Probing New Physics with
Polarized Top Quark

Qing-Hong Cao




Top-quark: a new physics window
( The heaviest particle in the SM, the only normal quark )
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Top quark as a probe of new physics

It appears often 1n the decay of NP resonances

Extra Gauge Bosons
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Top-quark: a new physics window

Top quark 1s common 1n decays of NP resonances and
It 1s often polarized.
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Top-quark: a new physics window

Top quark 1s quite common 1n decays of NP resonances

and 1t 1s often polarized. QHC, Wan, Wang, Zhu.

PRD 87 (2013) 055022
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Top quark polarization can tell us the chirality structure
of top quark couplings to NP Resonances




Top-quark: the only bare quark in SM

( the only bizarre quark 1n the SM )

® Short lifetime:

1 1 1 o
S — A hadronization
My I', QCD

SisuliEtiicaabi sl QEadis 3x 1072 s

® “bare” quark:

spin 1nfo well kept
among 1ts decay products




Charged lepton: the top-spin analyzer

® The charged-lepton tends to follow the top-quark

spin direction. Czarnecki, Jezabek, Kuhn, NPB351 (1991) 70

® In top-quark rest frame

1 dl’ i 1+ )\t COS Hhel
I'dcosbne 2

A+ = + right-handed
left-handed

reconstruction
of top quark
kinematics




Charged Lepton: Spin Analyzer

(a) left-handed top tL (b) right-handed top tR
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Charged Lepton tends to follow
the direction of Top-quark spin.



Top quark reconstruction

® The charged leptons produced always 1n association with an
invisible neutrino
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p”. unknown

® JV/-boson on-shell condition
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Top quark production in NP

(1) Single Top-quark production + leptonic decay
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Top quark production in NP

or Top-quark pair production + semi-leptonic decay
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Top quark production in NP

or Direct top-quark production

Anomalous coupling o+
Excited quarks
Vector quarks, etc
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1. Single-top production (@ NLO

Schwienhorst, Yuan, Muller, QHC, Phys.Rev. D83 (2011) 034019

top quark production | top quark decay




Single-top production (@ NLO

Schwienhorst, Yuan, Muller, QHC, Phys.Rev. D83 (2011) 034019

top quark production | top quark decay

f top quark spin




2. Top-quark Forward-backward
Asymmetry at the Tevatron

[t is induced at the loop level in the SM ~ Kuhn and Rodrigo

PRL 81 (1998) 49
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Backward Forward

N,(y>0)+N,(y>0)

A" = = 0.051(6)

Ny >0) - N(Ay <0)
N(Ay >0)+ N(Ay < 0)

4" = -0.0789) Ay=y, -y,




Top-quark Arg at the Tevatron

CDF (8.7fb"1):
Forward-Backward Top Asymmetry, %

CDF Run Il Preliminary L = 8.7 fb™

Reconstruction Level
m; < 450 GeV

—— |+Jets Data
oy = (15.6 + 5.0)x10™

(Carrelated Uncertainties)

“F — NLO (QCD+EW) tt
oy = 3.3x10™
’—.—‘ 1t

DD, 5.41b" /.8:4.8

[+jets

——
CDF. 5.31b"
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Parton Level M (GeV/c?)

m. > 450 GeV

R,
DD, 5.41b" 11.5+6.0

DO new data agree well
corsan’ M 26662 with SM prediction!
arXiv:1405.042|
App = (10.6 &+ 3.0)%
CDF: 1101.0034|  A2Y = (5.0 ~ 8.0)%




Forward-Backward asymmetry of the charged
lepton from top-quark decay

P

P(q) —L/>* «— P(g)

Backward Forward



AFB VECTSUS A%B

DO: Ab, =0.1964+0.065 CDF: ALp=0.085=+0.025
Al = 015240040 7 App = 0.066 £ 0.025




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
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Invariant mass spectrum of top quark pair

CDF collaboration, PRL 102 (2009) 222003
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A% dependence on top kinematics

Backward r Forward ¢

B(/)




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

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

Unpolarized Right-handed
top-quark top-quark

Cheung,
Keung,
" *| . (800GeV,1000GeV)

& Yuan,
= (1000GeV,1200GeV) . «  (200GeV,400GeV)

(1200GeV,1400GeV) - (400GeV,600GeV) PLB 682
- (1400GeV,1600GeV) (600GeV,800GeV) (2009) 287

(1600GeV,2500GeV) - (800GeV,1000GeV)
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Top quark production in NP

(2) Same-Sign top-quark pair production
(or top-antitop pair production in dileptonic decay)
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Top quark 1s often polarised in NP

e Flavor changing gauge boson

UR > > tp

Jung, Murayama, Pierce, Wells,
7 PRDS81 (2010) 015004

UR > R

® Exotic colored particles




Measuring top-quark polarization in
same-sign top quark pair production
1in color sextet scalar/vector model

Berger, QHC, Chen, Shaughnessy, Zhang, PRL 105 (2010) 181802
Zhang, Berger, QHC, Chen, Shaughnessy, PLB 696 (2011) 68



Full kinematics reconstruction

Four unknowns and Four on-shell conditions

6 unknowns

-2 from MET

; . . .

mgv - Bal 2 )2 Ql;amc 6;1 1ljlellatlon' ing is necessary)
correct [-b pair

ng P (p,u2 —I_pVQ) & & g

Disdid 2 ) P A A= O D e ) e =
My, = (pwl sl pb1) ] :

. 9 Two complex, two real solutions
my, = (pWQ nm pb2)

Sonnenschein, PRD73 (2006) 054015



¢T- b pairing: MT2-assisted method

MT?2 variable of lepton-b clusters and MET

Two combinations of lepton-b clusters

Choose smaller MT2 (correct

combination found with nearly
100% probability)

Mo (47 by, 45 b, Br)

MT?2 - Lester and Summers, PLB 463 (1999) 99



Neutrino momentum reconstruction

® Strong correlation between the ® Top quark polarisation can
true p-' and reconstructed D’ be measured after neutrino
reconstruction.

" s-channel 700GeV resonance
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Top quark production in NP

(3) Top-quark pair + dark matter candidates
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Top-quark pair plus missing energy
Typical collider signature 1in several NP models

» Minimal
Supersymmetric
extension of the

Standard Model
(MSSM)

spin 0

» Little Higgs
Model with T-
parity (LHT)

. spin 1/2

» Universal Extra
Dimension

Model (UED)




Charged lepton distribution

® In the rest frame of the top-quark

dl’ Qi my - Ax | 1+ s;cosf
— 1 — z)Arct
z(1 — x)Arctan ey 5

Czarnecki, Jezabek, Kuhn, NPB351 (1991) 70

drdcos® 327 AB

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

The energy and angle

are correlated
when top 1s boosted.




Lepton energy 1s sensitive to top-polarization

Schmidt and Peskin, PRL 69 (1992) 410
Berger, QHC, Yu, Zhang, PRL 109 (2012) 152004
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Lepton energy and top-quark polarization

Identical decay chains




Toy model mimicking MSSM

e MSSM like:
£th — gelcfff((cos Oot Pr, + sin O PR )t

Collider signature
bbjjl" Er




Collider simulation

® Basic selection cuts m; = 360 GeV myg = 50 GeV

ph > 20 GeV  pl. > 25 GeV
i 08 Gl A D s D
0,5 < 2.5

e Hard cuts
Kr > 100 GeV  Hp > 500 GeV

187 — it AR 8 e AT T

® i 3j reconstruction (Minimal- x* method)
Loop over all jet combinations and pick up the one minimize

S = P G g

L Am3, | Am?




Signal versus Backgrounds

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

- Basic |thqq recon.| Hard Bt sol.

11.6 %
0.00556%

59 %

D
2(pT)2

A? —4(p5)° B <0

Han, Mahbubani, Walker, Wang,
JHEP 0905 (2009) 117



Lepton energy and top-quark polarization

Define a variable R to quantify the difference between {7, and t g

- Area(xy < x.)
Rize) = Area(tot)

= Area(xy < x.)

E = 250 GeV (t )
--- E,= 250GeV (1)
E,= 500GeV (t )
- E,= 500GeV(t )
E,=1000 GeV (¢ )

1/T dl'/dx

--- E,=1000GeV (t )




R(z.) versus R'(z.)
wgzzEng/E _> $2:2Eg+/E

(a) tL and t,




R’ distribution

tr, and tR are separated

(b) t and t,

LHC
14 TeV
1001b-!

t,: x’,in lab after cuts

t,: X’ in lab after cuts




Top quark production in NP

(4) Top-quark + Dark matter candidate
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Only Two Visible Particles

left (P = —1)

New variable ; ; e = 1
- oo TN Herwig++ left (FSR)
- ! Herwig++ right (FSR)
Herwig++ left (no FSR)

- Herwig++ right (no FSR)—

Ey

h—
By + By

1/T dT'/du

J. Shelton,
Phys. Rev. D79, 014032 (2009)

Papaefstathiou, Sakurai,
arXiv:| 112.3956




Top-quark + DM

R-parity violation inspired

Andrea, Fuks, Maltoni, arxiv:1106.6199
Wang, L1, Shao, Zhang, 1109.5963
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Top-quark + DM

QHC, Yan, in preparation

1/0 do/du
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Conclusion

® Top-quark polarization provides additional information
about new physics structure
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Top quark production in NP

(4) Top-quark + dark matter candidate
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