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Top-quark: the only bare quark in SM

e Short lifetime:

| 1 1 T
Sladl — hadronization
My 185 AqQcp

5x107%"s 5x102° s 3 x 10724 s

® “bare” quark:

spin info well kept
among 1ts decay products
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Charged lepton: the top-spin analyzer

® The charged-lepton tends to follow the top-quark
spin direction.

® In top-quark rest frame

1 dl’ - 1+ Mg cosbpel
[dcosbByg 2

A¢+ = + right-handed
left-handed

Qing-Hong Cao (PKU) Probe new physics with polarized top quark 3 /32



Top-quark Arg at the Tevatron

Forward-Backward Top Asymmetry, %
Reconstruction Level

m < 450 GeV

6

DD, 5.41b" /.8x4.8

[+jets

—
CDF,5.31b"

m. > 450 GeV

CDF, 5.31b 26.616.2

S Frivione and B _H.W

CDF: 1101.0034

CDF (8.7tb1):

Alngusive — () 162 + 0.041 + 0.022

ANEPTEW — 0,066

CDF Run Il Preliminary L = 8.7 b

—— |+Jets Data
oy = (15.6 £ 5.0)x10™

(Cgrrelated Uncertainties)

— NLO (QCD+EW) tt
Oy = 3.3x10™

650 700 750

Parton Level M. (GeV/c?)
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¢ ¢
A% Versus Arp

® (Charged lepton 1s maximally correlated with top-spin.

q t Bernreuther and Si, NPB837 (2010) 90

SM: A%B — (0.051 £ 0.001
b Al . =0.021 £ 0.001




Arp and A% are connected by the spin correlation
between the top-quark and charged lepton.

Berger, QHC, Chen, Yu, Zhang,
PRL 108 (2012) 072002

*| + (800GeV,1000GeV) o
- (1000GeV,1200GeV) . +  (200GeV,400GeV)

(1200GeV,1400GeV) - (400GeV,600GeV)
- (1400GeV,1600GeV) (600GeV,800GeV)
(1600GeV,2500GeV) - (800GeV,1000GeV)
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AL (%) AL (%)

Abp ~ 047 x Abp +0.25% Abp ~0.75 x Abp —2.1%
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Top quark reconstruction

® The charged leptons produced always 1n association
with an invisible neutrino

ph =Fr(x) py=FEr(y) m,=0

p” unknown

® JV/-boson on-shell condition

2
m‘%V A (pﬁ _|_p1/)

- 2(;63 E {Api s Ee\/A2 — 4 (p%)? E?r}

T

A:m%/v—l—Qﬁ:ﬁET
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Top quark production in NP

® Single top-quark production

g—l-




Top quark production in NP

® Top-quark pair production + semi-leptonic decay




Extra gauge bosons
(W-prime and Z-prime)

Berger, QHC, Chen, Zhang,
PRD83 (2011) 114026

Top-quark polarization depends on
how the top-quark 1s gauged under new gauge symmetry,
or, the chirality structure of W’-t-b and Z’-t-t couplings.
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Effectlve W’ tb and 7'tt couphngs

g2

. 2= £y, ((—3 + 4s2)) Py, + 4s2, Pr)t Z'*

tw 1 1
gQTtW,u(—PL + (— — SQLR)PR)tZ“

QLR QLR

go sin ¢

ty, PrtZ™
\/§ ’y L
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Measuring W'tb and Z’tt couplings

® Single-top production can probe the handness of 11//¢b coupling

Gopalakrishna, Han,
Lewis, S1, Zhou,
PRD82 (2010) 115020

do/dcos 6, (fb)

(b) purely Z,’ _ . _ (©)purely Z,’
t e - t Berger, QHC,
— nocu — nocu
- with cuts - with cuts Chena Zhang,

PRDS3 (2011)
114026

1/o0 do/dcos6M+
1/0 d()/dcoseM+
1/0 do/dcosO -

— no cut
- with cuts
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Top quark production in NP

® Top-quark pair production + dileptonic decay

g—l-




Top quark production in NP

® Same-Sign top-quark pair production

t/zﬁ




Top quark 1s often polarized in NP

e Flavor changing gauge boson

® Exotic colored partilces (diquark scalar/vector)
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Minimal FCNC Z’ cannot explain A%

U [

— gﬂ”y'u(fLPL —+ fRPR)tZ;L + h.c. % Z/

~|

Left-handed coupling 1s highly
constrained by B, - B, mixing.

Arg prefers a /R.

Berger, QHC, Chen, L1, Zhang,
PRL 106 (2011) 201801

Other studies on same-sign top pair :

J. Cao et al, hep-ph/0703308, hep-ph/0409334
J. Cao, Wang, Wu, Yang, arXiv:1101.4456
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Minimal FCNC Z’ cannot explain A%

U [

— gﬂ”y'u(fLPL —+ fRPR)tZ;L + h.c. % Z/

Left-handed coupling 1s highly
constrained by B, - B, mixing.

Arg prefers a /R.

Berger, QHC, Chen, L1, Zhang,
PRL 106 (2011) 201801

Other studies on same-sign top pair :

J. Cao et al, hep-ph/0703308, hep-ph/0409334
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Minimal FCNC Z’ cannot explain A%

u > > [
L = qguy"(fr, P, + frPr ?fZ;L + h.c. % A

Left-handed coupling 1s highly
constrained by B, - B, mixing.
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Other studies on same-sign top pair :
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Color sextet scalars and vectors
e Effective Lagrangian (SU(3)¢ ® SU(2)r @ U(1)y)

Atag, Cakir, Sultansoy, PRD59 (1999) 015008

i —

(QlL(Iii’fML E glR.’l-l'?{dR) (I)(i,l,l/.‘i

! ¢ F e
+ 91rARARPs 1, —2/3 + g1 RURURDG 1 ,4/3
+ 930971727qL - P 3,1/3

o p I = oy 1M
T QQQLW'/-I-(lf{Vf;,Q,—l/(s + 92477 UR VG 5 56

<

Measuring Spin and gauge
polarizations of both quantum numbers of
top quarks heavy resonances
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Discovery potential

e Simple cuts to extract signal:

» Same sign di-muons
» Two jets and leptons with

Pt>50GeV

Contours shown on
right are numbers of

signal events

About 1 background

events

Berger, QHC, Chen,
Shaughnessy, Zhang,

PRL 105 (2010) 181802
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Full kinematics reconstruction

* Four unknowns and four on-shell conditions

i 6 unknowns
-2 from MET

2 s 2 ° °
mng (p,u1 + Du; )2 Ql(lal'tlc eg}lﬁll?thn. e )
correcl (- alring s necessd
e (p,uz _I_pl/z) 4 . P 2 & g
2 2 py(n1) +a py(v1) +bpy(v1) + ¢ pa(v1) +d=0
LiLE e (pwl BE pbl) - ] :
5 9 Two complex, two real solutions
My, (pWQ A pr)
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Neutrino momentum reconstruction

e Strong correlation between the ® The mass of heavy resonance
true pgl and reconstructed pgl can be determined
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Top-polarization: color sextet scalar

® Polarization correlates with angle

between top quark spin and Berger, QHC, Chen,
Shaughnessy, Zhang,
charged lepton momenta PRL 105 (2010) 181802
1dl'(t — blrv) 1
T 1 ] 9
' dcosb 2 ( cos )
A right'handed — Reconstructed
- . left-handed b oout

Roughly 30 events required to
distinguish from unpolarized case

+
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Top quark production in NP

® Top-quark pair + dark matter candidates

g—l-




Top-quark pair plus missing energy

e Typical collider signature 1n several NP models

» Minimal
Supersymmetric
extension of the
Standard Model
(MSSM)

spin 0

» Little Higgs Model
with T-parity
(LHT)

» Universal Extra

Dimension Model
(UED)

spin 1/2
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Charged lepton distribution

® In the rest frame of the top-quark

dl’ oz%v my

Ax |1 0
= (1 — x)Arctan . 51 €08

B —x 2

drdcosf 32w AB

Czarnecki, Jezabek, Kuhn, NPB351,70 (1991)

A+ = + right-handed
A; = — left-handed

The energy and angle are

correlated when top 1s boosted.
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Lepton energy 1s sensitive to top-polarization

Berger, QHC, Yu, Zhang,
PRL 109 (2012) 152004

dl'(8¢) Qi 1 /zmax :z;”yQ[l — w72(1 — z03)]

dr  647AB J,
e Ax~v? (1 — z
X |1+ 5 b Arctan v b) dz
1 —2zp B — xv?(1 — z0)
2

A= =l B m—‘g/ ~ 0.216 — 5= 206V
mw mt ___ E; 500 G:V gf;
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fmax = min[(1 — B/7%x)/B,1]
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Lepton energy and top-quark polarization

® Identical decay chains

Ty =2+ [y
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Lepton energy and top-quark polarization

® Define a variable R to quantify the difference betweentr and tr

Area(z, < x.)

Rlze) = Area(tot)

= Area(xy < x.)

—E,= 250GeV(t)
--- E,= 250GeV (¢ )
—E,= 500GeV (t)
-~ E,= 500GeV(t)
— E,=1000GeV (¢ )

1/T dl'/dx

—-- E,=1000GeV (t )
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Toy model mimicking MSSM

o MSSM like:
£gt>z = gelcfff('(cos Ocrt Pr, + sin O.q Pr)t

Collider signature
bbjjl" Fr
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Collider simulation

® Basic selection cuts m: = 360 GeV mg = 50 GeV

ph > 20 GeV  pl. > 25 GeV
ET > 25 GeV ARjj,gj > 0.4
7e,5] < 2.5

e Hard cuts
Kr > 100 GeV  Hp > 500 GeV

Hr = ph + plt + 92 + pb + p5+ Br

® { — 35 reconstruction (Minimal-x” method)
Loop over all jet combinations and pick up the one minimize

5ty — e s = g

Ads Am, ' Am?
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Signal versus Backgrounds

® (Cross section (fb) of signal and
backgrounds at 14TeV LHC

- Basic |thqq recon.| Hard (BT sol.

signal| 22.26 18.46 11.6 %
0.00556%

59 %

A® —4(p5)* By <0

Han, Mahbubani, Walker, Wang, JHEP 0905, 117 (2009)
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R’ distribution

e U1 and TR are separated

Berger, QHC, Yu, Zhang,
PRL 109 (2012) 152004

(b) tL and t,

LHC
14 TeV
1001b-!

t :x’

;< X’ in lab after cuts

t,: X’ in lab after cuts
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Summary

Top-quark polarization i1s a powerful discriminator
of new physics models.

1. W-prime and Z-prime bosons T
[ invis

Single-top production and top-quark pair production







