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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 |.

" SM has been confirmed to be a complete and successful framework to
describe physics at energy scale around TeV.




Motivations:
BSM @ LHC Run I1

« Experimental Observations: * Theoretical Problem:
“ Baryon Asymmetry in the Universe @ Gravity is not included

© Massive Neutrinos @ Hierarchy Problem

“ Dark Matter o

“ Dark Energy

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 < m\W-mb)
In decays W — tb

& 1992

Tevatron Run I:

First indications for heavy top
quark decay t - Wb

& 1995

Official discovery, mt = 175 GeV
[CDF and DG @ Tevatron]

Top Quark Mass

SM fit vs. direct measurement
History of top searches



o Motivation:
. Top physics @ Higgs Era

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

Miop = Y0/ V2 7 173 GeV = y; ~ 1[s

© Special role in EWSB? Miee/Myo~100,000



& Motivation:
‘ Top quark as bare quark

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

& Lifetime < hadronization

W+

Noep ~ (100 MeV)~ 1T ~ 107 23s

[NLO — 1.42 GeV
7t~ 10725 s <« 10723 s b




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.... s o,
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& CP-Violating in Top-Higgs Coupling
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Collider Phenomenology




Colliders

Lepton Collider Hadron collider
e"' ° e @- p p
collisions of point-like particles collisions of composite particles
¢ Clean environment & Can access higher energies

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

TeVatron:

& P-Pbar collider @ 1.96 TeV

& Detectors : CDF and DO
& Shut down in 2011

LHC:

2 P-P collider @ 7,8,13 TeV
& Detectors : ATLAS and CMS
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Hard Scattering Process @ the
Hadron Colliders

| Proton process

Protonic cross section
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I

Proton Parton Distribution
Function(PDF)

Parton Density Function of proton [Q*=(10 GeV)?
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Hard Scattering Process @ the
Hadron Colliders

G > Proton process

Momentum fraction
of the parton Protonic cross section

OAB —

. Proton Parton Distribution
Function(PDF)

Sum over incoming partons
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Model '
Parameters ' Gauge groups ' Particle content ' Lagrangian '
Y

FEYNRULES '

J
Feynman rules '=> =  TeX-file '
J
Translation interfaces '
J J J J

MADGRAPH

CaLcHEP FEYNARTS SHERPA WHIZARD
Q ~ and GoSam g Q
J J J J

Parton showering, hadronization, detector simulation & analysis!
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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. A< E_

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.

A>>E_
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Studying New Physics

@ There are 2 different approaches, depending on the new
physics enerqgy scale:

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

Il. Parameterize the low enerqgy effects of the large class of
models as higher dimensional operators.

20



Eftective Field Theory Approach

Dimensionless Coefficients Higher order Operator

4+1 ,.

New Physics Scale

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

Flavor 9 g
Changing
Neutral v.9,ZH

Current




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. X v
:Neutral Bsosn

¢ Forexample: b — sy, t - uy,t—>uZ, ...

J|
. A

q



Charged Current
W

\)

Neutral Current




Weak Neutral Current

Same quark flavour: Flavour changing:
u, ,c,b t forbidden
ZO
: V, £ q 1
VA fvu\< A ’\f\n< VA W\<
V, £ C

Same quark flavour:  Flavour changing:
u,d,s,c,b,t forbidden

29



& 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 {—=bW:

V. 2 3 3 1 9 6
D(t — bty = Vol me () Sy | 2miy w
16sy;, myy, m; My {
b
o _ BR(t— WD) _ Vi |”
BR(t — Wq)  [Vial* + [Vis” + Va7 '

—@'%ﬁ!vml”m(l —Vs)

P 1.117975 (CDF) ( .
= 10
1.037912 (Do) - Vil = < 1.05%gg9 (CDF)
tol = 1 01—|—0.09 D
. 1.0l 509 (DO)

Vial* + [Vis|* + [V |* = 1
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GIM Mechanism
(Glashow—Iliopoulos—Maiani mechanism)

Flavour changing:

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

& They are extremely A

suppressed at the loop-level
by the GIM mechanism.

Top FCNC Penguin

A~ Vbe( )+ V. usf

W W

df( )

thVub+VV +VV =0

s us

)AO

W

m,,m_,m, <Hni, f( ) f
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FCNC @ Top Sector

¢ Top FCNC Modes:
*t>¢Z

*t>e¢h
*t—2>¢0
*tT 2> 0C¥
*the modes with up-quark.




SM predictions For FCNC Transitions

['(t — cV)
['(t— bWt)’

Branching Ratio Definition: Br(t —cV) =

Br(t — wy) ~4 x 107 Br(t = cy) ~5x 10~
Br(t > uZ)~8x107" Br(t — cZ) ~

Br(t — uh) ~2 x 107" Br(t —ch) ~3x 107"
) =~

Br(t — ug) ~ 4 x 10~ Br(t — cg) ~ 5 x 107"

Aguilar-Saavedra, hep-ph/0409342 31



FCNC @ New Physics

& Top decays through FCNC are enhanced in
many models beyond the SM.




FCNC @ New Physics

&+ 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 mogels.™,

Process / SM % 2HDM(FV) 2HDM(FC) MSSM  RPV RS

t — Zu 7 x 10717 - ~ <1077 <10°° -

t—Ze[ 1x10714 | <107 <107 <1077 <10°° <1077

L — 4 x 1071 — — <1077 <10°° _

t — gc 5x 10712 ; <104 <1078 <1077 <10°% <1010

t—yul 4x10°1 | - - <107% < 107? -

t — yc 5x 10714 ;; <107 <1079 <1078 <107? <10°°

t—hu \ 2x10717 [ 6x 10~ - <105 <109 .
<107° <107 <104

p —

t — he ' x 10719 2% 1073 < 107°

Snowwass 2013 Top quark WE report, 1311.2028



Collider Searches tor Top FCNC

& Top FCNC In decay : & Top FCNC in production:

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



t— £q

& anomalous single top-quark production (qg — t)

qg — t - W(— {v)b

u,c

AT AS B(t — ug) < 4.0x 107 ; /
. B(l‘ — Cg) < 17 X lb_S {;\‘T {—>Isolated lepton
\

using 20.3 fb~1 of data collected at 's = 8 Te' g v

~ Missing pT

b —— B-tagged jet
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t = Zq

& A search for flavor-changing neutral currents in top-
quark decays t — Zq is performed in events produced
from the decay chain tt — Zg + Wb, where both vector
bosons decay leptonically, producing a final state with
three leptons (electrons or muons).

Z /
CMS: BR(— gZ) <5x107 q t
using 25 fo=1 of data collected at \/s =7 TeV and \/s =8 TeV o N Z
q t
ATLAS: BR(@ — gZ) <7x 1074 - -
using 20.3 fo=1 of data collected at \/s =8 TeV Vv

36



t —Yq

Upper limits at the 95% confidence level
are set on the tuy and tcy anomalous

couplings and translated into upper . ,
limits on the branching fraction of the \ W XUt
u/c !

FCNC top quark decays:

Vi

CMS: Bt — uy) < 1.3 x1074 ulc Y

Bt — cy) < 1.7 x 107

\/

using 19.8 fb~1 of data collected at ‘s = 8 TeV
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t —hgq

_ 'h - WW*
CMS: tt— (bw)(Ch)' h — 77 multilepton final states

N h — 17

using 19.8 fb~1 of data collected at ‘s = 8 TeV

h — 7y lepton+diphoton final state

an upper limit of 0.56% on B(t — ch)

ATLAS:  1f » WbhHg s
J T~— by

using 20.3 fo—1 of data collected at ‘s = 8 TeV < )
95% CL combined upper limits: 9 : \ b

B(t—> Hc) —> 046%
Bt—>Hu) —> 045% 38
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Effective Lagrangian

for tqH and tqg FCNC Couplings

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

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

it T, (fE Py + fRPR)qGe,

qg=—u,

q_(gZ)qH T g?qH75)tH + h.C.,

L = V2g. [

QU yComememnrn, "\

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

New Physics?

Saavedra Nucl.phys.B 812(2009)181-204 4° Saavedra Nucl.phys.B 821(2009)215-227



Single top + Higgs due to FCINC Couplings at the LHC

L= V29, Y - Tt T, (fEP, + fRPR)GE,

A
g=su,c
g '. =/ U a
+ mq;c 9qrq(Grgr + thH%)i'f:'{ + h.c.,

Y E

[ ] [ ]
L4 °
. °
[ ]
b ° b ,
. ¢ vl g ° v 1
° [ ]
P [ ]
° A " ° . I’
. ( W o ! W
| C
t *s -
. H
b
w/c
b

e Final state:
¢ 3 b-jets
& One charged lepton

& Missing energy (Neutrino)
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Backgrounds and detector simulations

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

No TOP and No Higgs but the same final state

b-tagging efficiency = 60 % mis-tagging rate=10 %
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Event Generation and Simulation

» FeynRules Package —+# Implementing the model

¢ MadGraph - Generating the hard processes

» PYTHIA

Hadronization and showering

& Fastdet Reconstructing Jets



Preliminary Cuts

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

pr >25GeV  Inikk2.5

# Distance between two object —mep AR, =./(1,-1,) +(9, 9,0’ >0.4

Missing Transverse Energy =g £, >25GeV

44



Object Selection & Reconstruction

c fprrr R AR R 3

I § 09F — Signal (ug) 3

& We require to have only three b- 3 T ]
o 07" 3

tagged jets. o | "

§ 0% i | ;

02 | § 3

ok | 3

N S I i === warerws N

0 1 2 3 4 5 6

& The combination which gives the ooty
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.

5 ------------------ 5 ; 2 WA AAAAARASEIEEREIRRSSLaaassaazseany.
3 3 % — Signal (tug)
s £ ||| g 006t ot
: Boost O [ T
: £ oodk
2 2
ooe;
\my, .. —1251>15GeV : ly, =y, I<1.2
e T 001
80 100 120 140 W0 10 20 20 % 05 1T 15 2 25 3 35 4 45 5

m, (GeV) :y,)

vvvvvvvvv

87"

ormalizaed distribution
o

normalized distribution
o
b
| AN AN AR |

Py siies > 100GeV

S.Kh, M.M.Najafabadi , Phys.Rev.D 89 (2014) 5,054011 45



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

wET T T T
B Wbbj+Wijjj+WZj
o it
--------- Signal(tug)

Nevents
no
O

& lllllll]lllllllIllllllllllll]lIIIIIIIIIIIIII

100 150 200 250 300
Mop(GeV)

Top quark bas been reconstructed well!

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



Results for FCNC t-q-gluon
.+ Couplings

“ Now we find the values of new physics model parameters, k,,, 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:

i it _S/ _ /
ignificane v, /B

Requiring significance > 3(5) leads to :

0.4

0.3~

Riug

A

/{tcg

A

1V

0.069 (0.088) TeV ',

Vv

0.26 (0.34) TeV 1.

0.0
800 0.02 0.04 0.06 0.08 0.10

Klug//\ (TCV l)

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



Charge Ratio

g+u(in) > t(f) + H

:_/""/

The number of events with positive charged .. \
lepton to the number of events with negative .. N
charge . - SN

o(t+H)
o(t + H)

This observable can Discriminate between signal and backgrounds.
In case of discovery, it can distinguish between tug and tcg
couplings. ‘0

R = = NI/ N()



Charge Ratio

Inclusive values gru>t+H :

Reignal = 4.35 & 0.02,
Rw+jets = 1.57 £ 0.03,

Ry = 1.04 +0.03,

Since the c-quark and cbar-quark PDFs are similar, because both
of them are sea quark:

For g+ ¢> t+ H:
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Charge Ratio

Dependence of the charge ratio on the transverse momentum
and pseudorapidity of the charged lepton.

8 T T T T T T T T T T T T T T T
AL 18 Signal(tug) _ i e Signal(tug) N
oL nel ’ R o -
] e Wobj+Wij [ 7 o WhbjWjjj == -
Z 7 ’Z: I —— e
2L . . . z i e j
2 o F
¢ 3 - ¢ T ‘
2 - - 0 -
Z 0 0 0 '..OY. 0 0 0 0 0 0 o
1_ 0 R ————— Saaxsza2 - 1;_.’...‘“.”......._,'_....M.n.. 1 "."lv‘vn...'.-'lll'u
IR R A A R R R U T P N NPUN NP SR
%0 40 50 60 70 8 9 100 110 120 95 2 45 4 25 0 05 1 15 2 25
Lepton p (GeV) Lepton
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The correlation between the transverse momentum and pseudorapidity of
the charged lepton for signal events.

3000

2500

2000

30 40 50 60 70 8 90 100 110 120
Lepton P (GeV)

The large charge ratio for very energetic lepton would lead to the large
charge ratio in the forward/backward region.

S.Kh, M.M.Najafabadi , Phys.Rev.D 89 (2014) 5,054011 52



Charge Ratio

& |t Is notable that similar charge ratio properties as are applicable in the otr
channels of anomalous single top production in association with a vector
boson gamma or Z-boson.

tg—tty EE
AP e
s

gq+g—->t+7

53



CP-Violating in Top-Higgs Coupling




(General Lagrangian for top-Higgs

& We can parametrize the top-Higgs Lagrangian as,

My — o
L =——1t(Kk +iRys)tH + h.c.
v

@ The coupling K, 1s CP-conserving .
© The coupling ¢, is CP-violating .
@ Inthe SM at leading order: k; = 1 and k; = 0

& CP-violating component can arise from loops at higher order in SM.
& They may arise from several new physics.

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



Constraints [ > Direct , Indirect

¢ Low Energy Experiments: Electric Dipole Moment(EDM),

B meson rare decay, ...

@ High Energy Experiments: Collider Observables,...

56



Electric Dipole Moment(EDM)

1T :FE— FE ,S >—3 H=-d>.L

P(H)=—(dS.(—E))# H
P.EFE——-FES—S T(H)=—(d(-S)E)#H
© 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.

57



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

my —
L = —Ttt(ﬁst + iRyys)tH + h.c.

? = 3 (471_)3 \/EGF Me [Hekt fl(xt/h) + Rekt f2(xt/h)]

— mt
Xw =72
h
€
The 90% confidence level limit from AMCE collaboration: Barr-Zee type digram
—|<87-107*cm - k¢ < 0.01

Zupan, et al. fHEP 1311, 180 (2013) Science 343(6168):269-289
58



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 8¢ — h as well as the h — Yy

vertex, which are generated at one loop in the SM.

t ¢
SR A
— bony, =—
Hgg | ) : Fryr T(h = 77)su

vy o(g9 — h)swm LL‘
9
Y
leg = Ki + 2.6K; +0.11k (5, — 1) , fy = 0.078k2 — 0.71k, + 0.18F,% + 1.6,

Zupan, et al. fHEP 1311, 180 (2013)
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Indirect Constraints

mg — .
@ electron EDM L= ——i(ki + ifs)tH + h.c.
y
; K,,,d,=1
B Higgs prod. @\
h ,/ Y, 4 04
- u c - | Hg EDM
0.2

neutr. EDM

@ Higgs production and Decay <
—02l
v
) |
T, t ; -04
(P A N A
: -10 =05 0.0 0.5 1.0
w1 K
9
v

Zupan, et al. fHEP 1311, 180 (2013)
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Top-Higgs couplings (II1): Direct searches

@ We nvestigate the LHC
potential to distinguish the
scalar and pseudoscalar top-

Higgs couplings.

& This process offers many
observable to determine CP-
violating and CP-conserving

C omponent.

61

my — -
L =——1t(k +1Kys)tH + h.c.
v




Top-Higgs couplings (I1I): Direct searches

i my — .~
o(ttH) known at NLO in QCD L = ——1t(k +ifys)tH + h.c.
For MH=125 GeV: Vs=8 TeV: o(itH)=130 fb ¢

* Interestingly, the phase-space suppression
effect is overcome at Vs>30-40 TeV, where

ttH becomes the 3rd most important production
mechanism.

3
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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

0/2051\4

S
=

Normmalized Events

Ty
'l)

S

(=

o
T

A Ak d PR R U TR Y
-‘&bO 600 800 1000 1200 1400
m ., |GeV]

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 : )

t
g
My —
L= —j"t(;«:t + iRy )tH + h.c. W 7
g t

N(|Ag(tt)| > [Ap(tH)|) — N(|Ag(tt)| < [Ap(tH)|)

Oy = N(|Ag(tt)| > |Ap(tH)|) + N(|Ap(tt)| < |Ap(tH)|)

Apyy = ¢p — ¢p and Ay = ¢ — ¢

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 p'l’

cut on Higgs-py (GeV) || 0.0 | 50.0 | 100.0 | 200.0 | 300.0
SM' oo P Ok, =1,F, = 0) 0.356 | 0.229 | 0.021 | -0.265 | -0.411
Op(k, =1,k = 0.4) 0.317 | 0.191 | -0.006 | -0.299 | -0.441

- I [ T l 1 1 l l
04F- = x=1&=0 (SM)
: ] k=1%=0.4
= x=1%=06
——e =4 k=1%=08
07 \\‘.\
=2 \<~~
O N
N,
N,
\\~.~
0 - ..-A.-\;..s.,..:...-.
..
\ ~
1 1 L l L 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 L 1
0 20 40 60 80 100 120

cut on Higgs P, [GeV]

@The presence of a CP-violating coupling in ttH interaction reduces the amount
of O at any value of the cut on Higgs boson p'T .

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 significance of the observable O is defined as the number of
standard deviations o of which O differs from zero: Oy(Kir. i) — OSM
. o\ vty vy ¢

S(ke, Kr) =
V1 - (05My?

SM
\/Upp sl L

G na s AR RS RARAS RARAY RARRE RAREE RARLYRAZ 4
L=10 fb"
=—] L=50 "
] L=100 b

N
o I T I rrTT I Trrorit l L LA [ T
L) l LA LU l LA L l LA ALl l LA

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.

Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7,074014 66
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Allowed Region
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obtained by the future upper limit
on the top quark EDM .

-

Sara Khatibi, Mojtaba Mohammadi Najafabadi , Phys.Rev.D 90 (2014) 7,074014 67
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Top Electric Dipole Moment(EDM)
Analysis

d I= 1 2e

KK f ()

2
37" 3m,
mz
_""m
X="
m t !
4
5 _
~19 r
| dt <10 " e.cm L= _%f(m + ifys)tH + he.c.

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


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.

& |t must be explored indirectly by flavor physics and

directly by collider physics in as many as possible
channels.
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“Backup Slides”



lop Asymmetries




Top Forward-Backward Asymmetry

& Well-known Tevatron Forward-Backward Asymmetry in tthar events

A — Ni(cosf > 0) — Ny(cosf < 0) BACKWARD FORWARD
“ = Ny(cosf > 0) + Ny(cosf < 0)

*Kubn & Rodrigo [PRL 81 (1998) 49]

e 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 m: 2450GeV = A™" - =0475%0.1 14,ASM”— =0.13£0.01 there were 34 dz’ycrepdncy,
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-— . 'Top Pair production

> @ hadron colliders

‘ZPZ

i | vevatron
gg  ~85% ~10%
ag 715% @ T9U%

top-pair strong production

93 :t 9 BHOOU]
{
g’\.b- f

g 00000
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Rapidity

1l 1 + cos @ | té’
— — — — =
7779 nl—cosH Heotg =0




Top Forward-Backward Asymmetry

Longitudinal boost independent

N(Ay* > 0) — N(Ay'* < 0)

Atf —

N(Ay't > 0) + N(Aytt < 0) t :
Ayu_f?}t—yt‘ %‘
g Ly Bt P atron
y—glnE_pz Tevat

4 2
Yy — Yy = 2 arctanh (\/ 1-— Tfl" cos )

S
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A. @ SM

Ni(cos > 0) — Ny(cos
At_ —

6 <0)

“7 Ny,(cos# > 0) + N,(cos

6 <0)

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

top-pair strong production

g

@ lop Asymmetry arise at nextto  yNyo.N =
leading order in QCD.

th L °>Mm<t LO:N,=LX0. «<a+b(cosB)’
{ osooooo——!t 3 3

LX0O. <a'+b'cosO+c'(cosh)’

q Q
D090, oo™
0000000 0600000
Order Ay ) Q

NLO QCD 0.072 + 0.009

——f0000000)

Ai(CDF) = 0.164 +0.047, .

(a) Hinal state gluon bremsstrahlung FSR (b) Initial state gluon bremsstrahlung ISR

b -

‘ >6656:‘fc
b -

——200000004
A”(D(/)) — ()1()() i ()()3(). (c) double virtual gluon exchange (d) Born diagram
Kuhn & Rodrigo, 2011 CDF Collaboration, Phys. Rev. D 87, 092002 (2013) DO Collaboration, Phys. Rev. D 90, no. 7, 072011(2014)
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Related Charge Asymmetry @ LHC

LHC 1s Symmetric E‘::Zzl> No Forward-Backward Asymmetry

But suppose that there 1s a charge asymmetry at Parton level(QCD predicts that

tops are preferentially emitted in the direction of incoming quark, BSM

CM: preferred direction

asymmetry can be positive or negative)

quarks carry more momenta than antiquarks

/7
/
/
_ O > .« ®
q \ q o
" :
\ quark > anti-quark
\
Lab: preferred direction — Y8
t N .
\ s Y
\ ﬁ tﬁ@‘ :
‘_ "‘h l".
{ ( LN .
Y 1
/ --------------
/
Lab: !n‘t'fvl'rﬂ] direction
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Related Charge Asymmetry @ LHC

qi — N(AI" > 0) - N(AJy|* < 0)
C = = -
N(Aly|®* > 0) + N(Aly|* < 0)

do/dy

Alyltt = |y — |zl

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

VS AZ AR(CMS, 7 TeV) =
7 TeV 0.0123 £ 0.0005 AL(CMS, 8 TeV) = 0.005 % 0.007 = 0.006,

0.004 + 0.010 + 0.011

No hint of an excess ... but still some room for new physics

8 TeV 0.0111 % 0.0005
CMS collaboration, Phys. Lett .B.717(2012)129

W. Bernreuther and Z. -G. Si, Phys. Rev. D 86, 034026 (2012)
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Lepton-Based Asymmetries

levatron:
R
N(gxn>0)—N(gxn<0) W .
Ag o ] proton
N(gxn>0)+N(¢gxn<0) e g t .
q i b

. N(Af[ > 0) - N(Af] < 0) o antiproton p ,
Aee = N(An>0)— N(An < 0)’ AN = 1+ =M1 ! q

LHC:

N(Ap"™" > 0) = N(A]p"'" <0) e
A[{‘ — . ! l I = | — N
¢ = N@WIT >0+ N@ARFT <o) Al e | = -]

L)

Lepton based asymmetries in t-tbar events are in principle antiproton

independent observables that can reveal or constrain new physics.
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NP models may be divided into Two classes :

q - (q .
q SM t q t q

s-channel: extra octet-color vector gluon (axigluon).
Frampton andS. L. Glashow, Phys. Lett. B 190, 157

Z’/W’

b o wm wm o

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

“ 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.
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