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LHC as a flavor factory

2

What are the unique capabilities of LHC for flavor studies?
(energy, luminosity)

Which observables are most promising?
(Higgs, top, CPV in charm & Bs, rare decays with di-leptons)

What have we learned already?
(implications for SM hierarchy, flavor, DM puzzles, hints of NP?)

Disclamer: personal selection of topics



Introduction

SM phenomenologically very successful theory

Strong theoretical arguments to consider it as effective 
theory

LνSM = Lgauge(Aa,ψi) +Dµφ
†Dµφ− Veff(φ, Aa,ψi)

Veff = −µ2φ†φ+ λ(φ†φ)2 + Y ijψi
Lψ

j
Rφ+

yij

Λ
ψiT
L ψj

Lφ
Tφ+ . . .

Unification
of interactions

EW scale 
stabilization

Origin of flavor

Need to understand/constrain size of additional terms in 
series 3
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Fig. 1. Result of the SM CKM fit projected onto the ρ̄ − η̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7

ΔF=1,2 FCNCs 
in K, D, B systems
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In order to interpret results of experimental measurements involving hadronic

initial and final states, a final step needs to involve non-perturbative matching to an

effective description involving QCD bound states Leff
weak → Leff(π, N,K,D,B, . . .) ,

i.e. the computation of hadronic �Qi� matrix elements. It has predominantly been

due to the tremendous improvements in lattice QCD approaches to such calculations

that propelled the field into the era of precision flavor constraints (for discussion on

recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining

the SM quark flavor sector, it has become possible to complete the above sketched

program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor

changing transitions among SM quarks mediated by new heavy degrees of freedom

with masses mNP � v and described by a Lagrangian LBSM. At scales µ below

the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any

such effects can be described in complete generality in terms of local operators (Qi)

involving only SM fields6 via the matching procedurea

LBSM → LνSM +

�

i,(d>4)

Q(d)
i

Λd−4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these

new contributions can lead to (a) shifts in the Wilson coefficients corresponding to

Qi present in Leff
weak already within the SM; (b) the appearance of new effective local

operators. In both cases, the resulting effects on the measured flavor observables can

be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7

ΔF=1,2 FCNCs 
in K, D, B systems

Q(6)
AB ∼ zij [q̄iΓ

Aqj ]⊗ [q̄iΓ
Bqj ]

UTFit, 0707.0636
ETMC, 1207.1287



Top quark - heaviest point-like particle known to exist

⇒ O(1) coupling to the Higgs

⇒ Profound effects on EW and flavor physics

Higgs boson interactions with fermions of special interest 

⇒ probe existence of new flavor dynamics not too far above 

the electroweak scale

⇒ suppressed contributions to low energy observables lead 

to weak indirect constraints

Unique LHC probes of flavor

7

yt ≡
√
2mt/vEW � 1
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Testing flavor through Higgs observables
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BSM modifications of Yukawa sector

In EW vacuum:

Giudice, Lebedev, 0804.1753 
Agashe, Contino, 0906.1542 

Goudelis, Lebedev, Park, 1111.1715
Arhrib, Cheng, Kong, 1208.4669

Alonso et al., 1212.3307
Dery et al., 1302.3229, 1304.6727

...

Testing flavor through Higgs observables

Q(6)
Y ∼ Y �

ijψ
i
Lψ

j
Rφ(φ

†φ)

LY = −miψ
i
Lψ

i
R − Ȳij(ψ

i
Lψ

j
R)h+ h.c.+ . . .

Generally present if more than 
one source of fermion masses



BSM modifications of Yukawa sector

In EW vacuum:

Simplest model examples:

(1) THDM III

(2) Partial compositeness

Giudice, Lebedev, 0804.1753 
Agashe, Contino, 0906.1542 

Goudelis, Lebedev, Park, 1111.1715
Arhrib, Cheng, Kong, 1208.4669

Alonso et al., 1212.3307
Dery et al., 1302.3229, 1304.6727
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i
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couplings to heavier Higgs bosons

LTHDMIII � −Y (1)

ij ψi
Lψ

j
Rφ

(1) − Y (2)

ij ψi
Lψ

j
Rφ

(2) + h.c.

→ LY +
c.f. Davidson & Greiner, 1001.0434 

LPC � − yijD
i
LS

j
Rφ − ȳijD

i
RS

j
Lφ

−M i
DDi

RD
i
L −M i

SS
i
RS

i
L

−mij
DDi

Rψ
j
L −mij

S S
i
Lψ

j
R + h.c.

→LY + couplings of heavier fermions
c.f. Delaunay, Grojean & Perez, 1303.5701 

(D,S - vector-like fermionic 
doublets, singlets)

http://arXiv.org/abs/arXiv:1303.5701
http://arXiv.org/abs/arXiv:1303.5701


BSM modifications of Yukawa sector

In EW vacuum:

Stability of fermionic mass hierarchies: 

New neutral currents
• flavor diagonal (LHC)
• flavor violating (flavor factories, LHC)

Testing flavor through Higgs observables

Q(6)
Y ∼ Y �

ijψ
i
Lψ

j
Rφ(φ

†φ)

LY = −miψ
i
Lψ

i
R − Ȳij(ψ

i
Lψ

j
R)h+ h.c.+ . . .

|Ȳij Ȳji| �
mimj

v2
Cheng & Sher, 

Phys.Rev. D35, 3484 (1987) 
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+ EDMs if CPV
Brod, Haisch & Zupan, 1310.1385

Gorban & Haisch, 1404.4873

Giudice, Lebedev, 0804.1753 
Agashe, Contino, 0906.1542 

Goudelis, Lebedev, Park, 1111.1715
Arhrib, Cheng, Kong, 1208.4669

Alonso et al., 1212.3307
Dery et al., 1302.3229, 1304.6727

...
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Are Higgs couplings to light flavors SM-like?

Current Higgs data exhibit poor sensitivity to first two 
generation quark Yukawas

⇒ in production 

1 loop contributions to gg→h suppressed by small loop function 

direct qq→h suppressed by small parton luminosity functions

⇒ in decay: 

need to compete against dominant h→bb mode

13

Fajfer, Greljo, J.F.K. & Mustac, 1304.4219 
      Delaunay, Golling, Perez & Soreq, 1310.7029 

A1/2 ∼ rq log rq , rq ≡ (mq/mh)
2 � 1

Luū(mh)/Lgg(mh) ∼ 4%(2%)@7TeV(14TeV) LHC

|Ȳqq|2 � 10−3Γh→qq̄/Γ
SM
h Ȳ SM

bb ≡ mb

v
� 0.02



Are Higgs couplings to light flavors SM-like?

Current Higgs data exhibit poor sensitivity to first two 
generation quark Yukawas

⇒ Global fit to LHC Higgs signal strenghts

allowing modifications in hgg (cg), hγγ (cγ), hqq

14

Fajfer, Greljo, J.F.K. & Mustac, 1304.4219 
      Delaunay, Golling, Perez & Soreq, 1310.7029 
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Admir Greljo
private communication

see also talk by Y. Soreq
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Conversely, Higgs decay to two photons in the SM is dominated by the W boson loop yielding F1(τW ) = −8.34, and
interfering destructively with the top quark contribution of (4/3)F1/2(τt) = 1.84. It turns out that lighter quark
contributions to loop induced Higgs processes are negligible even if their couplings to the Higgs saturate the limits
from ∆γ as discussed below.

In order to evaluate the current constraints on modified Higgs interactions, we analyze the latest available Higgs
data, presented in Table I. Measurements are given in terms of Higgs signal strengths normalized to SM predictions

µh→B

A→h
=

σA→h

σSM

A→h

Bh→B

BSM

h→B

, (14)

where A → h and h → B stands for different production mode and decay channel, respectively. Experimental best-fit
values and variances are denoted by µ̂i and σ̂2

i
, respectively. Experimental collaborations generally provide plots with

separate contribution from VBF plus VH, and from ggF plus ttH production channels for a given decay channel. In
this case, we take into account their correlation, obtaining a correlation parameter ρ by reproducing the plots. The
contribution from these decay channels to the total χ2 function is

χ2
1 =

�

i

�
µi

GF
− µ̂i

GF
, µi

V F
− µ̂i

V F

�
� �

σ̂i

GF

�2
ρiσ̂i

GF
σ̂i

V F

ρiσ̂i

GF
σ̂i

V F

�
σ̂i

V F

�2

�−1 �
µi

GF
− µ̂i

GF

µi

V F
− µ̂i

V F

�
, (15)

where GF stands for ggF+ttH, and V F stands for VBF+VH, and index i runs over decay channels.5 If the separation
into production modes is not provided, we use the data from different search categories for a particular decay channel,
which generally target certain production mechanism, but does not imply 100% purity. Inclusive categories are
dominated by ggF (∼ 90%), while VBF-tagged categories can have 20% to 50% contamination from ggF. VH- and
ttH-tagged categories are assumed to be pure. In this case, we write

σA→h

σSM

A→h

= ξggF
σggF

σSM

ggF

+ ξV BF

σV BF

σSM

VBF

+ ξV H

σV H

σSM

VH

+ ξttH
σttH

σSM

ttH

, (16)

where ξi represent contributions of the specified production mechanisms for the given category. We do not assume
correlations here, and add each search category to χ2 separately,

χ2
2 =

�

j

�
µj − µ̂j

σ̂j

�2

, (17)

and the total χ2 function is given by χ2 = χ2
1 + χ2

2.
We take into account the recent evaluation [19] of ggF production in the SM at approximate N3LO in perturbative

expansion, which exhibits a 17% shift with respect to the values adopted by experimental collaborations, by rescaling
central values for signal strengths which depend on ggF production by a factor 1/(1+0.17ξggF ). On the other hand, we
have checked that the resulting slightly reduced theory error (from 14% to 12%) has negligible effect on the reported
variances.

In the following, we present results of our analysis. The SM is in overall very good agreement with the data. The
associated χ2 for 19 observables presented in Table I is χ2

SM
= 16.2 corresponding to a p-value of 0.64. Within

the vector-like quark scenarios, all the modifications to Higgs signal strengths can be expressed in terms of four
parameters, Rgg, Rγγ , Rbb and ∆γ, where

Rbb ≡
Γh→bb

ΓSM

h→bb

=

�
|ybb|v
mb

�2

. (18)

In particular,

µh→γγ
GF

=
Rgg

Γ̂
Rγγ , µh→ZZ,WW,ττ

GF
=

Rgg

Γ̂
, µh→γγ

V F
=

Rγγ

Γ̂
µh→ZZ,WW,ττ
V F

=
1

Γ̂
, µh→bb

V H
=

Rbb

Γ̂
. (19)

The modification of the total Higgs decay width coming from Rgg, Rbb and ∆γ is taken into account by writing

Γ̂ ≡ Γtot

ΓSM
tot

= 0.569Rbb + 0.317 + 0.085Rgg +∆γ , (20)

5
ttH contribution in GF is less then 1%.

Ȳqq � 0.01
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ttH contribution in GF is less then 1%.

Ȳqq � 0.01

σ(hh)uū/σ(hh)SM ∼ 20(11)×
��Ȳuu/0.01

��2 @ 8 TeV (14 TeV) LHC

Interesting connection to di-Higgs production 
LY = −(ψi

Lψ
j
R)

�
miδij + Ȳijh+ (Ȳij −mi/vδij)

3h2

2v

�
+ h.c.

Admir Greljo
private communication

see also talk by Y. Soreq



BSM modifications of Yukawa sector

In EW vacuum:

Stability of fermionic mass hierarchies: 

New neutral currents
• flavor diagonal (LHC)
• flavor violating (flavor factories, LHC)

Testing flavor through Higgs observables

Q(6)
Y ∼ Y �

ijψ
i
Lψ

j
Rφ(φ

†φ)

LY = −miψ
i
Lψ

i
R − Ȳij(ψ
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Within SM effective Yi≠j extremely  
suppressed (GIM+CKM/mν & chirality)

Constraints on first two generation Yi≠j 
dominated by precision low energy 
observables  

Testing flavor through Higgs observables

17

Low-energy constraints on LFV in the Higgs sector

h

µ+

e−

e+

µ−

Y ∗
eµPL + YµePR

Y ∗
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Constraints on Higgs couplings to light quarks
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp → (t → W+b)h (left)

and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–Higgs

interactions (tch and tuh) further. Building upon related theoretical [3–7] and experimental [8–

10] studies, we explore three main directions: (1) We demonstrate the importance of the single

top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how these

processes can be exploited to distinguish tch and tuh couplings in leptonic t+h events by studying

lepton rapidity distributions and charge assignments. (3) we consider several novel search signa-

tures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to more

challenging signatures requiring efficient discrimination against the large SM backgrounds, the final

sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [4] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [8] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [11] for associate W +Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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Figure 7: Two representative diagrams through which flavor violating Higgs Yukawa couplings can

contribute to neutral meson mixing.

weak Hamiltonian, which for Bd − B̄d mixing is

Heff = C
db
2 (b̄RdL)

2
+ C̃

db
2 (b̄LdR)

2
+ C

db
4 (b̄LdR)(b̄RdL) . (28)

Here we use the same notation for the Wilson coefficients as in [48] and display only nonzero

contributions, which are

C
db
2 = −(Y

∗
db)

2

2m
2
h

, C̃
db
2 = −(Y

2
bd)

2

2m
2
h

, C
db
4 = −YbdY

∗
db

m
2
h

. (29)

The results for Bs−B̄s, K
0−K̄

0
and D

0−D̄
0
mixing are obtained in the same way with the

obvious quark flavor replacements. We can now translate the bounds on the above Wilson

coefficients obtained in [48] into constraints on the combinations of flavor violating Higgs

couplings as summarized in Table II. We see that all Yukawa couplings involving only u,

d, s, c, or b quarks have to be tiny. The weakest constraints are those in the b–s sector,

where flavor violating Yukawa couplings � 10
−3

are still allowed. This would correspond to

BR(h → bs) ∼ 2 × 10
−3
, which is still far too small to be observed at the LHC because of

the large QCD backgrounds.

B. Higgs decays through off-shell top and top decays to Higgs

Among the flavor violating Higgs couplings to quarks, the most promising place for new

physics to hide are processes involving top quarks, such as the 3-body decay h → (t
∗ →

Wb)q. Here, q denotes either a charm quark or an up quark. The corresponding FV Yukawa
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp → (t → W+b)h (left)

and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–Higgs

interactions (tch and tuh) further. Building upon related theoretical [3–7] and experimental [8–

10] studies, we explore three main directions: (1) We demonstrate the importance of the single

top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how these

processes can be exploited to distinguish tch and tuh couplings in leptonic t+h events by studying

lepton rapidity distributions and charge assignments. (3) we consider several novel search signa-

tures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to more

challenging signatures requiring efficient discrimination against the large SM backgrounds, the final

sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [4] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [8] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [11] for associate W +Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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The results for Bs−B̄s, K
0−K̄

0
and D

0−D̄
0
mixing are obtained in the same way with the

obvious quark flavor replacements. We can now translate the bounds on the above Wilson

coefficients obtained in [48] into constraints on the combinations of flavor violating Higgs

couplings as summarized in Table II. We see that all Yukawa couplings involving only u,

d, s, c, or b quarks have to be tiny. The weakest constraints are those in the b–s sector,

where flavor violating Yukawa couplings � 10
−3

are still allowed. This would correspond to

BR(h → bs) ∼ 2 × 10
−3
, which is still far too small to be observed at the LHC because of

the large QCD backgrounds.

B. Higgs decays through off-shell top and top decays to Higgs

Among the flavor violating Higgs couplings to quarks, the most promising place for new

physics to hide are processes involving top quarks, such as the 3-body decay h → (t
∗ →

Wb)q. Here, q denotes either a charm quark or an up quark. The corresponding FV Yukawa
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Figure 2. Cross-sections for (t → bW ) + (t → hq) and single top + Higgs production induced
by flavor violating top-Higgs couplings as a function of the hadronic center of mass energy and
normalized to the corresponding tqh couplings. All partonic cross-sections are computed analytically
at leading order in QCD, while parton luminosity integration is performed using MSTW2008 leading
order parton distribution functions [16] with renormalization and factorization scales fixed to the
top mass (µr = µf = mt = 173.2 GeV).

width is dominated by the SM value of Γ(t → Wb), the approximate relation between the

relevant t → qh branching ratios and the flavor violating Yukawa couplings is given by

B(t → hq) =
|ytq|2 + |yqt|2

2
√
2GF

(m2
t −m2

h)
2

(m2
t −m2

W )2(m2
t + 2m2

W )
ηQCD � 0.29

�
|ytq|2 + |yqt|2

�
, (2.2)

with the top quark mass mt, the W mass mW , the Higgs mass mh, and the Fermi constant

GF . The above expression is based on the leading order formulae for both the t → Wb

and t → hq decay rates. The NLO QCD correction to the branching ratio (in the pole top

mass scheme) are included through the factor ηQCD = 1 + 0.97αs = 1.10, calculated using

the known corrections to the t → W+b [12, 13] and t → ch decay widths [14]. We note

that values of ytq = yqt � 0.13 correspond to B(t → hq) � 1%. Top quark pair production

followed by an anomalous t → qh decay has a total cross section of

σ[pp → (thq̄, t̄hq)] = 2σ(pp → tt̄)B(t → hq) � 140 (470) pb×
�
|ytq|2 + |yqt|2

�
, (2.3)

at the
√
s = 8 (13) TeV energy LHC, where we have used the QCD NNLO values of

σ(pp → tt̄) = 245 (806) pb [15].

The interactions in Eq. 2.1 also contribute to associated single top plus Higgs produc-

tion at the LHC. In particular the effects of ytu and yut are significant due to the large

flux of valence u-quarks. The t + h production cross-section is comparable in magnitude

to (2.3):

σ(pp → th) � 74 (180) pb×
�
|ytu|2 + |yut|2

�
, (2.4)
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and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–Higgs

interactions (tch and tuh) further. Building upon related theoretical [3–7] and experimental [8–

10] studies, we explore three main directions: (1) We demonstrate the importance of the single

top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how these

processes can be exploited to distinguish tch and tuh couplings in leptonic t+h events by studying

lepton rapidity distributions and charge assignments. (3) we consider several novel search signa-

tures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to more

challenging signatures requiring efficient discrimination against the large SM backgrounds, the final

sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [4] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [8] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [11] for associate W +Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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The results for Bs−B̄s, K
0−K̄

0
and D

0−D̄
0
mixing are obtained in the same way with the

obvious quark flavor replacements. We can now translate the bounds on the above Wilson

coefficients obtained in [48] into constraints on the combinations of flavor violating Higgs

couplings as summarized in Table II. We see that all Yukawa couplings involving only u,

d, s, c, or b quarks have to be tiny. The weakest constraints are those in the b–s sector,

where flavor violating Yukawa couplings � 10
−3

are still allowed. This would correspond to

BR(h → bs) ∼ 2 × 10
−3
, which is still far too small to be observed at the LHC because of

the large QCD backgrounds.

B. Higgs decays through off-shell top and top decays to Higgs

Among the flavor violating Higgs couplings to quarks, the most promising place for new

physics to hide are processes involving top quarks, such as the 3-body decay h → (t
∗ →

Wb)q. Here, q denotes either a charm quark or an up quark. The corresponding FV Yukawa
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp → (t → W+b)h (left)

and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–Higgs

interactions (tch and tuh) further. Building upon related theoretical [3–7] and experimental [8–

10] studies, we explore three main directions: (1) We demonstrate the importance of the single

top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how these

processes can be exploited to distinguish tch and tuh couplings in leptonic t+h events by studying

lepton rapidity distributions and charge assignments. (3) we consider several novel search signa-

tures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to more

challenging signatures requiring efficient discrimination against the large SM backgrounds, the final

sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [4] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [8] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [11] for associate W +Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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Figure 7: Two representative diagrams through which flavor violating Higgs Yukawa couplings can

contribute to neutral meson mixing.

weak Hamiltonian, which for Bd − B̄d mixing is

Heff = C
db
2 (b̄RdL)

2
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db
2 (b̄LdR)

2
+ C

db
4 (b̄LdR)(b̄RdL) . (28)

Here we use the same notation for the Wilson coefficients as in [48] and display only nonzero

contributions, which are

C
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2 = −(Y

∗
db)

2

2m
2
h

, C̃
db
2 = −(Y

2
bd)

2

2m
2
h

, C
db
4 = −YbdY

∗
db

m
2
h

. (29)

The results for Bs−B̄s, K
0−K̄

0
and D

0−D̄
0
mixing are obtained in the same way with the

obvious quark flavor replacements. We can now translate the bounds on the above Wilson

coefficients obtained in [48] into constraints on the combinations of flavor violating Higgs

couplings as summarized in Table II. We see that all Yukawa couplings involving only u,

d, s, c, or b quarks have to be tiny. The weakest constraints are those in the b–s sector,

where flavor violating Yukawa couplings � 10
−3

are still allowed. This would correspond to

BR(h → bs) ∼ 2 × 10
−3
, which is still far too small to be observed at the LHC because of

the large QCD backgrounds.

B. Higgs decays through off-shell top and top decays to Higgs

Among the flavor violating Higgs couplings to quarks, the most promising place for new

physics to hide are processes involving top quarks, such as the 3-body decay h → (t
∗ →

Wb)q. Here, q denotes either a charm quark or an up quark. The corresponding FV Yukawa
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Figure 2. Cross-sections for (t → bW ) + (t → hq) and single top + Higgs production induced
by flavor violating top-Higgs couplings as a function of the hadronic center of mass energy and
normalized to the corresponding tqh couplings. All partonic cross-sections are computed analytically
at leading order in QCD, while parton luminosity integration is performed using MSTW2008 leading
order parton distribution functions [16] with renormalization and factorization scales fixed to the
top mass (µr = µf = mt = 173.2 GeV).

width is dominated by the SM value of Γ(t → Wb), the approximate relation between the

relevant t → qh branching ratios and the flavor violating Yukawa couplings is given by

B(t → hq) =
|ytq|2 + |yqt|2

2
√
2GF

(m2
t −m2

h)
2

(m2
t −m2

W )2(m2
t + 2m2

W )
ηQCD � 0.29

�
|ytq|2 + |yqt|2

�
, (2.2)

with the top quark mass mt, the W mass mW , the Higgs mass mh, and the Fermi constant

GF . The above expression is based on the leading order formulae for both the t → Wb

and t → hq decay rates. The NLO QCD correction to the branching ratio (in the pole top

mass scheme) are included through the factor ηQCD = 1 + 0.97αs = 1.10, calculated using

the known corrections to the t → W+b [12, 13] and t → ch decay widths [14]. We note

that values of ytq = yqt � 0.13 correspond to B(t → hq) � 1%. Top quark pair production

followed by an anomalous t → qh decay has a total cross section of

σ[pp → (thq̄, t̄hq)] = 2σ(pp → tt̄)B(t → hq) � 140 (470) pb×
�
|ytq|2 + |yqt|2

�
, (2.3)

at the
√
s = 8 (13) TeV energy LHC, where we have used the QCD NNLO values of

σ(pp → tt̄) = 245 (806) pb [15].

The interactions in Eq. 2.1 also contribute to associated single top plus Higgs produc-

tion at the LHC. In particular the effects of ytu and yut are significant due to the large

flux of valence u-quarks. The t + h production cross-section is comparable in magnitude

to (2.3):

σ(pp → th) � 74 (180) pb×
�
|ytu|2 + |yut|2

�
, (2.4)
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp → (t → W+b)h (left)

and pp → [(t → W+b)(t̄ → hq̄), (t̄ → W−b̄)(t → hq)] (right) through flavor violating top-Higgs interactions

in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–

Higgs interactions (tch and tuh) further. Building upon related theoretical [3–6] and experimen-

tal [7, 8] studies, we explore three main directions: (1) We demonstrate the importance of the

single top+Higgs production processes in addition to t → hj decays. (2) We demonstrate how

these processes can be exploited to distinguish tch and tuh couplings in leptonic t + h events by

studying lepton rapidity distributions and charge assignments. (3) we consider several novel search

signatures including hadronic top decays and Higgs decays to bb̄ and τ+τ−. While this leads to

more challenging signatures requiring efficient discrimination against the large SM backgrounds,

the final sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and

introduce our main physics ideas. Then we explore and quantify these insights in more detail

using several top and Higgs decay modes. Multilepton searches [3] are particularly sensitive to

(t → b�ν) + (h → W+W−, ZZ, τ+τ−) final states, and in Sec. III A we recast a recent CMS

analysis [7] to constrain these final states. In doing so, we demonstrate the importance of including

the anomalous single top production process gu → th. In Sec. III B we recast a recent CMS

search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved

bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained

focusing specifically on h → τ+τ− decays by recasting a CMS search [9] for associate W + Higgs

and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed

analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity

to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop

a search strategy for the fully hadronic final state (t → bq̄q�) + (h → bb̄), where for highly boosted

processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.

We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

−Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h → t∗q →
Wbq as well as the more interesting 2-body top quark decays t → qh, where q = u, c (see Fig. 1).

Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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Figure 2: Cross-sections for (t → bW ) + (t → hq) and single top + Higgs production induced by flavor
violating top-Higgs couplings as a function of the hadronic center of mass energy and normalized to the
corresponding tqh couplings. All partonic cross-sections are computed analytically at leading order in QCD,
while parton luminosity integration is performed using MSTW2008 leading order parton distribution func-
tions [14] with renormalization and factorization scales fixed to the top mass (µr = µf = mt = 173.2 GeV).

SM value of Γ(t → Wb), the approximate relation between the relevant t → qh branching ratios
and the flavor violating Yukawa couplings is given by

B(t → hq) =
|ytq|2 + |yqt|2

2
√
2GF

(m2
t −m2

h)
2

(m2
t −m2

W )2(m2
t + 2m2

W )
ηQCD � 0.29

�
|ytq|2 + |yqt|2

�
, (2)

with the top quark mass mt, the W mass mW , the Higgs mass mh, and the Fermi constant GF .
The above expression is based on the leading order formulae for both the t → Wb and t → hq
decay rates. The NLO QCD correction to the branching ratio (in the pole top mass scheme) are
included through the factor ηQCD = 1 + 0.97αs = 1.10, calculated using the known corrections
to the t → W+b [10, 11] and t → ch decay widths [12]. We note that values of ytq = yqt � 0.13
correspond to B(t → hq) � 1%. Top quark pair production followed by an anomalous t → qh
decay has a total cross section of

σ[pp → (thq̄, t̄hq)] = 2σ(pp → tt̄)B(t → hq) � 140 (470) pb×
�
|ytq|2 + |yqt|2

�
, (3)

at the
√
s = 8 (13) TeV energy LHC, where we have used the QCD NNLO values of σ(pp → tt̄) =

245 (806) pb [13].
The interactions in Eq. 1 also contribute to associated single top plus Higgs production at the

LHC. In particular the effects of ytu and yut are significant due to the large flux of valence u-quarks.
The t+ h production cross-section is comparable in magnitude to (3):

σ(pp → th) � 74 (180) pb×
�
|ytu|2 + |yut|2

�
, (4)

where we have used the NLO QCD result of [4, 15]. The cross section for the conjugate process
antitop + Higgs production is roughly an order of magnitude smaller, and processes induced by tch
couplings are even more suppressed as illustrated in Fig. 2. This implies that, for a given center
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Figure 3: Pseudorapidity distributions for the Higgs boson in various flavor violating processes at 13 TeV

for ytq = yqt = 0.13 (corresponding to B(t → hq) � 1%) and an integrated luminosity of 1 fb
−1

. The results

are obtained using a FeynRules v1.6.16 [16] implementation of the effective interactions in Eq. (1) and using

MadGraph 5, v1.5.11 [17] for MC simulation. Events are normalized to corresponding state of the art QCD

corrected cross sections as discussed in the Sec. II.

of mass energy and luminosity, the sensitivity to tuh couplings is in general better than the one to

tch couplings.

In addition, the presence or absence of a significant contribution of qg → th production in

single top plus Higgs final states can be used to distinguish between couplings to up quarks and

couplings to charm quarks. A good discriminating variable is the Higgs boson pseudorapidity,

ηh, as illustrated in Fig. 3. The relevance of this variable can be understood from the fact that

in ug scattering, the interaction products tend to be boosted in the direction of the incoming

valence u quark, which on average carries a larger fraction of the proton momentum than the

gluon. In addition, the Higgs boson in such a scattering process is preferentially produced in

the direction of the up quark in the partonic center of mass frame due to angular momentum

conservation combined with the quark chirality flip at the tuh vertex. These effects add up to

make the resulting ηh distribution peak at large rapidities. For initial states not containing valence

quarks (gluon fusion-induced tt̄ production as well as single top + Higgs production in cg, c̄g, or ūg
collision), both the top quark and Higgs boson are produced more centrally. Another useful handle

on tagging single top plus Higgs production in searches with leptonic top decays is the enhanced

abundance of positively charged leptons.

In the following sections we demonstrate the relevance of associated th production for probing

flavor violating top–Higgs couplings using several promising experimental signatures.

III. IMPROVED LIMITS ON tuh AND tch COUPLINGS FROM CURRENT LHC
SEARCHES

A. Recasting the CMS Multilepton Search

Multilepton searches at the LHC profit from relatively low SM backgrounds and are therefore

sensitive to new physics processes producing final states with many leptons. A good example is

a final state with a top quark and a Higgs boson [3], where the top quark decays to b�ν, and
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Figure 3: Pseudorapidity distributions for the Higgs boson in various flavor violating processes at 13 TeV

for ytq = yqt = 0.13 (corresponding to B(t → hq) � 1%) and an integrated luminosity of 1 fb
−1

. The results

are obtained using a FeynRules v1.6.16 [18] implementation of the effective interactions in Eq. (1) and using

MadGraph 5, v1.5.11 [19] for MC simulation. Events are normalized to corresponding state of the art QCD

corrected cross sections as discussed in the Sec. II.

couplings are even more suppressed as illustrated in Fig. 2. This implies that, for a given center

of mass energy and luminosity, the sensitivity to tuh couplings is in general better than the one to

tch couplings.

In addition, the presence or absence of a significant contribution of qg → th production in

single top plus Higgs final states can be used to distinguish between couplings to up quarks and

couplings to charm quarks. A good discriminating variable is the Higgs boson pseudorapidity,

ηh, as illustrated in Fig. 3. The relevance of this variable can be understood from the fact that

in ug scattering, the interaction products tend to be boosted in the direction of the incoming

valence u quark, which on average carries a larger fraction of the proton momentum than the

gluon. In addition, the Higgs boson in such a scattering process is preferentially produced in

the direction of the up quark in the partonic center of mass frame due to angular momentum

conservation combined with the quark chirality flip at the tuh vertex. These effects add up to

make the resulting ηh distribution peak at large rapidities. For initial states not containing valence

quarks (gluon fusion-induced tt̄ production as well as single top + Higgs production in cg, c̄g, or ūg
collision), both the top quark and Higgs boson are produced more centrally. Another useful handle

on tagging single top plus Higgs production in searches with leptonic top decays is the enhanced

abundance of positively charged leptons.

In the following sections we demonstrate the relevance of associated th production for probing

flavor violating top–Higgs couplings using several promising experimental signatures.

III. IMPROVED LIMITS ON tuh AND tch COUPLINGS FROM CURRENT LHC
SEARCHES

A. Recasting the CMS Multilepton Search

Multilepton searches at the LHC profit from relatively low SM backgrounds and are therefore

sensitive to new physics processes producing final states with many leptons. A good example is

Tagging single top + Higgs production 
crucial in discriminating tuh from tch! 
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Several competitive signatures

Lepton + di-photon
t → b�+ν h → γγ

CMS-PAS-HIG-13-025
(also ATLAS, arXiv:1403.6293)

✘  Low rate
✔ Exclusive Higgs reconstruction

CMS-PAS-HIG-13-034, CMS arXiv:1404.5801; CMS-SUS-13-002
CMS-PAS-HIG-12-053 vector boson plus Higgs recast 

Multileptons

5

the 126 GeV Higgs boson decays to final states with up to four leptons. The relevant processes
are h → WW

∗ → ��νν, h → ττ , h → ZZ
∗ → ��jj, h → ZZ

∗ → ��νν, and h → ZZ
∗ → ����

with branching ratios 2.4%, 6.2%, 0.41%, 0.1% and 0.03%, respectively [18]. Single top + Higgs
production can thus yield up to five leptons, so that multilepton searches can be expected to
constrain anomalous flavor violating top–Higgs interactions.

In this section, we recast a recent CMS search for anomalous production of final states with
three or more isolated leptons [7], based on 19.5 fb−1 of data at

√
s = 8 TeV. Data are binned into

exclusive categories according to the lepton flavor, the missing transverse energy E
miss
T , the scalar

sum of the transverse momenta of all the jets HT , the existence of b-tagged jets, and the presence
or absence of opposite sign, same flavor (OSSF) light lepton pairs. Events with an OSSF pair are
further divided into “below Z”, “on Z” and “above Z” categories based on the invariant mass of
the OSSF lepton pair relative to the Z mass.

CMS has already interpreted this search as a constraint on the anomalous tch coupling [7],
considering top pair production followed by anomalous top decay to h + j. However, the CMS
search does not include contributions from single top + Higgs production, which is irrelevant for
tch couplings, but very important for tuh couplings. Therefore, we study in the following the
importance of associated th production for constraining anomalous tuh couplings.

We simulate the processes pp → tt̄ followed by t → hu or t̄ → hū decay, as well as pp → th

and pp → t̄h using MadGraph 5, v1.5.11 [17]. We rescale the leading order cross sections to the
corresponding higher order QCD results. In particular, pp → tt̄ events are generated using the
default MadGraph dynamical factorization and renormalization scales, and the final cross section is
rescaled to σ(pp → tt̄) = 245 pb [13]. Single top plus Higgs events are generated using factorization
and renormalization scales fixed to µf = µr = mh+mt, and a QCD correction factor ofKQCD = 1.5
is applied [4]. Higgs bosons and gauge bosons are decayed using BRIDGE v2.24 [19], where the SM
Higgs branching ratios are taken from [18]. Showering and hadronization are simulated in Pythia
v6.426 [20], and Delphes v3.0.9 [21] is used for detector simulation. We have modified the default
implementation of the CMS detector in Delphes by switching to the anti-kT jet algorithm with
distance parameter R = 0.5, by changing the light charged lepton isolation criteria in accordance
with [7], and by implementing the b tagging efficiencies and mistag rates given in [7] for the medium
working point of the Combined Secondary Vertex (CSV) algorithm.

We apply analysis cuts in accordance with those used in the CMS multilepton search [7]. In
particular, we require the leading charged lepton in each event to have pT > 20 GeV. Additional
light charged leptons must have pT > 10 GeV, and all of them must be within |η| < 2.4. Events
are rejected if they have an OSSF lepton pair with invariant mass m�� < 12 GeV. Jets are required
to have |η| < 2.5 and pT > 30 GeV, and an angular distance ∆R > 0.3 from any isolated charged
lepton candidates.

The results of our simulations are presented in Table I. The most sensitive bins have exactly three
isolated leptons and no hadronically decaying taus. Signal predictions are given for yut = ytu = 0.13
which corresponds to B(t → hu) = 0.01. Taking into account the fact that we use a simplified
detector simulation, the predictions for top pair production N(t → hj), are in good agreement
with the results obtained by CMS [7]. This serves as an important cross check of our simulation.

Table I confirms that for tuh couplings the contribution of associated th production to the
signal, N(th), is of the same order as the contribution from tt̄ production followed by t → hj

decay, N(t → hj), as advocated before. Using the CLs method [22], we derive the new 95% CL
limits

B(t → hc) < 1.5% , (5)

B(t → hu) < 1.0% . (6)

The corresponding limits on the flavor violating couplings are
�
|ytc|2 + |yct|2 < 0.227 and
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constrain anomalous flavor violating top–Higgs interactions.

In this section, we recast a recent CMS search for anomalous production of final states with
three or more isolated leptons [7], based on 19.5 fb−1 of data at

√
s = 8 TeV. Data are binned into

exclusive categories according to the lepton flavor, the missing transverse energy E
miss
T , the scalar

sum of the transverse momenta of all the jets HT , the existence of b-tagged jets, and the presence
or absence of opposite sign, same flavor (OSSF) light lepton pairs. Events with an OSSF pair are
further divided into “below Z”, “on Z” and “above Z” categories based on the invariant mass of
the OSSF lepton pair relative to the Z mass.

CMS has already interpreted this search as a constraint on the anomalous tch coupling [7],
considering top pair production followed by anomalous top decay to h + j. However, the CMS
search does not include contributions from single top + Higgs production, which is irrelevant for
tch couplings, but very important for tuh couplings. Therefore, we study in the following the
importance of associated th production for constraining anomalous tuh couplings.

We simulate the processes pp → tt̄ followed by t → hu or t̄ → hū decay, as well as pp → th

and pp → t̄h using MadGraph 5, v1.5.11 [17]. We rescale the leading order cross sections to the
corresponding higher order QCD results. In particular, pp → tt̄ events are generated using the
default MadGraph dynamical factorization and renormalization scales, and the final cross section is
rescaled to σ(pp → tt̄) = 245 pb [13]. Single top plus Higgs events are generated using factorization
and renormalization scales fixed to µf = µr = mh+mt, and a QCD correction factor ofKQCD = 1.5
is applied [4]. Higgs bosons and gauge bosons are decayed using BRIDGE v2.24 [19], where the SM
Higgs branching ratios are taken from [18]. Showering and hadronization are simulated in Pythia
v6.426 [20], and Delphes v3.0.9 [21] is used for detector simulation. We have modified the default
implementation of the CMS detector in Delphes by switching to the anti-kT jet algorithm with
distance parameter R = 0.5, by changing the light charged lepton isolation criteria in accordance
with [7], and by implementing the b tagging efficiencies and mistag rates given in [7] for the medium
working point of the Combined Secondary Vertex (CSV) algorithm.

We apply analysis cuts in accordance with those used in the CMS multilepton search [7]. In
particular, we require the leading charged lepton in each event to have pT > 20 GeV. Additional
light charged leptons must have pT > 10 GeV, and all of them must be within |η| < 2.4. Events
are rejected if they have an OSSF lepton pair with invariant mass m�� < 12 GeV. Jets are required
to have |η| < 2.5 and pT > 30 GeV, and an angular distance ∆R > 0.3 from any isolated charged
lepton candidates.

The results of our simulations are presented in Table I. The most sensitive bins have exactly three
isolated leptons and no hadronically decaying taus. Signal predictions are given for yut = ytu = 0.13
which corresponds to B(t → hu) = 0.01. Taking into account the fact that we use a simplified
detector simulation, the predictions for top pair production N(t → hj), are in good agreement
with the results obtained by CMS [7]. This serves as an important cross check of our simulation.

Table I confirms that for tuh couplings the contribution of associated th production to the
signal, N(th), is of the same order as the contribution from tt̄ production followed by t → hj

decay, N(t → hj), as advocated before. Using the CLs method [22], we derive the new 95% CL
limits

B(t → hc) < 1.5% , (5)

B(t → hu) < 1.0% . (6)

The corresponding limits on the flavor violating couplings are
�
|ytc|2 + |yct|2 < 0.227 and

t → b�+ν

✘  No Higgs/top reconstruction
✔ Many Higgs decay modes

All hadronic (new)

t → bud̄

h → bb̄, h → gg, h → τ τ̄ , h → cc̄

✘  Horrendous backgrounds 
✔ Largest rate
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Figure 7: Kinematic distributions of events that pass the preselection of our search for t+ h production in

the fully hadronic final state. We show (a) the invariant mass mH and (b) the pseudorapidity ηh of the fast

jet identified as the Higgs candidate.

and each of them carries a substantial fraction of the fat jet pT . If the latter is not the case for

one of the subjets, it is discarded and the algorithm is restarted with the other subjet as input.

To remove contamination from pile-up and from the underlying event (which we do not explicitly

simulate), we filter the fat jet by reclustering it with a smaller radius and keeping only the three

hardest constituents (see Refs. [33, 40] for details). We require b tags in the two hardest of them.

After top tagging and Higgs tagging, we preselect events by requiring that at least one fat

jet in the event carries a Higgs tag and at least one of the remaining fat jets carries a top tag.

We define the Higgs candidate as the hardest Higgs-tagged fat jet and the top candidate as the

hardest top-tagged fat jet different from the Higgs candidate. If the hardest Higgs-tagged fat jet

is the only fat jet carrying a top tag, we take it to be the top candidate and use the next-to-

hardest Higgs-tagged fat jet as the Higgs candidate. Event counts after preselection are given

in Table V, and the distributions of two important kinematic quantities—the invariant mass mH

and the pseudorapidity ηh of the Higgs candidate—are shown in Fig. 7 for

�
y2
ut
+ y2

tu
= 0.1. As

expected, mH peaks around the true value of the Higgs mass for the signal, while showing no

distinct features for the background. The forward bias of the ηh distribution for signal events is

again related to angular momentum conservation in the center of mass frame and the net boost

of that frame in the direction of the incoming up quark in the process gu → th (see Sec. II for

details), making ηh again a good discriminant between tuh and tch couplings. The mH and ηh
distributions shown in Fig. 7 suggest the final cuts 100 GeV < mH < 130 GeV and |ηh| > 1.5. We

see from the predicted event counts in the last row of Table V that the signal-to-background ratio

S/B is substantially improved by these cuts. Even though the signal-to-square root background

ratio S/
√
B is similar before and after the final cuts, this improvement makes the search much

more robust with respect to systematic uncertainties.

From the event counts in Table V and the projected sensitivities in Table VI, we see that

analysis 2 outperforms analysis 1 in the case of tuh couplings, but is not competitive for tch
couplings, as expected. It could therefore be an important ingredient in a multi-channel search for

tuh couplings, and an important cross check in case a signal is found in a different channel.

single t

tt̄
QCD
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�
y2ut + y2tu B(t → hu)

�
y2ct + y2tc B(t → hc)

New limits from existing data

Sec. III A: Multilepton < 0.19 < 1.0% < 0.23 < 1.5%

Sec. III B: Diphoton plus lepton < 0.12 < 0.45% < 0.15 < 0.66%

Sec. III C: Vector boson plus Higgs < 0.16 < 0.70% < 0.21 < 1.2%

Projected future limits (13 TeV, 100 fb
−1

)

Sec. III C: Vector boson plus Higgs < 0.076 < 0.15% < 0.084 < 0.19%

Sec. IVA: Multilepton < 0.087 < 0.22% < 0.11 < 0.33%

Sec. IVB: Fully hadronic < 0.12 < 0.36% < 0.13 < 0.48%

Table VII: Summary of our new limits on flavor violating tuh and tch couplings from the CMS multilepton
search, diphoton plus lepton search and vector boson plus Higgs search, as well as the projected sensitivities
in a future multilepton search, a vector boson plus Higgs search and an analysis of fully hadronic final states
using 100 fb−1 of 13 TeV data. See text for a detailed explanation of the different analyses.

V. DISCUSSION AND CONCLUSIONS

In this work we have investigated the sensitivity of the LHC to flavor violating top–Higgs
interactions. Since these interactions are highly suppressed in the SM, a positive signal at the LHC
would constitute a clear sign of new physics, for instance in the form of additional Higgs bosons or
nonrenormalizable couplings of the Higgs.

While exiting experimental searches have mainly concentrated on anomalous top decays t → hq,
we have shown that anomalous single top plus Higgs production is almost as important in the case
of tuh couplings and therefore offers a promising avenue for further improvements in the sensitivity.
Single top + Higgs production is less relevant for probing tch interactions due to the suppressed
charm quark parton distribution in the proton.

In Sec. III, we have recast existing searches for multilepton [7], diphoton + lepton [2] and vector
boson + Higgs [9] final states to derive improved limits on tuh couplings, including the contribution
form single top + Higgs production. Our best limits on the branching ratio B(t → hu) < 0.45%
and the Yukawa couplings y2ut + y2tu < 0.014 come from the diphoton plus leptons final state and
are a factor 1.5 stronger than the previously derived limits on B(t → hc) and y2ct+y2tc. Limits from
multileptons and vector boson + Higgs searches are slightly weaker, but still competitive. Our new
limits are summarized in the upper part of Table VII.

In the second part of the paper, Sec. IV, we have investigated possible future improvements of
searches for flavor violating top–Higgs couplings, including the development of a completely new
search strategy in fully hadronic final states. We have shown that multilepton, diphoton + lepton
and vector boson + Higgs searches can substantially improve the current bounds and may have the
potential to distinguish tuh couplings from tch couplings at the 2σ level once a signal is discovered
at 5σ. This is possible because, in the case of tuh couplings, the process ug → th contributes
significantly to the signal. In this process, the Higgs boson tends to be produced with a large
forward boost, while in all other signal processes the Higgs rapidity distribution is more central.
Moreover, ug → th leads to an asymmetry of the total charge of the final state leptons. For tch
couplings, the corresponding process cg → th is suppressed by the parton distribution function of
the charm quark and is therefore negligible.

Regarding the fully hadronic processes (t → bjj) + (h → bb̄) and t → j + (h → bb̄), we have
developed an analysis using jet substructure techniques to tag SM top decays, h → bb̄ decays and
t → j + (h → bb̄) decays. We find that backgrounds can be suppressed efficiently in such a search,
leading to a sensitivity that is competitive to that of searches with leptonic or semileptonic final
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⇒ Limits on B(t→hu) x 1.5 better than on B(t→hc)

⇒ Future LHC searches could test |ytq| ~ 0.1
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Figure 6: Conservative estimates for the performance of an LHC search for flavor violating top–Higgs

couplings in the multilepton channel at 13 TeV center of mass energy. Thick solid lines represent the

expected 95% CL exclusion limits on B(t → hc) (blue) and B(t → hu) (red) as a function of integrated

luminosity. Thick dotted curves show the 5σ discovery potential. For tuh (tch) couplings above the thin

dashed curves, the tch (tuh) hypothesis can be excluded at 95% CL based on the different distributions of
the dilepton rapidity η�� and the total charge Qtot. The discrimination power of these variables comes from

the presence or absence of the process ug → th. Since we treat the overall normalization of the background

as an unconstrained nuisance parameter, our sensitivity projections are very conservative.

over, their combined pT has to exceed 200 GeV. In addition to these kinematic cuts, we also require

the subjet that is most likely to originate from the b quark to contain a b tag (see Appendix A for

details on our implementation of b-tagging).

1. Analysis 1: th tag + top tag

To identify flavor violating decays t → j + (h → bb̄) for analysis 1) and assign a “th” tag to the

corresponding fat jets, we reprocess all fat jets using a modified version of HEPTopTagger, which

we have optimized for this non-standard decay mode (see Appendix A). We require a b tag in each

of the two subjets most likely to originate from the Higgs decay. We consider two different working
points for our th tagger: a loose one with very robust kinematic cuts on the subjet invariant masses,

and a tight one with somewhat more restrictive cuts that make it more efficient at suppressing

backgrounds, but also more prone to systematic uncertainties in our simulations. Details on the

kinematic cuts are given in Appendix A. A tight th tag moreover requires that the fat jet does not

simultaneously carry a regular top tag.

Event selection for analysis 1 requires one fat jet with a loose or tight th tag and a second fat

jet with a top tag.

We consider the backgrounds from tt̄ production, single top production and QCD multijet pro-

duction, but we have checked that W+jets, Z+jets, tt̄+h and SM single top + Higgs contributions

are several orders of magnitude smaller than these dominant backgrounds. To simulate the tt̄ and
multijet backgrounds, we use Sherpa 1.4.3 [34–38] at leading order. For tt̄, we rescale the cross
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Possible even without explicit Higgs reconstruction (like in multilepton searches)
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Figure 5. For a parton level sample of ug → th events with the decay chain h → WW
∗ → ��νν

and t → Wb → �νb, we show the distributions of the Higgs pseudorapidity ηh (red dashed), the
pseudorapidity of the dilepton system from Higgs decay η��h (black dotted) and the pseudorapidity
of the dilepton system η�� with the smallest angular distance ∆R�� (blue solid). Here we have
assumed ytu = yut = 0.13, a hadronic center of mass energy of 13 TeV and an integrated luminosity
of 1 fb−1.

rapidity ηh, we have carried out a parton level simulation of the process ug → th followed

by h → WW
∗ → ��νν and t → Wb → �νb using MadGraph 5, v1.5.11 [19]. In Fig. 5 we

show the resulting distributions for ηh, η�� and η��h . The latter quantity is defined as the

rapidity of the dilepton system that actually originates from Higgs decay. We see that,

indeed, η�� nicely follows ηh. Since we have already seen in Sec. 2 and Fig. 3 that ηh is an

efficient discriminator between tuh and tch couplings, we can expect the same to hold for

the experimentally accessible quantity η��. We use two bins in η��: |η��| > 1 and |η��| < 1.

Recalling the results of the analysis from Sec. 3.1 based on real CMS data, we con-

centrate on the event categories that we have found to be most sensitive: we consider only

events with exactly three light charged leptons that fall into the “above Z” , “no OSSF”

or “below Z” categories; in the latter case we also require E
miss
T > 50 GeV. Moreover, we

require at least one b-tagged jet. The dominant background in all categories is from fully

leptonic tt̄ events with a jet misidentified as a lepton [8]. We simulate pp → tt̄ → �+�−νν̄bb̄

at 8 TeV and 13 TeV center of mass energy using MadGraph 5, v1.5.11 [19] and nor-

malize the corresponding pp → tt̄ cross sections to the NNLO QCD corrected values of

σ(pp → tt̄) = 245 (806) pb [15], respectively. Showering, hadronization and detector ef-

fects are simulated using Pythia v6.426 [22] and Delphes v3.0.9 [23] as in Sec. 3.1. Following

the procedure recommended by CMS [8], we model fake leptons by randomly converting

an isolated track to a lepton with the measured conversion probability of 0.007 (0.006) for

electron (muon) tracks. To check the validity of this approach, we first compare our 8 TeV

predictions to CMS results [8] in the dilepton control region that requires an opposite-sign

eµ pair. We obtain good agreement with the HT and E
miss
T distributions shown in Fig. 1

– 11 –

In h→WW*→llνν use leptons closest in rapidity as proxy for ηh

Projection of multilepton search sensitivity
(using a ηll cut |ηll|>1)



Probing the invisible through flavor violation 
at LHC 



Are there only SM particles at low-energy?

Experimentally:

• Even very light states could be missed if very weakly interacting,

• There is dark matter in the Universe; it could be relatively light.

Theoretically: Plenty of models predict new light particles

• Pseudo-Goldstone scalars (axion, familon,...),

• U(1) vectors (string, ED,...),

• Hidden sectors & messengers (SUSY, mirror worlds,...)

• Many others: millicharged fermions, dilaton, majoron, neutralino, sterile neutrino, gravitino,...
see

J. F. K. & C. Smith, 1111.6402
and refs. therein



Invisibles Pair Production at Hadron Colliders

General discussion in terms of EFT

• With B preservation, Oa need to be bilinear in quark fields

• coupling to suitable dark sector currents, i.e. 
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We show that the discovery channel for dark matter (DM) production at colliders can be through

flavor violating interactions resulting in a novel signature of a single top and large missing transverse

energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with

a few fb
−1

may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even

∗Electronic address:jernej.kamenik@ijs.si
†Electronic address:jure.zupan@cern.ch

in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector

Lint =
�

a

Ca

Λna
Oa . (1)

The sum above runs over the full set of SU(2) gauge
invariant operators Oa that are bilinear in quark fields.
For simplicity we assume that DM is not charged under
SM gauge group, so that to O(na ≤ 3)

O
ij
1a =

�
Q̄

i
LγµQ

j
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�
J

µ
a ,
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ij
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ū

i
Rγµu

j
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J
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Rγµd

j
R
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J

µ
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O
ij
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�
Q̄

i
LHu

j
R

�
Ja , O

ij
5a =

�
Q̄

i
LH̃d

j
R

�
Ja ,

and we do not write down additional tensor operators
(contractions of Lorentz tensors J µν

a ) for which the same
discussion as for O4a,5a will apply. Here QL, uR, dR are
respectively the left-handed quark doublets, and right-
handed up- and down- quarks, i, j are the generational
indices, H is the SM Higgs doublet (with H̃ = iσ2H

∗),
while Ja are the DM currents. Throughout this paper
we assume that DM is odd under an exact Z2. For
fermionic DM χ we then have J

µ
V,A = χ̄γµ{1, γ5}χ,

JS,P = χ̄{1, γ5}χ, (for Majorana fermion J
µ
V = 0), lead-

ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).
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We show that the discovery channel for dark matter (DM) production at colliders can be through

flavor violating interactions resulting in a novel signature of a single top and large missing transverse

energy. We discuss several examples where the production of DM is dominated by flavor violating

couplings: minimal flavor violating models with a large bottom Yukawa, models with horizontal

symmetries, and DM in nontrivial flavor group representations. Discovery at the 7 TeV LHC with
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may already be possible.

Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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DM would then be discovered through flavor violating
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in [1], where a name monotop was coined for the t + /ET
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compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
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ing to na = 2 for O1a,...,3a in Eq. (1), while for O4a,5a we
have na = 3. For scalar DM J = χ†χ, J µ = χ†∂µχ, so
that na = 2 for all operators in (2).
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Introduction. The matter fields of the Standard
Model (SM) come in three generations, leading to dis-
tinct flavors of quarks and leptons. The gauge inter-
actions do not distinguish between different generations
and are flavor blind. The Yukawa interactions, on the
other hand, are flavor violating. We focus on the quark
sector, where the eigenvalues of the Yukawa matrices -
the quark masses - are very hierarchical and span 5 orders
of magnitude. Similar hierarchical structure is seen in
the Cabibbo-Kobayashi-Maskawa quark mixing matrix,
where the smallest off-diagonal element is Vub � 3×10−3.

A distinguishing feature of the SM gauge and matter
structure is that no Flavor Changing Neutral Currents
(FCNCs) are generated at the leading perturbative or-
der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
a t + /ET signal above the background would be a clear
signal of NP at LHC. In fact, the t + /ET could even be
a discovery channel of DM for a large set of NP models.
For instance, the cross section for t + /ET can be orders
of magnitude larger then the monojet cross section even
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in the case of Minimal Flavor Violation (MFV), if the in-
teractions are chirality flipping. Somewhat surprisingly,
DM would then be discovered through flavor violating
interactions. While this paper was being finalized an
analysis of t + /ET experimental reach at LHC appeared
in [1], where a name monotop was coined for the t + /ET

signature.
Effective field theory description. We want to

compare the flavor violating production of DM at col-
liders with the flavor conserving one. The comparison
crucially depends on the size of flavor violation in the
NP sector that contains DM. To start with let us make
the discussion quite general by using the simplifying as-
sumption that all the NP states apart from DM are heavy
enough so that we can integrate them out at a large scale
Λ (we will later relax this assumption). We can then
write down an Effective Field Theory (EFT) for DM in-
teractions with the SM quark matter sector
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der. They are further suppressed also by the smallness
of the relevant CKM matrix elements. The agreement of
predicted small FCNCs with the precision flavor experi-
ments requires any New Physics (NP) at the TeV scale
to have a highly nontrivial flavor structure. Only small
amount of flavor violation is allowed phenomenologically.
The flavor violation cannot be completely absent, how-
ever. If nothing else, the flavor symmetry is broken al-
ready by the SM Yukawas. At least at loop level (and
thus also from RG running) these will then feed into the
interactions between NP and the SM sector. Thus some
amount of flavor violation in the interactions between NP
and SM sector is unavoidable.

In this Letter we explore the consequences of the above
insight for the detection of Dark Matter (DM) at collid-
ers. We will show that large effects are likely, leading to
a prominent signal of a single top plus missing transverse
energy (MET). A t + /ET final state is an experimentally
readily accessible channel. Since in the SM the produc-
tion is both loop and CKM suppressed an observation of
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a discovery channel of DM for a large set of NP models.
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Flavor universal contributions (Cij ~ δij)

⇒ mono[jet, γ, Z, W] constraints using initial state radiation for tagging 

Zhou, Berge & Whiteson, 1302.3619 (see also refs. therein)
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from collider searches in the effective field theory context.222

In addition, we have reinterpreted the experimental re-223

sults, quoted by ATLAS and CMS only for a few effective224

operators, across a broad range of operators, providing225

a comprehensive view of the power of these searches to226

constrain the weak-level or weaker interactions between227

dark matter and standard model particles.228

We have made use of the effective field theory frame-229

work to convert the ATLAS and CMS results to quan-230

tities relevant for direct-detection and indirect-detection231

dark matter searches. Under the assumptions made for232

the effective operators, LHC limits can be very compet-233

itive, in particular for low-mass dark matter particles234

mχ ≤ 10 GeV.235
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ΩDM
 h

2 =0
.1

1

Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-
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Mono-everything: combined limits on dark matter production
at colliders from multiple final states

Ning Zhou,1 David Berge,2 and Daniel Whiteson1

1Department of Physics and Astronomy, University of California, Irvine, CA 92697
2GRAPPA Institute, University of Amsterdam, Netherlands

Searches for dark matter production at particle colliders are complementary to direct-detection

and indirect-detection experiments, and especially powerful for small masses, mχ < 100 GeV. An

important collider dark matter signature is due to the production of a pair of these invisible par-

ticles with the initial-state radiation of a standard model particle. Currently, collider searches use

individual and nearly orthogonal final states to search for initial-state jets, photons or massive gauge

bosons. We combine these results across final states and across experiments to give the strongest

current collider-based limits in the context of effective field theories, and map these to limits on

dark matter interactions with nuclei and to dark matter self-annhiliation.

PACS numbers:

Though the presence of dark matter in the universe1

has been well-established, little is known of its particle2

nature or its non-gravitational interactions. A vibrant3

experimental program is searching for a weakly interact-4

ing massive particle (WIMP), denoted as χ, and inter-5

actions with standard model particles via some as-yet-6

unknown mediator. If the mediator is too heavy to be7

resolved, the interaction can be modeled as an effective8

field theory with a four-point interaction.9

One critical component of this program is the search10

for pair-production of WIMPs at particle colliders, specif-11

ically pp → χχ̄ at the LHC via some unknown interme-12

diate state. As the final state WIMPs are invisible to13

the detectors, the events can only be seen if there is as-14

sociated initial-state radiation of a standard model par-15

ticle [1–3], see Fig 1, recoiling against the dark matter16

pair.17

The LHC collaborations have reported limits on the18

cross section of pp → χχ̄ + X where X is a gluon or19

quark [4, 5], photon [6, 7], and other searches have been20

repurposed to study the cases where X is a W [8] or Z21

χ

χ̄

q

q̄

g, γ, Z, or W

FIG. 1: Pair production of WIMPs (χχ̄) in proton-proton

collisions at the LHC via an unknown intermediate state, with

initial-state radiation of a standard model particle.

boson [9, 10]. In each case, limits are reported in terms of22

the mass scale M� of the unknown interaction expressed23

in an effective field theory [1–3, 12–20]. These various24

initial-state tags probe the same effective theory, but are25

largely statistically independent due to their nearly or-26

thogonal event selection requirements. As the relative27

rates of radiation of gluons (quarks), photons, W or Z28

bosons from the incoming quark (gluon) legs are deter-29

mined by the standard model, the various probes may be30

combined to give the strongest limits without any loss of31

generality or additional theoretical assumptions.32

Recently, an analysis of multi-jet final states was shown33

to add some sensitivity to the mono-jet analyses [22]; that34

sample is not statistically independent from the mono-jet35

results used here, and is not included. An earlier global36

analysis of indirect and direct constraints with Tevatron37

data and mono-jet data from ATLAS provided an initial38

set of combined constraints [23] using the approximations39

of a χ2 technique.40

In this paper, we perform a full statistical combina-41

tion of the limits from all available channels (mono-jet,42

mono-photon, mono-Z1 from both ATLAS and CMS at43 √
s = 7 TeV, accounting for the dominant correlations44

and providing the most powerful current collider con-45

straints. While the limits reported by the experimental46

collaborations are typically given for a few select effec-47

tive operators, we calculate the efficiencies of their selec-48

tions and reinterpret their searches for the complete set49

of operators relevant for Dirac fermion or complex scalar50

WIMPs.51

Models52

The effective theories of dark matter considered here53

consider the possibility that the final-state WIMPs are a54

Dirac fermion (operators D1-D14 in Ref [15]) or a com-55

1 Final states with a heavy boson have little power relative to
mono-photon or mono-jet; we include mono-Z as a demonstra-
tion, and do not include mono-W , although see [8]. For an al-
ternative view of mono-Z, see Ref [11]
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Flavor Bounds

Can flavor violating interactions be competitive?

•Constraints from ΔF=2 observables

• effectively no bounds on

•Large monotop (t+Emiss) signals possible due to 
chirality flipping operators

• reconstruction using j(b)jj+Emiss, or j(b)l+Emiss

2
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)
1 + b(2a)

2 Y †
u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
�
b(4a)
1 + b(4a)

2 YdY
†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t + 2χ)

σ̂(ug → u + 2χ)
∼

�
yt|Vub|y2

b

yu

�2

∼ 5 · 10
5 y4

b ,

σ̂(cg → t + 2χ)

σ̂(cg → c + 2χ)
∼

�
yt|Vcb|y2

b

yc

�2

∼ 50 y4
b .

(5)

The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]
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and bounds of similar size for C13,23
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2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form
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u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
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b(4a)
1 + b(4a)

2 YdY
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In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)
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The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that

(also b+Emiss, but can be due to flavor conserving ops.)

Example:

Andrea, Fuks & Maltoni, 1106.6199
Alvarez, Coluccio Leskow, Drobnak & J.F.K., 1310.7600

Agram et al., 1311.6478 (~ 1% signal eff.)
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Minimal Flavor Violation

• For                     C2a almost flavor diagonal and universal

• C4a is highly hierarchical, can have large flavor violation if yb~1

Larger effects expected with horizontal symmetries
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Figure 2: The ratio σ(t + 2χ)/σ(j + 2χ) as a function of

DM mass at Tevatron with /ET > 80 GeV (black solid, blue

dashed) and at 7 TeV LHC with /ET > 120 GeV (red dotted,

green dot-dashed) for MFV (5) and horizontal (8) couplings

denoted by (MFV) and (Horiz.), respectively. For quark-DM

couplings we assume the EFT limit.

the Yukawas are given by

(Yu)ij ∼ λ|H(ūj
R)+H(Qi)|, (Yd)ij ∼ λ|H(d̄j

R)+H(Qi)|, (6)

and we assume that the expansion parameter is λ �
sin θC = 0.23, with θC the Cabibbo mixing angle. The

quark mass matrices after electroweak symmetry break-

ing are (Md,u)ij = v(Yd,u)ij , where we assumed a sin-

gle Higgs with vacuum expectation expectation value

v. An assignment of horizontal charges leading to phe-

nomenologically satisfactory quark masses and CKM

matrix, is H({Q1
L
, Q2

L
, Q3

L
; ū1

R
, ū2

R
, ū3

R
; d̄1

R
, d̄2

R
, d̄3

R
}) =

{3, 2, 0; 3, 1, 0; 3, 2, 2} [15].

The horizontal symmetries then also fix the sizes of

DM–quark couplings. Assuming that JDM does not carry

a horizontal charge (an assumption that we will relax

below) the Wilson coefficients are

Cij

2 ∼ λ|H(ūi
R)−H(ūj

R)|, Cij

4 ∼ λ|H(Qi
L)+H(ūj

R)|, (7)

or explicitly,

C2 ∼




1 λ2 λ3

λ2
1 λ

λ3 λ 1



 , C4 ∼




λ6 λ4 λ3

λ5 λ3 λ2

λ3 λ 1



 . (8)

The constraints from D− D̄ mixing require that the me-

diator masses are Λ � 5 TeV for C2 (vector case) and

Λ � 200 GeV for C4 (scalar mediator). For the case of

scalar mediators close to the bound the EFT description

is not adequate. The mediators are produced on-shell, a

situation that we will cover shortly. Nevertheless, note

that the flavor violating couplings in C4 are quite large,

∼ λ for c̄LtRχ†χ, instead of∼ λ2y2
b

that one would obtain

in the MFV counting. The flavor conserving DM produc-

tion is suppressed compared to flavor violating one. For

instance, the partonic cross section for cRg → cL + 2χ is

(λ2
)
2 ∼ O(10

−3
) suppressed compared to cRg → tL +2χ

(see also Fig. 2).

The above hierarchy between flavor violating couplings

in C2 and C4 could be changed in other models of flavor,

for instance in warped extra dimensional scenarios. It is

conceivable that C2 would have large couplings between

light and top quark, depending on the profiles of zero

modes [17].

Flavorful DM. So far we have assumed that DM does

not carry a flavor quantum number. Let us next relax

this assumption and consider a case where DM carries a

nonzero horizontal charge. For simplicity let us assume

that DM is a scalar. In this case we have two distinct

cases for the DM current

J
(0)
DM = χ†χ, J

(1)
DM = χ2. (9)

The current J
(0)
DM is neutral under horizontal symmetries

so that the same analysis as above applies. The second

current, J
(1)
DM, on the other hand, carries a nonzero hor-

izontal charge. This can have striking phenomenological

implications for the DM production signals at colliders.

For instance, if the DM horizontal charge H(χ) equals

1/2(H(tL) −H(uR)) the t̄LuRχ2
would have a coupling

constant C31
4 ∼ O(1), with t + 2χ the largest production

channel. Note that in this case the flavor violation in

the production is only apparent since DM carries away a

nonzero horizontal charge.

Another interesting example is DM that is part of a

flavor multiplet [18]. This might be because the under-

lying flavor symmetry is non-Abelian and χ is a part

of the flavor multiplet. This can again lead to produc-

tion of DM through seemingly flavor violating signatures

with t + 2χ (one of) the dominant production chan-

nels. As a concrete example consider the case of MFV,

where DM is in (3, 3̄, 1) of the flavor SU(3)Q×SU(3)U ×
SU(3)D and the flavor conserving interaction Lagrangian

�ijk�abcūi

R
Qa

L
Hχjbχkc

leads to both j + /ET and t + /ET

signatures that are unsupressed.

Yet another possibility that can lead to the same type

of DM collider signature is a case of composite DM. Let

us assume that DM is the lowest lying state of a strongly

coupled sector that gets most of its mass from new strong

interactions, not from the Yukawa interaction (in the

same way as low lying resonances in QCD). In this way

one can have an approximately degenerate multiplet of

dark states (the lowest being the DM), but each carrying

a different horizontal charge despite mass degeneracy.

On-shell production of mediators. The largest

t + /ET signal can be expected, if the mediators can be

produced on-shell. There are two classes of models that

can lead to large t + 2χ signals of DM production at col-

liders, i) models with a Z2 even SM gauge singlet state S
(either scalar of vector) coupling to both DM and quarks,

and ii) color triplet Z2 odd mediators t̃ that are scalars

(fermions) if DM is a fermion (scalar). Each leads to a

different topology, shown on Fig. 1 (if t̃ are Z2 even and

χ carries baryon number, also a topology with s-channel

Expectations in Models of Flavor
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]

C13
1a

Λ
� 1

2 TeV
,

C23
1a

Λ
� 1

0.3 TeV
, (3)

and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form
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1 + b(2a)
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In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)
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The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to

FCNC decays of top [2], b [3] and even lighter quarks [4].

The last two are bounded by searches for the b → sνν̄
and s→ dνν̄ decays, Br(B+ → K+νν̄) < 1.4× 10

−5
[5],

Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.

There are contributions to Bd,s−B̄d,s and K−K̄ mix-

ing with DM running in the loop and two insertions of

operators O1a,3a,5a. This gives the following bounds for

couplings to the third generation [8]
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and bounds of similar size for C13,23
3a,5a. The bounds on

C13,23
2a,4a on the other hand, come from top decays and are

so loose that the EFT description breaks down before

they are saturated. This indicates that large t + /ET pro-

duction signals from flavor violating couplings are pos-

sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely

to come from flavor conserving operators) b + /ET NP

signal can be picked out from the SM background of

(mistagged) jet+invisibly decaying Z events. From now

on we focus on the more promising t + /ET channel and

estimate its size in a number of models of flavor.

Minimal Flavor violation. Let us first assume that

the interactions of the mediators with the SM are mini-

mally flavor violating, i.e. that the flavor is only broken

by the SM Yukawas Yu,d. Using the spurion analysis [9]

the Wilson coefficients take the form

C2a = b(2a)
1 + b(2a)

2 Y †
u Yu + b(2a)

3 Y †
u YdY

†
d Yu + · · · , (4a)

C4a =
�
b(4a)
1 + b(4a)

2 YdY
†
d + · · ·

�
Yu. (4b)

In the up-quark mass eigenstate basis Yd =

VCKM diag(yd, ys, yb) and Yu = diag(yu, yc, yt). In

the following let us assume that ba
1 ∼ ba

2 ∼ ba
3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)

σ̂(ug → t + 2χ)

σ̂(ug → u + 2χ)
∼

�
yt|Vub|y2

b

yu

�2

∼ 5 · 10
5 y4

b ,

σ̂(cg → t + 2χ)

σ̂(cg → c + 2χ)
∼

�
yt|Vcb|y2

b

yc

�2

∼ 50 y4
b .

(5)

The t + /ET signal can be significantly enhanced over the

monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that

2
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Figure 1: Flavor violating DM production at collider in the EFT
description (left) and for two on-shell models, (a) with a SM gauge
singlet S, and (b) with a color triplet t̃ as a mediator.

If DM is light enough the above operators can lead to
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Br(B → K∗νν̄) < 8.0×10
−5

[6] and Br(K+ → π+νν̄) =

(1.73
+1.15
−1.05)× 10

−10
[7]. The reach for Br(t→ j + 2χ) at

14 TeV LHC was estimated in Ref. [2] to be O(10
−4

) for

5σ discovery with 10 fb
−1

.
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, (3)
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sible at LHC and Tevatron. It would be interesting to

see, whether the more constrained (and thus more likely
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(mistagged) jet+invisibly decaying Z events. From now
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3 are all of

the same order. The Wilson coefficient C2a is then flavor

diagonal and universal to a good approximation and

flavor violating interactions for all practical purposes are

negligible.

The situation is different for the chirality flipping op-

erator C4a that is proportional to Yukawa matrix Yu. In

this case DM couples most strongly to the third genera-

tion, while the couplings to the first two generations are

parametrically suppressed by yu,c/yt. This has impor-

tant implications for the detection of DM at colliders.

The flavor violating qg → tχχ cross section is enhanced

over the conserving one by (see also Fig. 1)
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monojet signal even in the case of MFV, if two condi-

tions are fulfilled, i) bottom Yukawa is large, preferably

yb ∼ O(1), and ii) DM couples to quarks through scalar

interactions. We note in passing that DM coupling only

through the SM Higgs portal would not lead to flavor vi-

olating effects. The above MFV counting thus assumes

additional scalar interactions. Such interactions are for

instance needed for isospin violating models proposed to

explain CoGeNT and DAMA excesses [10] (see, however,

also [11]).

In the rough estimates (5) we have neglected phase

space effects and the role of pdfs. A more quantitative

analysis using MadGraphv4 and CTEQ6L1 pdfs is shown

on Fig. 2, where the ratio of production cross sections

σ(t + 2χ)/σ(j + 2χ) as a function of mχ is shown for

Tevatron and 7 TeV LHC assuming MFV sizes of flavor

violating couplings with bi = 1 and yb = 1. We used /
ET > 80(120) GeV cuts at the partonic level for the

Tevatron (LHC) cross sections, following [12, 13]. We

work in the EFT limit so that the mediator masses drop

out in the ratio. The monojet signal is predominantly

produced from charm-gluon initial state resulting in a

charm jet in the final state [14], while in MFV monotop

production, the charm-gluon and up-gluon initial state

contributions are comparable in magnitude. The mono-

top signal clearly dominates both at the Tevatron and

the LHC.

Beyond MFV. The above effect is not specific to

MFV, and can in fact be much larger for concrete models

of flavor. For instance, in warped extra dimensional mod-

els of flavor the coupling of DM to quarks will depend on

the localization of the quark zero modes with respect to

the zero mode of the mediator. Both large uR − tR–DM

and cR − tR–DM couplings are possible without violat-

ing low energy bounds. Similarly, the u − t–DM and

c − t–DM couplings can be enhanced above their MFV

estimates in flavor models with abelian or non-abelian

horizontal symmetries.

As an illustration let us assume that the structure of

quark Yukawas is due to spontaneously broken horizontal

symmetries [15], i.e. that they are generated through a

Froggatt-Nielsen type mechanism [16]. The quark fields

carry horizontal charges H(ūi
R), H(d̄i

R), H(Qi
L) so that
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symmetry breaking, the FCNC SM-DM interactions are mediated mostly by the second, heavier CP even scalar
state in the model (h2) and can be described by the following effective Lagrangian [11],

L
ỹ

h2
=

�

ij

�
ỹ
ij

u
ū
i
PRu

j
h2 + ỹ

ij

d
d̄
i
PRd

j
h2

�
+ h.c.+ λvEWh2SS, (5)

where the last term arises from H
†
1H2S

2. In the vanishing H1 −H2 mixing limit h2 does not couple to ZZ nor
W

+
W

− pairs. Depending on the h2 and S masses and relative sizes of ỹ and λ, the h2 decay width gets the largest
contributions from decays to SS or qiq̄j pairs. Since the effective ỹijq couplings in the quark mass eigenbasis arise
after diagonalizing the quark mass matrices (and couplings to h1), naturalness of the SM quark mass hierarchy
would imply |ỹij

q
| � √

mimj/vEW [33]. We note however that in principle larger values are also possible. In fact,
in explicit flavor models these bounds can be saturated for some of the couplings. As an illustration we consider
the structure of quark Yukawas due to spontaneously broken horizontal symmetries [34]. The quark fields carry
horizontal charges H(ui

R
), H(di

R
), H(Qi

L
) (while H1,2 and S do not carry a horizontal charge) so that the H1

Yukawas are given by y
ij

u
∼ λ|H(Qi

L)−H(uj
R)|

, y
ij

d
∼ λ|H(Qi

L)−H(dj
R)| , with the expansion parameter λ � sin θC =

0.23 being the sine of the Cabibbo mixing angle. After EW symmetry breaking, the quark mass matrices are
given bym

ij

d,u
= vEWy

ij

d,u
. An assignment of horizontal charges leading to phenomenologically satisfactory quark

masses and the CKM matrix, is H({Q1
L
, Q

2
L
, Q

3
L
;u1

R
, u

2
R
, u

3
R
; d1

R
, d

2
R
, d

3
R
}) = {3, 2, 0;−3,−1, 0;−3,−2,−2} [35] .

The horizontal symmetries then also fix the sizes of ỹij
u,d

ỹu ∼




λ6 λ4 λ3

λ5 λ3 λ2

λ3 λ 1



 , ỹd ∼




λ6 λ5 λ5

λ5 λ4 λ4

λ3 λ2 λ2



 . (6)

In particular, the largest off-diagonal element is in the top-charm sector |ỹtc
u
| ∼ 0.2 .

For weak scale h2 masses, the off-diagonal entries of ỹij
d

(and also ỹ
uc

u
, ỹcu

u
) are also severely constrained

experimentally by the neutral meson oscillation measurements [36]. On the other hand, the indirect constraints
on ỹ

ut

u
, ỹtu

u
, ỹct

u
and ỹ

tc

u
from D

0 oscillations are weaker

|ỹ
ut

u
ỹ
ct

u
|, |ỹ

tu

u
ỹ
tc

u
| < 0.030×

�
mh2

250GeV

�2
,

|ỹ
tu

u
ỹ
ct

u
|, |ỹ

ut

u
ỹ
tc

u
| < 0.0088×

�
mh2

250GeV

�2
,

�
|ỹut

u
ỹtu
u
ỹct
u
ỹtc
u
| < 0.0036×

�
mh2

250GeV

�2
, (7)

and not yet probing their natural values (e.g. in (6)). In any case, given these estimates for h2 masses above the
SS and below the tt̄ thresholds (2mS < mh2 � 2mt), and for λ = O(1) (consistent with obtaining the correct
relic DM abundance [13, 37]), the h2 width will be naturally saturated by h2 → SS decays. For mh2 < mt,
the FCNC top decay t → c(u)SS might give competitive constraints on the model [13]. However, this mode
quickly becomes ineffective for heavier h2. In the following we therefore study the existing and prospective
future constraints on the model using associated th2 production at the LHC, for masses mh2 � 150 GeV and
assuming B(h2 → SS) � 1.6

3 Constraints from existing analyses
In this section we investigate, for each model, the bounds imposed by existing experimental analyses. We
compare their effectiveness in constraining the models’ parameter space. Finally, we define useful benchmarks
for studying the reach of our proposed monotop search strategy.

6Nonetheless, our results can easily be rescaled to any value of B(h2 → SS).
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q
| � √

mimj/vEW [33]. We note however that in principle larger values are also possible. In fact,
in explicit flavor models these bounds can be saturated for some of the couplings. As an illustration we consider
the structure of quark Yukawas due to spontaneously broken horizontal symmetries [34]. The quark fields carry
horizontal charges H(ui

R
), H(di

R
), H(Qi

L
) (while H1,2 and S do not carry a horizontal charge) so that the H1

Yukawas are given by y
ij

u
∼ λ|H(Qi

L)−H(uj
R)|

, y
ij

d
∼ λ|H(Qi

L)−H(dj
R)| , with the expansion parameter λ � sin θC =

0.23 being the sine of the Cabibbo mixing angle. After EW symmetry breaking, the quark mass matrices are
given bym

ij

d,u
= vEWy

ij

d,u
. An assignment of horizontal charges leading to phenomenologically satisfactory quark

masses and the CKM matrix, is H({Q1
L
, Q

2
L
, Q

3
L
;u1

R
, u

2
R
, u

3
R
; d1

R
, d

2
R
, d

3
R
}) = {3, 2, 0;−3,−1, 0;−3,−2,−2} [35] .

The horizontal symmetries then also fix the sizes of ỹij
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ỹct
u
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Figure 6: [Color online] The projected leptonic monotop and single top search strategies’ reach with 2012
data in the ỹtcu −mh2 plane for the THDMIII+DM. The single top search strategy corresponds to the one used
in Ref. [43]. The natural value of ỹtcu = 0.2 as expected in the flavor model discussed in Sec. 2.3 is marked by
the horizontal dashed magenta line.

We have investigated the background of the monotop leptonic signature and found that the main one comes
from tt̄ production, in contrast to the situation at the Tevatron, where Wj appears as the main background [24,
25]. This is partly because the difference between Wj and tt̄ kinematic thresholds is less important at the LHC,
and partly because gg initial state contributions, which are more important in tt̄ production, grow faster with
collider energy. We have also verified that if our search strategy was applied at the Tevatron energies, then Wj
would have effectively been the main background.

Given that after all cuts our main background tt̄ ends up being usually a couple of orders of magnitude
bigger than Wj, it is worth recommending the experimental groups to consider the possibility of adjusting the
b-tagging working point in order to reduce tt̄ (and single top) at the price of increasing Wj. In this work, we
have employed the PGS original tune working point. If the b-tagging efficiency was increased – at the price
of increasing the contamination from light jets – then the second b-jet in tt̄ could be detected more efficiently,
and those events could be discarded at event selection. On the other hand, more Wj events would pass the
event selection because of increased fake b-tags. Moreover, more signal events are expected to pass the b-jet
requirement if the b-jet efficiency is increased. The final balance should be an overall reduction in the background
and an increase in the signal, yielding an increase in the final signal significance. Finally, we note that this
issue is expected to become even more important at larger LHC energies, since the dominant tt̄ background is
expected to become even more enhanced compared to other backgrounds and also the signal, and bringing it
under control will become of utmost importance in order to further extend the reach of the leptonic monotop
strategy.

We have also found the transverse mass of the lepton plus missing energy system, MT , to be the most
effective discriminator between the signal and backgrounds. We have explicitly shown in Tables 2 and 4 the
effect of this variable cut on the simulated signal and background event samples, concluding that it is a key
variable for this search strategy. In particular, we have shown in Figs. 5 and 6 that the monotop leptonic search
strategy is significantly better than the single top one; we have seen that particularly for high masses of the
invisible final state X (mX � 250 GeV), the monotop search improves the existing single top one by up to an
order of magnitude in the relevant coupling (or two orders of magnitude in the cross-section). As a matter of
fact, although one could naively expect the single-top measurements to be sensitive to the monotop signature,
this is not generally the case because for most single-top signatures within the SM, MT has an end point given
by the W mass.
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Recently first experimental LHC search using hadronic final states by CMS (CMS-PAS-B2G-12-022)
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Theoretically very clean (virtually no long-distance contributions)

Important effect due to ΔΓs ≠ 0

Dominant parametric uncertainties
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Figure 1: Error budgets for the two branching ratio calculations of Bs → µ+µ− in the

Standard Model given in (30) (left) and (33) (right).

The most recent world averages for FBs [3] and τBs [4] are

FBs = (225± 3) MeV, τBs = 1.503(10) ps (31)

to be compared with FBs = (227 ± 8) MeV and τBs = 1.466(30) ps used in Ref. [2].

While the change in τBs is an experimental improvement, confirmation of the impressive

accuracy on FBs is eagerly awaited. In Ref. [2] a more conservative approach has been

used, but here we follow Ref. [3], updating also τBs . With unchanged input on Mt and Vts

with respect to Ref. [2] we arrive at (1) and consequently, after including the correction

from ∆Γs, at (4).

Now as stressed and analysed in [2, 25] additional modifications could come from

complete NLO electroweak corrections, which have just been completed (M. Gorbahn,

private communication) and affect the overall factor in (30) by roughly 3%. The leftover

uncertainties due to unknown NNLO corrections are therefore fully negligible. Taking

at face value the present error on FBs , the current error budget for the branching ratio

is as follows:

Mt : 1.5%, FBs : 2.7%, τBs : 0.7%, |V ∗
tbVts| : 4%, (32)

It is also depicted in the left panel of Figure 1. Evidently, after completion of NLO

electroweak effects and improved values of FBs , the error on |V ∗
tbVts| is now the largest

uncertainty but this assumes that the error on FBs is indeed as small as obtained in

Ref. [3].

While the small error on FBs is expected to be consolidated soon, the decrease of the

error in |Vts| appears to be much harder. In this context it should be recalled that the

branching ratio in question can also be calculated by using the mass difference ∆Ms [26].

The updated parametric formula (13) of the latter paper reads

BR(Bs → µ+µ−
)SM = 3.38× 10

−9

�
Mt

173.2GeV

�1.6 � τBs

1.500ps

��
1.33

B̂Bs

��
∆Ms

17.72/ps

�
.

(33)

7

Bs,d → μ+μ-

Buras et al., 1208.0934, 1303.3820

a correction to the rate that vanishes at least quadratically with the photon energy

cut. From a naive dimensional analysis, the relative direct-emission contamination,

for a given Emax cut, is

δDE ≤ 2b

�
2Emax

mBs

�2

×



α

π

B(Bs → µ+µ−γ)DE

B(0)
s,SM




1/2

, (24)

where B(Bs → µ+µ−γ)DE represents the genuine direct-emission branching fraction.

According to the estimates in the literature (see Ref. [46] and references therein)

the latter is O(few × 10
−8

). Then, if we assume B(Bs → µ+µ−γ)DE < 10
−7

as a

conservative estimate, we find that this relative correction is below 1% for Emax <

100 MeV.

3.2 Connecting the experimental with the theoretical branching ratio

In order to obtain a theoretical prediction for the decay rate accessible in experiments, the

last point we need to take into account is the effect of the non-vanishing width difference
∆Γs, that has been measured recently rather precisely [47]. Following Ref. [14], we assume

that what is presently measured by the LHC experiments is the flavor-averaged time-

integrated distribution,

�B(Bs → f)�[t] =
1

2

�
t

0
dt

� �Γ(Bs(t
�
) → f) + Γ(B̄s(t

�
) → f)

�
, (25)

where Γ(Bs(t
�
) → f) denotes the decay distribution, as a function of the proper time (t�),

of a Bs flavor eigenstate at initial time (and correspondingly for B̄s). Furthermore one

defines

Γs =
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with ΓH,L
s the total decay widths of the two mass eigenstates. As discussed in Ref. [14],

the time-integrated distribution is related to the flavor-averaged rate at t = 0 by

�B(Bs → f)�[t] = κf (t, ys)�B(Bs → f)�[t=0] ≡ κf (t, ys)
Γ(Bs → f) + Γ(B̄s → f)
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where κf (t, ys) is a model- and channel-dependent correction factor.

For the µ+µ−
final state (inclusive of bremsstrahlung radiation) the SM expression of
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κµµSM(t, ys) =
1

1− ys

�
1− e

−t/τBs sinh

�
yst

τBs

�
− e

−t/τBs cosh

�
yst

τBs

��
t � τBs−→ 1

1− ys
,

(28)

while the flavor-averaged branching ratio at t = 0 is the quantity evaluated in the previous

two sections. Putting all the ingredients together we then arrive at the following expression

�B(Bs → µ
+
µ
−
(γ))�SM[t,Emax] = κµµSM(t, ys)× ω(Emax)× B(0)

s,SM , (29)

for the quantity accessible in experiments.
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Figure 1: Error budgets for the two branching ratio calculations of Bs → µ+µ− in the

Standard Model given in (30) (left) and (33) (right).

The most recent world averages for FBs [3] and τBs [4] are

FBs = (225± 3) MeV, τBs = 1.503(10) ps (31)

to be compared with FBs = (227 ± 8) MeV and τBs = 1.466(30) ps used in Ref. [2].

While the change in τBs is an experimental improvement, confirmation of the impressive

accuracy on FBs is eagerly awaited. In Ref. [2] a more conservative approach has been

used, but here we follow Ref. [3], updating also τBs . With unchanged input on Mt and Vts

with respect to Ref. [2] we arrive at (1) and consequently, after including the correction

from ∆Γs, at (4).

Now as stressed and analysed in [2, 25] additional modifications could come from

complete NLO electroweak corrections, which have just been completed (M. Gorbahn,

private communication) and affect the overall factor in (30) by roughly 3%. The leftover

uncertainties due to unknown NNLO corrections are therefore fully negligible. Taking

at face value the present error on FBs , the current error budget for the branching ratio

is as follows:

Mt : 1.5%, FBs : 2.7%, τBs : 0.7%, |V ∗
tbVts| : 4%, (32)

It is also depicted in the left panel of Figure 1. Evidently, after completion of NLO

electroweak effects and improved values of FBs , the error on |V ∗
tbVts| is now the largest

uncertainty but this assumes that the error on FBs is indeed as small as obtained in

Ref. [3].

While the small error on FBs is expected to be consolidated soon, the decrease of the

error in |Vts| appears to be much harder. In this context it should be recalled that the

branching ratio in question can also be calculated by using the mass difference ∆Ms [26].

The updated parametric formula (13) of the latter paper reads
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where B(Bs → µ+µ−γ)DE represents the genuine direct-emission branching fraction.

According to the estimates in the literature (see Ref. [46] and references therein)

the latter is O(few × 10
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). Then, if we assume B(Bs → µ+µ−γ)DE < 10
−7

as a

conservative estimate, we find that this relative correction is below 1% for Emax <

100 MeV.

3.2 Connecting the experimental with the theoretical branching ratio

In order to obtain a theoretical prediction for the decay rate accessible in experiments, the

last point we need to take into account is the effect of the non-vanishing width difference
∆Γs, that has been measured recently rather precisely [47]. Following Ref. [14], we assume

that what is presently measured by the LHC experiments is the flavor-averaged time-
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s the total decay widths of the two mass eigenstates. As discussed in Ref. [14],
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where κf (t, ys) is a model- and channel-dependent correction factor.

For the µ+µ−
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while the flavor-averaged branching ratio at t = 0 is the quantity evaluated in the previous

two sections. Putting all the ingredients together we then arrive at the following expression
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+
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−
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s,SM , (29)
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Standard Model given in (30) (left) and (33) (right).

The most recent world averages for FBs [3] and τBs [4] are

FBs = (225± 3) MeV, τBs = 1.503(10) ps (31)

to be compared with FBs = (227 ± 8) MeV and τBs = 1.466(30) ps used in Ref. [2].

While the change in τBs is an experimental improvement, confirmation of the impressive

accuracy on FBs is eagerly awaited. In Ref. [2] a more conservative approach has been

used, but here we follow Ref. [3], updating also τBs . With unchanged input on Mt and Vts

with respect to Ref. [2] we arrive at (1) and consequently, after including the correction

from ∆Γs, at (4).

Now as stressed and analysed in [2, 25] additional modifications could come from

complete NLO electroweak corrections, which have just been completed (M. Gorbahn,

private communication) and affect the overall factor in (30) by roughly 3%. The leftover

uncertainties due to unknown NNLO corrections are therefore fully negligible. Taking

at face value the present error on FBs , the current error budget for the branching ratio

is as follows:

Mt : 1.5%, FBs : 2.7%, τBs : 0.7%, |V ∗
tbVts| : 4%, (32)

It is also depicted in the left panel of Figure 1. Evidently, after completion of NLO

electroweak effects and improved values of FBs , the error on |V ∗
tbVts| is now the largest

uncertainty but this assumes that the error on FBs is indeed as small as obtained in

Ref. [3].

While the small error on FBs is expected to be consolidated soon, the decrease of the

error in |Vts| appears to be much harder. In this context it should be recalled that the

branching ratio in question can also be calculated by using the mass difference ∆Ms [26].

The updated parametric formula (13) of the latter paper reads
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where B(Bs → µ+µ−γ)DE represents the genuine direct-emission branching fraction.

According to the estimates in the literature (see Ref. [46] and references therein)

the latter is O(few × 10
−8

). Then, if we assume B(Bs → µ+µ−γ)DE < 10
−7

as a

conservative estimate, we find that this relative correction is below 1% for Emax <

100 MeV.

3.2 Connecting the experimental with the theoretical branching ratio

In order to obtain a theoretical prediction for the decay rate accessible in experiments, the

last point we need to take into account is the effect of the non-vanishing width difference
∆Γs, that has been measured recently rather precisely [47]. Following Ref. [14], we assume

that what is presently measured by the LHC experiments is the flavor-averaged time-

integrated distribution,
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) → f) denotes the decay distribution, as a function of the proper time (t�),
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with ΓH,L
s the total decay widths of the two mass eigenstates. As discussed in Ref. [14],

the time-integrated distribution is related to the flavor-averaged rate at t = 0 by
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where κf (t, ys) is a model- and channel-dependent correction factor.

For the µ+µ−
final state (inclusive of bremsstrahlung radiation) the SM expression of
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while the flavor-averaged branching ratio at t = 0 is the quantity evaluated in the previous

two sections. Putting all the ingredients together we then arrive at the following expression

�B(Bs → µ
+
µ
−
(γ))�SM[t,Emax] = κµµSM(t, ys)× ω(Emax)× B(0)

s,SM , (29)
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Standard Model given in (30) (left) and (33) (right).

The most recent world averages for FBs [3] and τBs [4] are

FBs = (225± 3) MeV, τBs = 1.503(10) ps (31)

to be compared with FBs = (227 ± 8) MeV and τBs = 1.466(30) ps used in Ref. [2].

While the change in τBs is an experimental improvement, confirmation of the impressive

accuracy on FBs is eagerly awaited. In Ref. [2] a more conservative approach has been

used, but here we follow Ref. [3], updating also τBs . With unchanged input on Mt and Vts

with respect to Ref. [2] we arrive at (1) and consequently, after including the correction

from ∆Γs, at (4).

Now as stressed and analysed in [2, 25] additional modifications could come from

complete NLO electroweak corrections, which have just been completed (M. Gorbahn,

private communication) and affect the overall factor in (30) by roughly 3%. The leftover

uncertainties due to unknown NNLO corrections are therefore fully negligible. Taking

at face value the present error on FBs , the current error budget for the branching ratio

is as follows:

Mt : 1.5%, FBs : 2.7%, τBs : 0.7%, |V ∗
tbVts| : 4%, (32)

It is also depicted in the left panel of Figure 1. Evidently, after completion of NLO

electroweak effects and improved values of FBs , the error on |V ∗
tbVts| is now the largest

uncertainty but this assumes that the error on FBs is indeed as small as obtained in

Ref. [3].

While the small error on FBs is expected to be consolidated soon, the decrease of the

error in |Vts| appears to be much harder. In this context it should be recalled that the

branching ratio in question can also be calculated by using the mass difference ∆Ms [26].

The updated parametric formula (13) of the latter paper reads
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where B(Bs → µ+µ−γ)DE represents the genuine direct-emission branching fraction.

According to the estimates in the literature (see Ref. [46] and references therein)
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). Then, if we assume B(Bs → µ+µ−γ)DE < 10
−7

as a

conservative estimate, we find that this relative correction is below 1% for Emax <

100 MeV.

3.2 Connecting the experimental with the theoretical branching ratio

In order to obtain a theoretical prediction for the decay rate accessible in experiments, the

last point we need to take into account is the effect of the non-vanishing width difference
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that what is presently measured by the LHC experiments is the flavor-averaged time-
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�B(Bs → f)�[t] =
1

2

�
t

0
dt

� �Γ(Bs(t
�
) → f) + Γ(B̄s(t

�
) → f)

�
, (25)

where Γ(Bs(t
�
) → f) denotes the decay distribution, as a function of the proper time (t�),

of a Bs flavor eigenstate at initial time (and correspondingly for B̄s). Furthermore one

defines

Γs =
1

τBs

=
1

2

�
ΓH

s + ΓL

s

�
, ys =

ΓL
s − ΓH

s

2Γs

= 0.088± 0.014 , (26)

with ΓH,L
s the total decay widths of the two mass eigenstates. As discussed in Ref. [14],

the time-integrated distribution is related to the flavor-averaged rate at t = 0 by
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while the flavor-averaged branching ratio at t = 0 is the quantity evaluated in the previous

two sections. Putting all the ingredients together we then arrive at the following expression
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Figure 2: Correlation between the branching ratios of Bs → µ+µ− and Bd → µ+µ−

in MFV, the SM4 and four SUSY flavour models. The gray area is ruled out experi-
mentally. The SM point is marked by a star.

3.2 Bs → µ+µ− vs. Bd → µ+µ−

The correlation between the decays Bs → µ+µ− and Bd → µ+µ− is an example of a
“vertical” correlation mentioned in section 2. Beyond the SM, their branching ratios
can be written as

BR(Bq → µ+µ−) ∝ |S|2
�
1− 4x2

µ

�
+ |P |2, (5)

S = Cbq
S − C �bq

S , P = Cbq
P − C �bq

P + 2xµ(C
bq
10 − C �bq

10 ) , xµ = mµ/mBs . (6)

Order-of-magnitude enhancements of these branching ratios are only possible in the
presence of sizable contributions from scalar or pseudoscalar operators. In two-Higgs-
doublet models, the contribution to Cbq

S from neutral Higgs exchange scales as tan β2,
where tan β is the ratio of the two Higgs VEVs. In the MSSM, the non-holomorphic
corrections to the Yukawa couplings even enhance this contribution to tanβ3.

Figure 2 shows the correlation between BR(Bs → µ+µ−) and BR(Bd → µ+µ−)
in MFV, the SM4 and four SUSY flavour models¶ analyzed in detail in [10]. The
MFV line, shown in orange, is obtained from the flavour independence of the Wil-
son coefficients, cf. eq. (3). The largest effects are obtained in the SUSY flavour
models due to the above-mentioned Higgs-mediated contributions. While in some

¶The acronyms stand for the models by Agashe and Carone (AC, [13]), Ross, Velasco-Sevilla
and Vives (RVV2, [12]), Antusch, King and Malinsky (AKM, [11]) and a model with left-handed
currents only (LL, [14]).
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2 Effective couplings of the Z boson to down-type quarks

As pointed out in Refs. [4, 6], there exists a wide class of models where the only relevant

deviations from the SM in B(Bs → µ+µ−
) and Z → bb̄ can be described in terms of

modified Z-boson couplings at zero momentum transfer, defined by the following effective
Lagrangian

L Z
eff =

g

cW
Zµd

i
γµ

�
(gijL + δgijL )PL + (gijR + δgijR )PR

�
dj . (3)

Here g is the SU(2)L gauge coupling, cW = cos θW (sW = sin θW ), and gijL,R denote the

effective SM couplings. In the following we employ state-of-the-art expressions to estimate

the SM contributions to B(Bs → µ+µ−
) and Z → bb̄, and use L Z

eff at the tree level only

to estimate the non-standard effects parameterized by δgijL,R.

For later convenience we recall the leading structure of the gijL,R. The tree-level SM

couplings are

(giiL)tree = −1

2
+

1

3
s2W , (giiR)tree =

1

3
s2W , (gi �=j

L,R)tree = 0 . (4)

At the one-loop level the giiL,R are gauge dependent, but they assume the following simple
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The set of operators in Eq. (7) is not the complete set of gauge-invariant dimension-

six operators contributing to Bs → µ+µ−
and Z → bb̄ at the tree level. In principle,

we can consider also four-fermion (two-quarks/two-leptons) operators, terms of the type

Jν ×DµFµν
, or terms of the type H†Jµν ×Fµν

, where Jν and Jµν are quark bilinears, and

Fµν
generically denotes the field-strength tensor of U(1) or SU(2)L gauge fields. However,

the effects of these operators cannot be described by means of L Z
eff and we lose the natural

correlation between these two observables.
1
For this reason in the following we concentrate

only on the set of operators in Eq. (7).

1 The four-fermion operators do not contribute to L Z
eff at the tree level, hence they have a negligible impact on Z → bb̄

compared to Bs → µ+µ−. Conversely, operators with the field-strength tensor generate amplitudes suppressed by
at least one power of p/v, with p the external momentum, that therefore have negligible impact on Bs → µ+µ−

compared to Z → bb̄.
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other b!sl+l- decays
• much more information in other b!sl+l- decays as well

• progress possible on the theory side
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                    anomalyB → K∗�+�−

Fit of angular observables (AFB, Pi ) binned in low q2 region

• Mostly sensitive to

• In ~4! tension with SM estimates (dominated by P5’, also AFB, P2)

• Can be reconciled by ~40% reduction of

A sign of NP? Recheck SM theory estimates

• Based on QCD factorization at large hadronic recoil

• Form factor reduction - broken by "s (computed), 1/mb (estimated) corrections

• Underestimated LD contributions?        

Q7 ∼ C7 mb[s̄σµν(1 + γ5)b]eF
µν

Q9 ∼ C9 [s̄γµ(1− γ5)b][�̄γ
µ�]

�Q9� Descotes-Genon, Matias & Virto, 1307.5683

First-principles QCD estimate possible?

for the matrix element of Q8g. The operator Q8g still provides a chiral projector,

and the fermion line entering j
K∗

in Fig. 3 is still “hard-collinear”, such that

the first four factors in (70) are unchanged, even if the electromagnetic current

insertion occurs on that line (if the strange quark mass is neglected). The result is

again that the long-distance (soft) contribution h+|Q8g,LD is suppressed by Λ/mb

or ms/mb relative to h−|Q8g,LD. As the latter is already suppressed by a power

of Λ/mb relative to the leading-power amplitude H
−
V , the impact on Q8g on h+

should be negligible. (Note also that the effect of the “soft” Q8g contributions in

B → K�+�− was found to be well below 1 % of the total hadronic contribution

in [94]. It is difficult to see how a much larger contribution could occur in the

present case, even for the non-helicity-suppressed amplitude h−.)

3.2.3 Light quarks and resonance structure

The remaining contributions of the hadronic weak Hamiltonian to the decay

amplitude coming from the QCD penguin operators and the double Cabibbo-

suppressed current-current operators involving up quarks,

a
had, lq
µ =

�
d
4
x e

−iq·x�K̄∗
|T{j

em
µ (x), H

had, lq
eff (0)}|B̄�, (72)

and are either doubly Cabibbo-suppressed or weighted by the small Wilson co-

efficients C3−6. Again, a systematic description exists within QCDF [23], with a

vanishing contribution to h+ at leading power and a breakdown of factorization at

subleading powers. Because of the multiple suppression factors, the contributions

to H
+
V arising in this fashion are negligible.

However, long-distance non-perturbative effects may manifest themselves partly

as resonances or poles in the complex-q
2
plane, implying a resonance structure

which we do not expect to be accounted for at any order in Λ/mb. Therefore

we employ a hadronic description to estimate both power corrections and the

possibility of large “duality-violating” effects in B → K
∗�+�− observables. In

order to do this, let us consider instead the object

ã
had, lq
µ =

�
d
4
x e

−iq·x�K̄∗
|T{j

em,lq
µ (x), H

had
eff (0)}|B̄�, (73)

where we only keep the light-quark part of the electromagnetic current, relevant

for resonance structure in the low-q
2
region (but revert to the full weak Hamil-

tonian). Ideally, we would like to compute ã
had, lq
µ taking into account the fact

that pions and other light hadrons are the relevant degrees of freedom of QCD

in this domain, in a systematic fashion as, for example, using chiral perturbation

theory (χPT) [95, 96], together with any of the methods that extend its range

of applicability up to the region of the light resonances [97–100]. In fact, this

program is attainable for kaon decays in which the energies and masses are all

small compared with the chiral symmetry breaking scale ΛχSB ∼ 1 GeV [101]. In

26
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see talk by Serra

Khodjamirian et al., 1006.4945
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                    anomalyB → K∗�+�−

Possible experimental tests:
• More inclusive observables (integrated over q2 = [1, 6] GeV2)

- less sensitive to non-local (resonance) contributions

- fine binning could enhance sensitivity to QCD effects

• Consider high q2 (low hadronic recoil) region
- different theory systematics (HQET OPE)

• Complementary observables in other modes 

        i.e. expect reduced rates compared to SM estimates

- if due to QCD, don’t necessarily expect identical effects

(Bs → φ�+�−, B → K�+�−, B → Xs�
+�−, . . .)
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Figure 7: Differential branching fraction, FL and the “clean” observables P
(�)
i

around the low-q2 end-point. We show in black the experimental results for the

two first observables in the bins [0.05, 2] GeV2 and [2, 4.3] GeV2 [6]. The color

code is as in Fig. 6.

power corrections, subsequently. Factorizable corrections are estimated using

Eq. (56), and the charm-loop uncertainty are modelled according to Eqs. (77).

The main source of uncertainties in the Ii’s stem from the soft form factors

and, in some cases, from the charm-loop. In particular, for the coefficients pro-

portional to H
+
V,A, I3 and I9, the latter source is, by far, the most important. On

the other hand, it is remarkable that the uncertainties in the coefficients arising

from the unknown factorizable power corrections are negligible at low q
2. This

effect is due to the constraints imposed by the exact relations (44). Finally, notice

that the vector-meson resonances alter significantly the line shape of most of the

Ii’s, except for those ∝ H
+
V,A due to the suppression of the corresponding helicity

amplitude in the B̄ → K̄
∗
V decays (see Sec. 3).
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Recent indications? 
Horgan et al., 1310.3722, 1310.3887

LHCb,1403.8044 

Not too close to charm threshold!

However, some indications that some 
of assumptions might be violated 

LHCb, 1307.7595

http://arXiv.org/abs/arXiv:1310.3722
http://arXiv.org/abs/arXiv:1310.3722
http://arXiv.org/abs/arXiv:1310.3722
http://arXiv.org/abs/arXiv:1310.3722


Conclusions

Success of SM (CKM paradigm) in describing (quark) 
flavor phenomena puzzling in light of EW hierarchy 
problem

Flavor physics intimately connected to Higgs 
phenomenology - directions just starting to be explored

Top-flavor processes ideal for LHC studies - interesting 
links to EW hierarchy, flavor, DM puzzles

Puzzling results in rare B decays due to be properly 
understood 

38

see also
Blanke et al., 1302.7232
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Within SM effective Yi≠j extremely  
suppressed (GIM+CKM/mν & chirality)

Constraints on first two generation Yi≠j 
dominated by precision flavor 
observables (both lepton and quark) 

Currently LHC already most 
constraining in τ-µ, τ-e  sectors (recast 
of h→ τ τ)
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Figure 6: Constraints on the flavor violating Yukawa couplings |Yeτ |, |Yτe| (upper left panel), |Yeµ|,

|Yµe| (upper right panel) and |Yµτ |, |Yτµ| (lower panel) of a 125 GeV Higgs boson. The diagonal

Yukawa couplings are approximated by their SM values. Thin blue dashed lines are contours of

constant BR for h → τe, h → µe and h → τµ, respectively, whereas thick blue lines are the

LHC limits derived in Sec. VA. (These limits could be greatly improved with dedicated searches

on existing LHC data, see Sec. VC.) Shaded regions show the constraints discussed in Sec. III

as indicated in the plots. Note that g − 2 [EDM] searches (diagonal black dotted lines) are only

sensitive to parameter combinations of the form Re(YαβYβα) [Im(YαβYβα)]. We also show limits

from a combination of g − 2 and EDM searches with marginalization over the complex phases

of the Yukawa couplings (green shaded regions). Note that (g − 2)µ provides upper and lower

limits (as indicated by the double-sided arrows in the lower panel) if the discrepancy between the

measurement and the SM prediction [38, 43] is taken into account. The thin red dotted lines show

rough naturalness limits YijYji � mimj/v2 (see Sec. II).

17

Harnik, Kopp, Zupan, 1209.1397

Testing flavor through Higgs observables (at LHC)

40

see also
McKeen, Pospelov, Ritz, 1208.4597 

Blankenburg, Ellis, Isidori, 1202.5704



Particularly sensitive to FCNC scalar currents and FCNC Z 
penguins

Bs,d → μ+μ-

Example: general MSSM

Bs t̃W̃

x

x

Measurement with σ(BR) ~ 30% provides relevant 
constraint on such couplings below stability bounds         

mh ~125 GeV
∝ G2

Fm
2
W

y2t
16π2

A23A∗
33

m2
t̃R

(|A23A33| < 3m2
t̃L
) for mt̃L < 1TeV , mt̃R < 0.5TeV

c.f. Isidori & Retico, hep-ph/0208159

Isidori @ HCP2012, Kyoto
Behring et al., 1205.1500

Mahmoudi, Neshatpour & Orloff 1205.1845
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large A33

µ+

µ-
⇓

Clean probe of the Yukawa interaction  (⇒ Higgs sector) 

beyond tree level


