Normalizing to the

h ! bøb branching ratio gives

BRh! !"

BRh! bøb
=

' "
!"

3.0 ± 0.3)' " " 0.78ø' s
#

á10# 6

0.57ø' 2
b

,

BRh! #"

BRh! bøb
=

' "
!
(1.9 ± 0.2)' " " 0.24ø' u " 0.12ø' d

#
á10# 5

0.57ø' 2
b

,

BRh! $"

BRh! bøb
=

' "
!
(1.6 ± 0.2)' " " 0.59ø' u " 0.29ø' d

#
á10# 6

0.57ø' 2
b

,

(11)

where we have neglected the smaller ø' 2
s,d,u terms. When

calculating the theoretical error on the indirect ampli-
tude, we have added in quadrature an additional uncer-
tainty associated with the scale choice of the electromag-
netic coupling that appears. The SM BRh! bøb = 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 expected deviation from
the SM h ! !" branching ratio is shown in Fig. 2, as a
function of ' " and ø' s.

The coe" cients multiplying ø' s,d,u in (11) have a rel-
ative error of O(20%). This means that for ø' i % O(1),
deviations from the SM predictions for h ! (! , %, &)"
can be signiÞcantly larger than the SM errors. The lat-
ter can be systematically reduced through advances in
lattice QCD and measurements of the leptonic! , %and
& decays. The BR predictions are relatively insensitive to
other non-perturbative QCD e#ects, e.g. power correc-
tions. For instance, h ! gg ! gøqq" yields a higher Fock
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Figure 2: The expected deviation in the branching ratio h !
!" relative to its SM value as a function of #! and ø#s .

state contribution to h ! !" of O(few) & 10# 4 of the SM
BR. Finally, the electroweak amplitude due to a W or Z
and a c- or s-quark in the loop (the Higgs attaches to the
gauge boson) scales asO(( W / 4#) & O(m! /m h ), yielding
O(10# 2) of the SM h ! !" branching ratio.

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 ßavor-violating
Higgs couplings ø' bs,sb, ø' bd,db, ø' sd,ds and ø' cu,uc . They
only receive direct amplitude contributions, since photon
splitting preserves ßavor. Theh ! K $0" rate is readily
obtained from the results of the previous section, yield-
ing an O(10# 8) branching ratio for ø' 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, mc ' $ QCD ). For h ! øB $0

s " , the dominant
leading power contribution, in a general R% gauge, due
to photon emission from the intermediates-quark, is

! h! øB ! 0
s " =

1
8#

1
mh

$
f B s mB s

2
mb

v
Qse0

) B (µ)

%2 |ø' bs|2 + |ø' sb|2

2
.

(12)
HQET sum rule estimates of the inverse moment of the
B meson LCDA yield ) B (µ) = (460 ± 110) MeV for
µ = 1 GeV [29] (see also [30]). Note that ) B can be de-
termined from B ! *+" . Present limits, including NLO
radiative corrections, yield a result compatible with the
above estimate [31, 32]. We have assumed ßavor SU(3)
symmetry so that ) B is the same forB 0

s and B 0
d . Nu-

merically one has,

BRh! øB ! 0
s "

BRh! bøb
=

BR(1)
øB ! 0

s "

0.57ø' 2
b

|ø' bs|2 + |ø' sb|2

2
, (13)

where BR(1)
øB ! 0

s " = (2 .1 ± 1.0) á10# 7. The h ! øB $0" and

h ! D $0" branching ratios are obtained by replacing

ø! u,d,s = yq/y SM
b ,

!
ø! SM

u,d,s ! (0.5, 1, 20) " 10! 3)
"

 �  The resulting sensitivity:



On King non-linearities, Algebraic intuition 

40

are this magic number where thereÕs no Þeld shift for instance), not sure about the case where
(f r )(A) is insane function but I suspect that the more non-linear this function is the better
would be our constrain.

0.2 Constructing the bound

Given Eq. (10) we can now attempt to (re)construct the bound. Suppose that a given experi-
ments can established that some system is linear down to an accuracy of! . We can thus set
the following bound on the size ofW12

m!" i
AA ! = K 1 + Fi

÷! ! r 2"AA ! + Hi AA ! ,
="
cont !

m!" (A!)i = K i + Fi
÷! ! r 2"(A!) + Hi AA ! ,

#

(m!" 1,2)! = F1,2(÷! ! r 2")! + H1,2A , with prime $
#

#A!
. (11)

The condition for m!" 1,2 to be linearly dependent is that
the Wronskian of (m!" 1,2)! vanishes:

W12 $ W[(m!" 1,2)!] = ( m!" 1)!(m!" 2)!! %(m!" 2)!(m!" 1)!! (12)

= ( ÷! ! r 2")!![H1F2 %H2F1] = %(÷! ! r 2")!!H2F1[1 %F21H12] .

The Wronskian vanishes ifHi (ni , l i , n!
i , l !

i ) & Fi (ni , l i , n!
i , l !

i ) .

3



Ex.: h "  !" , indirect contribution

 �  Two paths to get h "  !" :

2

ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 2 [21] (see also [22, 23]). However, these
bounds are model dependent. For instance, if the Higgs
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tiplet. The latter could either have reduced production
rates or they could mostly decay to light quarks, thus
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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
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from h " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
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h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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
massmh # 125.7 GeV, 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:

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

W +
µ W " µ , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! !! amplitude
can be written as

M h% !! = $!! |' ! A!
(
)

h
v

F µ" Fµ" |h%. (2)

The SM loop function for the h!! coupling is given at
one-loop order byA! & " 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 ø' s = ms/m b # 0.020,
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is

M !
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Qse
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

&1/u øu' !
$ =

$ 1

0
du

&!
$ (u)

u(1 ( u)
. (7)
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ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
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(CL) bounds
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If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds
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The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor symmetries, cancellations will occur between the
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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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =
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f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !
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The LCDA convolution integral is
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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p," ! )|øs(x)#µ ! s(0)|0" =

# if "
!

! 1

0
dueiup ·x (" ! µ p! # " ! ! pµ )! "

! (u).
(8)

The partial decay width for h $ !$ decay is

! h" "# =
1

8%
1

mh
|M "

ss |2, (9)

where we used the fact that|&"
! á&# | = 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

! h" $# =
|M $

dd # M $
uu |2

16%mh
, ! h" %# =

|M %
dd + M %

uu |2

16%mh
,

(10)
where the amplitudes are obtained fromM "

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 !1/u øu""

! = 6 .84(42), !1/u øu"$
! = 6 .84(36),

!1/u øu"%
! = 6 .84(72), using the inputs from [27] and Þxing

µ = 1 GeV. The decay constants aref " = 0 .235(5) GeV,
f $ = 0 .216(6) GeV, f % = 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf " ,$,%

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

! = 0 .191(28) GeV, f $
! =

0.160(25) GeV, f %
! = 0 .139(27) GeV. Normalizing to the

h $ bøb branching ratio gives

BRh" "#
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) #
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3.0 ± 0.13)) # # 0.78ø) s
$
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$
á10# 6

0.57ø) 2
b

,

(11)

where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) 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 ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [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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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, ø! 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 ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.70. (2)

If all of the Higgs couplings (including h !
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 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 ßavor
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 theh$$ coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is
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where the Þrst 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) deÞned in Eq. (7), Qse = ' e/3 is
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$ and & polarization vectors. We have used the deÞni-
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whereJ µ
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The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:
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where we used the fact that|' !
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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
massmh # 125.7 GeV, 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:

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

W +
µ W " µ , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! !! amplitude
can be written as

M h% !! = $!! |' ! A!
(
)

h
v

F µ" Fµ" |h%. (2)

The SM loop function for the h!! coupling is given at
one-loop order byA! & " 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 ø' s = ms/m b # 0.020,

!
!

direct                                        indirect     

X
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

&1/u øu' !
$ =

$ 1

0
du

&!
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u(1 ( u)
. (7)
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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, ø! 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 ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.70. (2)

If all of the Higgs couplings (including h !
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 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 ßavor
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 theh$$ coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and %1/u øu&!
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion %&|J µ

EM (0)|0&= f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =
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øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !
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the phase betweenA" and ø! " .

The LCDA convolution integral is
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The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:

%&(p,) $ )|øs(x)* µ#s(0)|0&=

' if !
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$ 1

0
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The partial decay width for h ! &$ decay is
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where we used the fact that|' !
$ á' " | = 1 for the two pos-

sible photon polarizations, so that the two corresponding
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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, ø! 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 ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.70. (2)

If all of the Higgs couplings (including h !
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 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 ßavor
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 theh$$ coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and %1/u øu&!
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion %&|J µ
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! for the & decay constantf ! ,

whereJ µ
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øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !
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The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:
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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p," ! )|øs(x)#µ ! s(0)|0" =

# if "
!

! 1

0
dueiup áx (" ! µ p! # " ! ! pµ )! "

! (u).
(8)

The partial decay width for h $ !$ decay is

! h" "# =
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mh
|M "

ss |2, (9)

where we used the fact that|&"
! á&# | = 1 for the two pos-

sible photon polarizations, so that the two corresponding
decay amplitudes are equal in size. The decay widths for
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uu |2

16%mh
,
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where the amplitudes are obtained fromM "

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 !1/u øu""

! = 6 .84(42), !1/u øu"$
! = 6 .84(36),

!1/u øu"%
! = 6 .84(72), using the inputs from [27] and Þxing

µ = 1 GeV. The decay constants aref " = 0 .235(5) GeV,
f $ = 0 .216(6) GeV, f % = 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf " ,$,%

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

! = 0 .191(28) GeV, f $
! =

0.160(25) GeV, f %
! = 0 .139(27) GeV. Normalizing to the

h $ bøb branching ratio gives
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where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) 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 ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [28] (see also [29]). Note that * B can
be determined from B $ +,$. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

from experiment, ! " e+e-
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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 !  #$ !

¥ "  30 events expected at FCC-ee (TLEP) !

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

¥ h !  #$  measurements unique to future hadron 
machines
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MITP workshop, July 17, 2014J. Zupan   An Exclusive Window onto Higgs É

future experimental 
prospects

¥ focus on h !  !" , use Pythia 8.1 !

¥ main decay modes: !  ! K! K"(49%), KLKS (34%), #$#%#¡(15%)&

¥  for pp! h !  !"  at 14TeV LHC in 70 to 75% cases the kaons/pions 
and the prompt photon have | ' | < 2.4 &

¥ within the minimal Þducial volume of the ATLAS and CMS 
experiments!

¥ adopt the geometrical acceptance factor Ag = 0.75&

¥ do not include other efÞciency or trigger factors !

¥ assume ( "  = 1, negligible background, 3)  reach
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ø! bs,sb with ø! bd,db and ø! cu,uc , respectively, with BR(1)
øB ! 0 ! =

(1.4± 0.7)á10! 7 and BR(1)
D ! 0 ! = (8 .6± 8.3)á10! 8. We have

taken " D = " B , but have inßated the errors on " D by
a factor of 2. For the decay constants we have used the
FLAG averages f B s = 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 ø! ij = 0. Thus, their observation at future
high-luminosity hadron colliders would provide deÞnitive
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 ßavor 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 Þnd

BRh# B !" W +

BRh# bøb
"

1.2 á10! 10
!
! 2

V + 22ø! 2
tu + 26ø! 2

ut + á á á
"

0.57ø! 2
b

,

(14)

where only the potentially largest contributions are
shown. The bounds on ø! tu,ut and ø! tc,ct from t ! hu, hc
decays are [35, 36] (|ø! tc |2+ |ø! ct |2+ |ø! tu |2+ |ø! 2

ut |)1/ 2 < 7.1,
which implies that BR h# B !" W + # 1.6 á10! 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 Þducial volume of the AT-
LAS and CMS experiments. We therefore adopt the ge-
ometrical acceptance factor ofAg = 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 ø! 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 signiÞcance of a deviation in the measured
value of BRh# "! with respect to its SM prediction can
be quantiÞed byS = |BRh# "! %BRSM

h# "! |/ (' BRh# "! ),
where (' BRh# "! )2 = BR h# "! / (( h LAg) + ( ' BRth

h# "! )2

is the estimated uncertainty. The Þrst term is the statis-
tical uncertainty ( ( h is the total Higgs production cross
section andL is the integrated luminosity), while the sec-
ond term is the theoretical one,' BRth

h# "! $ 1.3á10! 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, ßy 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 identiÞcation 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-pT 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 ! øB " 0$ mode is more
di" cult, as the B " 0 decays toB 0$, leading to a b-jet +
$ Þnal 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 Þrst 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 formh ! MV o! er
sensitivity to both ßavor-conserving and ßavor-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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5

!
s [TeV]

!
L dt [fb! 1] # of events (SM) ø! s > (< ) ø! 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 ø! s = ø! SM

s = ms/m b, the minimal (maximal) values of ø! 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 "  !"  decay most promising !  " K"K#

¥ near collinearity of the photon and the ! -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 signiÞcantly cut on the background

¥ on jet+"  QCD backgrounds

¥ on h "  !" +n!¡,  #
(Ô)

(" neutr.)
 
"

¥ dedicated trigger probably required to enhance the reach45



Thoughts about experimental strategy 

¥ h "  $¡"  mode

¥ Br($¡"  ! "! #)~100% 

¥ relatively clean mode, similar to !  " K"K# decay

¥ h "  %" mode

¥ Br(%"  ! "! #!¡)~89% 

¥ harder to trigger on

¥ hard-to-identify !¡  smears the observable 
quantities

¥ a detailed experimental study required
46



An Exclusive Window onto Higgs Yukawa 
Couplings to light quarks

Bodwin, Petriello, Stoynev & Velasco (13)
Kagan, GP, Petriello, Soreq, Stoynev & Zupan (14)
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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 ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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 mh # 125.7 GeV, 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

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

Wµ W µ

+ ' ! A!
(
)

h
v

F µ" Fµ" , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! $
" 0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/m b # 0.020, ø' d = md/m b # 1.0 á10" 3,
ø' u = mu /m b # 4.7 á10" 4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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 mh # 125.7 GeV, 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

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

Wµ W µ

+ ' ! A!
(
)

h
v

F µ" Fµ" , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! $
" 0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/m b # 0.020, ø' d = md/m b # 1.0 á10" 3,
ø' u = mu /m b # 4.7 á10" 4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! 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: 

Notice that: 
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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 mh # 125.7 GeV, 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

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

Wµ W µ

+ ' ! A!
(
)

h
v

F µ" Fµ" , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! $
" 0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/m b # 0.020, ø' d = md/m b # 1.0 á10" 3,
ø' u = mu /m b # 4.7 á10" 4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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 mh # 125.7 GeV, 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

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

Wµ W µ

+ ' ! A!
(
)

h
v

F µ" Fµ" , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. The SM loop function
for the h!! coupling is given at one-loop order byA! $
" 0.81 [12]. The SM limit corresponds to ' ! = ' V = 1,
and ø' s = ms/m b # 0.020, ø' d = md/m b # 1.0 á10" 3,
ø' u = mu /m b # 4.7 á10" 4. The quark masses are evalu-
ated at µ = mh using NNLO running in the MS scheme
with low energy inputs from [13]. All of the ø' qq! vanish in
the SM. Any deviations from these relations would signal
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ø! q = yq/y SM
b ,

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 ßavor violating case

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



The main idea

Yotam Soreq - ÒAn Exclusive Window onto Higgs Yukawa Couplings Ó Higgs Hunting 2014

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 "  B"0#" , h "  B"0#" , h "  K0#" ,h "  D0#"
50

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

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



Ex.: h "  !"

 �  Two paths to get h "  !" :

2

ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is

M !
ss =

Qse
2

' ! á' "
!

ø! s
mb

v
f !

$ &1/u øu' !
$ +

4"
( v

! " A"
f ! m2

h

m!

"
,

(6)
where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

&1/u øu' !
$ =

$ 1

0
du

&!
$ (u)

u(1 ( u)
. (7)
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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
massmh # 125.7 GeV, 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:

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

W +
µ W " µ , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! !! amplitude
can be written as

M h% !! = $!! |' ! A!
(
)

h
v

F µ" Fµ" |h%. (2)

The SM loop function for the h!! coupling is given at
one-loop order byA! & " 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 ø' s = ms/m b # 0.020,

!
!

direct                                        indirect     

3

The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p," ! )|øs(x)#µ ! s(0)|0" =

# if "
!

! 1

0
dueiup áx (" ! µ p! # " ! ! pµ )! "

! (u).
(8)

The partial decay width for h $ !$ decay is

! h" "# =
1

8%
1

mh
|M "

ss |2, (9)

where we used the fact that|&"
! á&# | = 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

! h" $# =
|M $

dd # M $
uu |2

16%mh
, ! h" %# =

|M %
dd + M %

uu |2

16%mh
,

(10)
where the amplitudes are obtained fromM "

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 !1/u øu""

! = 6 .84(42), !1/u øu"$
! = 6 .84(36),

!1/u øu"%
! = 6 .84(72), using the inputs from [27] and Þxing

µ = 1 GeV. The decay constants aref " = 0 .235(5) GeV,
f $ = 0 .216(6) GeV, f % = 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf " ,$,%

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

! = 0 .191(28) GeV, f $
! =

0.160(25) GeV, f %
! = 0 .139(27) GeV. Normalizing to the

h $ bøb branching ratio gives

BRh" "#

BRh" bøb
=

) #
"#

3.0 ± 0.13)) # # 0.78ø) s
$

á10# 6

0.57ø) 2
b

,

BRh" $#

BRh" bøb
=

) #
"
(1.9 ± 0.15)) # # 0.24ø) u # 0.12ø) d

$
á10# 5

0.57ø) 2
b

,

BRh" %#

BRh" bøb
=

) #
"
(1.6 ± 0.17)) # # 0.59ø) u # 0.29ø) d

$
á10# 6

0.57ø) 2
b

,

(11)

where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) 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 ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [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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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is

M !
ss =

Qse
2

' ! á' "
!

ø! s
mb

v
f !

$ &1/u øu' !
$ +

4"
( v

! " A"
f ! m2

h

m!

"
,

(6)
where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

&1/u øu' !
$ =

$ 1

0
du

&!
$ (u)

u(1 ( u)
. (7)
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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
massmh # 125.7 GeV, 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:

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

W +
µ W " µ , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! !! amplitude
can be written as

M h% !! = $!! |' ! A!
(
)

h
v

F µ" Fµ" |h%. (2)

The SM loop function for the h!! coupling is given at
one-loop order byA! & " 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 ø' s = ms/m b # 0.020,

!
!

direct                                        indirect     
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is
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0
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&!
$ (u)

u(1 ( u)
. (7)
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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
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h ). Similarly, the indirect contribution

from h " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
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øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !
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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p," ! )|øs(x)#µ ! s(0)|0" =

# if "
!

! 1

0
dueiup ·x (" ! µ p! # " ! ! pµ )! "

! (u).
(8)

The partial decay width for h $ !$ decay is

! h" "# =
1

8%
1

mh
|M "

ss |2, (9)

where we used the fact that|&"
! á&# | = 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

! h" $# =
|M $

dd # M $
uu |2

16%mh
, ! h" %# =

|M %
dd + M %

uu |2

16%mh
,

(10)
where the amplitudes are obtained fromM "

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 !1/u øu""

! = 6 .84(42), !1/u øu"$
! = 6 .84(36),

!1/u øu"%
! = 6 .84(72), using the inputs from [27] and Þxing

µ = 1 GeV. The decay constants aref " = 0 .235(5) GeV,
f $ = 0 .216(6) GeV, f % = 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf " ,$,%

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

! = 0 .191(28) GeV, f $
! =

0.160(25) GeV, f %
! = 0 .139(27) GeV. Normalizing to the

h $ bøb branching ratio gives
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where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) 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 ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [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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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, ø! 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 ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.70. (2)

If all of the Higgs couplings (including h !
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 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 ßavor
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 theh$$ coupling, followed by the
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Figure 1: Direct-amplitude diagram (left) and indirect-
amplitude diagram (right) contributing to h ! !" .

fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and %1/u øu&!
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion %&|J µ

EM (0)|0&= f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

%1/u øu&!
$ =

$ 1

0
du

&!
$ (u)

u(1 ' u)
. (6)

The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:

%&(p,) $ )|øs(x)* µ#s(0)|0&=

' if !
$

$ 1

0
dueiup áx () $ µ p# ' ) $ #pµ )&!

$ (u).
(7)

The partial decay width for h ! &$ decay is

" h% !" =
1

8(
1

mh
|M !

ss |2, (8)

where we used the fact that|' !
$ á' " | = 1 for the two pos-

sible photon polarizations, so that the two corresponding
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =
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f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .
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We show that both ßavor-conserving and ßavor-violating Yukawa couplings of the Higgs boson to
Þrst- and second-generation quarks can be probed by measuring rare decays of the formh ! MV ,
where M denotes a vector meson andV 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 ! !! ,
W W 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 Þrst- and
second-generation fermions are only weakly constrained
by the inclusive Higgs production cross sections. At the
same time they can receive large modiÞcations 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 [6Ð8]. 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 decaysh ! MV , where M denotes a vector meson
and V denotes either a! , W or Z . The possibility of using
h ! J/ #! to probe the ßavor-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, theh ! $!
mode considered here allows direct access to the ßavor-
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 onh ! MW, MZ
decays, e.g. h ! B (! )+ W " . Probes of the electroweak
couplings of the Higgs viah ! 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 Þrst 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
massmh # 125.7 GeV, 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:

L e! = "
!

q= u,d,s

ø' q
mb

v
høqL qR "

!

q#= q!

ø' qq!
mb

v
høqL q$

R + h.c.

+ ' Z m2
Z

h
v

Zµ Z µ + 2 ' W m2
W

h
v

W +
µ W " µ , (1)

where v = 246 GeV is the Higgs VEV. The underly-
ing custodial symmetry implies ' W = ' Z = ' V , while
ø' qq! = ø' !

q! q and ' V,! ,q are real because of the assumed
CP conservation. Note that ø' q and ø' qq! are normalized
to the SM b-quark Yukawa coupling for later convenience.
The ø' qq! couplings are ßavor-violating, while the other
couplings are ßavor-conserving. Theh ! !! amplitude
can be written as

M h% !! = $!! |' ! A!
(
)

h
v

F µ" Fµ" |h%. (2)

The SM loop function for the h!! coupling is given at
one-loop order byA! & " 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 ø' s = ms/m b # 0.020,

!
!

direct                                        indirect     

X
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ø! d = md/m b ! 1.0á10! 3, ø! u = mu /m b ! 4.7á10! 4. The
quark masses are evaluated atµ = mh using NNLO run-
ning in the MS scheme with low energy inputs from [13].
All of the ø! qq! 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, ø! 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 Þt 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 ø! i by this variation are extremely small.

We begin with the ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
(CL) bounds

|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.74. (3)

If all of the Higgs couplings (including h "
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (5)

for q, q" # u, d, s, c, band q $= q". 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to
be |ø! bs| < 8á10! 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
ßavor 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 " $Z is neglected, because it is suppressed by
the o! -shell Z . The direct amplitude involves a hard
h " søs$ vertex, where an intermediates-quark line with
an o! -shellnessQ2 % O(m2

h ) is integrated out. Its eval-
uation is a straightforward application of QCD factor-
ization [24]. The largest sensitivity to the HiggsÐstrange
quark coupling is due to the interference of the two am-
plitudes which, however, only involves the real part of
the coupling, Re(ø! s). Working in the limit of real ø! s, the
h " &$ decay amplitude is

M !
ss =

Qse
2

' ! á' "
!

ø! s
mb

v
f !

$ &1/u øu' !
$ +

4"
( v

! " A"
f ! m2

h

m!

"
,

(6)
where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and &1/u øu' !
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (8), Qse = ( e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion &&|J µ

EM (0)|0' = f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

&1/u øu' !
$ =

$ 1

0
du

&!
$ (u)

u(1 ( u)
. (7)
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The 95% CL upper bounds obtained when modifying
only a single Yukawa coupling at a time (or allowing for
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|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 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 ßavor
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 theh$$ coupling, followed by the
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fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is
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Qse
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$ +
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and %1/u øu&!
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion %&|J µ

EM (0)|0&= f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is

%1/u øu&!
$ =

$ 1

0
du

&!
$ (u)

u(1 ' u)
. (6)

The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:

%&(p,) $ )|øs(x)* µ#s(0)|0&=

' if !
$

$ 1

0
dueiup áx () $ µ p# ' ) $ #pµ )&!

$ (u).
(7)

The partial decay width for h ! &$ decay is

" h% !" =
1

8(
1

mh
|M !

ss |2, (8)

where we used the fact that|' !
$ á' " | = 1 for the two pos-

sible photon polarizations, so that the two corresponding
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adapt this analysis to the other Yukawa couplings, ø! 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 ßavor-conserving couplings. A naive
#2 Þt to the data that Þxes all Higgs couplings to their
SM values, except for one of the up, down, or strange
Yukawas at a time, leads to the 95% conÞdence level
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|ø! u | < 0.98, |ø! d| < 0.93, |ø! s| < 0.70. (2)

If all of the Higgs couplings (including h !
W W, ZZ, $$, gg, Z$, bøb and %ø%) are allowed to vary from
their SM values, we get the weaker 95% CL bounds

|ø! u | < 1.3, |ø! d| < 1.4, |ø! 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
modiÞcation of the other Higgs couplings as above) are:

|ø! qq! | < 0.6 (1) , (4)

for q, q! " u, d, s, c, band q #= q!. 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 ø! qq! . Low energy observables such
as neutral meson mixing do place indirect bounds on the
individual couplings, with the weakest bound found to be
|ø! bs| < 8á10" 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 ßavor
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 theh$$ coupling, followed by the
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amplitude diagram (right) contributing to h ! !" .

fragmentation of $# ! &. The direct amplitude involves
a hard h ! søs$ vertex, where an intermediate s-quark
line with an o! -shellnessQ2 $ O(m2

h ) is integrated out.
Its evaluation is a straightforward application of QCD
factorization [23]. The largest sensitivity to the HiggsÐ
strange quark coupling is due to the interference of the
two amplitudes which, however, only involves the real
part of the coupling, Re(ø! s). Working in the limit of real
ø! s, the h ! &$ decay amplitude is
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where the Þrst and second terms are the direct and in-
direct contributions; f !

$ and %1/u øu&!
$ are the decay con-

stant and inverse moment of the light-cone distribution
amplitude (LCDA) deÞned in Eq. (7), Qse = ' e/3 is
the strange quark electric charge, and) " and ) ! are the
$ and & polarization vectors. We have used the deÞni-
tion %&|J µ

EM (0)|0&= f ! m! ' µ
! for the & decay constantf ! ,

whereJ µ
EM =

#
f Qf

øf $µ f is the electromagnetic current.
Note that for CP violating couplings, M !

ss is sensitive to
the phase betweenA" and ø! " .

The LCDA convolution integral is
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$ 1

0
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$ (u)
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The leading twist chiral-odd LCDA &$ (u) is deÞned
through the following matrix element of the transversely
polarized & meson on the light-cone [24, 25]:

%&(p,) $ )|øs(x)* µ#s(0)|0&=

' if !
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$ 1

0
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The leading twist chiral-odd LCDA ! ! (u) is deÞned
through the following matrix element of the transversely
polarized ! meson on the light-cone [25, 26]:

! ! (p," ! )|øs(x)#µ ! s(0)|0" =

# if "
!

! 1

0
dueiup áx (" ! µ p! # " ! ! pµ )! "

! (u).
(8)

The partial decay width for h $ !$ decay is

! h" "# =
1

8%
1

mh
|M "

ss |2, (9)

where we used the fact that|&"
! á&# | = 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

! h" $# =
|M $

dd # M $
uu |2

16%mh
, ! h" %# =

|M %
dd + M %

uu |2

16%mh
,

(10)
where the amplitudes are obtained fromM "

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 !1/u øu""

! = 6 .84(42), !1/u øu"$
! = 6 .84(36),

!1/u øu"%
! = 6 .84(72), using the inputs from [27] and Þxing

µ = 1 GeV. The decay constants aref " = 0 .235(5) GeV,
f $ = 0 .216(6) GeV, f % = 0 .187(10) GeV [27]. We es-
timate the error on our LO calculation by varying the
renormalization scale forf " ,$,%

! in the range [0.5, 10] GeV.
The variation is combined in quadrature with the er-
rors quoted in [27] to obtain f "

! = 0 .191(28) GeV, f $
! =

0.160(25) GeV, f %
! = 0 .139(27) GeV. Normalizing to the

h $ bøb branching ratio gives

BRh" "#

BRh" bøb
=

) #
"#

3.0 ± 0.13)) # # 0.78ø) s
$

á10# 6

0.57ø) 2
b

,

BRh" $#

BRh" bøb
=

) #
"
(1.9 ± 0.15)) # # 0.24ø) u # 0.12ø) d

$
á10# 5

0.57ø) 2
b

,

BRh" %#

BRh" bøb
=

) #
"
(1.6 ± 0.17)) # # 0.59ø) u # 0.29ø) d

$
á10# 6

0.57ø) 2
b

,

(11)

where we have neglected the smaller ø) 2
s,d,u terms. The

SM BRh" bøb = 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 ø) s,d,u have a relative error
of O(20%). This means that for ø) 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 ø#s .

QCD e#ects, e.g. power corrections. For instance, the
h $ gg $ gøqq$ transition results in a higher Fock state
contribution to h $ !$ which only enters at the level of
a few&10# 4 of the SM BRh" "# .

The expected deviation in theh $ !$ branching ratio
from its SM value is shown in Fig. 2, as a function of
) # and ø) 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 ßavor-violating
Higgs couplings ø) bs,sb, ø) bd,db, ø) sd,ds and ø) cu,uc . These
ßavor-violating decays only receive direct amplitude con-
tributions, since photon splitting preserves ßavor. The
h $ K $0$ rate is readily obtained from the results of the
previous section, yielding anO(10# 8) branching ratio for
ø) 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,mc ' $ QCD ). Focusing Þrst on theh $ øB $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 /m b) suppressed and can be
neglected. We thus obtain the partial decay width

! h" øB ! 0
s # =

1
8%

1
mh

%
f B s mB s

2
mb

v
Qse0

* B (µ)

&2 |ø) bs|2 + |ø) sb|2

2
,

(12)
where HQET sum rule estimates of the inverse moment
of the B meson LCDA yield * B (µ) = (460 ± 110) MeV
for µ = 1 GeV [28] (see also [29]). Note that * B can
be determined from B $ +,$. Present limits, includ-
ing NLO radiative corrections, yield a result compatible

from experiment, ! " e+e-
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RelaxionÕs basic structure
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Choi, Kim & Yun (2014) Choi & Im; Kaplan & Rattazzi; Gupta, Komargodski, GP & Ubaldi  (15)  

!  QFT consistent constructions are of the form: 

(M ! ! )

.

!  It implies that generically:

(i) CP violation is spontaneously induced (problematic for axion-relaxion models); 

(ii) Higgs-relaxion mixing is induced:

V (! , H ) = H   H [! 2 ! M 2 cos(! /f )]+ r ! 2M 2 cos(! /f )+ H   H ÷M 2 cos(n! /f )

V !(! " , v) = 0 " r ! 4 sin(! " /f ) # v2n ÷M 2 sin(n! " /f ) " ! " is generic.

Vmix !
nv ÷M 2

f
sin(n! ! /f ) " H ! phys #

r ! 4

vf
sin(! ! /f ) " H ! phys .

(GKR: g ! M/f )}
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Known point-like charged
particle masses span 5 orders
of magnitude.
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