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Motivations: !
SM and Higgs @ LHC Run I

Colliders have an important role to extend our knowledge about 
particles and their  interactions. 

All measurements in different colliders are in good agreement with SM 
predictions so far.  

Finally, the last piece of SM puzzle was discovered at LHC Run I. 

 SM has been confirmed to be a complete and successful framework to 
describe physics at energy scale around TeV.
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Motivations:!
 BSM @ LHC Run II

• Experimental Observations: 

Baryon Asymmetry in the Universe 

Massive Neutrinos 

Dark Matter  

Dark Energy  

• Theoretical Problem:  

Gravity is not included 

Hierarchy Problem   

…

Something New must appear in TeV Scale
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History of Top quark

     1973 
Kobayashi/Maskawa: 
Need for three quark generations 
to incorporate CP violation into SM 
!

1977 
Discovery of bottom quark 
[mb ≈ 4.5 GeV] 

!
1980ies 

Search for light top (mt < mW–mb) 
in decays W → tb 
!
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!
 1992 

Tevatron Run I: 
First indications for heavy top 
quark decay t → Wb 
!

    1995 
Official discovery, mt ≈ 175 GeV 
[CDF and DØ @ Tevatron] 
Top Quark Mass 
SM fit vs. direct measurement 
History of top searches



Motivation: !
Top physics @ Higgs Era

!

Due to its large mass, top quark is 
maximally coupled to the Higgs 
boson so  studying top-Higgs 
interactions is highly motivated.

What!do!we!know!about!top!
Experimentally'confirmed'
facts:'
•  Top'is'the'heaviest'
known'fundamental'
par:cle'
•  Mass'~'173'GeV'

•  It'is'a'quark'(sees'the'
strong'force)'

•  Charge'2/3e'
•  Spin'½'
•  Decays'almost'exclusively'
to'Wb'

•  Produced'by'strong'and'
weak'interac:ons'
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Special role in EWSB? 
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(Some) More Problems … 

  Matter: 

  SM cannot explain number of fermion 
generations 

  or their large mass hierarchy 

  mtop/mup~100,000  

  Gauge forces: 

  electroweak and strong interactions do 
not unify in SM 

  SM has no concept of gravity 

  What is Dark Energy? 

“Supersymmetry” (SUSY) can solve  

some of  these problems 

                         log10 of Energy 



Motivation: !
Top quark as bare quark

!

Top quark is short lived! (Decays almost exclusively to W b) 

Lifetime < hadronization 

723�48$5. 

Because of its large mass, it plays an essential role in 
search for BSM. 

The measurement of the top quark properties  
provides a powerful test of the SM. 

21 May 2014 3 21st IPM  Physics  Spring Conference 
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Motivation: !
Other Top quark features

There is a strong motivation for precise measurements of the 
top quark properties ( couplings and mass). 

Flavor studies in the top quark sector is very important due to 
new physics effects. 

Top is a background to many other searches. 

Still one of our best gateways to BSM physics at the weak 
scale.... 
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Top Physics @ Colliders



Outline
Collider Phenomenology"

Effective Lagrangian Approach "

Top Flavor Changing Neutral Current Processes"

CP-Violating  in Top-Higgs Coupling"

Top Asymmetries
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Collider Phenomenology



Electron-positron collisions and proton-proton collisions at high 
energy provide powerful and complementary tools to explore    
TeV-scale physics (‘Terascale’-Physics) 

p p e+ e- 

Lepton Colliders ‘versus’ Hadron Colliders 

collisions of point-like particles                 collisions of composite particles 

electroweak interaction            initial state           strong interaction 

moderate backgrounds                               underlying events 

tunable but restricted                   �s         higher reach 

    ‚precision‘                                                        ‚discovery‘         

Lepton Collider Hadron collider

Electron-positron collisions and proton-proton collisions at high energy provide 
powerful and complementary tools to explore TeV-scale physics 

11

collisions of point-like particles collisions of composite particles 

Can access higher energiesClean environment

Colliders



TeVatron:	
!

P-Pbar collider @ 1.96 TeV	
Detectors : CDF and D0	
Shut down in 2011	

LHC:	
!

 P-P collider @ 7,8,13 TeV	
Detectors : ATLAS and CMS	

 Hadron Colliders
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Hard Scattering Process @ the 
Hadron Colliders
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Proton process

Protonic cross section

39

The Proton Composition 

  It’s complicated: 

  Valence quarks, Gluons, Sea 
quarks 

  Exact mixture depends on: 

  Q2: ~(M2+pT
2) 

  Björken-x:  

  fraction or proton momentum 

carried by parton 

  Energy of parton collision: 

X 

p 

p 

xBj
Q2

MX = √sˆ



Proton Parton Distribution 
Function(PDF)
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Hard Scattering Process @ the 
Hadron Colliders

Proton Parton Distribution 
Function(PDF)

Momentum fraction "
of the parton Protonic cross section

Sum over incoming partons
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Proton process
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borrowed from talk Benjamin Fuks 17



Effective Lagrangian Approach 



Studying New Physics
There are 2 different approach, depend On new physics 
energy scale 

!

1. The scale of new physics is accessible in Tevatron or LHC 
experiments, and new degrees of freedom naturally can be 
produced at collider. 

2. The new degrees of freedom are heavy than our energy 
scale in the experiments. So the heavy particles can be 
integrated out and their effects can be parameterized in 
model independent way by an effective Lagrangian.
Λ >> Eexp

Λ ≤ Eexp
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Studying New Physics
There are 2 different approaches, depending on the new 
physics energy scale: 

I. Have a well defined and motivated model : 2HDM , MSSM, 
Composite Higgs , … 

II.  Parameterize the low energy effects of the large class of 
models as higher dimensional operators. 
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!

Effective Field Theory Approach

New Physics Scale

Higher  order Operator"
4+n

Dimensionless Coefficients

The effective Lagrangian should be invariant under SM gauge 
transformation.
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Top Flavor Changing Neutral Current Processes



Flavor-Changing Neutral Current (FCNC)

Transition from a quark with flavor-X and charge-Q to 
another quark of flavor-Y but with the same charge-
Q. 

!

  For example:  b → sγ,  t → uγ, t→ uZ , …

23

X Y

Neutral Bsosn
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We'observe'experimentally'that'the'Flavour'Changing'Neutral'Currents'
(FCNC)'are'absent!experimentally!

Absence'of'Flavour'Changing'Neutral'Current'

FK7003'
424'
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Neutral Current 

Charged Current 
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Basic'Diagrams'for'Weak'Neutral'Currents'

Flavour'changing'processes'are'not'observed'experimentally'=>'q'and'q'are'of!same!flavour!

FK7003'
423'

Weak Neutral Current



Down type FCNC is severely constrained by 
the enhancement factor. 

Top FCNC has still much room for NP.  

It must be explored by collider physics (direct 
search) or by flavor physics (indirect search). 

!
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Top FCNC decays
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SM prediction For Top decays 

Top-quark has unsuppressed decay width t→bW:723�48$5. 

Because of its large mass, it plays an essential role in 
search for BSM. 

The measurement of the top quark properties  
provides a powerful test of the SM. 

21 May 2014 3 21st IPM  Physics  Spring Conference 

1 Introduction

Study of the top quark properties is particularly interesting in searches for new physics as it couples
strongly to the electroweak symmetry breaking sector because of its large mass. New physics can
show up either through direct production of new particles or indirectly via higher order effects.
Observing indirect evidences is important as it provides hints to look for new physics before direct
discovery. In the Standard Model (SM), the branching fractions of top quark rare decays t → qV ,
with q = u, c and V = γ, Z, g, are at the order of 10−14 − 10−12 [1]. Such branching fractions
are extremely small and are out of the ability of the current and future collider experiments to
be measured. Within the SM, such Flavor Changing Neutral Current (FCNC) transitions only
occur at loop level and are strongly suppressed due to the Glashow-Iliopoulos-Maiani (GIM)
mechanism [2]. On the other hand, it has been shown that several extensions of the SM are able
to relax the GIM suppression of the top quark FCNC transitions due to additional loop diagrams
mediated by new particles. These models such as supersymmetry, Higgs doublet models predict
significant enhancements for the FCNC top quark rare decays [3–17]. As a result, the observation
of any excess for these rare decay would be indicative of indirect effects of new physics. Many
studies on searches for the FCNC couplings have been already done [18–34].

In this paper, direct and indirect searches for the top quark FCNC interactions in the vertex
of tqγ are discussed. Such interactions can be described in a model independent way using the
effective Lagrangian approach, which has the following form [35]:

LFCNC = −eQt

∑

q=u,c

κtqγ q̄(λ
v
tqγ + λa

tqγγ5)
iσµνqν

Λ
tAµ + h.c., (1)

where the electric charges of the electron and top quark are denoted by e and Qt, respectively
and qν is the four momentum of the involved photon, Λ is the cutoff of the effective theory, which
is conventionally assumed to be equal to the top quark mass, unless we mention. PL and PR

are the left-handed and right-handed projection operators and σµν = 1
2
[γµ, γν ]. The anomalous

couplings strength is denoted by κtqγ . Throughout this paper, no specific chirality is assumed for
the tqγ FCNC couplings, i.e. λv

tqγ = 1 and λa
tqγ = 0. Within the SM framework, the values of

κtqγ , q = u, c, vanish at tree level.
The leading order (LO) partial width of the top quark FCNC decay t → qγ, after neglecting

the masses of the up and charm quarks, has the following form [36]:

Γ(t → qγ) =
α

2
Q2

tmt|κtqγ |2, (2)

and the LO width of t → bW+ can be written as [36,37]:

Γ(t → bW+) =
α|Vtb|2

16s2W

m3
t

m2
W

(

1−
3m4

W

m4
t

+
2m6

W

m6
t

)

, (3)

where α and Vtb are the fine structure constant and the CKM matrix element, respectively. The
sine of the Weinberg angle is denoted by sW and mt,mW are the top quark and W boson mass,
respectively. The branching fraction of t → qγ is estimated as the ratio of Γ(t → qγ) to the width
of t → bW+ which takes the following form [36]:

Br(t → qγ) = 0.2058 × |κtqγ |2. (4)

To obtain the above branching fraction, we set mt=172.5 GeV, α = 1/128.92, mW= 80.419 GeV
and s2W = 0.234 in t → qγ and t → bW+ widths.
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Top-quark decays

The dominant decay of the top-quark is t → Wb

t

q

W

= −i g

2
√

2
|Vtq|γµ(1 − γ5)

so that

Γ =
GF M2

t

8π
√

2
|Vtb|2

(

1 −
M2

W

M2
t

) (

1 +
2M2

W

M2
t

)

≃ |Vtb|2 × 1.42 GeV

Unitarity of the CKM matrix |Vtb|2 + |Vcb|2 + |Vub|2 = 1 implies |Vtb| ≈ 1

→ Top-quark lifetime τt ≃ 5 × 10−25 sec

Typical QCD time scale for hadron formation τQCD ≃ 3 × 10−24 sec

→ The top quark decays before it can form bound states

Michael Krämer Page 23 Herbstschule Maria Laach, September 2005

Top-quark decays

The ratio

R =
BR(t → Wb)

BR(t → Wq)
=

|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2

has been measured to

R =

⎧

⎨

⎩

1.11+0.21
−0.19 (CDF)

1.03+0.19
−0.17 (D0)

consistent with the SM.

If we assume three generations then |Vtd|2 + |Vts|2 + |Vtb|2 = 1 and

|Vtb| =

⎧

⎨

⎩

1.05+0.10
−0.09 (CDF)

1.01+0.09
−0.09 (D0)

However, assuming three generation we know 0.9990 < |Vtb| < 0.9993 anyway. . .
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GIM Mechanism!
 (Glashow–Iliopoulos–Maiani mechanism)

Top FCNC interactions are 
absent at the tree level  in the 
SM. 

They are extremely 
suppressed at the loop-level 
by the GIM mechanism.

A ∼VtbVub
* f ( mb

mW

)+VtsVus
* f ( ms

mW

)+VtdVud
* f ( md

mW

)

VtbVub
* +VtsVus

* +VtdVud
* = 0

md ,ms ,mb < mW ∴ f ( mb

mW

) ∼ f ( ms

mW

) ∼ f ( md

mW

)∴A ∼ 0
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Basic'Diagrams'for'Weak'Neutral'Currents'

Flavour'changing'processes'are'not'observed'experimentally'=>'q'and'q'are'of!same!flavour!

FK7003'
423'

t

Basic'Diagrams'for'Weak'Neutral'Currents'
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FCNC @ Top Sector

★t ! c Z 
★t ! c h 
★t ! c g 
★t ! c γ 
★the modes with up-quark.

Top FCNC  Modes :

30



SM predictions For FCNC Transitions 

Aguilar-Saavedra, hep-ph/0409342

Branching Ratio Definition:
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Top decays through FCNC are enhanced in 
many models beyond the SM.

FCNC @ New Physics
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33Snowmass 2013 Top quark WG report, 1311.2028

Experimental tests of FCNC interactions : sensitive probes of new 
physics. 

Any signal above SM expectations would indicate new physics. 

Measurements of FCNC branching ratios allows to constrain new 
physics models.

FCNC @ New Physics



Collider Searches for Top FCNC 
Top FCNC in decay :  Top FCNC in production:

Note: t → c and t → u can be distinguished from production!

34



t → gq
anomalous single top-quark production (qg → t)

In the allowed region of parameter space for qgt/⇤, the FCNC production cross-section for single top
quarks is of the order of picobarns, while the branching fraction for FCNC decays is very small, i.e.
below 1 %. Top quarks are therefore reconstructed in the SM decay mode t ! Wb. The W boson can
decay into a quark–antiquark pair (W ! q1q̄2) or a charged lepton–neutrino pair (W ! `⌫); only the
latter is considered here. This search targets the signature from the qg ! t ! W(! `⌫) b process.
Events are characterised by an isolated high-energy charged lepton (electron or muon), missing trans-
verse momentum from the neutrino and exactly one jet produced by the hadronisation of the b-quark.
Events with a W boson decaying into a ⌧ lepton, where the ⌧ decays into an electron or a muon, are also
included. Several SM processes have the same final-state topology and are considered as background to
the FCNC analysis. The main backgrounds are V+jets production (especially in association with heavy
quarks), where V denotes a W or a Z boson, SM top-quark production, diboson production, and multi-jet
production via QCD processes. The studied process can be di↵erentiated from SM single top-quark pro-
duction, which is usually accompanied by additional jets. Furthermore, FCNC production has kinematic
di↵erences from the background processes, such as lower transverse momenta of the top quark.

This paper is organised as follows: Section 2 provides a description of the ATLAS detector. Section 3
gives an overview of the data and Monte Carlo (MC) samples used for the simulation of signal and
expected background events from SM processes. In Sect. 4 the event selection is presented. The methods
of event classification into signal- and background-like events using a neural network are discussed in
Sect. 5 and sources of systematic uncertainty are summarised in Sect. 6. The results are presented in
Sect. 7 and the conclusions are given in Sect. 8.

2 ATLAS detector

The ATLAS detector [34] is a multipurpose collider detector built from a set of sub-detectors, which cover
almost the full solid angle around the interaction point.2 It is composed of an inner tracking detector (ID)
close to the interaction point surrounded by a superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic and hadronic calorimeters, and a muon spectrometer (MS). The ID consists of a
silicon pixel detector, a silicon microstrip detector providing tracking information within pseudorapidity
|⌘| < 2.5, and a straw-tube transition radiation tracker that covers |⌘| < 2.0. The central electromag-
netic calorimeter is a lead and liquid-argon (LAr) sampling calorimeter with high granularity, and is
divided into a barrel region that covers |⌘| < 1.475 and endcap regions that cover 1.375 < |⌘| < 3.2.
An iron/scintillator tile calorimeter provides hadronic energy measurements in the central pseudorapidity
range. The endcap and forward regions are instrumented with LAr calorimeters for both the electromag-
netic and hadronic energy measurements, and extend the coverage to |⌘| = 4.9. The MS covers |⌘| < 2.7
and consists of three large superconducting toroids with eight coils each, a system of trigger chambers,
and precision tracking chambers.

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and
the z-axis is along the beam direction; the x-axis points towards the centre of the LHC ring and the y-axis points upwards.
The pseudorapidity ⌘ is defined as ⌘ = � ln[tan(✓/2)], where the polar angle ✓ is measured with respect to the z-axis. The
azimuthal angle, �, is measured with respect to the x-axis. Transverse momentum and energy are defined as pT = p sin ✓ and
ET = E sin ✓, respectively. The �R distance in (⌘,�) space is defined as �R =

p
(�⌘)2 + (��)2.
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8 Conclusion

A search for anomalous single top-quark production via strong flavour-changing neutral currents in pp
collisions at the LHC is performed. Data collected by the ATLAS experiment in 2012 at a centre-of-mass
energy

p
s = 8 TeV, and corresponding to an integrated luminosity of 20.3 fb=1 are used. Candidate

events for which a u- or c-quark interacts with a gluon to produce a single top quark are selected. To
discriminate between signal and background processes, a multivariate technique using a neural network is
applied. The final statistical analysis is performed using a frequentist technique. As no signal is seen in the
observed output distribution, an upper limit on the production cross-section is set. The expected 95 % CL
limit on the production cross-section multiplied by the t ! bW branching fraction is�qg!t⇥B(t ! bW) <
2.9 pb and the observed 95 % CL limit is �qg!t ⇥ B(t ! Wb) < 3.4 pb. Upper limits on the coupling
constants divided by the scale of new physics ugt/⇤ < 5.8 ⇥ 10�3 TeV�1 and cgt/⇤ < 13 ⇥ 10�3 TeV�1

and on the branching fractions B(t ! ug) < 4.0 ⇥ 10�5 and B(t ! cg) < 17 ⇥ 10�5 are derived from the
observed limit. These are the most stringent limits published to date.
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 A search for flavor-changing neutral currents in top-
quark decays t → Zq is performed in events produced 
from the decay chain tt → Zq + Wb, where both vector 
bosons decay leptonically, producing a final state with 
three leptons (electrons or muons).  
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1 Introduction

The top quark is the heaviest elementary particle known, with a mass mt = 173.21 ± 0.51(stat.) ±
0.71(syst.) GeV [1]. Its lifetime is so short that, within the Standard Model (SM) of particle physics,
it decays (almost exclusively to bW) before hadronisation occurs. These properties make it a particle well
suited to test the predictions of the SM. In the SM, due to the GIM mechanism [2], flavour-changing neut-
ral current (FCNC) decays such as t ! qZ are forbidden at tree level. They are allowed at one-loop level,
but with a suppression factor of several orders of magnitude with respect to the dominant decay mode [3].
However, several SM extensions predict higher branching ratios (BRs) for the top-quark FCNC decays.
Examples of such extensions are the quark-singlet model (QS) [4], the two-Higgs-doublet model with (FC
2HDM) or without (2HDM) flavour conservation [5], the minimal supersymmetric model (MSSM) [6],
supersymmetry with R-parity violation (/R SUSY) [7] or models with warped extra dimensions (RS) [8].
For a review see Ref. [9]. The maximum values for the t ! qZ BRs predicted by these models and by
the SM are summarised in Table 1. Experimental limits on the FCNC t ! qZ BR were established by
experiments at the Large Electron Positron Collider (LEP) [10–14], HERA [15], Tevatron [16, 17] and
Large Hadron Collider (LHC) [18, 19]. The most stringent limit, BR(t ! qZ) < 5⇥ 10�4, is the one from
the CMS Collaboration [19] using 25 fb�1 of data collected at

p
s = 7 TeV and

p
s = 8 TeV. Previous

ATLAS results obtained at
p

s = 7 TeV are also reported [18]. Limits on other FCNC top-quark decay
BRs (t ! qX, X = �, g,H) are reported in Refs. [10–14, 20–28].

This paper presents the ATLAS results from the search for the FCNC decay t ! qZ in tt̄ events produced
at
p

s = 8 TeV, with one top quark decaying through the FCNC mode and the other through the SM
dominant mode (t ! bW). Only the decays of the Z boson to charged leptons and leptonic W boson
decays are considered. The final-state topology is thus characterised by the presence of three isolated
charged leptons, at least two jets, and missing transverse momentum from the undetected neutrino. The
paper is organised as follows. A brief description of the ATLAS detector is given in Section 2. The
collected data samples and the simulations of signal and SM background processes are described in
Section 3. Section 4 presents the object definitions, while the event analysis and kinematic reconstruction
are explained in Section 5. Background evaluation and sources of systematic uncertainty are described in
Sections 6 and 7. Results are presented in Section 8 and conclusions are drawn in Section 9.

2 Detector and data samples

The ATLAS experiment is a multi-purpose particle physics detector consisting of several sub-detector
systems, which cover almost fully the solid angle1 around the interaction point. It is composed of an in-
ner tracking system close to the interaction point and immersed in a 2 T axial magnetic field produced by a
thin superconducting solenoid, a lead/liquid-argon (LAr) electromagnetic calorimeter, an iron/scintillator-
tile hadronic calorimeter, copper/LAr hadronic endcap calorimeter and a muon spectrometer with three
superconducting magnets, each one with eight toroid coils. The forward region is covered by additional
LAr calorimeters with copper and tungsten absorbers. The combination of all these systems provides

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the interaction point to the centre of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The �R distance is defined as
�R =

p
(�⌘)2 + (��)2.

2

CMS:
using 25 fb−1 of data collected at √s = 7 TeV and √s = 8 TeV

9 Conclusions

A search for the FCNC top-quark decay t ! qZ in events with three leptons has been performed using
LHC data collected by the ATLAS experiment at a centre-of-mass energy of

p
s = 8 TeV and correspond-

ing to an integrated luminosity of 20.3 fb�1 recorded in 2012. No evidence for signal events is found and
a 95% CL limit for the t ! qZ branching fraction is established at BR(t ! qZ) < 7 ⇥ 10�4, in agreement
with the expected limit of BR(t ! qZ) < 8 ⇥ 10�4.
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t →γq2 2 The CMS detector

gram for this tg process including the muonic decay of the W boson from the top quark decay.
The FCNC vertex is identified by a filled circle.

One of the distinctive signatures of the signal is the presence of a high transverse momentum
(pT) photon in the final state. The photon is expected to have large transverse momentum, ow-
ing to its recoil from the heavy top quark. The analysis is performed using events with a muon,
a photon, at least one hadronic jet, with at most one being consistent with originating from
a bottom quark, and missing transverse momentum. The results are compared with leading-
order (LO) and next-to-leading-order (NLO) calculations of the FCNC signal production cross
section based on perturbative quantum chromodynamics (QCD) [12].
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Figure 1: Lowest-order Feynman diagram for single top quark production in association with
a photon via a FCNC, including the muonic decay of the W boson from the top quark decay.
The FCNC vertex is marked as a filled circle.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections are contained within the superconducting
solenoid volume. Extensive forward calorimetry complements the coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid.

The first level of the trigger system, composed of custom hardware processors, is designed to
select the most interesting events in less than 4 ms, using information from the calorimeters
and muon detectors. The high-level trigger processor farm further decreases the event rate
from about 100 kHz to less than 1 kHz, before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables used in this analysis, can be found in Ref. [13].
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Table 3: Definition of the fiducial region.

Object Requirement
Single muon pT > 26 GeV, |h| < 2.1

Veto for additional muons pT > 10 GeV, |h| < 2.5
Electron veto pT > 20 GeV, |h| < 2.5 (1.44 < |h| < 1.56 excluded)
Single photon pT > 50 GeV, |h| < 2.5 (1.44 < |h| < 1.56 excluded)

At least one jet (Nb jet < 2) pT > 30 GeV, |h| < 2.5
Missing pT pmiss

T > 30 GeV
Muon, jets, and photons DR(µ, g) and DR(jet, g) > 0.7

Reconstructed top quark mass 130 < mµnb < 220 GeV

The efficiency e is found to be 16% and 19% from simulation for the respective tug and tcg
events in the fiducial region. An additional fiducial region is defined by also requiring exactly
one b-tagged jet in the event. The values of e are thereby reduced to 11% and 14% for the two
signals, respectively.

The total number of selected events in data (Nobs), the SM expectation (NSM), and the 95% CL
upper limits on the cross section in the two fiducial regions are presented in Table 4 for the tug
and tcg processes. The uncertainties in the SM expectation include statistical and systematic
uncertainties. The upper limits are calculated including a total systematic uncertainty in the
signal selection efficiencies of 10%, estimated using a method similar to that described in Sec-
tion 7. The total number of observed events in the fiducial volume is decreased by a factor of
approximately 6 after requiring exactly one identified b jet in an event. These are the first limits
set on the anomalous tg production within a restricted phase-space region.

Table 4: For the two signal channels, the total number of observed selected events in the data
(Nobs), the SM expectations (NSM), the efficiencies (e), and the upper limits on the cross sections
sfid at the 95% CL in the fiducial region, without and with a requirement on the presence of a
single accompanying b jet.

Fiducial region Channel Nobs NSM e s95%
fid (fb)

Basic selection (Table 3) tug 1794 1805 ± 215 0.16 122
tcg 0.19 103

Basic selection and Nb jet = 1 tug 275 258 ± 49 0.11 47
tcg 0.14 39

10 Summary

The result of a search for flavor changing neutral currents (FCNC) through single top quark
production in association with a photon has been presented. The search is performed using
proton-proton collisions at a center-of-mass energy of 8 TeV, corresponding to an integrated
luminosity of 19.8 fb�1, collected by the CMS detector at the LHC. The number of observed
events is consistent with the SM prediction. Upper limits are set at 95% CL on the anoma-
lous FCNC couplings of ktug < 0.025 and ktcg < 0.091 using NLO QCD calculations. The
corresponding upper limits on the branching fractions are B(t ! ug) < 1.3 ⇥ 10�4 and
B(t ! cg) < 1.7 ⇥ 10�3, which are the most restrictive bounds to date. Observed upper
limits on the cross section in a restricted phase space are found to be 47 fb and 39 fb at 95% CL
for tug and tcg production, respectively, when exactly one identified b jet is required in the
data. These are the first results on anomalous tg production within a restricted phase-space
region.
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Upper limits at the 95% confidence level 
are set on the tuγ and tcγ anomalous 
couplings and translated into upper 
limits on the branching fraction of the 
FCNC top quark decays: 
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1 Introduction
The standard model (SM) has an outstanding record of consistency with experimental observa-
tions. It is not a complete theory, however, and since the recent discovery of a Higgs boson [1–
3], attaining a better understanding of the mechanism responsible for electroweak symmetry
breaking (EWSB) has become a central goal in particle physics. The experimental directions to
pursue this goal include improved characterization of the Higgs boson properties, searches for
new particles such as the members of an extended Higgs sector or the partners of the known
elementary particles predicted by supersymmetric models, and searches for unusual processes
such as rare decays of the top quark. Since the Higgs boson plays a critical role in EWSB,
searches and studies of decays with the Higgs boson in the final state have become particularly
attractive.

In many extensions of the SM, the Higgs sector includes two scalar doublets [4]. The two
Higgs doublet model (2HDM) [5] is a specific example of such an SM extension. In this model
five physical Higgs sector particles survive EWSB: two neutral CP-even scalars (h, H), one
neutral CP-odd pseudoscalar (A), and two charged scalars (H+, H�) [6]. For masses at or
below the 1 TeV scale these particles can be produced at the LHC. Both the heavy scalar H and
pseudoscalar A can decay into electroweak bosons, including the recently discovered Higgs
boson. The branching fractions of H and A into final states containing one or more Higgs
bosons h often dominate when kinematically accessible. For heavy scalars with masses below
the top pair production threshold, the H ! hh and A ! Zh decays typically dominate over
competing Yukawa decays to bottom quarks, while for heavy scalars with masses above the top
pair production threshold, these decays are often comparable in rate to decays into top pairs
and are potentially more distinctive.

We describe a search for two members of the extended Higgs sector, H and A, via their decays
H ! hh and A ! Zh, where h denotes the recently discovered SM-like Higgs boson [1–3]. The
final states used in this search consist of three or more charged leptons or a resonant photon pair
accompanied by at least one charged lepton. (In the remainder of this paper, “lepton” refers to
a charged lepton, e, µ, or hadronic decay of the t-lepton, th). The H ! hh and A ! Zh decays
can yield multileptonic final states when h decays to WW⇤, ZZ⇤, or tt. Similarly, the resonant
decay h ! gg can provide a final state that contains a photon pair and one or more leptons
from the decay of the other daughter particle.

Using the same dataset and technique, we also investigate the process t ! ch, namely the flavor
changing rare decay of the top quark to a Higgs boson accompanied by a charm quark in the
tt ! (bW)(ch) decay. The t ! ch process can occur at an observable rate for some parameters
of the 2HDM [7]. Depending on how the h boson and t quark decay, both the multilepton and
the lepton+diphoton final states can be produced. Both ATLAS [8] and CMS [9] have searched
for this process using complementary techniques. The CMS upper limit for the branching frac-
tion of 1.3% at 95% Confidence Level (CL) comes from an inclusive multilepton search that
uses the dataset analyzed here. We describe here a t ! ch search using lepton+diphoton
events and combine the results of the previously reported multilepton search with the present
lepton+diphoton search. This combination results in a considerable improvement in the t ! ch
search sensitivity.

In this paper, we first briefly describe the CMS detector, data collection, and the detector simu-
lation scheme in Section 2. We then describe in Section 3 the selection of events that are relevant
for the search signatures followed by the event classification in Section 4, which calls for the
data sample to be subdivided in a number of mutually exclusive channels based on the num-
ber and flavor of leptons, the number of hadronically decaying t leptons, photons, the tagged
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4.3 Lepton+diphoton search channels

A diphoton pair together with at least one lepton makes a lepton+diphoton event. The dipho-
ton invariant mass of the h ! gg candidates must be between 120 and 130 GeV. The search
channels are gg``, gg`th, gg`, and ggth. Depending on the relative dilepton flavor and in-
variant mass, the gg`` events can be OSSF0, OSSF1 on-Z, or OSSF1 off-Z. The SM background
decreases with increasing Emiss

T , therefore the events are further classified, when appropriate,
in three bins: Emiss

T < 30, 30–50, and >50 GeV.

The t ! ch signal populates the gg` and ggth channels but not the dilepton+diphoton chan-
nels. Since the t ! ch signal events always contain a b quark from the conventional bW decay
of one of the top quarks, the gg` and ggth search channels are further classified based on
the presence of a b-tagged jet. For these channels, we also split the last Emiss

T bin into two:
50–100 GeV and >100 GeV.

The overall lepton+diphoton channel count in this search is seven for gg``, three for gg`th,
and eight each for gg` and ggth. They are listed explicitly when we present the tables of event
yields and background predictions later (Tables 6 and 7).

5 Background estimation
5.1 Multilepton background estimation

Significant sources of multilepton SM background are Z + jets, diboson production (VV + jets;
V = W, Z), tt production, and rare processes such as ttV + jets. The techniques we use here
to estimate these backgrounds are identical to those used in Ref. [9] and are described briefly
below.

WZ and ZZ diboson production can yield events with three or four intrinsically prompt and
isolated leptons that can be accompanied by significant Emiss

T and HT. To estimate these back-
ground contributions, we use a simulation validated after kinematic comparisons with appro-
priately enriched data samples.

Processes such as Z + jets and W+W� + jets can yield events with two prompt leptons. These
can be accompanied by jets that may also contain leptons from the semileptonic decays of
hadrons, or other objects that are misreconstructed as prompt leptons, leading to a three-lepton
SM background. Since the simulation of the rare fluctuations that lead to such a misidentified
prompt lepton can be unreliable, we use the data with two reconstructed leptons to estimate
this SM background using the number of isolated prompt tracks in the dilepton dataset.

The tt decay can result in two prompt leptons and is a source of background when the decay
of one of the daughter b quarks reconstructs as the third prompt lepton candidate. This back-
ground is estimated from a tt Monte Carlo sample and using the probability of occurrence of a
misidentified third lepton derived from data.

For search channels that contain th, we estimate the probability of a (sparse) jet misidentified as
a th candidate by extrapolating the isolation distribution of the th candidates. Since the shape
of this distribution is sensitive to the extent of jet activity, the extrapolation is carried out as a
function of the hadronic activity in the sample as determined by the summed pT of all tracks as
well as the leading jet pT in the event.

Finally, minor backgrounds from rare processes such as ttV + jets or SM Higgs production
including its associated production with W, Z, or tt are estimated using simulation.

4 4 Event classification

a lepton+diphoton event. The relatively low rates for multilepton and lepton+diphoton final
states in SM allow this search to target rare signals.

4.1 The H ! hh, A ! Zh, and t ! ch signals

In the H ! hh search, seven combinations of the hh decays (WW⇤WW⇤, WW⇤ZZ⇤, WW⇤tt,
ZZ⇤ZZ⇤, ZZ⇤tt, ZZ⇤bb, and tttt) can result in a final state containing multileptons and three
combinations (ggWW⇤, ggZZ⇤, and ggtt) can result in lepton+diphoton final states with ap-
preciable rates.

In the A ! Zh search, the multilepton and diphoton signal events can result from the WW,
ZZ, tt and gg decays of the h, when accompanied by the appropriate decays of the W and Z
bosons and the t lepton. Five combinations of the Zh decays (Z ! ``, h ! WW⇤; Z ! ``,
h ! ZZ⇤; Z ! ``, h ! tt; Z ! nn, h ! ZZ⇤; Z ! qq, h ! ZZ⇤) can result in a final state
containing multileptons and one combination (Z ! ``, h ! gg) leads to lepton+diphoton
states with substantial rates.

For the t ! ch search, three combinations in the decay chain tt ! (bW)(ch) ! (b`n)(ch) can
lead to multilepton final states, namely h ! WW⇤, h ! ZZ⇤, and h ! tt. The bWch channel
can also result in a lepton+diphoton final state when the Higgs boson decays to a photon pair.
Finally, given the parent tt state, the amount of hadronic activity in the t ! ch signal events is
expected to be quite large.

4.2 Multilepton search channels

A three-lepton event must contain exactly three isolated and prompt leptons (e, µ, th), of which
two must be electrons or muons. Similarly, a four-lepton event must contain at least four lep-
tons, of which three must be electrons or muons. With the goal of segregating SM backgrounds,
these events are classified on the basis of the lepton flavor, their relative charges, as well as
charge and flavor combinations and other kinematic quantities such as dilepton invariant mass
and Emiss

T , as follows.

Events with th are grouped separately because narrow jets are frequently misidentified as th,
leading to larger SM backgrounds for channels with th. Similarly, the presence of a b-tagged
jet in an event calls for a separate grouping in order to isolate the tt background.

The next classification criterion is the maximum number of opposite-sign and same-flavor
(OSSF) dilepton pairs that can be constructed in an event using each light lepton only once.
For example, both µ+µ�µ� and µ+µ�e� are said to be OSSF1, and a µ+e�th would be OSSF0.
Both e+e+µ� and µ+µ+th are OSSF0(SS), where SS additionally indicates the presence of same-
signed electron or muon pairs. Similarly, µ+µ�e+e� is OSSF2. An event with an OSSF pair is
said to be “on-Z” if the invariant mass of at least one of the OSSF pair is between 75 GeV and
105 GeV, otherwise it is “off-Z”. An OSSF1 off-Z event is “below-Z” or “above-Z” depending
on whether the mass of the pair is less than 75 GeV or more than 105 GeV, respectively. An on-Z
OSSF2 event may be a “one on-Z” or a “two on-Z” event.

Finally, the three-lepton events are classified in five Emiss
T bins: < 50, 50–100, 100–150, 150–200,

and >200 GeV and the four-lepton events are classified in four Emiss
T bins: < 30, 30–50, 50–100,

and >100 GeV. This results in a total of 70 three-lepton channels and 72 four-lepton channels
which are listed explicitly when we later present the tables of event yields and background
predictions (Tables 1 and 2).
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multilepton final states

lepton+diphoton final state
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Higgs boson decay modes.

Table 9: Comparison of the observed and expected 95% CL limits on B(t ! ch) from individual
Higgs boson decay modes along with the 68% CL uncertainty ranges.

Higgs boson decay mode Upper limits on B(t ! ch)
Obs. Exp. 68% CL range

B(h ! WW⇤) = 23.1% 1.58% 1.57% (1.02–2.22)%
B(h ! tt) = 6.15% 7.01% 4.99% (3.53–7.74)%
B(h ! ZZ⇤) = 2.89% 5.31% 4.11% (2.85–6.45)%
Combined multileptons (WW⇤, tt, ZZ⇤) 1.28% 1.17% (0.85–1.73)%
B(h ! gg) = 0.23% 0.69% 0.81% (0.60–1.17)%

Combined multileptons + diphotons 0.56% 0.65% (0.46–0.94)%

8 Summary
We have performed a search for the H ! hh and A ! Zh decays of heavy scalar (H) and pseu-
doscalar (A) Higgs bosons, respectively, which occur in the extended Higgs sector described by
the 2HDM. This is the first search for these decays carried out at the LHC. We used multilepton
and diphoton final states from a dataset corresponding to an integrated luminosity of 19.5 fb�1

of data recorded in 2012 from pp collisions at a center-of-mass energy of 8 TeV. We find no
significant deviation from the SM expectations and place 95% CL cross section upper limits of
approximately 7 pb on sB for H ! hh and 2 pb for A ! Zh. We further interpret these limits
in the context of Type I and Type II 2HDMs, presenting exclusion contours in the tan b versus
cos(b � a) plane.

Using diphoton and multilepton search channels that are sensitive to the decay t ! ch, we
place an upper limit of 0.56% on B(t ! ch), where the expected limit is 0.65%. This is a
significant improvement over the earlier limit of 1.3% from the multilepton search alone [9].
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OP1
f � ✏OP2

f ; alternatively, if the jet b-tagging weight is below (above) the threshold corresponding
to the 80% (60%) operating point, then P f = 1 � ✏80%

f (P f = ✏60%
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Figure 2: Representative Feynman diagrams illustrating the partonic configurations and parton–jet assignments
considered in the construction of (a) the signal probability and (b) and (c) the background probability used in the
definition of the final discriminant (see text for details).

6.2.2. Background probability

The calculation of Pbkg follows a similar approach to that discussed in section 6.2.1, although it is slightly
more complicated to account for the varying fraction and di↵erent kinematic features of the tt̄+light-jets,
tt̄ + cc̄ and tt̄ + bb̄ backgrounds as a function of the analysis channel. This is particularly relevant in the
(4 j, 3 b) and (4 j, 4 b) channels, which dominate the sensitivity of the search. While tt̄+light-jets events
often have both jets from the hadronic W boson decay among the four selected jets [see figure 2(b)], this
is seldom the case for tt̄ + bb̄ and tt̄ + cc̄ events, especially in the (4 j, 4 b) channel. In this case the
four b-tagged jets typically originate from the two b-quarks from the top quark decays, the charm quark
from the W boson decay, and an extra heavy-flavour quark (b or c) produced in association with the tt̄
system, while the jet associated with the down-type quark from the W boson decay is not reconstructed
[see figure 2(c)].

To account for this, the following kinematic variables are considered: M`⌫b` , Xq1 jbh and Mq1 j, with
Xq1 jbh ⌘ Mq1 jbh  Mq1 j, were j denotes an extra quark-jet which can either originate from the W bo-
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using 19.8 fb−1 of data collected at √s = 8 TeV

using 20.3 fb−1 of data collected at √s = 8 TeV

95% CL combined upper limits: 	
B(t → Hc )    —>     0.46%	

B(t → Hu )   —>     0.45%	

the Higgs boson is lighter than the top quark, with a measured mass mH = 125.09 ± 0.24 GeV [3], such
interactions would manifest themselves as FCNC top quark decays, t ! Hq. In the SM, such decays are
extremely suppressed relative to the dominant t ! Wb decay mode, since tqH interactions are forbidden
at the tree level and even suppressed at higher-orders in the perturbative expansion due to the Glashow–
Iliopoulos–Maiani (GIM) mechanism [4]. As a result, the SM predictions for the t ! Hq branching
ratios are exceedingly small: BR(t ! Hu) ⇠ 10�17 and BR(t ! Hc) ⇠ 10�15 [5–8]. On the other hand,
large enhancements in these branching ratios are possible in some beyond-SM scenarios, where the GIM
suppression can be relaxed and/or new particles can contribute to the loops, yielding e↵ective couplings
orders of magnitude larger than those of the SM. Examples include quark-singlet models [9], two-Higgs-
doublet models (2HDM) of type I, with explicit flavour conservation, and of type II, such as the minimal
supersymmetric SM (MSSM) [10–12], or supersymmetric models with R-parity violation [13]. In those
scenarios, typical branching ratios can be as high as BR(t ! Hq) ⇠ 10�5. An even larger branching ratio
of BR(t ! Hc) ⇠ 10�3 can be reached in 2HDM without explicit flavour conservation (type III), since a
tree-level FCNC coupling is not forbidden by any symmetry [14–16]. While other FCNC top couplings,
tq�, tqZ, tqg, are also enhanced relative to the SM prediction in those scenarios beyond the SM, the largest
enhancements are typically for the tqH couplings, and in particular the tcH coupling. See ref. [7] for a
review.

Searches for t ! Hq decays have been performed by the ATLAS and CMS collaborations, taking ad-
vantage of the large samples of tt̄ events collected during Run 1 of the LHC. In these searches, one
of the top quarks is required to decay into Wb, while the other top quark decays into Hq, yielding
tt̄ ! WbHq.1 Assuming SM decays for the Higgs boson and mH = 125 GeV, the most sensitive single-
channel searches have been performed in the H ! �� decay mode which, despite the tiny branching
ratio of BR(H ! ��) ' 0.2%, is characterised by very small background and excellent diphoton mass
resolution. The resulting observed (expected) 95% confidence level (CL) upper limits on BR(t ! Hq)
are 0.79% (0.51%) and 0.69% (0.81%), respectively from the ATLAS [17] and CMS [18] collaborations.
These searches are insensitive to the di↵erence between t ! Hu and t ! Hc, and thus the above limits can
be interpreted as applying to the sum BR(t ! Hu)+BR(t ! Hc). The CMS Collaboration has also rein-
terpreted searches in multilepton (three or four leptons) final states [18] in the context of tt̄ ! WbHq with
H ! WW⇤, ⌧⌧, resulting in an observed (expected) upper limit of BR(t ! Hc) < 1.28% (1.17%) at the
95% CL. Multilepton searches are able to exploit a significantly larger branching ratio for the Higgs boson
decay compared to the H ! �� decay mode, and are also characterised by relatively small backgrounds.
However, in general they do not have good mass resolution,2 so any excess would be hard to interpret as
originating from t ! Hq decays. The combination of CMS searches in diphoton and multilepton (three
or four leptons) final states yields an observed (expected) upper limit of BR(t ! Hc) < 0.56% (0.65%)
at the 95% CL [18].

Upper limits on the branching ratios BR(t ! Hq) (q = u, c) can be translated to upper limits on the
non-flavour-diagonal Yukawa couplings �tqH appearing in the following Lagrangian:

LFCNC = �tcHt̄Hc + �tuHt̄Hu + h.c. (1)

The branching ratio BR(t ! Hq) is estimated as the ratio of its partial width [8] to the SM t ! Wb partial
width [19], which is assumed to be dominant. Both predicted partial widths include next-to-leading-order

1 In the following WbHq is used to denote both W+bHq̄ and its charge conjugate, HqW�b̄. Similarly, WbWb is used to denote
W+bW�b̄.

2 An exception is the H ! ZZ⇤ ! `+`�`0+`0� (`, `0 = e, µ) decay mode, which has a very small branching ratio and thus is not
promising for this search.
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CMS:

ATLAS:

38



tqH and tqg FCNC Couplings
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Effective Lagrangian !
for tqH and tqg FCNC Couplings

The most general effective Lagrangian up to dimension-six operators :

Coupling strength (top, up-type quark and gluon)

Coupling strength (top, up-type quark and Higgs)

Saavedra Nucl.phys.B 812(2009)181-204 Saavedra Nucl.phys.B 821(2009)215-227

New Physics?

g/H
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Single top + Higgs due to FCNC Couplings at the LHC

!
• Final state:  

 3 b-jets 

 One charged lepton 

 Missing energy (Neutrino)
41



Backgrounds and detector simulations

The main background processes are Wbbj, Wjjj, WZj and top pair. 

b-tagging efficiency = 60 % mis-tagging rate=10 %

No TOP and No Higgs but the same final state
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Event Generation and Simulation

FeynRules Package               Implementing the model 

MadGraph                Generating the hard processes 

PYTHIA                     Hadronization and showering 

FastJet                     Reconstructing  Jets
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Preliminary Cuts

• Based on the detector resolutions and acceptance, following  
cuts have been applied: 

Lepton and jets 

!

Distance between two object 

!

 Missing Transverse Energy   

pT > 25GeV |η |< 2.5

ΔRij = (ηi −η j )
2 + (φi −φ j )

2 > 0.4

/ET > 25GeV
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Object Selection & Reconstruction 

We require to have only three b-
tagged jets. 

!

The combination which gives the 
closest mass to the top quark is 
selected as top. 

!

The other remaining two b-jets 
are combined to reconstruct the 
Higgs boson.
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Looking at different kinematic distributions for suppressing Backgrounds.

|mH ,rec −125 |>15GeV | yl − yH |<1.2

| yH |> 0.8pT ,Higgs >100GeV

46S.Kh, M.M.Najafabadi , Phys.Rev.D 89 (2014) 5, 054011



Reconstructed top quark mass after all cuts for signal and backgrounds:

Top quark has been reconstructed well!

47S.Kh, M.M.Najafabadi , Phys.Rev.D 89 (2014) 5, 054011



Results for FCNC t-q-gluon 
Couplings

Now we find the values of new physics model parameters,       , at which 
the observation of new physics can be claimed. To do so, a statistical 
significance is defined as the difference of number of signal distribution 
from the background:

κ tqg

Significane = S
σ B

= S
B

Requiring significance > 3(5) leads to :

48S.Kh, M.M.Najafabadi , Phys.Rev.D 89 (2014) 5, 054011



Charge Ratio

The number of events with positive charged 
lepton to the number of events with negative 
charge :

This observable can Discriminate between signal and backgrounds.  
In case of discovery, it can distinguish between tug and tcg 
couplings.

R = σ (t + H )
σ (t + H )

= N(l+ ) / N(l− )
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channels also can lead to tighter bounds on the anomalous
couplings.
In this analysis, we have not considered QCD multijet

events. Because of its huge cross section, a data-driven
technique is needed to estimate the contribution of this
background. However, it is expected that the contribution
of this background is negligible after the requirement of
one isolated lepton and the missing transverse energy.
Furthermore, requiring three b-tagged jets, where two of
them must have a mass in the Higgs mass window, is
expected to suppress the QCD background.
The SM single top plus Higgs, tZj, and tt̄Z events can

also be sources of backgrounds to our signal. The inclusive
LO cross sections are 52 fb, 0.55, and 1.02 pb, respectively.
We have not included these backgrounds in the analysis
due to very small cross sections. After including the
branching ratios and applying the cuts, a negligible number
of events will survive. One of the main backgrounds to this
analysis is theW þ jets. The requirement of exactly three b
jets suppresses this background dramatically. We expect
that a full analysis with well-developed algorithms for b
tagging provides more precise and reliable results.
Therefore, a full detector analysis by the experimental
collaborations is needed to confirm the results that we
obtained in this analysis.

IV. SIMULTANEOUS PROBE OF
tqg AND tqH COUPLINGS

The final state of the single top quark plus a Higgs boson
can arise from both anomalous interactions tqg and tqH.
Both anomalous couplings come from dimension-six
operators. Therefore, in the presence of both couplings,
the anomalous single top quark in association with a Higgs
boson production cross section can be parametrized as

σ

!
κtqg
Λ

; gtqH

"
½pb# ¼ ctqg ×

!
κtqg
Λ

"
2

þ ctqH × g2tqH

þ cint ×
κtqg
Λ

× gtqH; (14)

where κtqg=Λ is in TeV−1 and gtqH is dimensionless.
The coefficients ctqg, ctqH, and cint. are determined with
MADGRAPH. After the preliminary cuts described in
Sec. II, the coefficients are ctuðcÞg ¼ 5.6ð1.05Þ, ctuðcÞH ¼
0.09ð0.01Þ, and cint ¼ 0.46ð0.2Þ. The numbers in paren-
theses denote the coefficients for the tcg and tcH cou-
plings. As can be seen, the anomalous tqg coupling can
have a larger contribution to the production of a single top
quark in association with a Higgs boson. After applying
similar requirements to what explained in the previous
section the 3σ exclusion limits on the anomalous tqg and
tqH are extracted. Figure 5 shows the 3σ exclusion regions
in the plane of (κtqg=Λ; gtqH) using 10 fb−1 of the integrated
luminosity in proton-proton collisions at 14 TeV. In this
plot, the smallest region shows the 3σ region for the

anomalous interactions tug and tuH and the bigger one
is the allowed region for tcg and tcH. Because of the
smaller contribution to the signal cross section, looser
bounds are obtained on the tqH couplings with respect to
the tqg couplings.

V. CHARGE RATIO

One of the striking features of our signal, single top plus
a Higgs boson production at the LHC, is asymmetry
between top and antitop rates. The cross section of top
and antitop quarks is different at the LHC for the process of
gþ uðūÞ → tðt̄Þ þH because of the difference between the
u-quark and ū-quark parton distribution functions of the
proton. Since the c-quark and c̄-quark parton distribution
functions are similar, the rates of top and antitop quarks
from the process of gþ cðc̄Þ → tðt̄Þ þH are expected to be
similar. In leptonic top decay, the top/antitop asymmetry is
directly translated in a corresponding lepton charge asym-
metry. This is a reasonable assumption because the effi-
ciencies of lepton selection and also fake charged lepton
contamination are almost independent of charge. The
dominant background to our signal is tt̄, which is charge
symmetric at leading order. However, when the next-to-
leading order corrections are included, antitop quarks
prefer to be more central than the top quarks. Therefore,
more leptons will be observed than antileptons in the
central region of the detector. The magnitude of this charge
asymmetry is estimated to be around 1% [42]. The QCD
multijet background is expected to be perfectly charge
symmetric [43]. The only background that has charge
asymmetry among the main backgrounds is W þ jets.
This nice feature of the signal provides the possibility of

up
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FIG. 5 (color online). The 3σ exclusion upper limits on the
anomalous couplings κtqg

Λ and gtqH for 10 fb−1 of integrated
luminosity at the LHC with the center-of-mass energy of 14 TeV.
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Charge Ratio

Inclusive values g+u > t+H :

For  g + c > t+ H:  
R = 1

Since the c-quark and cbar-quark PDFs are similar, because both 
of them are sea quark:
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Dependence of the charge ratio on the transverse momentum 
and pseudorapidity of the charged lepton.

Charge Ratio
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The correlation between the transverse momentum and pseudorapidity of 
the charged lepton for signal events. 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

The large charge ratio for very energetic lepton would lead to the large 
charge ratio in the forward/backward region. 
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charge ratio in the single top t channel. The largest source
of systematic uncertainty on the ratio is coming from the
limited knowledge of the proton PDF. In this work, we have
estimated the uncertainties due to the PDF by using the 44
members of the CTEQ6.6 PDFs. We have found that the
relative uncertainty due to the PDF on the ratio R is around
ΔR=R ¼ 7%. The PDF uncertainty on the ratio R varies
in bins of the lepton η. For the central leptons the PDF
uncertainty is around 3% which increases up to around
6%–7% for the leptons in the forward or backward region.
We also varied the factorization and renormalization scale
to find uncertainty on the charge ratio. It is found to be less
than 1%. Apart from the ability of the charge ratio to
discriminate between signal and backgrounds, upon the
signal discovery it can be used to determine that the signal
comes from t − u − g coupling or t − c − g couplings.

Since the t − c − g anomalous coupling has equal contri-
bution in top and antitop production, the inclusive and
the differential charge ratio (RðpTÞ and RðηÞ) have quite
different values and behaviors in the case where the signal
originates from t − u − g anomalous coupling. It is notable
that similar charge ratio properties as mentioned in this
section are applicable in the other channels of anomalous
single top production in association with a vector boson
or a Higgs boson—processes like qþ g → tþ γ (with
anomalous interaction of tqγ and tqg) and qþ g →
tþH (with anomalous couplings of tqH and tqg) and
also qþ g → tþ Z (with anomalous interaction of tqZ and
tqg) [16], [24], [17]. As an example, we show the charge
ratio in the process of qþ g → tþ γ (with tqγ anomalous
interaction) as a function of photon pT and η in Fig. 8.
An increasing behavior for the charge ratio at large photon
transverse momentum and large rapidities can be seen.

VI. CONCLUSIONS

In this paper we propose to use the pp → tðt̄Þ þH
process to probe the anomalous tug and tcg couplings as a
complementary channel in addition to the other channels.
We concentrate on the leptonic decay of the top quark and
the Higgs boson decay to bb̄ at the LHC with the center-of-
mass energy of 14 TeV. A set of kinematic variables has
been proposed to discriminate between the signal from
backgrounds. After applying the selection, we show that
the LHC can probe the anomalous tugðtcgÞ couplings
down to 0.01ð0.04Þ TeV−1 with 10 fb−1 of integrated
luminosity. We also study the production of a signle top
quark plus a Higgs boson coming from tqg and tqH
anomalous couplings at the same time and derive the 3σ
exclusion upper limits on the strengths of the anomalous
couplings. We propose the charge ratio versus transverse
momentum and the pseudorapidity of the charge lepton as a
strong tool to discriminate between signal and backgrounds
as well as its ability to distinguish between the anomalous
couplings tug and tcg. We have shown that in particular in
the high-pT region or for the leptons in the forward or
backward regions, the charge ratio increases significantly.
We have found that the charge ratio is robust against the
variation of the PDF and the Q scale.
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FIG. 8 (color online). The ratio of antilepton to lepton as a
function of photon pT (left) and photon η (right).
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2 2 The CMS detector

gram for this tg process including the muonic decay of the W boson from the top quark decay.
The FCNC vertex is identified by a filled circle.

One of the distinctive signatures of the signal is the presence of a high transverse momentum
(pT) photon in the final state. The photon is expected to have large transverse momentum, ow-
ing to its recoil from the heavy top quark. The analysis is performed using events with a muon,
a photon, at least one hadronic jet, with at most one being consistent with originating from
a bottom quark, and missing transverse momentum. The results are compared with leading-
order (LO) and next-to-leading-order (NLO) calculations of the FCNC signal production cross
section based on perturbative quantum chromodynamics (QCD) [12].

g

u/c

u/c

γ

t

b
+W

+µ

µν

Figure 1: Lowest-order Feynman diagram for single top quark production in association with
a photon via a FCNC, including the muonic decay of the W boson from the top quark decay.
The FCNC vertex is marked as a filled circle.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a barrel and two endcap sections are contained within the superconducting
solenoid volume. Extensive forward calorimetry complements the coverage provided by the
barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded in the
steel flux-return yoke outside the solenoid.

The first level of the trigger system, composed of custom hardware processors, is designed to
select the most interesting events in less than 4 ms, using information from the calorimeters
and muon detectors. The high-level trigger processor farm further decreases the event rate
from about 100 kHz to less than 1 kHz, before data storage.

A more detailed description of the CMS detector, together with a definition of the coordinate
system and kinematic variables used in this analysis, can be found in Ref. [13].

2

t

t
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u/c

g

u/c

t

Z

u/c

g

FIG. 1: Representative Feynman diagrams leading to the pro-
duction of a single top quark in association with a Z-boson.
Flavor violation (red dots) occurs either in the strong (left)
or weak (right) sector.

light1 quark fields t and q involve either a gluon (Ga
µ) or a

Z-boson (Zµ). Both cases can be described by means of
effective operators to be supplemented to the Standard
Model Lagrangian [10, 19, 20]. Denoting the fundamen-
tal representation matrices of SU(3) by Ta, the strong
and weak coupling constants by gs and g, the cosine of
the weak mixing angle by cW and the Z-boson and gluon
field strength tensors by Zµν and Ga

µν , this effective La-
grangian reads

L =
∑

q=u,c

[√
2gs

κgqt

Λ
t̄σµνTa(f

L
q PL+fR

q PR)q Ga
µν

+
g√
2cW

κzqt

Λ
t̄σµν(f̂L

q PL+f̂R
q PR)q Zµν

+
g

4cW
ζzqt t̄γ

µ(f̃L
q PL+f̃R

q PR)q Zµ

]

+ h.c. .

(1)

In this expression, PL and PR are chirality projectors
acting on spin space and σµν = i

4 [γ
µ, γν ]. While other

operators are in principle possible, they can always be re-
expressed in terms of those included in Eq. (1) so that we
only consider the minimal set of independent Lagrangian
terms above. The magnitude of new physics effects that
are assumed to appear at an energy scale Λ are mod-
eled through real dimensionless parameters κgqt, κzqt and

ζzqt together with complex chiral parameters fL,R
q , f̂L,R

q

and f̃L,R
q normalized to |fL

q |2+ |fR
q |2 = |f̂L

q |2+ |f̂R
q |2 =

|f̃L
q |2+|f̃R

q |2=1.
In this work, we perform a phenomenological analy-

sis based on Monte Carlo simulations of collisions pro-
duced at the LHC, running at a center-of-mass energy of√
s =8 TeV and for an integrated luminosity of 20 fb−1.

For both signal and background, we use the Mad-

Graph 5 [21] package for the generation of hard scatter-
ing matrix elements including up to two additional jets
and convolved with the leading order set of the CTEQ6
parton density fit [22]. Parton-level events produced
in this way are then matched to parton showering and
hadronization by means of the program Pythia 6 [23]
and merged according to the kT -MLM scheme [24, 25].

1 The naming light quark (jet) also refers to charmed objects.

Detector effects are subsequently accounted for using a
modified version of Delphes 2.0 [26]. The latter includes
a modeling of the performances of the CMS detector as
described in Ref. [27] and a more recent description of
the b-tagging efficiency and mistagging rates. For the
latter, we base our implementation on the Tchel al-
gorithm [28, 29], which leads, e.g., to a ∼ 75% tagging
efficiency and a 10−15% mistagging rate for jets with
a transverse momentum of 50−80 GeV. After employ-
ing the FastJet package [30] for jet reconstruction with
an anti-kt algorithm of radius parameter set to R = 0.4,
simulated events are analyzed within the MadAnaly-

sis 5 framework [31].
In order to allow for signal simulation, we have im-

plemented the effective Lagrangian of Eq. (1) within the
FeynRules package [32–36] and subsequently exported
the model to a UFO module [37] that has been linked
to MadGraph 5. We then generate events describing
the production of a top (anti)quark decaying leptonically
(together with a b-jet and missing energy), in association
with a pair of same flavor leptons with opposite elec-
tric charges2 whose the invariant mass is greater than
12 GeV. In contrast to the diagrams of Figure 1, virtual
photon and off-shell Z-boson effects are included in the
simulation.
In our study, we investigate simplified scenarios with

fL
q = f̂L

q = f̃L
q =0 and fR

q = f̂R
q = f̃R

q =1. Leading order
inclusive cross sections σtZ(x) read, assuming a single
non-vanishing anomalous coupling x at a time,

σtZ(κgut/Λ) = 86.78
∣

∣κgut (1TeV)/Λ
∣

∣

2
pb ,

σtZ(κgct/Λ) = 3.255
∣

∣κgct (1TeV)/Λ
∣

∣

2
pb ,

σtZ(κzut/Λ) = 5.769
∣

∣κzut (1TeV)/Λ
∣

∣

2
pb ,

σtZ(κzct/Λ) = 0.273
∣

∣κzct (1TeV)/Λ
∣

∣

2
pb ,

σtZ(ζzut) = 2.727 · 101
∣

∣ζzut
∣

∣

2
pb ,

σtZ(ζzct) = 1.533
∣

∣ζzct
∣

∣

2
pb .

(2)

Those predictions agree with the results of Ref. [38]. In
the following, we consider that each type of interaction
can be treated independently, i.e., that either the strong
(κgqt) or one of the weak (κzqt or ζzqt) vertices are non-
zero, and we include next-to-leading order (NLO) K-
factors fixed to 1.3 [14, 15].
We now turn to the simulation of the Standard Model

background. First, we do not consider multijet events
since their correct treatment requires data-driven meth-
ods. We instead rely on existing experimental analy-
ses that have shown that they contribute negligibly after
a selection based on the trilepton topology and missing

2 By the terminology leptons, we equivalently denote electrons,
muons and taus decaying leptonically.

charge ratio in the single top t channel. The largest source
of systematic uncertainty on the ratio is coming from the
limited knowledge of the proton PDF. In this work, we have
estimated the uncertainties due to the PDF by using the 44
members of the CTEQ6.6 PDFs. We have found that the
relative uncertainty due to the PDF on the ratio R is around
ΔR=R ¼ 7%. The PDF uncertainty on the ratio R varies
in bins of the lepton η. For the central leptons the PDF
uncertainty is around 3% which increases up to around
6%–7% for the leptons in the forward or backward region.
We also varied the factorization and renormalization scale
to find uncertainty on the charge ratio. It is found to be less
than 1%. Apart from the ability of the charge ratio to
discriminate between signal and backgrounds, upon the
signal discovery it can be used to determine that the signal
comes from t − u − g coupling or t − c − g couplings.

Since the t − c − g anomalous coupling has equal contri-
bution in top and antitop production, the inclusive and
the differential charge ratio (RðpTÞ and RðηÞ) have quite
different values and behaviors in the case where the signal
originates from t − u − g anomalous coupling. It is notable
that similar charge ratio properties as mentioned in this
section are applicable in the other channels of anomalous
single top production in association with a vector boson
or a Higgs boson—processes like qþ g → tþ γ (with
anomalous interaction of tqγ and tqg) and qþ g →
tþH (with anomalous couplings of tqH and tqg) and
also qþ g → tþ Z (with anomalous interaction of tqZ and
tqg) [16], [24], [17]. As an example, we show the charge
ratio in the process of qþ g → tþ γ (with tqγ anomalous
interaction) as a function of photon pT and η in Fig. 8.
An increasing behavior for the charge ratio at large photon
transverse momentum and large rapidities can be seen.

VI. CONCLUSIONS

In this paper we propose to use the pp → tðt̄Þ þH
process to probe the anomalous tug and tcg couplings as a
complementary channel in addition to the other channels.
We concentrate on the leptonic decay of the top quark and
the Higgs boson decay to bb̄ at the LHC with the center-of-
mass energy of 14 TeV. A set of kinematic variables has
been proposed to discriminate between the signal from
backgrounds. After applying the selection, we show that
the LHC can probe the anomalous tugðtcgÞ couplings
down to 0.01ð0.04Þ TeV−1 with 10 fb−1 of integrated
luminosity. We also study the production of a signle top
quark plus a Higgs boson coming from tqg and tqH
anomalous couplings at the same time and derive the 3σ
exclusion upper limits on the strengths of the anomalous
couplings. We propose the charge ratio versus transverse
momentum and the pseudorapidity of the charge lepton as a
strong tool to discriminate between signal and backgrounds
as well as its ability to distinguish between the anomalous
couplings tug and tcg. We have shown that in particular in
the high-pT region or for the leptons in the forward or
backward regions, the charge ratio increases significantly.
We have found that the charge ratio is robust against the
variation of the PDF and the Q scale.
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FIG. 8 (color online). The ratio of antilepton to lepton as a
function of photon pT (left) and photon η (right).
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It is notable that similar charge ratio properties as are applicable in the other 
channels of anomalous single top production in association with a vector 
boson gamma or Z-boson.
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CP-Violating in Top-Higgs Coupling



General Lagrangian for top-Higgs

We can parametrize the top-Higgs Lagrangian as,#

!

The coupling        is CP-conserving .   #

The coupling        is CP-violating .#

In the SM at leading order: #

CP-violating component can arise from loops at higher order in SM.#

They may arise from several new physics.

κ t

!κ t

Saavedra Nucl.phys.B 821(2009)215-227 55



Constraints                         Direct , Indirect #

!

Low Energy Experiments: Electric Dipole Moment(EDM), 
B meson rare decay, …#

High Energy Experiments: Collider Observables,…

56



Electric Dipole Moment(EDM)

A nonzero particle EDM violates P, T and, assuming CPT conservation, also 
CP.#

EDM is known to a good probe to CP violation in particle physics models.#

EDM of  fermions  first arises at the three loop level @ SM.#

H = −d
!
S.
!
E

P(H ) = −(d
!
S.(−
!
E)) ≠ H

T (H ) = −(d(−
!
S).
!
E) ≠ H

T :E→ E,S→−S
P :E→−E,S→ S

!

No one has ever found the 

EDM of any elementary 

particle.	
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Top-Higgs probe (I): EDM of the electron

Zupan, et al. JHEP 1311, 180 (2013)

xt /h ≡
mt
2

mh
2

The 90% confidence level limit from AMCE collaboration:

Science 343(6168):269-289

Barr-Zee type digram
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Top-Higgs probe (II): Higg Energy 
Constraints

The CP-violating Higgs couplings affect the production cross sections and decay branching 
ratios of the Higgs at loop level.#

Modifications of the Higgs-top couplings affect both the                   as well as the                     
vertex, which are generated at one loop in the SM.

gg→ h h→ γγ

Zupan, et al. JHEP 1311, 180 (2013)
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Zupan, et al. JHEP 1311, 180 (2013)

electron EDM#

!

!

Higgs production and Decay

Indirect Constraints 
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Top-Higgs couplings (III): Direct searches 

We investigate the LHC 
potential to distinguish the 
scalar and pseudoscalar top-
Higgs couplings.#

This process offers many 
observable to determine CP-
violating and CP-conserving 
component.
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Top-Higgs couplings (III): Direct searches 

62

XH2production)
•  Allows2direct2measurement2of2kt2and2σ"H$α$kt2(

•  2The2potential2for2disentangling2scalar2and2
pseudoscalar2Higgs,top$couplings2directly2at2
the2LHC)

•  2ttH2production2has2the2lowest2cross2
section2for2a2SM:like2Higgs2boson2at2LHC.)

)
)
)
)
)
)
•  2Interestingly,2the2phase:space2suppression)
effect2is2overcome2at2√s>30:402TeV,2where)
ttH2becomes2the23rd2most2important)
production2mechanism.)

02/02/2016 7 

$  σ("H)$known$at$NLO$in$QCD(
For$MH=125$GeV:$√s=8$TeV:$σ("H)=130$J)

IPM 

σ(ttH) known at NLO in QCD  
For MH=125 GeV: √s=8 TeV: σ(ttH)=130 fb 

• Interestingly, the phase-space suppression 
effect is overcome at √s>30-40 TeV, where 
ttH becomes the 3rd most important production 
mechanism. 



Sensitive Observables $
in Direct Searches 

The cross sections and final-state distributions in ttH production are sensitive to the ratio 
between the scalar and pseudoscalar top-Higgs couplings#

The invariant mass distributions for the three-body combinations ttH are sensitive to the 
ratio between the scalar and pseudoscalar top-Higgs couplings

John Ellis , et al.  JHEP 1404 (2014) 004 63



Azimutal Angular Observable
We define an asymmetry-like observable in PP > ttH, with respect 
to the azimutal angle differences :                                 

Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7, 074014 64

http://arxiv.org/find/hep-ph/1/au:+Khatibi_S/0/1/0/all/0/1


The observable as a function of the cut on Higgs boson pT:#

!

!

!

!

!

!

The presence of a CP-violating coupling in ttH interaction reduces the amount 
of O at any value of the cut on Higgs boson pT .

SM

Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7, 074014 65

http://arxiv.org/find/hep-ph/1/au:+Khatibi_S/0/1/0/all/0/1


 Statistical Significance

The left plot shows the statistical significance for the integrated luminosities of 10,50,100 fb-1. The right plot 
shows, the 1,3 and 5 sigma regions.

The significance of the observable O is defined as the number of#
standard deviations σ of which O differs from zero: 

66Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7, 074014

http://arxiv.org/find/hep-ph/1/au:+Khatibi_S/0/1/0/all/0/1


68% CL allowed region from the 
global analysi s(violet dashed -
curve), the 1 and 3 sigma allowed 
region obtained using the  observable 
with 30 fb-11 of the LHC data at 
14 TeV. The red solid curve shows 
the allowed region that could be 
obtained by the future upper limit 
on the top quark EDM .

Allowed Region

67Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7, 074014

http://arxiv.org/find/hep-ph/1/au:+Khatibi_S/0/1/0/all/0/1


Top Electric Dipole Moment(EDM) 
Analysis

| dt |=
1
8π 2

2e
3mt

κ t !κ t f (x)

x = mH
2

mt
2

| dt |<10
−19e.cm

68Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7, 074014

http://arxiv.org/find/hep-ph/1/au:+Khatibi_S/0/1/0/all/0/1


Summary
Top quark has important rule to search for new physics. 

Top FCNC interactions can be important to search for 
New Physics. 

Top-Higgs Coupling is important to search for new physics 
as well by using low energy and high energy experiments. 

It must be explored indirectly by flavor physics and  
directly by collider physics in as many as possible 
channels.
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“Backup Slides”
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Top Asymmetries



Top Forward-Backward Asymmetry

Well-known Tevatron Forward-Backward Asymmetry in ttbar events 

!
❖Kuhn & Rodrigo [PRL 81 (1998) 49]#
!
❖First experimental result:#
         DO paper [PRL: 100 (2008) 142002]#
         Quickly followed by CDF paper [PRL: 100 (2008) 202001]#
!
❖Both experiments found higher values than the SM expectations.#
!

❖For                                                                                                         there were 3.4 discrepancy.#mtt ≥ 450GeV ⇒ Aexptt = 0.475 ± 0.114,A
SM

tt = 0.13± 0.01
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Top Pair production $
@ hadron colliders

LHC Tevatron
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Rapidity

In the massless limit:



Top Forward-Backward Asymmetry

Longitudinal boost independent
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Att @ SM
!

Tree level  top pair production diagrams can not generate any asymmetry.

CDF Collaboration, Phys. Rev. D 87, 092002 (2013) D0 Collaboration, Phys. Rev. D 90, no. 7, 072011(2014)Kuhn & Rodrigo, 2011

LO :Nt = L ×σ tt ∝ a + b(cosθ )
2

NLO :Nt = L ×σ tt ∝ a '+ b 'cosθ + c '(cosθ )2Top Asymmetry arise at next to 
leading order in QCD.
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Related Charge Asymmetry @ LHC

LHC is Symmetric                       No Forward-Backward Asymmetry	
   But suppose that there is a charge asymmetry at Parton level(QCD predicts that 

tops are preferentially emitted in the direction of  incoming quark, BSM 
asymmetry can be positive or negative)  

quarks carry more momenta than antiquarks
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Related Charge Asymmetry @ LHC

Due to the dominant symmetric contribution from initial state 
gluons the SM predicts a small charge asymmetry :

W. Bernreuther and Z. -G. Si, Phys. Rev. D 86, 034026 (2012) CMS collaboration, Phys. Lett .B.717(2012)129

No hint of an excess ... but still some room for new physics
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Lepton-Based Asymmetries
Tevatron:

LHC:

Lepton based asymmetries in t-tbar events are in principle 
independent observables that can reveal or constrain new physics.
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s-channel: extra octet-color vector gluon (axigluon).	

t-channel: flavor changing interaction (W´, Z´).

NP models may be divided into Two classes :

A puzzling aspect of the observed excess is that the large value of the measured asymmetries are 
not accompanied by any sizable deviation in other top observables, such as the total or differential tt 
production cross sections. !

!
Furthermore, non-SM dynamics can naturally induce a large deviation for the AFB at the Tevatron 
without affecting the charge asymmetry at the LHC

These strongly constrains possible explanations of the anomalous AFB.

Frampton andS. L. Glashow, Phys. Lett. B 190, 157
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