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Abstract: We investigate new physics e ects on the Wtb e ectiv e couplings in a model-independernt framework.
The new physicse ects can be parametrized by four independert couplings, f &, fX, f5 and f§. We further introduce
a set of parameters xo, Xm, Xp and xs which exhibit a linear relation to the single top production cross sections.
Using recert data for the t-channel single top production cross section , tW assaiated production cross section
w , S-channel single top production crosssection s, and W-helicit y fractions Fo, F. and Fr collected at the 8 TeV
LHC and Tevatron, we perform a global t to imposeconstraints on the top quark e ectiv e couplings. Our global
tting results show that the top quark e ectiv e couplings are strongly correlated. We show that (i) improving the
measuremeris of ; and w is important in constraining the correlation of (f R;fX) and (f5;f5): (i) f+ and f§
are anti-correlated, and are sensitive to all the four experiments; (i) ff and f; are also anti-correlated, and are
sensitive to the Fo and F. measuremers; (iv) the correlation betweenf}s and f§ is sensitive to the precision of
the ¢, w and Fo measuremerts. The e ective Wtb couplings are studied in three kinds of new physics models:
the G(221)= SU(2); SU(2): U(1)x models, the vector-like quark models and the Littlest Higgs model with and
without T-parity. We show that the Wtb couplings in the left-right model and the un-unied model are sensitive to
the ratio of gauge couplings when the new heavy gauge boson's mass (M o) is lessthan sewral hundred GeV, but
the constraint is looseif Myo> 1 TeV. Furthermore, the Wtb couplings in vector-like quark models and the Littlest
Higgs models are sensitive to the mixing angles of new heavy particles and SM particles.
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1 Intro duction _ _ _
in connecting the SM and NP. The Wtb coupling plays

The discovery of the Higgsbosonat the LargeHadron @ pivotal role in top quark physics. The top quark decay
Collider (LHC) [1, 2] completes the Standard Model  and single top quark production processesare sensitive
(SM) of particle physics. So far, no evidenceof new to the Wtb coupling. In addition, it o ers a very promis-
physics (NP) has been obserned at the LHC. It is pos- ing way to probe for NP at the LHC. For instance, the
sible that the scaleof new physics e is much higher  production rate of single top quarks and the polariza-
than the electroveak symmetry breaking (EWSB) scale tion of the top quark can be modi ed by NP beyond the
(v= 246GeV). If so,we expectto look for indirect e ects ~ SM, sudh as new gaugebosonW?, vector-like fermions,
of NP with the SM particles which we know. The top  etc. Those heavy particles are predicted in many NP
quark, discovered at the Tevatron [3, 4], is the heaviest ~ models, such asSU(2); SU(2), U(1)x, often denoted
particle in the SM. With its mass around the EWSB  asG(221) models 5, 6], vector-like quark models [7{10],
scale,the top quark is believed to play animportant role  Little Higgs models [11{13], warped/composite simpli-
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ed models [14] and many others. It is corveniert to
classifythe underlying theoriesaccordingto di erent ap-
proachesthat modify the Wtb coupling. A simple case
is that the new heavy particles mix with SM particles at
tree-level, like a new gaugeboson W? or a new fermion
T(B). Another way to generatethe anomalousWtb cou-
pling is through the loop-level. Typical examplesare
supersymmetric models [15, 16] and two-Higgs-doublet
models [17].

The top quark decays beforehadronization asits life-
time is much smaller than the typical hadronization time
scale. In the SM, the dominant decay mode of top quark
ist! W*b, sothe Wtb coupling governsthe top quark
decay process. One way to probe the structure of the
Wtb coupling is to study the helicity fractions of the W
bosonin top quark decay. The W-bosonhelicity fractions
are de ned asthe partial rate for a given helicity state
divided by the total decay rate: F g o LR 0= , Where
F., Fr, Fo are the left-handed, right-handed and longi-
tudinal helicity fractions, respectively. The W helicity
fractions, calculatedto the accuracy of the next-to-next-
to-leading order (NNLO) QCD correctionsin the SM, are
Fo = 0:687 0:005,F_ = 0:311 0:005,F¢ = 0:0017 0:0001
for a top quark massof m; = 1728 1.3 GeV [18, 19.
Recerly, the ATLAS and CMS collaborations have mea-
Bured the W helicity fractions in top quark decays at

s = 7 TeV, and CMS 8 TeV results are also avail-
able. Theseresults are consistert with the SM predic-
tions [19, 20.

At hadron colliders, the top quark can be produced

singly in three channels: the t-channelprocessub! td),
the tW assaiated production process(bg ! tW ),
and the s-channel process(ud ! W* ! tb). The

t-channel cross section is predicted at next-to-next-to-
leading order plus the cortribution due to the resum-
mation of soft-gluon bremsstrahlung (NNLO+NNbL) to
be , = 87:87% pb [21, 22 at the LHC with "~ 5= 8
TeV. The the?)retical predictions for the tW-channel and

s-channel at ~ s = 8 TeV at NLO+NNLL precision in
QCD are = 224 1.5 pb [23] and =56 02
pb [24], respectively. The crosssectionsat = s= 13 TeV

are = 221", 3pb, w =726 1:3 13 pb and
s = 1129 0:18 0:26 pb [25. Recerily, both ATLAS
and CMS collaborations have meaﬁuredthe single top
quark proéiuction crosssectionsat = s=7TeV, s=8
TeVand =~ s= 13 TeV. Theseare summarizedin Sec.3.
In this work, we usethe e ective eld theory (EFT)
to calculate the single top quark production cross sec-
tions and W helicity fractions, and use the recert ex-
perimental data (denoted as Wtb measuremets) to de-
termine the general Wtb couplings. Model indepen-
dent analysesof the Wtb couplings have already been
performed using the EFT approad, seefor example in
Refs. [26{49]. In our work, we compute the deviation

from the SM by including the dimension-6 operators for
top quark decay and single top quark production pro-
cessesWeincorporate the quadratic terms of dimension-
6 operators to obtain the correlations among di erent
operators in the single top quark crosssection and W
helicity fraction calculations. The constraints on Wtb
couplings basedon someof the recern experimental data
were studied in Refs.[46, 47]. We perform a global t of
the generalWtb couplings by analysing the correlations
amongdi erent couplings and discussthe implication of
the top quark e ectiv e theory for several NP models.

The paper is organized as follows. In Section 2 we
calculate the single top quark production crosssections
via an e ective eld theory approach. In Section 3 we
presert the allowed parameter spaceof the general Wtb
couplings after incorporating the most recert ATLAS
and CMS results. In Section4 we discussthe constraints
on various new physics models from the Wtb couplings.
Finally, we concludein Section5.

2 Top quark eectiv e eld theory

2.1 Dimension-6
couplings

operators and eectiv e Wtb

Using the EFT approadc to explore possible NP ef-
fectshasbeendiscussedwidely, seefor exampleRefs.[27,
29, 30, 32, 40, 50{57]. A model-independert way to
parametrize the low energy e ects of NP theoriesis the
linearly realizede ectiv e Lagrangian, which incorporates
the particle content and symmetriesof the SM. The non-
linearly realized mechanism of the electroveak symme-
try is studied in Refs. [27, 51, 53, 54]. In this paper,
we assumethe new scalar particle obsened at the LHC
is the SM Higgs boson, and usethe linear realization to
parametrize the NP e ects [50, 55]. The e ective La-
grangian before electroveak symmetry breaking is

Ci 1
—0+0 — 1)

Le =Lswt 3

whereLgy isthe SM Lagrangian, is the characteristic
scaleof new physics, O; denotesSU(3). SU(2), U(1)y
gauge invariant dimension-6 operators, and C; corre-
sponds to the Wilson coe cien t which represers the
strength of the e ective operator O;. The dimension-
5 operator violates lepton number consenation and is
not consideredin this work. The close agreemen be-
tween experimental measuremets and SM predictions
indicates that the NP e ects should be small. Hence,we
restrict ourselvesto dimension-6 operators in this work.
The complete set of dimension-6e ectiv e operators gen-
erating anomalousWtb couplingsis [50, 55]

of=i(”'D Xa 'a) O =i(7D

Wt R);
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Op:=(a.D tr)D 7
Opp=(q.D b:)D ;

Op:=(D qtg)D 7
Opp=(D g &)D ;

Fig. 1.

Ow = (o "tR) W' ; O = (q "R)W '
qu:(l lD q_WI : (2)
\\%
(¢p) ()
—>
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Relations between e ectiv e operators and NP models. (a) and (b) show the tree level mixing e ect between

the new heavy particles and SM patrticles; (c){(e) show the possible loop-induced dimension-6 operator diagrams

of some extension NP models.

whereq! = (t;b). denotesthe SU(2), weak doublet
of the third generation left-handed quark elds, tz and
br are SU(2). weak singlets of right-handed top and
bottom-quark elds respectively, is a SU(2), weak

doublet of the Higgs eld, dened T = pl—i(o;v+ h) with

v = 246 GeV in the unitarit y gaugewith =i 2 |, and
D =@ ig( '=2)W' ig°B Y isthe covariant derivative,
whereg and g° are gaugecouplingsof SU(2),. and U(1)y,
respectively, and Y is the hypercharge of the eld to
which D isapplied. W' = @W' @W'+g" ;x W WK
are the strength tensorsof the SU(2), gauge elds, ",k
denotesthe structure constarts, and ' is the usual Pauli
matrix.

Three types of dimension-6 operators cortribute to
the Wtb couplings. The rst type is operators involv-
ing a scalar eld carrying one covariant derivative, the
secondis operators involving fermion and scalar elds
both carrying one covariant derivative, and the third is
operators involving eld strength tensors.

The operators O and O are of the rst type.
They can be generatedat tree-level after integrating out
the new heavy particles, such as a heavy charged vector
boson(W? ) that mixeswith SM gaugebosonW [5, 6]
or a heavy quark that mixes with top quark or bottom
quark [9, 10]. A pictorial illustration of the relation be-
tweenthe tree-level e ectiv e operators and the possible

NP models s shown in Fig. 1(a) and Fig. 1(b). We use
the bold-red line to denotethe NP particles. The anoma-
lous Wtb couplings arise at tree-l&\iel after spontaneous
symmetry breaking with h i=v= 2

The operators Oy, , Op, , Opp , Opy fall into the second
category. Those operators give a cortribution of order
p*= 2, where p is the typical momertum scalein the
process. Such operators, corresponding to the vertices
involving three external lines, can be induced only at
loop-level after integrating out the heavy particles [58].

The operators Ow , Opw, Oqw are of the third
type. Usually, e ectiv e operators which involve the eld
strength tensor are generatedonly at loop level if the
completetheory is a gaugetheory [58]. Typical examples
include supersymmetric models [15, 16, 59|, two-Higgs-
doublet models[17], etc.

A pictorial illustration of the relation betweenloop-
induced e ectiv e operators and the possible underlying
theories is shown in Fig. 1(c{e). The Wtb coupling can
beinducedin the NP modelswith extendedgaugestruc-
ture, which yields extra gauge bosons (see Fig. 1(c)),
or new scalar particles which consist of a new charge
scalarand neutral scalar (seeFig. 1(d)), or new fermions
which carry one discrete quantum number to avoid mix-
ing with the top quark and bottom quark at tree-level
(seeFig. 1(e)). We will commert on the impact of Wtb
measuremeits on seweral NP modelsin Section 4.
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As usual, the e ectiv e Lagrangians consist of redun-
dant terms, which can be removed by the classicalequa-
tions of motion [60]. This is basedon the equivalence
theorem of the S matrix. After we use the equations
of motion to remove redundarnt operators, the relevant
operators reduceto

oY=i(”'D )a 'q)

O =i(7D )(tr br);

Ow = (q "tr) W' ;

Ow =(a  'B)W': 3)

Assuming new anomalouscouplingsarise from the above
dimension-6 operators, we can parametrize the general
e ective Wtb couplings as [36]

L wes :p%w b (L+fL)P +fRPs t

p%@w b fLP +fRPs t+hc: (4)
W

whereP .r = (1 s)=2arethe usual chiralit y projectors,
my is the W-boson massand the Cabibbo-Kobayaski-
Maskawa matrix elemer V,, istakento be 1 in our anal-
ysis. In the SM, the values of the coe cien ts f; vanish
at tree-level. Those couplings could be generatedif NP
exists. Although those couplings can in generalbe com-
plex quartities, we assumethe four coe cien ts arereal in
our calculation?. The coe cien ts of the e ective Wtb
couplings are related to the Wilson coe cien ts of the
dimension-6 operators as follows [29]:

@) 2
Cy Vv,

L
1 -

C .

2!

T NI

fr

_ 2
2Cyy

2

p v

K5 )

fL 5=

2.2 Single top pro duction

In this section we discussthe cortribution of gen-
eral e ective Wtb couplings to the total crosssections
of single top production and the W helicity fractions
in top quark deca. In this work, we focus on the
four independent operators, seeEq. (3). The top quark
can be produced ssingly through the electroweak interac-
tion. Depending on the kinematics of the W bosonin-
volved, single top production is usually sub-categorized

into three channels: s-channel production (g3, > 0), t-
channel production (g3, < 0), and tW assaiated produc-
tion (g3, = mZ,), where qy denotesthe four momertum
of the W boson.

We separatethe total crosssection of the single top
production into the SM contribution plus the cortribu-
tions from anomalousWtb couplings

= M+K

i (6)
where M denotes the cross section of the i-channel
(i = s;t;tW) single top production in the SM with the
approximate NNLO QCD correction, and i denotes
the variation from the SM prediction induced by the
anomalouscouplingsat tree level. The K -factor, de ned

as K Mo = oM. describes the approximate NNLO

QCD corrections in the SM. We assumethe anomalous
couplingsreceiwe exactly the samecorrectionsasthe SM
processesFollowing Ref. [36] we write the cortributions

of anomalouscouplingsto the single top productions as

¢ = 8Xo+ @mXm + 8Xp + AsXs;
s = oXo + bn Xm + B X, + B5Xs;
w = CoXo+ CmXm + CXp + CsXs; (7)

where we reparametrize the four coecients fi; as
Xo3Xm 1 Xp; X5 [36]

L fR n fr°
Xo = 1+f1+a + f1+a—t 1,
Xm= 1+fr+afl 21
x,= fR+afl ?;
xs=d (1) (5)7 ®)

with a, m,=m,,. Note that the terms proportional to
the bottom quark masshave beenignored in our calcu-
lation due to the suppressionfactor (m,=my,)? 2.

The coe cien ts (a;, b and ¢) depend on the collider
type and energy and have to be calculated numerically.
Ref. [36] calculated the a;'s and hy's at the Tevatron Run
Il and 14 TeV LHC. In this work we update both the a;'s
and hy's usingthe CTEQ6L parton distribution functions
(PDFs) [62] at the 7 TeV, 8 TeV and 13 TeV LHC. The
numerical valuesof the coe cien ts are shaovn in Table 1.

1) The complex anomalous couplings have been studied in Ref. [47], and the ATLAS collaboration also give a constraint on the

imaginary part off2R in Ref. [61].

2) We deemthat neglecting the bottom quark massin the present work is reasonable becauseinclusion of the bottom massonly induces
a tiny asymmetry of about 0:01 0:02 [46, 47] in the allowed region of f{'j? , whereas the length of the marginal allowed region of one

variable in the global t istypically O(1), seeFig. 2. Evenif only one parameter such asflR is allowed to vary and all the other parameters
are turned o, the length of the allowed region reaches about 0.2 (see Fig. 5) which is still larger than the amount of asymmetry induced

by the bottom mass.
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Table 1. The coecien ts aj, b and ¢ in Eq. (7) for single top quark production. All the coe cien ts are in units

of picobarns. The SM cross section at the approximate NNLO with m; = 173 GeV (

SM where i = ft;s;tW g

channels) and the K; factors [24, 25, 63{74] are also shown.

t-channel ao am ap as M K
LHC (7 TeVt) 42.355 4.290 9.700 17.514 43.0 1.13
LHC (7 TeVt) 24.251 5.315 2.514 9.748 22.9 1.21
LHC (8 TeVt) 56.060 5.990 12.727 23.582 56.4 1.13
LHC (8 TeVt) 32.846 7.139 3.594 13.423 30.7 1.19
LHC (13 TeVt) 142.763 17.718 31.487 63.636 138.0 1.10
LHC (13 TeVt) 90.369 19.136 11.450 39.062 83.0 1.16

s-channel bo brm b bs M K
Tevatron (t=t) 0:099 0.419 0.419 0.281 0.523 1.68
LHC (8 TeV 1) 0.724 2.917 2.917 2.873 3.79 1.73
LHC (8 TeV 1) 0.384 1.584 1.584 1.364 1.76 1.47

tW channel Co Cm Cp Cs i K
LHC (7 TeVt=t) 7.592 2,777 2,777 5.386 7.8 1.62
LHC (8 TeVt=t) 11.095 4.055 4.055 7.990 111 1.58
LHC (13 TeVt=t) 38.622 14.076 14.076 29.339 36.3 1.48

To obtain the coe cien ts(Cy;Cn;Cy;Cs) Of the tW-
channel single top production, we rewrite the crosssec-
tion in terms of dierent combinations of the e ective
couplings

w = (@+f)2 1+ (ff)? o+ [+
+HEFf ] vt ()2 (FF)? e 9

where , denotesthe SM LO prediction while ; and
n2 represen the partial cross section that is propor-
tional to f} and (f })?, respectively. The crosssections
0, ~1and . areobtained by integrating out the nal
state phasespace,and then convoluting with the initial
state PDFs. The coe cien ts (c;Cn;Cp;Cs) are then de-

termined from 4, N1 and y, asfollows:
- N 18 20312_ =20 N18:
21 @) 2(1 @)
_ 2 N1 _ N2 N1 2 ol
“T2@ @) T @ 21 aa
2, N18;
20 @) ) (10)

The numerical values of the coe cien ts are givenin Ta-
ble 1 at the 7 TeV, 8 TeV and 13 TeV LHC.

With the help of the coecients a, b and ¢, the
cortributions of the Wtb anomalous couplings can be
written as:

1
2 o+ o fr+2 ;0+at m R
t

1 1

+2 ao+atm frfR+2 a—to+atp fRfs
h i

1 2
+ % otd o+ s f)

1 h i ,
+ % otd mt s A (11)

where ; = a;;by;¢ denotethe singletop quark crosssec-

tion coe cien ts of di erent channels.
2.3 W helicit y fractions in top decay

For completenesswe also list the fractions of the W
helicity in the top quark deca in terms of x; [36],

_ aZ(1+ Xo) )
°7 @2(1+ Xo) + 2(1+ Xy + Xp)
E = 2(1+ Xm) .
T a2(l+ Xo) + 2(1+ X + Xp)
Fr 2 (12)

T (1 Xo)* 2(1% X + Xp)

whereF,, F. and Fy represen the fractions of W bosons
with longitudinal polarization (W,), left-handed polar-
ization (W_) and right-handed polarization (Wg). Xo
represerts the cortribution from the W bosonlongitudi-
nal polarization, and x,, and x, denotethe cortributions
from W bosonleft and right handed polarization, respec-
tiv ely.

Neglecting terms which are proportional to the bot-
tom quark mass,the tree level results of the W helicity
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fractions in the SM are

2
SM — ai — N - SM _— 2
R = e 070 M= o

FM =0

= 0:30;
(13)

In the SM the top quark decays predominartly into the

longitudinal W boson becausethe coupling of the top

quark to the longitudinal W boson is similar to the

Yukawa coupling, which is proportional to the top quark

mass. The top quark cannot deca into a right-handed
W bosonowing to the purely left-handed Wtb coupling
in the SM. When the bottom quark massis ignored, the

right-handed W bosonis forbidden by angular momen-
tum consenation.

However, the anomalouscoupling f } or f; canyield

a right-handed W bosonin top quark deca. Dierent

from the f} coupling, the f} cortribution to a Wy in-

volves ipping the chiralit y of the top quark, which gives
rise to a factor of a;. Therefore, Fr is proportional to

Xp = (ff+af})? Similarly, the f} coupling can also|

produce a W, in the top quark decay by ipping the
top quark’s chirality. As a result, F_ is proportional to
1+ Xy = (1+ 1+ af )2 All of the four e ective Wib
couplingscangeneratea W, in the top quark deca. Fy is
proportional to a2(1+x,) = (a+af f+fR)2+(af F+f L)%

3 Global t
plings

3.1 Exp erimen tal data and statistical

of the eectiv e Wth cou-

analysis

The single top production crosssectionsand the W
helicity fractions have been measuredat the Tevatron
and the LHC. The best measuremen of the cross sec-
tion of the s-ﬁhannelsingle-top production is givenat the
Tevatron at = s= 1:96 TeV with luminosity 9:7 fb * [75].
We also considerthe updated experimental results of the
t-channel and tW-channel crosssectionsand W -helicity
measuremets at both the CMS and ATLAS collabo-
rations. All the experimental data are summarized in
Table 2.

Table 2. Recert measuremers of the crosssectionsfor the single top quark productions and the W helicity fractions

at the Tevatron and LHC.

CMS ATLAS Tevatron
s-channel 4026
1:29™: b [75

(1.96 TeV) 0:24 PP 7]
s-channel 48 1:1'%2 pb [76] i

(8 Tev) (value stat sys)

t-channel 836 2:3 7:4pb [77] 826 1.2 114 31 2:3pb[78]

(8 Tev) (value stat sys) (value stat syst PDF  lumi)

t-channel 2279 9:1 140'%:7 3:8 pb [79] 247 64 325 31 3:6 pb [80]

(13 TeV) (value stat sys exp theo lumi) (value stat syst PDF  lumi)
tW-c hannel 250 47 pb [81]

(8 Tev)
tW-c hannel +28
94 10 (stat: syst:) pb [82
(13 TeV) (stat:)™53 (syst:) pb [82]

Fo= 0:626 0:034(stat:)
FL = 0:359 0:021(stat:) 0:028(syst:)[20]

W-helicit y (7 TeV)

0:048(syst:)

Fr = 0:015 0:034

Fo= 0:659 0:015(stat:) 0:023(syst:)
FL = 0:350 0:010(stat:)
FR =

W-helicit y (8 TeV)

0:009 0:006(stat:) 0:020(syst:)

0:024(syst:)[19]

We perform aglobal 2 testto obtain the presert con-
straints on the e ective Wth couplings. In the statistical
analysis,the 2 is de ned as

,_X (O ory.

2 1
i

(14)
i
where O and O" are the experimental values and
the theoretical predictions for the experimental observ-
ablei, respectively. ; represerts the total error of the
experimental measuremet, which is de ned as

[a)

|” 522+ ( 7)2. The CERN library MINUIT [83]
is used in our analysis to obtain the best-t values of
the e ective Wtb couplingsand the contours at di erent
con dence levels (C.L.).

In this work we consider both direct and indirect
constraints on the e ective Wtb couplings. The direct
constraints arise from the experimental measuremets
of top quark productions and decass, while the indi-
rect constraints arise from precision measuremets of
avor physics. For example, the anomalous Wtb cou-
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plings can contribute to avor changing neutral current
(FCNC) processeshrough quantum e ects involving top
guarks inside the loop. In particular, the inclusive decay
B! X providesvery stringent bounds on the anoma-
lous Wtb couplings [84].

3.2 Constrain ts on the e ectiv e couplings and
op erators

Below we presert the allowed regions of the e ectiv e
Wtb couplings basedon a global-t analysis of all the
four e ective Wtb couplingsf 5 . We plot in Fig. 2 the
allowed parameter spacefor the e ective Wtb couplings
at 68%, 90% and 95% C.L., and investigate the correla-
tions among the e ective Wtb couplings. We note that
the allowed parameter spaceon the plane of the (f | ;f )
and (f};f1) contours is mainly driven by the t-channel
and tW-channel cross sections. Figure 2(a) shows thel

allowed parameter spaceof (f | ;f }). The crosssections
of the single top quark production processesare propor-
tional to (1+ f1)2 and (f R)?; seeEq. (11). It yields a
circular contour region on the plane of f} and f R and
favors a negative f . Figure 2(b) displays the contour
on the plane of (f - ;f }), which is elliptical. Eventhough
the crosssectionsare proportional to (1+f )2 and (f ; )2,
the (f})? term cortributes lessto the crosssectionthan
the (1+ f-)? term. This generatesthe ellipse shape.
We also note that the di erences among the parameter
spacesat the three con dence levelsare very small. This
is becausethe contours of the e ectiv e couplings on the
plane of two e ective Wtb couplings are a projection
from the four dimension parameter spacedown to a two
dimension subspace.That projection leadsto the small
di erences.
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-1.0 -05 0.0 05 1.0 -1.0  -0.5 0.0 05 1.0 -1.0 -0.5 0.0 05 1.0
1 1 7
Fig. 2. (color online) Allowed parameter spaceon the plane of the e ectiv e Wtb couplings at con dence levels of

68% (red region), 90% (black region) and 95% (blue region). jf{j6 1 is required in our analysis.

The (f;fF) contour shown in Fig. 2(c) clearly indi-
catesa strong anti-correlation betweenf - and f}. Suc
a behavior can be understood from the single top pro-
duction crosssections,which are approximately propor-
tional to (1+f} +aff)2 As aresult, the two islands of
the allowed parameter spaceare symmetric around the

|point (ff = 1;fX=0). Note that the regionoff- < 1
is also possible. The correlation in the (f R;f1) contour
originates from the relation (f R + af})? in the cross
sections, yielding the anti-correlation band in Fig. 2(d)
which is certered around the point (f ? = 0;f} = 0). The
tightest constraints on both the (f;;ff) and (f};f})
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contours come from the tW-channel cross section and
the W helicity fractions.

Figure 2(c) shows a positive f} is preferred when
demanding jf -j 6 1. Therefore, both the (fR;fR) and
(f5;fR) contours only allow positive f X. Due to the in-
terference e ect betweenthe anomalousWtb couplings
and the SM, the linear term which is proportional to f }
is valid in the crosssections. Therefore the relation of f }
with f} or f} islikef} a,(fR)? or by(f})?, asshown
in Figs. 2(e) and (f). The tW channel crosssection still
determinesthe shapesof the (f ;fX) and (f};f}) con-
tours.

The current experimertal data of s and 2 exhibit

20% uncertainties. The accuracy of , is expected
to be improved at the forthcoming LHC Run 2, but the
precise measuremeh of  is still challenging. We thus
considerthe ,  andthe W-helicity fractions in our
global analysisto constrain the e ective Wtb couplings.
Using the x;'s while neglecting O(x?) and higher order
cortributions, we canextract the correlation betweendif-
ferent channels:

0 az)ot = tSM atot = SM a:)ot = tSM tot = SM
%CBOI:W Ctr:q)tzt?/\l/\/l otzg\l/\/l Cgot—SM ;% ;
F v Fsu Fsu
FOSM FOSM FLSM
0 NP — SM 1
t t
_ % W= E 5
FONP =FOSM !
F P =FM
where N (P SM)and W wow

are the variations from the SM prediction.  F}*
(Fo® FgM)yand FM™ (F® F) denotethe varia-
tion of W, and W, helicity fractions from the SM theory
prediction. The factor a* and ¢ are given by:

2= K () a )+ K (1) a(b);
T‘“ = 2K (tW) G (tW );

(16)
17

wherethe coe cien ts g and ¢ aregivenin Table1. K (t)
denotesthe K -factor of the t-channel single top quark
production, K (t) denotesthe K -factor of the t-channel
single anti-top quark production and the K (tW) is the
K -factor of the tW asscaiated production. Solving the
systemsof linear equationsshown in Eq. 15 givesrise to
the following relations

1756 0755 0:267  0:068 -

% E % 1:756 o 755 0733 0:932 §
2:315 1:000
1547 1:545 1918 0:060

exp(0) — sMm
t Tt 1

0
exp(0) —

% WO =W o1 §
exp(0) —psm !
FoPO =psM 1

FLEXP(O) - FLSM 1

(18)

where *© and 5P denotecertral valuesof the ex-
perimental data of t-channel and tW-channel crosssec-
tions, respectively. Similarly, F&*® and F2*© are ex-
perimental certral values of the longitudinal and left-
handed helicity fraction. Note that the certral valuesof
the experimental data determine the x;'s and the cor-
relations of e ectiv e couplings, while the experimertal
errors are translated into the errors of x;'s ( X;) which
yield the allowed parameter spacesof those e ectiv e cou-
plings. Below we employ the error propagation equation
of the weighted sumsfunctions to study the dependence
of the X;'s on experimental errors, which are labelled as
oW, Fe®and B
The variance of Xq is

exp 2 exp 2
( X0)’=3084 —— +0570 —
t tw
F exp 2 F exp 2
+0:071 —o— +0:005 —=— ; (19)
I:0 I:L
in which the ; and , measuremets dominate over

the W-helicity measuremets. Improving the measure-

ments of , and  isimportant to test the correlations
of (ff;fR) and (f5;fF).
The variance of x,, is

exp 2 exp 2
( Xm)?=3084 —— +0:570 —
t twW
Fexp 2 Fexp 2
+0:537 —2_  +0:869 —L— : (20)
= F

All coe cien ts are comparable,suc that onehasto con-
sider all the four experiments to determine x,. As f}
and f } are anti-correlated in x,, = 1+ f; +aff)? 1,
improving X, would further constrain the correlation
betweenf} and f R, i.e. the band in Fig. 2(c) tends to
be narrower.

The x, = (ff + a,f})? is directly linked to the right-
handedW-helicity fraction Fg, which is inferred from F_
and F, measuremets. As aresult, x, dependsonly on
the W-helicity measuremetn as following:

F(;axp 2 Fexp 2

( Xp)? = 5:359 Fer + F|_IS_M

(21)

As a result, a strong anti-correlation betweenf } and f
can be obtained from the F, and F, measuremets.
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The variance of x5 is given by

exp 2 exp 2
( xs)?=2:393 —— +2:387 —
t tw
Fexp 2 Fexp 2
+3:679 —gi- +0004 —g- 1 (22)
l:0 l:L

It is sensitive to the precisionof .,
merts.

From the precision measuremen of the Wtb cou-
plings, one can also derive consenative bounds on the
NP scaleswhen no deviation is seencompared to SM
predictions. Though we expect C; = O(1), their precise
valuesare unknown. Measuremerts suc asthe onesde-
scribed above can be usedto obtain the ratios of these
coe cien ts, but the valuesof ; cannot be obtained sep-
arately. Therefore, we de ne dimensionlessparameters
€ according to the Wilson coe cien t C; and normalize
to 1 TeV,

w and F, measure-

1Tev 2

€ , €, , €, areshownin Fig. 3. Although the val-
uesof e ective couplingsf;, fX, f; and f} are of the
sameorder of magnitude, ead individual parameter €
is dierent. For example,the € equalto 27 is also al-

lowed at 95%C.L., while the maximal value for €,,, and
€. is 5 at the same C.L. The di erence comesfrom
the relation between the e ectiv e couplings (f 5 ) and
the Wilson coe cien ts C;'s in Eq. (5). In principle, af-
ter we know the range of the Wilson coe cien ts at low
energy we can obtain the valuesat NP scale by renor-
malization group equations, and further determine the
NP parameter space. Howevwer, in this paper, we focus
on the model independert approad to seard for NP ef-
fects, and will not calculate the mixing of the dierent
operators.

Figure 4 displays the lower bound on the NP scale ;
obtained from the Wtb measuremeis at 95% C.L. with
jCij = 1. The red bars represen those limits when all
the four operators cortribute simultaneously, while the
blue bars display thoselimits obtained when we consider
one parameter at a time. The current bound implies

€& C (23) q > 246 GeV, > 1886 GeV, v > 4432 GeV,
w > 5617 GeV when all the four operators contribute
® simultaneously, while , > 1000GeV, > 4406 GeV
The allowed parameter cortours for the parameters€@™,, when we consider one parameter at a time.
30T T  RARRARAAr ~=~yns nannn naRRy 5 [T T T
20F J .
E ] SERn.,
i ] R e
10F E L g,
3 = 95%C.L. E = 95%C.L. " 95%C.L. L Y E
G OF = 90%C.L. 1 § of =oomcL 3 & of =oemcL e
= 68%C.L. ] i ] [ = 68%C.L. ]
10F E [ [
20F = i I
30: 1 A 1 [ [0 A B |
<20 -15 -10 -5 0 5 =20 -15 5 -20 -15 -10 -5 0 5
~©® -
(o cq
5 e

& siffss. |
[, 113418
S s
L « e == ::::3.
o - . 3”" B
% ; | R - ; .
& SO S
= 95%C.L. = 95%C.L.
= 90%C.L. = 90%C.L.
= 68%C.L. = 68%C.L.
5L NP TP I BT P B Y S E I RS RTI PR SR
-30-20 -10 O 10 20 30 30 -20 -10 _0 10 20 30 - 5
C.. C. Cow
Fig. 3. (color online) Allowed parameter space at 68%, 90% and 95% con dence levels for parameter €;, where

€ Ci(1Tev= )2
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(color online) Limits on the cut-o scale

of eath individual operator O; with the Wilson
coecien t jCij= 1. The red bars represert those
limits when all four operators contribute simulta-
neously, while the blue bars display those limits
obtained when we consider one parameter at a

time. The cut-o scale

= 500 GeV is also plot-

ted for reference; seethe horizontal blue-dashed

line.
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3.3 Constrain ts on the eectiv e Wtbh couplings
and operators in 2-dimensional subspaces

Sofar we have consideredthe full correlations among
the four e ectiv e couplings and explored the allowed pa-
rameter spaceof the e ective Wtb couplings. However,
not all but only someof the e ectiv e couplings are non-
zeroin many NP models.

In those cases,we limit the parameter spaceto sub-
spacesand redo the global analysisin those subspaces.
Basedon the NP modelsto be discussedwe perform the
following parameter scans:

1) We scanthe 1-dim parameter spaceby considering
either f or f } only. For example,in the G(221) models
and vector-like quark models, the dominant correction is
in the coupling f} or f}, depending on the detail of the
models (seeTables4 and 6).

2) We also considerthe casewhere both f- and f !
are modi ed, e.g., the vector-like quark doublet (T;B)
model and triplet cases,;shown in Table 6.

5

(b)
4 9sACL.
>
b—sy
. 3t 90% C.L. allowed
F
2 [
68% C.
1
0 . . . .
-03 -02 -0.1 0.0 0.1 0.2 0.3
fr
0.2
(@)
0.1F R
<z 0.0}F E
m 68% C.L.
= 90% C.L.
-0.1F % 1
95% C.L.
-0.2 -0.1 0.0 0.1 0.2

1

(color online) Allowed parameter spaceat 68%, 90% and 95% con dence levels for the e ectiv e couplings in

the subspace. (a) and (b) correspond to the 1-dim parameter spacef+ and f{, respectively. The contour plots
(c) and (d) correspond to the caseswhereonly f}:ff and f{;f§ are modied, respectively. The red lines denote
s ; detailed analysesof those constraints have beengiven in Ref. [84].

the constraints from b!
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3) Another caseis where both f and f are mod-
ied. A typical exampleis MSSM. Ref. [85 has shawn
that the anomalous Wtb couplings have the following
featuresff >fR} fR:fL in the MSSM.

The results of the parameter scan are plotted in
Fig. 5. In our analysis, we include the constraints from
b! s [84] and update the limits of those anomalous
couplings using the updated experimental data [86], see
Table 3. From Table 3, we note that b! s imposes
strong constraints on f & and f}, which can be viewed
asthe results of m, suppressiorfor the right-handed bot-
tom quark in the pure left-handed Wtb vertex, while the
amplitude is enhancedby m;, if the right-handed Wtb
vertex exists [33, 84, 87{90]. We also note that the cen-
tral value of f} is negative, while f} is zero in that
case(seeFig. 5(a) and Fig. 5(b)). This is becausethe
crosssection is proportional to (1+ f )2, and the mini-
mal 2 is dominant, determined by the most preciseex-
periment. In this case,the most precise experiment is
the measuremen of the t channel crosssection (seeTa-
ble 2). Howewer, the certral value of the experimert is

5 T
(a)
4 95% C.L. -
3r \ 90% C.L. |
B
2F b—sy
allowed
1 68% C.L.
0 "
-2 -1 0 1 2
5 0)
Cyy
10 T
© m 68% C.L.
m 90% C.L.
5 - -
95% C.L.
S0

l

b—sy
allowed

—5F

-2 -1 0 1 2
)
Fig. 6.

smaller than the approximate NNLO SM prediction (see
Table 1). Therefore the best- tted value of f | is nega-
tive. For the f R case,the crosssectionis proportional to
(1+ (f R)?), thus the minimal 2 correspondsto the SM
case,and the certral value of f R is zero. As shown in
Fig. 5(a) and Fig. 5(b), f} and f R} are constrainedto be

0:05< f} < 0:025and jf }j< 0:13at 90%C.L. by direct
experimental measuremets of the top quark. Similarly,
we translate the allowed region of the e ectiv e couplings
to the coe cien ts € of dimension-6 operators, with the
results shawvn in Fig. 6.

Table3. The current 95% C.L. bound on the struc-
ture of the Wtb vertices from B ! Xs with
o = 160 GeV, where ¢ is the top quark and
electroweak gauge boson decoupling scale [84].
The branching ratio B(B' ! Xs )e >1.6 cev =
(3:43 0:21 0:07) 10 “ is used[86].

bound fr fR i i
upper 0:04 0:0021 0:0011 0:19
lower 0:11 0:0008 0:0004 0:48

5 T T T r
(b)
4F 95ACL.
—>
b—sy
90% C.L. allowed ]

w
T

Ay?

-10 -5 0 5 10

2.0 T T T T
b—sy
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1.0}
& 05

0.0F m 68% C.L.
= 90% C.L.
-0.5F
95% C.L.
—L0TT -1 0 1
C«(3)
oq

(color online) Allowed parameter spaceat 68%, 90% and 95% con dence levels for the parameter €; in the

subspace. (a) and (b) correspond to the 1-dim parameter space @(;) and € , respectively. The contour plots
(c) and (d) correspond to the caseswhere @(q?’) ,€ and @f) , €w are both modi ed, respectively. The red lines

denote the constraints from b! s .
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4 Top couplings in new physics models

As mertioned in Section 1, the Wtb coupling can be
modi ed by many kinds of NP models. In this section,
we discussthe constraints from the e ective Wtb cou-
plings in several NP models.

41 G(221) models

The G(221) models [5, 91{102] represen a class of
NP modelswith SU(2); SU(2), U(1)x gaugesymme-
try. There are two breaking patterns: SU(2), SU(2).
UQ)x ! SU@). U(Q)y (BP-I) or SU(2); SU(2),
Uy ! SU@). U(1)y (BP-11). In BP-I, a scalardou-
blet eld (1;2)1=, or a triplet eld (1;3); with
a vacuum expectation value (VEV) u is introduced to
induce the symmetry breaking of SU(2), SU(2),
ULk ! SU@2). U()y at the TeV scale, where the
numbers in the parernthesesare the quantum numbers
of SU(2); and SU(2),, respectively, and the numbersin
the subscripts of the parenthesesare the U(1)x charges.

e?v? sz
Mo =g o Mwe =
e?v? st

where e denotesthe electron charge and x = u2=\2.
We also abbreviate the trigonometric functions asc
cos ,s sin,s, sin2,cy, cos, andsy, Sin y
where  is the SM weak mixing angle.

The third generation quarks play a special role in
seweral G(221) models, and the Wtb couplings are mod-
ied through the mixing e ects betweenthe new gauge
bosonW? and SM gaugebosonW at tree-level. In this
work, we will usethe left-right model [92{93], un-uni ed
model [94, 95 and top- a vor model [96{98, 103 asexam-
plesto discussthe impact of the Wtb measuremets on
those NP models. The charge assignmens of the third
generation quark elds under the G(221) gauge groups
and the detailed expressionsof f ; and f} of those NP
models are listed in Table 4.

Table 4. The charge assignmers of the third
generation quark elds under the G(221) gauge
groups and the gauge couplings of the third gen-
eration quarks with W boson in sewral G(221)

models.
model SU(@2)1 SU@)2 U@)x fL fR
. e tr 1 sin2
left-righ t - 0
b, br 6 X
: 4
. ty 1 s
un-uni ed - — 0
b_ { | 6 X
: 1 §2 2
top-a vor | L - —_— 0
b, 6 X

- 4s2,s% 2

At the electroweak scale,the symmetry is further broken
by a bi-doublet scalar eld H IO(2;2)0 with two VEVs

v; and v,. We introducev = = v+ v2 and a mixing
angletan = v;=v, for convenience.In BP-11, the break-
ing of SU(2); SU(2),! SU(2). is induced by a scalar
bi-doublet (2;2), with one VEV u at TeV scale,

and the electroweak symmetry breaking is induced by a
Higgs doublet H  (2;1),-, with VEV v. After symme-
try breaking, the new gaugebosonW? obtains massand
mixes with the SM gauge boson W. For simplicity, we
de ne a new mixing angle

tan :g—*; BP 1) (24)
tan :%; BP 1) (25)

where g;, g, and g, are the gaugecouplings of SU(2),,
SU(2), and U(1)x, respectively. The gauge bosons'
massesare

e?v? S
e e BP 1) (26)
2 602
V' rste SO (BP 1) @7

We discussthe impact of the e ective Wtb coupling
measuremets on the parameter space of the G(221)
models. Figure 7 preseris the allowed parameter space
at 68%, 90% and 95% C.L., respectively in the left-right
model in BP-I and the un-uni ed and top- a vor models
in BP-11. In the left-right model, we show the allowed
parameter spacein the (Myo;s ) plane for s = 0:1 and
s = 0:9in Fig. 7(a) and Fig. 7(b), respectively. Fig-
ure 7(a) showsthat, for s = 0:1, a vast parameter space
of moderate s and smaller Mo is not allowed by the
highly constrained right-handed Wtb coupling, seeTa-
ble 4. For alargers = 0:9, the constraint for M0 tends
to be looser,seeFig. 7(b). The reasonis that the gauge
coupling of the SM U(1)y is related to the gauge cou-
plings g, and g, as 1=¢¢ = 1= + 1=¢¢ . Thus, gy is
approximately equal to gx in the limit s ! 0, which
corresponds to the decoupling region. The shape of the
allowed parameter spacefor s = 0:9 is the sameasthat
of s = 0:1in the small Mo region.

Figures 7(c{e) display the allowed parameter spacein
the plane of (Myo;s ) for s = 0:1;0:5;0:9, which shows
that Mo is not sensitiveto s . This is becauses only
inducesmixing betweenthe gaugebosonW and W° (see
Eq. (26)), and the primary sourceof the massof the W?°
is from the rst step breaking, which is proportional to
the VEV u [5].
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(color online) Allowed parameter spaceat 68%, 90% and 95% con dence levels for seweral G(221) models

in the (Mwo;s ) or (Mwo;s ) plane. Sub-gures (a-e) correspond to the left-right model with s = 0:1; 0:9 (a,
b) or s = 0:1; 0:5; 0:9 (c, d, e). The contour plots (f) and (g) correspond to un-unied and top- a vor models,

respectively.

In the un-uni ed and top- a vor models, only the left-
handed Wtb coupling is modi ed. The allowed parame-
ter spacein the (M 0;s ) planeis shawn in Fig. 7(f) (un-
uni ed model) and Fig. 7(g) (top- a vor model). We note
that the shapein the larges regionis di erent between
the un-unied model and top- a vor model. The dier-
encecan be understood from the e ective Wtb couplings
shown in Table 4. The e ect consistsof two factors: one
is W%b coupling, the other is W-W?° mixing. The former
is di erent in the two models, but the latter is the same.
The gauge coupling of the heary gauge boson W?° with
the top and bottom quarksis proportional to tan in the
un-uni ed model, while it is proportional to cot in the
top- a vor model. Thus, larger s is allowed in the top
avor model comparedwith the un-unied model. An-
other important feature in the top- a vor model is that
the constraint on Mo is not sensitive to the parameter
s , asshown in Fig. 7(g). In the model, f | is modi ed
by the W° mass,which is proportional to x=(s?c?).

In order to validate our EFT prescription of the
NP e ects, W° should be heavy. Figure 7 shaws the
constraints of G(221) models from Wtb measuremeis
are weak when new gauge bosonsare heavier than 800
GeV. The constraints from low energyprecisionmeasure-
ments and direct seardhesat the Tevatron and LHC have
pushedthe new heary gaugebosonsto seweral TeV [6].
Therefore, it is dicult to further constrain the param-
eter spaceby the Wtb measuremets.

4.2 Vector-lik e quark models: T and B

The vector-like quark (VLQ) is a common ingredi-
ent of many NP models. In order to keep the dis-
cussiongeneral, we employ an e ectiv e Lagrangian ap-
proach to parametrize the e ects of vector-like quarks.
The quantum numbers of the new VLQ with respect to
the SU(2), U(1)y gaugegroup are summarizedin Ta-
ble 5 [7{10].

Table 5. The quantum numbers of the vector-like
quarks under the SM SU(2). U(1)y gaugesym-
metry. The electric charge of the quark is ob-
tained by Q= T3+ Y, where T3 is the third com-
ponent of the isospin, and Y is the hypercharge

of U@D)y .
model T B
. i y BT X BB X
B Y
SU@), 1 1 2 2 2 3 3
2 1 7 1 5 2 1
Uy 3 3 = = = = =
3 3 6 6 6 3 3

The Wtb coupling is modi ed by the mixing between
the top quark or bottom quark with their corresponding
vector-quark partner, e.g. the top partner T or bottom
partner B. After spontaneous symmetry breaking, the
massterms of the top quark and top partner T in the
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singlet or triplet modelsare [9]

Ltmass = g%h_ tr XL TR M TL TR + h:C:; (28)
wherey, is the Yukawa coupling of top quark in the SM,
X represens the mixing parameter betweent and T, and
M denotesthe VLQ's mass.

In the caseof doublet VLQ models, the massterms
are [9]

Ltmass = %%tL tr XtTLtR M T|_ TR + h:c: (29)
The weak and masseigenstatescan be related by 2 2
unitary matrices,

! ! !
g t 0
CL;R SL;R tL;R
t 0
SL;R C(L;R TL;R

e . (30)
TL;R
where ¢, and sy denote the cosineand sine of the
mixing anglesbetweenleft-handed and right-handed top
quark t_g with the top partner Tz . In this section,we
usethe prime in the superscript on masseigenstatesto
distinguish from the weak eigenstates. After diagonaliz-
ing the massmatrices, we can rewrite the mixing angles
accordingto the parametersin Egs. (28) and (29).
In the caseof singlet and triplet VLQ models

M x m
t — n t . t — ot
N VB e S (@)
For the doublet VLQ models
M x m
t — N t . t — Tttt
S P Sowe 42

where m, is the top quark mass. The massof the heavy
top partner is

2
X
1+ —L—

2 2
MZ=M TER

(33)

We can obtain similar formulae in the bottom quark
sector, and use m, and x, to denote the bottom quark
massand mixing parameter betweenbottom quark and
bottom partner B hereafter. In the triplet VLQ models,
si_, iscorrelated with sP_, asthe mixing parametersx;
and x, are linearly related to ead other. For example,
in the (X;T;B) model [9],

\'
Lixme)= %tLtR X(t. T Xpb Bg

M(T TR+ B Br+ X Xg)+ hic;; (34)
with x, = pixl, and in the (T;B;Y) model [9],
Lrgw)= é%tLtR Xt Tr + XphL Br
M (T, Tr+ B.Br+ Y. Ys)+ hic:;  (35)

with X, pixb. After diagonalizing the massmatrices,
we obtain the couplings of the gaugeboson elds to the
third generation quarks,

2
Lbe=%b° fiPL ffPetZsh BZ @ (36)

The couplingsf® and f:" for all 7 models are listed
in Table 6, seealso Ref. [10].

Table 6. The Wtb and Zbb couplings in 7 models, where ¢ (st ) and c? (sP) denote the cosine (sine) of the mixing
anglesof left-handed top quark and bottom quark with their heavy partners, respectively. Similarly, s and s are
the sine of the mixing anglesof right-handed top quark and bottom quark with their heavy partners, respectively.

model (T) (B) (X;T) (T;B) (B;Y) (X;T:B) (T;B;Y)
fr ad 1 1 a1 cdcP+stsd 1 1 P+ 2slsP 2 P+ 2slsp 1
fR 0 0 0 sk sB 0 2sk s 2sh sk
fi 1 (c)? 1 1 (c)? (sP)? 1+ (sP)? (c)?
fR 0 0 0 (sB)? «(sP)? 2(sk)? 0

4.2.1 Mixing angles

Using the results of Section 3, we translate the al-
lowed region of the e ective Wtb couplings to the pa-
rameter spaceof VLQ models at 68%, 90% and 95%
C.L., respectively; seeFig. 8. In the triplet and singlet
models, VLQs mainly couple to the left-handed top or
bottom quark, while in the doublet models they couple
to the right-handed top or bottom quark. As a result,
s=® st in the triplet model, and s5° s in the

| doublet model. It is, therefore, conveniert to neglectthe
smaller mixing anglesin our parameter scan. Figure 8(a)
shawsthe allowed parameter spaceof (s ;sg ) in the dou-
blet (T;B) model. It yields the hyperbola cortour region
on the plane, which is determined by the right-handed
Wtb coupling f } = si, s&. Figure 8(b) displays the con-
tour on the plane of (s! ;sP) in the triplet models, and
the allowed parameter spaceis symmetric about s $ sP
ands! $ s?. Sud behavior can be understood from
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the deviation of the left-handed Wtb coupling between
the triplet models and the SM

L — P P b P t ob .
fr=" 1 (st)> 1 (sP)>+ 25 s 1L (37)
Furthermore, the upper limit of f | determinesthe shape
of the parameter contour in the top-right and bottom-left

regions,and the lower limit of f | determinesthe bound-
ary of the parameter spacein the top-left and bottom-
right regions. Note that only one mixing angle exists in
the singlet models T and B, and in the doublet models
(X;T) and (B;Y). Figure 8(c) shows the allowed pa-
rameter spaceof the sole mixing angle, s{ or sP, which
indicates jsi”j < 0:34 at 95%C.L..

1.0F - e LOF
68% C.L. 5
(@) % (b) (©
s = 90% C.L. al 95% C.L.]
) 95% C.L.] 0-5¢
3t 90% C.L.]
<% 0.0 =00 1 F
= 68% C.L. ol
05 05 m 90% C.L.
—0. Sf ) 68% C.L.
= 95% C.L. 1 -
-1.0k . y : 3 1.0k . . . 2 0 . \/J .
1.0 -05 00 0.5 1.0 -1.0  -0.5 00 05 1.0 1.0 —05 0.0 0.5 1.0
Sk s/ st

Fig. 8. (color online) Allowed parameter space at 68%, 90% and 95% con dence levels for the VLQ models: (a)
doublet (T;B) model; (b) triplet models; (c) singlet, doublet (X;T), (B;Y) models.

4.2.2 Mixing anglesversusM g

We note that the constraints from the Wtb mea-
suremens on the parameter spaceof the VLQ models
are weak. However, the left-handed top quark and bot-
tom quark form a SU(2), weak doublet, and the left-
handed Wt b, coupling is always related to the left-
handed Zt, t, and Zb_h couplings. The R, and A2,
measuremets at LEP-I1 [104 imposese\ere constraints
on the Zb_b,_ couplings, which yields a correlation be-
tweenzZt, t, and Wt b, [40, 105. To fully constrain the
allowed parameter spaceof the VLQ models, it is neces-
sary to include the Zbb and Ztt couplingsin the analysis.
The complete study will be presented elsewhere.In this
work, we will allow a variation of 0:2%and +1% for the
left-handed Zb_b, coupling, while in the right-handed
case, 5% and +20% is used[9].

Another important constraint comesfrom the Peskin-
Takeuchi parameters$S, T and O [106]. The contribution
of an arbitrary number of vector-like singlet and dou-
blet quarks to the §, T and 0 parameters have been
calculated in Ref. [107], and is generalisedto arbitrary
couplingsin Ref. [10§. In our work, we calculate the T
parameter of all possible VLQ models. Our analytical
results are consistert with Ref. [109. The de nition of
the T parameter is

_ w0 z(0),
1= - mz (38)
wherethe notation w (0) and ;; (0) denotesthe vac-

| uum polarization amplitudes of the W loop and Z loop
at zero momertum, respectively, is the ne-structure
constart and my, - is the massof the W or Z boson. In

the NP model, the contribution of the O-parameter is
usually very small and can be neglected. Fixing 0 = 0,
the T parameter is obtained [110]

=1 fou=010 007 (39)

where the referencetop quark and Higgs boson masses
arem, = 173 GeV and m, = 125 GeV.

We present the allowed regionsof the VLQ modelsin
Figs. 9{12. In order to better understand the impact of
various bounds, we separatethe constraints into di er-
ent categories:the Wtb coupling constraint at 95%C.L.
(greenregion), T parameter constraint at 95%C.L. (red
region) and Zbb coupling constraint (black line). The
top and bottom quark partners must be heavy in order
to validate our EFT prescription of the NP e ects. Cur-
rently, both the ATLAS and CMS collaborations have
searded for various VLQs and imposedbounds on the
heavy quark's mass[111, 117. The current masslimit of
top partnersarem; > 660GeV for singlet (T) and triplet
(X;T;B), my > 855GeV for doublet (X;T) and doublet
(T;B), and my > 878 GeV for triplet (T;B;Y). Bounds
on the bottom quark partner's massare mg > 735 GeV
for singlet (B), mg > 450GeV for doublets(T;B), (B;Y)
and triplet (T;B;Y), and mg > 408 GeV for triplet
(X;T;B) (seethe purple lines).

We plot in Figs. 9{12 the e ects of the Wtb mea-
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suremens on the parameter spaceof the VLQ models.
We note the following common features when compar-
ing dierent experimental constraints. There is no di-

rect constraint on the heavy VLQ's massfrom the Wtb

measuremets, asf - and f ? depend only on the quark
mixing angles(seeTable 6). For most of the parameter
spaceof the VLQ models, the boundsfrom the Wtb cou-l

1.0F

(M
B Wtb 95% C.L

0.5 u795%CL. |

= 0.0
-0.5
direct search
1.0k . . . . a
200 400 600 800 1000 1200
M;/GeV

Fig. 9.

pling measuremets are weak. We alsoconsiderthe mea-
suremerts of the Zbb coupling if a bottom-quark part-
ner is presen. The Zbb coupling was measured very
precisely at LEP 11 [104], such that it leadsto a much
tighter bound than the Wtb coupling measuremets at
the Tevatron and LHC.

0.6 F " i 9
BWtb 95% C.L:

'(B)'

04} m795% C.L.

0.2H
= 0.0
-0.2
-0.4
direct search
-0.6 : . . . . K
1000 2000 3000 4000 5000 6000

My/GeV

(color online) Allowed parameter spaceat 95% C.L. of the singlet T model in the plane of (Mt :s! ) and of

the singlet B model in the plane of (Mg:sP) after including indirect and direct constraints: Wtb coupling (green
region), T parameter (red region), Zbb coupling (black line), direct search at the LHC (purple line).

Figure 9 shaws the allowed region of the singlet T
guark model (left) and the singlet B quark model (right).
In the singlet T model, the light T quark cortributes
largely to the T parameter, thus a large quark mix-
ing angle is neededto respect the T parameter con-
straints [113, and the bound from the Wtb measure-
ments plays an important role for a light T quark, say

M: 300GeV,
.r
I (s 1+ (d)?
fSM
M2 2Mm 2 M2
+ L 2_T+ L 27T| T 40
where TE,  3=(16 s2,¢2 )(m2=m2) denotesthe cortri-

butions from the third generation SM quarks. For a
heavy T quark, the T parameter constraint dominates
over the Wtb coupling, Fig. 9 also shows the allowed
parameter spaceof the singlet B model. We note that,
di erent from the singlet T model, a two-fold contour of
the T parameter occurs. The reasonis that T >0in
the singlet T model, and there is no constraint from the
lower limit of the T parameter. That result is obvious
in the heavy massregion My  m;. In the small mass
region(M: m,), Eq. (40) can be written as

T M 2
= (sf)? —L
ng mt

1 1+ (q)”; (41)

| which showsthe T is positiveif My > m,. But the T
is not always positive in the singlet B, thus both the up-
per and lower limits of the T parameter give a constraint
on the parameter spaceof the singlet B [107],

fs
&

We also note that the two-fold contours of the T param-
eter in the singlet B model tend to overlap ead other
when M > 5:5 TeV due to the decoupling of the heavy
VLQ.

Figure 10 shows the allowed parameter spaceof the
doublet (X ; T) model (left) and the doublet (B;Y) model
(right), respectively. The bound on s is dominated by
the T parameter in the heary VLQ's mass region. It
mainly stemsfrom the fact that the top partner or bot-
tom partner of doublet modelsmainly have right-handed
couplingsto SM particles, and the left-handed mixing an-
gle is highly suppressedby factor m,,=M in the heavy
massregion, seekEq. (32).

The (X;T) quark doublet cortributes to the T pa-
rameter as follows:

Mg

2M2
m¢

Mg mg

Mg
m2

= (s5)" (s5)° (42)

Ty 2 2M2ZM 2 M2
) :_M2+M2 X Tln X
e, mz KUUT ME MIT M
M2+M2 MZ
+2M My —L——X|In_T 2 43
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The quark mixing yields a mass splitting betweenthe  SU(2) symmetry. Such a breaking e ect lead to a non-
two vector-quarksin the samedoublet, which breaksthel zero contribution to the T parameter.

' Wib 95% CL. ]

oaf l X1 . oSt oL 04/l BY) m 795% CL. 1
' 0 L. H -
0.2 H
< 0.0 "
-0.2 H
—04f > ] —0.4] L > ]
F direct search 1 ] direct search R
IR SR N S e T TN ST SN N SN NN T T T S | i T TR T NN SO N N I SR TR SR N T T SO W b

500 1000 1500 2000 0 200 400 600 800

My/GeV Mg/ GeV

Fig. 10. (color online) Allowed parameter spaceat 95% C.L. of the (X;T) doublet model in the plane of (Mt ;s})
and of the (B;Y) doublet model in the plane of (Mg;s”) after including indirect and direct constraints. The
convertion is the sameasin Fig. 9.

Figure 11 shows the allowedregionof adoublet (T,B) [T parameter constraint demandsM; to be larger than
model. We note that the Zbb constraint is di erent be-  seweral hundred GeV for x, = 100 GeV; seethe left-hand
tweenthe (sk;Mg) and (si;M+) plane. The reasonis gure in Fig. 11. This arisesfrom the non-decoupling
that the dangerousbound of the Zbb coupling is sensitive e ect of the top-quark partner.
to the mixing angle of the bottom quark sector, whereas The (X,T,B) quark triplet cortributes to the T pa-
for the top quark sector, the constraint is indirect and  rameter as follows:
comesfrom the allowed range of the massparameter M .

However, the mixing parameter x, is not xed in the foxre) - 4 MZemz MiMg | M7

(s, ;M+) plane, therefore the constraint is very weak in TE, mz T B M2 M2 2

the (s ;M) plane, seeEq. (32). The constraint from M2+M2 M2

the T parameteris sensitive to the parameterx,, and the +2M1Mg MZ M2 In M2 2

constraint is weaker for the smaller x,. This is because ;M ZI\/TZ ,\E;|2

X; represerts the mixing betweenthe top quark and top +MZ+ME —XIn—

partner, and the smaller x, corresponds to the decou- M: Mg My

pling limit. Note that, evenin the caseof s = 0, the +2M+ My M?+ Mg In M_Tz 2 (44)
M2 M2 M2

LOF S Wib 95% C.L. 10 LOF3, Z506GevV

051 0.5 0.5}

direct search
-1.0—% .

- 4 —1ol_L - . -1.0k . - - :
500 1000 1500 2000 500 1000 1500 2000 500 1000 1500 2000

My/GeV My/GeV M/ GeV
Fig. 11. (color online) Allowed parameter spaceat 95% C.L. of the SM-like (T,B) doublet model in the plane of
(Mg;s2) and (M1 ;sk) after including indirect and direct constraints. In the plane (Ms;s%), we x the top quark
sector's mixing parameter x; = 100,50 GeV, and in the (M1 ;sk) plane, the bottom quark sector's mixing parameter
Xp is xed to 50 GeV. The convertion is the sameasin Fig. 9.
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The allowed regionsof the triplet (X;T;B) and (T;B;Y)
model are shown in Fig. 12. It shows that the allowed
parameter spaceof s! is smaller than that of sP in the
heavy massregion. The reasonisﬁh_at the mixing param-
eter of the bottom quark sector(" 2x,) is larger than the|

BEWtb 95%C.L.

7 95%C.L.

Zbb exclusion

-0.4 direct search (X,T,B) ]

500 1000 1500 2000
M;/GeV

EWtb 95% C.L

04t (LBY) ]

u795% C.L.

direct search

1000 1500 2000

My/GeV

500

Fig. 12.

top quark sector(x,), seeEq. (34). A similar result holds
for the triplet (T,B,Y) model exceptthat sP < s! in the
heavy massregion and the gjgn of the mixing parameter
is opposite (x,!  Xp; X! 2Xp); seeEq. (35).

BWtb 95% C.L
m795% C.L.

0.2
w2 0.0
-0.2 i
Zbb exclusion
04} direct search XIB) ]
500 1000 1500 2000
Mp/GeV
mWtb 95% C.L
047 (LB,Y) -

m795% C.L.

-0.4 direct search
500 1000 1500 2000
Mg/ GeV

(color online) Allo wed parameter spaceat 95% C.L. of the (X ;T;B) triplet model in the (M ;s ) plane and

of the (T;B:Y) triplet model in the (Mg;s?) plane after including indirect and direct constraints. The convention

is the sameasin Fig. 9.

4.3 Little Higgs models

Little Higgs models have been proposed to solve
the hierarchy problem [114. The Higgs bosonin the
Little Higgs models is a pseudo-Goldstoneboson aris-
ing from the global symmetry breaking at TeV scale
and is light due to the collective symmetry breaking
mecanism. The one-loop divergenceto the Higgs bo-
son massis cancelledbetweentop-quark and SM gauge
bosonsand their partners. The Littlest Higgs model
was proposedin Ref. [114], basedon the SU(5)=S0O(5)
nonlinear sigma model, with a locally gaugedsubgroup
G: G=[SU(2); U@).] [SU@). U(1)].

The global symmetry SU(5) is spontaneously broken
down to the subgroup SO(5) at the scaleof f. At the
sametime, the gaugesymmetry G; G, is broken down

lto the diagonal subgroupSU(2), U(1)y, which is iden-
tied asthe SM electroweak symmetry.

In the Littlest Higgs model, a vector-like T quark and
new heavy gaugebosonW?° mix with SM particles and
modify the Wtb vertex [12],

V2

2fzcz(cz

Lo = p% o §£) t PLOW* + hic: (45)
wherec = gl=p g?+ g3 with g, and g, are the gauge
couplings of the SU(2); and SU(2),, respectively, and
¢, is the cosineof the mixing angle of the top quark and
T quark.

After consideringthe Wtb measuremets, we plot the
allowed parameter spaceof the Littlest Higgs model in
Fig. 13, which showsthe allowed parameter spaceat 68%

(blue region), 90% (purple region) and 95% (red region)
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C.L., respectively for f = 1 TeV. It shows that the con-
straint on the mixing angles is weakbut the constraint

Eq. (45), asthe contribution of s to the Wtb coupling
is suppressedby the scalef, while s_ directly modi es

on s_ is much tighter. This can be understood from| the Wtb coupling.

1.0F
(@
68% C.L.
05¢ -
90% C.L.
5 00 95% C.L. ]
-0.5
-1.0k . . . E
10 05 0.0 0.5 1.0

SL

Fig. 13.

5
(b)
af 95% C.L.
L3 90% C.L.
=
<
2 -
N 68% C.L.
0 1 1 1
-1.0 -0.5 0.0 0.5 1.0

SL

(color online) Allowed parameter spaceat 68%, 90% and 95% con dence levels of the Littlest Higgs model

(@) and the Littlest Higgs with T parity model (b). s_. is the sine of the mixing angle of the top quark and T

quark.

The W° mixing with the W bosonat tree-level mod-
ies the oblique T parameter signicantly. In order
to respect the electroweak precision tests (EWPT), the
scalef hasto be above seweral TeV. The current lower
bound of f in the Littlest Higgs model at 95% C.L. is
5.1 TeV [115. Refs.[116118] introduce a new discrete
symmetry to forbid tree-level mixing betweenW and W°
and relax f down to hundreds of GeV [119. A simple
caseis the Littlest Higgs with T-parity (LHT) model,
in which the SM particles are even and the new heavy
gauge bosonsand scalarsare odd under T-parity. The
only T-parit y even non-SM particle is the top partner T
and it will contribute to the Wtb coupling through its
mixing with the top quark. In the LHT model, the Wtb
coupling is [11],

Lo = p%qt PLbW* + h:c: (46)
Figure 13(b) showsthat the e ective Wtb coupling mea-
suremernts require js_j< 0:34 at 95% C.L.

In order to further constrain the mixing angle, we
include the Zbb coupling and oblique parameter con-
straints. To leading order and in the limit My m,
my , the variation of Zb_Iy is given by [12(,

3 4 2
b_ 9 m, 2 My
= R“log—; a7
9= 3326, mymz - O9me (47)
where M: denotesthe T quark mass,and R= ;= ,=

s . Mt=m,. The correction to the right-handed Zbg bg
vertex is negligible in this case. The electroweak preci-
sion constraints on the LHT model have beencalculated

lin Ref. [120], which shaws that the T parameterinduced

by the T quark loop is much large than the $ and U pa-
rameters for the samemodel parameters. Therefore we
will only include the T parameter bound in our analysis.
The contribution from the heavy T quark is,

1, s? 2
P=g2 2 1 ¢ i logx, ;  (48)
1 Lox L1 x
SM t t
where x; = m2=M 2.
1.0F
Wtb 95% C.L.
795% C.L.
0.5F
% 0.0
o
Zbb exclusion
~1.0k_. . . k
500 1000 1500 2000
M;/GeV
Fig. 14. (color online) Allowed parameter space

at 95% C.L. of the Littlest Higgs with T parity
model with f = 1 TeV after including indirect and
direct constraints. The convention is the sameas
in Fig. 9.
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After considering the Wtb, Zbb and oblique T pa-
rameter experimental data, we plot in Fig. 14the allowed
parameter spaceof LHT model at 95% C.L. with f = 1
TeV in the (s ;M+) plane.

We separatethe constraints into di erent categories:
the Wtb coupling constraint at 95%C.L. (greenregion),
T-parameter constraint at 95%C.L. (red region) and Zbb
coupling constraint (black line).

From Fig. 14, we note that the bounds from T pa-
rameter and Zbb coupling are almost identical and are
tighter than the bound from the Wtb coupling. None of
the constraints are sensitive to the heavy T quark mass.

5 Discussion and conclusions

We have studied the top quark e ectiv e couplings us-
ing a set of higher dimensional operators made out of
the SM elds. The leading contributions from NP can
be captured by the dimension-six operators that are re-
lated to the top quark anomalouscouplingsf ;7 . Using
the recen data of t-channel singletop production , tW
assaiated production y , s-channel single top produc-
tion ¢ and W-helicity fractions F,, F. and Fr collected
at the 7 TeV, 8 TeV and 13 TeV LHC as well as at
the Tewvatron, we performed a global t to imposecon-
straints on the anomalouscouplings f 7> . The current
data is sensitive to the top quark e ectiv e couplings and
yields strong correlations among the top quark anoma-
lous couplings.

We introduced xo, X,, Xn and xs (seeEq. (8)) to
study the correlations amongthe top quark e ectiv e cou-
plings. The variablesx;'s are sensitive to the correlations
amongthe top quark anomalouscouplings;for example,
Xm probesthe correlation betweenf [ and f, x, tests
the correlation betweenf? and f}, xs is sensitive to
the relation betweenf} and f R, and x, knows about all
the four anomalous couplings. Precisely measuring the
X;'s can probe the correlations amongthe top anomalous
couplings, which may shedlight on new physics models.
We note that

() Improving the measuremets of  and .y isim-
portant for constraining X,, which can be trans-
lated into the correlation of (f };fR) and (f 5 ;f R);
seeFig. 2(e) and Fig. 2(f).

(i) xm is sensitive to all the four experiments. As f |
and f } are anti-correlated in x,, , reducing the un-
certainty of x,, would tighten the correlation be-
tweenf} and f X; seeFig. 2(c).

(iii) x, is directly linkedto the right-handed W-helicity
fraction Fg, which is inferred from F, and F, mea-
suremerts. The strong anti-correlation betweenf }
andf} is sensitiveto the F, and F,. measuremets;
seeFig. 2(d).

(iv) Xs is sensitive to the precision of .,
measuremets.

w and Fg

At the 13 or 14 TeV LHC, the single top production
crosssectionsincreaseand further a ect the dependence
of x;'s on the singletop production and W-helicity frac-
tion measuremets. For example, the coe cien ts of
and . decreasevhenthe collider energyincreasedrom
8 TeV to 13 or 14 TeV. The W-helicity fractions are
measuredin the top quark decay process,however, so
the coe cien ts of F, and F. remain almost the sameas
thoseat the 8 TeV LHC. Therefore, at the 13 or 14 TeV
machine, the W-helicity fraction measuremets play a
more important role in determining x;'s. The x;'s can
be better measuredat the 13 or 14 TeV machine. More
speci cally, the F; measuremen isimportant for the pre-
cision of the x;'s.

After exploring the allowed parameter spaceof those
top quark e ective couplings, we discussedtheir im-
pact on the following three new physics models: the
G(221) = SU(2); SU(2), U(1)x , vector-like quark
models and Littlest Higgs models with and without T-
parity. These NP models modify the W-t-b coupling
through gaugeboson mixing or quark mixing if such a
mixing is not forbidden by symmetry. For example, the
W? in the so-calledG(221) model can mix with the SM
W-bosonto a ect the Wtb coupling; in the vector quark
models new heavy quarks mix with the SM top quark or
bottom quark to shift the Wtb coupling; in the Littlest
Higgs model both gauge boson mixing and quark mix-
ing are presen. We translated our model-independen
constraints of the top quark e ectiv e couplings into the
parameter spaceof eadr new physics model.

Of the G(221) models, we consideredthree typical
models: the left-right model, the un-unied model and
the top- a vor model. The structure of the Wtb coupling
highly dependson the quantum number of top and bot-
tom quarks under the G(221) group and the symmetry
breaking of G(221)! SU(2). U(1)y. We showed that
the Wtb coupling is sensitive to sin , which describes
the ratio of gaugecouplingsin all G(221) models except
the top- a vour model whenM o is lessthan seweral hun-
dred GeV. In the left-right model we de ne tan asthe
ratio of two vacuum expectation values. We note that
the Wtb coupling is not sensitive to sin . The current
experimental limits can be evaded if My o is larger than
2TeV.

We consideredsewen kinds of vector quarks in this
work: (i) weak singlet model: (T) quark and (B) quark;
(i) weak doublet model: (X;T), (T;B) and (B;Y); (iii)
weaktriplet models: (X;T;B) and (T;B;Y) model. The
structure of the Wtb coupling depends strongly on the
weak quantum number of vector quarks. We showed that
the Wtb coupling is sensitive to the mixing angles! or sP
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in all the vector quark models exceptthe (T;B) doublet
model. To fully constrain the allowed parameter space
of vector quark models, we included the constraints of
oblique T parameter and Zbb couplings. We note that
the T parameter and Zbb couplingsimposemuch tighter
constraints on the mixing anglesthan the e ective Wtb
couplings obtained from ;- and Fo- =k -

The Wtb coupling in the Littlest Higgs model is mod-
i ed by both quark and gaugebosonmixing. The Littlest
Higgs model is sewerely constrained by W-W ° mixing at
tree-level. We then consideredthe Littlest Higgs model
with T-parit y, which forbids the tree-level mixing of W

and W° bosons. The Wtb coupling is modi ed by the
mixing of the top quark and top quark partner, which
givesrise to constraints similar to the vector-like quark
models.

The forthcoming LHC Run-11 will collect more top
quark pairs and single top quark events, which will im-
prove the measuremets of single top production and
the W-helicity fraction. We expect tighter limits will
be made on the e ective top quark couplings and the
dimension-six operators when new data is available.
That will help usto probe new physicsbeyond the stan-
dard model.
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