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Top-quark: king of the SM

® Large mass: 173 GeV (y:~0O(l))

My >~ MW + Mz (Coincidence ?)

QUARK MASSES

® Short lifetime;
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® “bare” quark:

spin info well kept among
its decay products
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Top-quark as a link to new physics

Wea k|)l Strong|)’ Extra
interacting Interacting Dimension
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Top-quark as a link to new physics

At the LHC ( 7TeV, Ifb')

163,000 top-quark pair events
76,000 single top quark events

Data
Driven



Top-quark as a probe of new physics

Extra gauge bosons
L WG

Exotic
colored

New heavy ° ‘ States
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Top-quark production




Top pair production in the SM
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Tevatron: 90% 10%

LHC (7TeV): 20% 80%
| LHC (14TeV): 10% 90%
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NLO + threshold res. (NLL): Moch Uwer, Cacciari et al; Kidonakis, Vogt
NNLL extensions at threshold:
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~ Czakon et al; Beneke et al; Ahrens, L. LYang, etal




Top pair production cross section

CMS Preliminary \'s=7 TeV

ATLAS Preliminary 19 March 2072

Theory (approx. NNLO)

form, = 172.5 GeV CMS e/u+jets+btag

Data 2011 —— stat, uncertainty TOP-11-003 (L=0.8-1.09/pb)

— total uncertainty
Oy +(stat) =(syst) =(lumi)

164+ 3=12 =7

(val = stat. + syst. =+ lum)

Channel & Lumi. CMS dilepton (ee,uu,eu) 170+ 4 = 12 + 8

Single lepton  0.70 fb™
Dilepton 0.70 fb™

All hadronic
1.02 fb

179+ 4+ 9+ 7pb
173+ 6 711 *Spb

167+ 18 + 78 = 6 pb

TOP-11-005 (L=1.14/fb)

CMS all-hadronic
TOP-11-007 (L=1.09/fb)

CMS dilepton (ut)
TOP-11-006 (L=1.09/fb)

(val = stat. + syst. =+ lum)

136120128 + 8

(val = stat. + syst. =+ lum)

149224 x50 = 9

(val = stat. + syst. = lum)

Combination 177+ 3 * 5+ 7pb

CMS 2010 combination 154 =17 + 6
arXiv:1108.3773 (L=36/pb) (val = tot. = lum.)

New measurements
150+ 9 + ]; + 0

(val + stat. + syst. = lum)

CMS e/u+jets+btag
arXiv:1108.3773 (L=36/pb)

Tpag + jEtS 1.67 fb 200 + 19 = 43 pb

[——— . —

) . +60
4A'||7r;g9romc ' 168 + 12 "5; = 6 pb CMS dilepton (ee,uu,ew)

| | | | | arXiv:1105.5661 (L=36/pb)

50 100 150 200 250 300 350 | cuseesios

arXiv:1106.0902 (L=36/pb)
o, [pb]

168118112 + 7

(val = stat. + syst. =+ lum)

73214250 = 7

(val = stat. + syst. + lum)

Theory: Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW2008(N)NLO PDF, scale® PDF(90% C.L.) uncertainty

.. |
Exp uncertainties ~10-20% 50 100 150 200 250 300

o(tt) (pb)
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Single top production in the SM
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Single top production at the NLO
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Single top production at the NLO
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Harris, et al, PRD66 (2002) 054024

Qing-Hong Cao, C.-P. Yuan, PRD71 (2005) 054002
Campbell, et al, PRD70 (2004) 094012

Zhu, C.S. Li,Wang, Zhang, JHEP 1102 (201 1) 099
Heim, Qing-Hong Cao, et al, PRD81 (2010) 034005

Harris, et al, PRDé66 (2002) 054024
Campbell, et al, PRD70 (2004) 094012

Qing-Hong Cao, et al, PRD72 (2005)094027
Frixione, et al, JHEP 0807 (2008) 029

Campbell, et al, PRLI102 (2009) 182003
Wang, C. S. Li, Zhu, Zhang, 1010.4509

Reinhdard, Yuan, Mueller, Qing-Hong Cao, PRD83 (2011) 034019

Shou-Hua Zhu, PLB524 (2002) 283
Qing-Hong Cao, 0801.0539
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Single top measurements at LHC

0t _ch. = 70.2 £ 5.2(stat.) + 10.4(syst.) & 3.4(lumi.) pb

Vib| =

Cich _ 1,04 40.09 (exp.) + 0.02 (th.)

Ut—ch.

t-channel single top quark production

CMS preliminary, 1.14/1.51 fo'

DO, 5.4 fb” /

CDF, 3.2 fb™

NLO QCD (5 flavour scheme)

== theory uncertainty (scale ® PDF)

Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 L H C i S
NLO+NNLL QCD POWG r»f u I

theory uncertainty (scale @ PDF)
Kidonakis, Phys.Rev.D 83 (2011) 091503
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Top-quark F-B asymmetry in the SM

® A charge asymmetry arises at NLO

>< >< P / Pt((l)

Backward Forward

Top quarks are produced along the direction of the incoming quark

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

AP = = 0.051(6)

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

A" = =0.0789) Ay=y, -y,
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Top-quark Arg at the Tevatron

Forward-Backward Top Asymmetry, %

Reconstruction Level
m; < 450 GeV

D@, 5.41b"

—e—i
CDF. 5.31b"

1101.0034 (cited > 240)

CDF new data (8.7fb™'):

AlBGusive — () 162 4 0.041 £ 0.022

A e e 166

CDF Run Il Preliminary L = 8.7 fb™

—e— |+Jets Data
oy = (15.6 + 5.0)x10™

(Correlated Uncertainties)

— NLO (QCD+EW) tt
Oy, = 3.3x10™

550 600 650 700 750

Parton Level M. (GeV/c?)

HX % (Qing-Hong Cao)
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Top-quark Arg at the Tevatron

Forward-Backward Top Asymmetry, %

Reconstruction Level
m; < 450 GeV

D@, 5.41b"

—e—i
CDF. 5.31b"

1101.0034 (cited > 240)

CDF new data (8.7fb™'):

AlBGusive — () 162 4 0.041 £ 0.022

A e e 166

CDF Run Il Preliminary L = 8.7 fb

—— |+Jets Data
0, = (30.6 + 8.6)x10°
(Correlated Uncertainties)

— NLO (QCD+EW) it
0y, = 10.3x107

12 14 16 1.8 2
Parton Level Ay

HX % (Qing-Hong Cao)
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Top-quark Arg and NP models

CDEF, Phys.Rev.Lett. 102 (2009) 222003

—— SM Expectation

O Data

tt

(\T
2
>
®
O
O
=
=
O
©
©

200 400 600 800 1000 1200 1400
Unfolded M, [GeV/c?]

It provides upper bounds on NP resonance.
The large bin (800GeV-1400GeV) is
the most sensitive to a heavy resonance
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Top-quark Arg and NP models

s-channel ¢ ) t-channel (Fiavor changing) g
G

Cheung, Keung,Yuan, 0908.2589
ot Shu, Tait,Wang, 0911.3237
q Cao, Heng,Wu,Yang, 0912.1447

Frampton, Shu,Wang, 091 1.2955 Qing-Hong Cao, McKeen, et al, 1003.3461
Cheung,Yuan, 1101.1445

Cao, Wang,Wu,Yang, |1101.4456

Qing-Hong Cao, McKeen, et al, 1003.3461

Wang,Wang, Xiao, Xu, Zhu, | 104.1917
t Shu,Wang, Zhu, 1 104.0083

Wang,Wang, Xiao, Zhu, 1107.5769
Chen, Law, Li, |1 104.1497

Bai,et al, 1 101.5203

Cui, Han, Schwartz, |1 106

.3086
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S-channel: axigluon

® Axigluon
additional gauge group q g t 9 Gt
o KK-Gluon

new space-time structure

Q|
~
Q|
~

Dijet constraints requires SMALL
couplings to light flavor quarks.

Large Are demands LARGE

SM QCD NLO + NP LO

couplings to top quarks. — SM QCD NLO + NP NLO

@LO -LODS)/LO
FS DS
—« (NLO_-NLO, )/NLO
FS DS DS

Boosted top “jet” _
(jet substructure) | ey,

Zhu, C.S. Li, Shao,Wang, Yuan, 1201.0672
(NLO QCD corrections)

K% (Qing-Hong Cao) FT—REENTFIIEZEREW



Minimal FCNC Z’ is disfavored

L = gﬂ”y'u(fLPL -+ fRPR)tZ;L + h.c. % 7’

Cl

Left-handed coupling is highly
constrained by B, - B, mixing.

Arg prefers a fr.

Berger, Qing-Hong Cao, Chen, C.S. Li, Zhang,
PRL 106 (2011) 20180,

Other studies on same-sign top pair :

J. Cao et al, hep-ph/0703308, hep-ph/0409334
J. Cao,Wang,Wu,Yang, 1 101.4456

=K% (Qing-Hong Cao) F+—EeERTYES RSN 17
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Minimal FCNC Z’ is disfavored

L = guy"(fL Py + frPR)tZ, + h.c. % v

Left-handed coupling is highly
constrained by B, - B, mixing.
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J. Cao et al, hep-ph/0703308, hep-ph/0409334
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Top-quark Ars at the LHC

® Ac definition LHC is symmetric (no F or B)

Quarks carry more momenta than antiquarks

4
/ L
__ — /@
q q \\q_

|
|
_)+
|
|

Tevatron top top
anti-top anti-top

q

Tev o IEIE ) >
Ay = yt oy yt Ay v ‘yt’ s |yt| cms rest frame LAB frame
A

| { \\
|
\
tE_U(Ay>O)—O(Ay<O) q—§f<—q >,(_q
7/
| .

Al =
© o(Ay > 0)+o(Ay < 0)

® One side asymmetry  You-KaiWang, Bo Xiao, Shou-Hua Zhu, 1008.2685

c(AY >0)—oc(AY <0)

Aorp = o(AY >0)+0(AY <0) ‘Ptz£>Pczut7Mt£>MCUt
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Top-quark Ars at the LHC

o AC deﬁnition Tevatronh top top

anti-top anti-top

og(Ay > 0) —o(Ay < 0)
o(Ay > 0) + o(Ay < 0)

tt __
Ap =

Ay™® =y —yr  AY™HC = |y| — |uz

® One side asymmetry
You-Kai Wang, Bo Xiao, Shou-Hua Zhu, 1008.2685

c(AY>0)—oc(AY <0)

Aorp = o(AY >0)+0(AY <0) ‘Ptz{>PcZut7Mtf>MCUt

o Difficulty:

Oqq —+ Oggq It is hard to measure

in hadron collision.
~ 20% x 5% x 50% ~ 0.005
\ Separate ¢ and - initial state

=K% (Qing-Hong Cao) F+—EeERTYES RSN 19



0 t
ALz versus App

® Charged lepton is maximally correlated with top-spin.

T Bernreuther, Zong-Guo Si, NPB837 (2010) 90
SM: A%, = 0.051 + 0.001
- 0.001




0 t
A% versus App

Berger, Qing-Hong Cao, Chen, Yu, Zhang, PRL 108 (2012) 072002
t .
e Arp and A% is connected by the top-quark
and charged lepton spin correlation.

Arp ~ po, A X (2R — 1)—|_ptRA%RB X (273? =1

| - (800GeV,1000GeV) :
- (1000GeV,1200GeV) » - (200GeV,400GeV)

(1200GeV,1400GeV) - (400GeV,600GeV)
= (1400GeV,1600GeV) (600GeV,800GeV)
(1600GeV,2500GeV) +  (800GeV,1000GeV)

0712 14 16 18 20 22 24 26 28 30 9% 12 12 16 18 20 22 24 26 28 30

ALg (%) ALg (%)

A S e i Dl App =~ 0.75 x Abg —2.1%

EX % (Qing-Hong Cao) FT—REENTIEZEREIL



Search for heavy resonances

|
— — L
e oy e e vk - « w S 3 . A 0 e bl g e o' szt ."‘_ N DRt e’ . 4 DA gt B o N ACva ) gk - W T, y SR - - A
EE L e @ anl ot VoY o Nl e L PR TR T R o T La o — 4 vy pde JUSIE S $ual L. - e Sy o b s, W gy sl P 3 o ad & I .
=¥ i e A A X 4 el S Mg i ) -
W e ";;. e » -.‘- el e 3 Ll SR B oA o T aach ' .." f':‘l e 4 e 'I..'..- .‘-‘ S T R L :‘ e Lt o --,'...".-» e e - o r,'-..: RRS TPy v ‘!:,_-\ e




Measuring W’-t-b and Z’-t-t couplings

% Top polarization can probe the handness of W’-t-b coupling.

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

do/dcos 0

N
=)

(b) purely Z.’ 1 .. (opurelyZ’
— no cut ) — no cut Berger,
——- with cuts _ ’ '~~~ with cuts Qing-Hong Cao,
‘ Chen, Zhang,
PRD83 (2011)
| 14026
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Exotic color scalars

® Same-sign top-quark pair

Mohapatra, Okada, Hai-Bo Yu, 0709.1486
Berger, Qing-Hong Cao, Chen, Shaughnessy, Zhang, PRL 105 (2010) 181802




Motivation for heavy quark

® Natural NP models have non-trial couplings
between tops and new physics:

Higgsless, Little Higgs, RS, SUSY, TC, ...
® New heavy quark loops stabilize EVVSB

The Little Higgs Models

(Qing-Hong Cao) FT—REENTIEZEREIL
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Heavy quark production and decay

Pair production via QCD

- Major discovery channel for small Mg
- Sensitive to decay BRs, but not the couplings

Single production via EW

- Determine the weak coupling strength of
heavy quark

- Probe the mixing of SM quarks and heavy quarks
- Depend on quark flavors

® Heavy quark decay eg.
- through Yukawa mixing with SM quarks — Wb
- via CKM mixing I B A
—

=K% (Qing-Hong Cao) F+—EeERTYES RSN 26



Direct top-quark production
® Anomalous g-g-t FCNC coupling

K _
a9 ta“”T“(fcfPL -+ ffPR)qGZV + h.c.

A

* NLO Kr~1.3-1.5 g%’ *  NLO Kr~1.2 ulc
%  promising at the LHC > t L

Gao, C. S. Li, Yang, Zhang, / Zhang, C.S. Li, Gao, Zhang, Li, g
PRL 107 (201 1) 092002 C PRL 102 (2009) 072001

—LHC 7 TeV
LHC 14 TeV

n
o

DO constraints

\

BR(t—=q+g) (x 1077)
=

wn

0.010 00150020 0.030 0050 0070 0.100 0.1500.200

02 04 06 08 10 12
kuue/A (0.01 TeV™ K8/ A(TeV!)
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More ...

® CP violation in single-top production

and top-quark pair productions

® Top-quark effective theory
» Wib coupling (W Helicity)

» Top-quark chromo-dipole, etc.

& - - "k Cte - . ) i L . : M AN R ek aas = o i w0 - PR S 1 2 Y Rt .»_5> &AL : s
AN, TR o R = i ﬁ“; K A P alah M :_',’.FA Ny by 48 % ".' - 2 o (o A ™~ < T4 i b 403 i # o
. I~ e b ) L% ¥ ' < N £ Ty - Py e .
P, - . 7% p s A - ., > y o T e g -1« L - 4 ¢ et € - l.'

P!




Summary

Questions

What is the Higgs [y
boson mass?

Do we understand
heavy flavor
production in QCD?

Are there more
than three fermion
generations?

Are there new
massive particles?

Does top quark
have the expected
couplings?

Measurements

Top quark mass

Top quark pair production cross section
Charge asymmetry of top pair

Myt distribution
Single top production

Search for t-prime quark

5
\

Searches for H™ — tb or t — H™b

Constraints on Wtb coupling

W boson helicity

Search for FCNC top interaction

HIK% (Qing-Hong Cao)
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SUSY 2012

August 13 - 18,2012
Peking University, Beijing, China

The 20th International Conference on Supersymmetry
and the Unification of Fundamental Interactions

3 Local Organizing Committee
TOP'CS Qing-Hong Cao (PKU)
Bin Chen (PKU)
Standard Model ‘
- R Hongj an He (Tsinghua U)
EWSB and nggS Ph)’SlCS Chong Sheng Li (PKU, Co-chair)
Supersymmetry Chuan Liu (PKAJ/CHEP)

Alternative / Exotics Cai-Dian Lu (CAS-1HEP)
Ya-Jun Mao (PKU)

Astroparticle Physics and Cosmology Qing Wang (Tsinghua U)
Formal Theory Zhi-Zhong Xing (CAS-IHEP)

Intensity Frontier Jin-Min Yang (CAS-ITP)
Tzu-Chiang Yuan (AS, Talwan)
Yu-Feng Zhou (CAS-ITR)
HOSt Shou=HuZhu (PKU, Co-chair)

Institute of Thcorcucal Physics, PKU International Advisory Committee
SKL of Nucléar Physics and TechnologyPKU Wim de Boer (Karsruhe)
Marcela Carena (Fermilab & Chicago)
Mirjam Cvetic (Pennsylvania)
Sponsor Athanasios Dedes (lcannina)
Keith Dienes (Arizona)
Hefbi Dreiner (Born)
John Ellis (King's Collcge & CERN)
Jonathan Likeng (UC, Irvineg)
Géan F Giudice (CERN)
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Additional information and registration: August 8-11
http://www.phy.pku.edu.cn/:'mmﬂ/hdex.html | 2 O 1 2
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(plenary speaker)

Kingman Cheung, Keith Dienes,
Yuanning Gao, Rohoni Godbole,
Hong-Jian He, Gondon Kane,

Rocky Kolb, Shih-Chang Lee,

Kirill Melnikov, Takeo Moroi, Hitoshi
Murayama, Pran Nath, Sanjay Padhi,
Pavel Fileviez Perez, Adrian Perieanu,
Pascal Pralavorio, Fernando Quevedo,
Nathan Seiberg, Guido Tonelli,
Michael Turner, Henry Tye,

Liantao Wang, Yi-Fang Wang,
Yueliang Wu, Zhi-Zhong Xing,

C.-P. Yuan, Dieter Zeppenfeld

Pre-SUSY 2 H = &S

Standard Model (Jens Erler)

SUSY theories (X.Tata)

SUSY phenomenology (Mihoko Nojiri)

Higgs physics

BSM (C. Chacko)

Monte Carlo tools (Johan Alwall)

Collider phenomenology (Michael Spannowsky)

Dark matter (Jason Kumar)
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