TOP QUARK PHYSICS
at the Terascale
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LHC: a top factory

Formitab, S5C Rate for £ = 10%*cm ™ %5~ *
* bottom quark pairs: 5x 108/s
% top quark pairs: 10/s
g~ w o w: ~ 150/s
e L %i Al 15/s

~* Higgs boson (150GeV):  0.2/s
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* Gluino, Squarks (1 TeV):  0.03/s

163,000 top quark pair

- |
76,000 single top L/ 1eV. D
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Top quark pair production

4 q z ‘ g f\
== : : : : $ g
q: : t t
Tevatron: 10%
LHC (7TeV): 20% 80%
_ LHC (14TeV): 10% 9

* Major backgrounds to almost all kinds of BSM
e Sensitive to different NP == (g or gg initial state !

NLO + threshold res. (NLL): Moch Uwer, Cacciari et al; Kidonakis,Vogt
NNLL extensions at threshold: Czakon et al; Beneke et al; Ahrens et al
Partial results at NNLL QCD: Czakon; Bonciani et al
ttbar + jet at NLO: Dittmaier et al; Melikoyv, Schulze
ttbar + bb Bredenstein et al, Bevilacqua et al
ttbar + jet with top decay at NLO: Melnikov, Schulze;
with weak interference corr. Bernreuther, Si
ttbar spin correlations: Mahlon, Parke; Bernreuther, Si
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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

. . |
~10-20% uncertainties 0 100 180 200 250 300

o(tt) (pb)
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Top-quark spin correlation
arXiv: 1203.408 |

ATLAS :

® Spin correlation in

DA : . dat
top-pair production Etza(gM) o
confirmed by ATLAS 1t rggﬁcglgelated) -
(7TeV,2.1fb ") W Z/y "+jets
2 diboson

B fake leptons

N(t1) + N = N(1) = N1

A= N TN TN FNOD

_ +0.09
Ahelicity — 0'40—0.08

SM theory predictions:
Bernreuther and Z. G. Si, NPB837 (201) 90
Bernreuther, Brandenburg, Z. G. Si, P. Uwer,
PRL 87 (201 1) 242002
Bernreuther, Brandenburg, Z. G. Si, P. Uwer,
NPB 690 (2004) 81

~ A
EVIdence s€en b)’ DO NP effects in ttbar spin correlation,

at 3.2 sigma (20 I 2) J.J. Cao,Wang,Wu, Yang,
PRDS84 (201 1) 074001
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Single top production

Single top quarks are produced through interactions involving a W boson and b quark
q 7 g t

5 — channel t — channel

At tree level there are three modes:

w s-channel W exchange (Q° = p}ﬁ; > 0)
Large rate at Tevatron Run II, small rate at LHC
background for SM Higgs seaches

v t-channel W exchange (Q° = p3, < 0)

Dominant rate at Tevatron Run II and LHC
helping out with W-fusion Higgs searches

v Wt associated production (Q? = p3, = m3y,)

Very tiny rate at Tevatron Run II, large rate at LHC
background to gb — H Tt at LHC

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP



Single-top production and NP

Single top production is sensl’nve to new physics

(a) DO [2.3 b ] |
@ : Measured peak-:
* : SM

V : Z, FCNC .
8zw=0.04 g7
x . |VtS|:O-2
A : Top—flavor
mx=1TeV
M : Top Pion
m,=250GeV

68% C.L. @ : Triplet scalar
t — channel . 909% C L. mg = 600GeV

05% C L 11331 1133

W/

s — channel

Tait, Yuan PRD63, 014018 (2001)
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Single-top measurements

=70.2=L 5.2(stat.)

Ot ch.

th
Ut —ch.

b t

Differential X-section at NLO:

Shou-Hua Zhu, PLB524 (2002) 283

Harris, et al, PRD66 (2002) 054024

J. Campbell, et al, PRD70 (2004) 094012

QHC et al, PRD71 (2005) 054022,
054023,PRD72 (2005)094027

Frixione, et al, JHEP 0807 (2008) 029

J. Campbell, et al, PRL102 (2009) 182003

Q.-H. Cao (PKU)

= 1.04 = 0.09 (exp.) _

10.4(syst.) -

— 3.4(lumi.) pb

- 0.02 (th.)

t-channel single top quark production

(combined)
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CMS preliminary, 1.14/1.51 fb'

DO, 5.4 fb

CDF, 3.2 fb™

b

CMS PAS TOP-11-021

NLO QCD (5 flavour scheme)

==mmmss  theory uncertainty (scale @ PDF)

Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042

NLO+NNLL QCD
theory uncertainty (scale ® PDF)
Kidonakis, Phys.Rev.D 83 (2011) 091503
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Top quark and EVWSB

Top Down

Dynamical Symmetry Breaking
Technicolor
TopColor / Condensate / Seesaw Models
(can have composite Higgs bosons)

Spontanecously Symmetry Breaking

Minimal Supersymmetric
Standard Model with
and

(elementary Higgs boson) Effective
Field Theory

Studying the most general
form factors of Top quark

Interactions to compare
with present data Bottom Up
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Top-down approach

* Hundreds of proposal of BSM:

- Weakly coupled model at TeV scale
Introduce new particles to cancel SM “Divergences”™

Top partners, new vectors or scalars
(strongly coupled to top quark)

Strongly coupled model at TeV scale

‘New strong dynamics emerge at ;

— N , f .. . x N I . s 1 r
) | v > N ] - d o Y
R G T Oy R A 2o oY e .-“' it b R i i 7 il e ke PR
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Bottom-up approach

® EFT:a powerful tool to probe NP

S.Weinberg, Physica A96, 327 (1979)
W. Buchmuller and D.Wyler, Nucl. Phys. B268, 621 (1986)

® Example: Z-prime

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 12/60



What cun. we learn
from top-quar'k?

e What is the mass of Higgs boson!

e Do we underst;and heavy flavor productlon in

)pertu rbative QC}D7

Are-there more than three generaﬂons’




What can we learn from top quark!?

* 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

Charge asymmetry of top pair

TN+t distribution

Single top production

Search for t-prime quark
Searches for HY — tb or t — H b

Constraints on Wtb coupling
W boson helicity

Search for FCNC top interaction

Top quark pair production cross section

Q.-H. Cao (PKU)
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VWV, Top and Higgs masses

® Accurate measurements of m¢ and my give Higgs boson less space to hide

MH 9 MH
M — 80.3827 — 0.05791 _0.0081
W 0579 1n (100 GeV) 0.008 In (100 Ge\/)

+0.543 (( T )2 _ 1) 0517 (Aagzi?d(MZ) B 1) 0,085 (as(Mz)

175 GeV 0.0280 0.118

| C) LEPEWWG (2011) 68% CL (excludingM ,m &
~ @ 68% CL (by area) M_ (2012), m _

—

—

ddd b ) l ddnd l bk dd l -_.1_1-_4_.1__.' AL
160 165 170 175 180
m,,, (GeV)
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Top-quark F-B asymmetry in the SM

® A charge asymmetry arises at NLO

&DJ 000>
000000 000000

G000
>f0mmm<
099999

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,




Timeline of top-quark Ars

- Melnikov, Schulze
8 Brown, Ellis, Rainwater Almeida, Sterman,Vogalsang 1004.3284
RS, hep-ph/0509267 0805.1885 Confirm Dittmaier et al
O Collider simulation of tt+0(/); NLL Threshold resum. A
8 Measuring AFB is Asymmetry is robust Ah'"e;s’,Fem,’g'?a’ el
o . A ecjak, Li Lin Yang, ]
very challenglng , 1003.5827 ;
d A ' NNLL resummation .
0N | Kuhn,Rodrigo | : : > :
=l hep-ph/9802268| | | Dittmaier, Uwer, Weinzier! Bernreuther, Si,
> SM NLO QCD hep-ph/0703120 1003.3926
W AtFB = 5% | |NLO QCD corr.to ttbar+j . |Topspin @NLO| .-~
A E A E AR e
1998 2005 2007 2008 2010 2011
v v -
DO (1.9 fb) CDF (1.9 fb'!) CDF (5.3fb™)
0712.0851 0806.2472 1101.0034
uncorrected Arp = [24 + 14]% App =0.475+0.114
Arp = [12+ 8 £ 1]%| | Consistent with SM for myz > 450 GeV
DO (5.4fb™")
| 107.4995

Atz = [19.6 £ 6.5]%
Abp =152+ 4.01%




Timeline of A% 5 and NP models

Frampton, Shu,Wang
Axigluon

0911.2955 QHC et al

Effective coupling

(G, Z,W’, HO,HY)
1003.346|

s-channel

Ferrario, Rodrigo
Axigluon Ferrario, Rodrigo <(&
0809.3353 chiral G’ <

0906.5541

A t ’K h b R d .
AR o Djouadi, Moreau, Richard, singh Jung, Ko, Lee, Nam

Axigl
0709.1652 KK Gluor e
. 0906.0604 0912.1105

_—

2007, 2008 2009 2010,201 |

.
5 C Y ‘-’ .’ . ', ’
4 e .l 4 }‘, o, - -




¢ ¢
A%nr versus Arp

DO: A% r = 0.196 & 0.065

Forward-Backward Top Asymmetry, %

14
Reconstruction Level A FB — 0.152 == 0.040
m < 450 GeV
—— 14
DD, 5.41b" 7.814.8 AFB 25 §
Tjet t
[+jets At " 4

CDF,5.31b"

m. > 450 GeV SM: A%B — (0.051 £ 0.001
A% = 0.021 + 0.001

D@, 5.41b"

CDF,5.31b"

SM

Bernreuther, Zong-Guo Si,
NPB837 (2010) 90



CDF data (8.7 fb')

“Linear” dependence of Arg on my
ARGISVe = 0.162 4 0.041 + 0.022

ANEPTEW — 0,066

CDF Run Il Preliminary L = 8.7 fb™ CDF Run Il Preliminary L = 8.7 fb™

—— |+Jets Data —— |+Jets Data
oy, = (30.6 = 8.6)x107

oy = (15.6 £ 5.0)x10™
(Correlated Uncertainties) (Correlated Uncertainties)
— NLO (QCD+EW) tt

— NLO (QCD+EW) ft
o= 3.3x10" 5y = 10.3x1072

12 14 16 1.8 2

550 600 650 700 750
Parton Level Ay

Parton Level M_ (GeV/c?)
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CDF data (8.7 fb')

o Arpvs App

Beware: before unfolding

- g A
CDF Run II Preliminary L = 8.7 fb FRB

A€ 3 Data NLO (QCD+EW) ¢t
FB " M,z Arp (:l: [stat.+syst.]) Arp
At 2 Inclusive 0.066 £+ 0.025 0.016
FB < 450G6V/C2 0.037 £ 0.031 0.007
<450 > 450GeV/c®  0.116 + 0.042 0.032
Measured and expected asymmetries in q - 17;¢,. after background subtraction
Af 3
I'B AL e A t CDF Run II Preliminary L = 8.7 fb™?
A%B 5 Arp (£ [stat.+syst.]) Ars (£ [stat.+syst.]) Ars (£ [stat.+syst.])
>450 Sample Inclusive M < 450GeV/c2 Mz > 450GeV/c2
All Data 0.085 £ 0.025 0.025 £ 0.031 0.198 4+ 0.043
Positive Leptons 0.100 £ 0.037 0.044 + 0.046 0.198 + 0.060
AE 3 Negative Leptons 0.071 £ 0.035 0.008 £ 0.043 0.198 £ 0.059
FB Exactly 0 b-tags 0.056 4+ 0.052 0.079 4+ 0.066 0.005 4+ 0.085
t G adiaon Exactly 1 b-tags 0.103 £ 0.030 0.039 + 0.037 0.226 £+ 0.050
AFB ) 4 At least 2 b-tags 0.034 £ 0.046 -0.014 £ 0.057 0.122 £ 0.077
11ncC Electron Events 0.058 £ 0.038 -0.018 £ 0.048 0.199 + 0.062
Muon Events 0.107 £ 0.034 0.060 £ 0.041 0.197 £ 0.057

LE XII: Measured asymmetries after background subtraction in various subsets of the

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 22/60



¢
A% s versus A%p

) Berger, QHC, Chen,Yu, Zhang, PRL 108 (2012) 072002
¢ .
o Aprp and A% 5 is connected by the top-quark

and charged lepton spin correlation.

* Pt K Pig '
0
App 5 514%3

* Pt;, — Ptr
Arp S A

' (a)
* Pip =2 Pig '_ E,=200GeV

1
0
Arp % 514%3
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Top charge asymmetry at the LHC

® Ac definition
At o(Ay > 0) —o(Ay < 0)

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

Tevatron top top
anti-top anti-top

Ay~ =y, —yz Ay M = |y — vz

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

c(AY >0)—0c(AY <0)

AOFB — oc(AY >0)+0c(AY <0) |PtZ{>PcZutthf>Mcut

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 24/60



Top charge asymmetry at the LHC

® “lepton + jets” channel

ATLAS (1.04fb-"): Ac = —0.018 4 0.028 £ 0.023 1203.421 1
CMS (1.09 b'): A = —0.013 & 0.026 7)) 055 CMS PASTOP-11-014

MC@NLO: Ac = 0.006 £ 0.002

25/60
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What can we learn from top quark!?

* Questions * Measurements

What is the Higgs [y
boson mass?

Do we understand
heavy flavor
production in QCD?

Top quark mass

Top quark pair production cross section

Charge asymmetry of top pair

4 « 1

\ g S !

A 5 < 3
N - N

B 17247 distribution

Are there more
than three fermion
generations?

Are there new
massive particles?

Does top quark

Single top production

Search for t-prime and/or b-prime quark

Searches for H™ — tb or t — H™b

Constraints on Wtb coupling

W boson helicity

have the expected
couplings?

Search for FCNC top interaction

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 26/60
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Motivation for heavy quark

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

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

® New heavy quark condensates to form BCS type EVVSB

[ ]
ol ) N 16, C L | < EeXi1)iAad S D e - ’ 1 C)LI1¢€ = I VYOI 1) ( SLERNS AL
- ™ o | S }c' 2 | B N\ O ) | “! I b -f & J 1 C ~d B ' ) d \ g | | B s I | Ndéd N i ) A 4 A N Y
o8 - o B NN \ A LN e H it r,‘..v,.,..-__ oL S v-“_(l — 3 ‘,4. A g-,.\(.l 2 B y 5 SO Py .‘44‘-_:_;..‘!"4 A — . A 5 }.f._ RS ey i -
" d » . < y / " o> 3 I . d A _— ’ , 3 " ) p i8N d ¢




Heavy Quark production

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 upon quark flavors

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 28/60



Heavy quark production at NLO

Berger, QHC, PRD81 (2010) 035006

(a) Q0 production at the LHC

m:\s=7TeV
m:\Vs=10TeV
m:\Vs=14TeV

o mo m
e R R (—) 1.48655 — 8.87048 (—)
/1eV: log pb | TeV 9 TeV
F o) ] mQ s mQ
T A R (—) 045930 — 4.45853 (—)

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 29/60



Heavy quark production at NLO

Berger, QHC, PRD81 (2010) 035006

(a) Q0 production at the LHC ('b) '

= Vs =7TeV Black. (10 TeV)
I acK! —mmm@@

m:Vs=10TeV 1 : o (71TeV)
=:Vs=14TeV > Reg: (14 TeV)
o (10 TeV)

(c) LHC 7TeV A (d) LHC 10TeV 1 ey (e) LHC 14TeV

A=o/2

0608 101214161820 0608 1012 14 16 1.8 20 0608 10 12 14 16 1.8 2.0
mo(TeV) mgo(TeV) mo(TeV)
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Heavy quark mixing

® Heavy quark talks to SM through mass mixing

(1) Singlet/Triplet vector-like quark mass mixing

i, = —’yt‘UthR — Mt Th — MTLTR + h.c.

1Ty - sin 0y, ~ )\%

T sin@p ~ Yy

YtV Mainly left-handed mixing

SiHQR — ﬁ SiIlQL

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP




Heavy quark mixing

® Heavy quark talks to SM through mass mixing

(2) Doublet vector-like quark mass mixing

L= —ththR = )\‘UTLtR = MTLTR + h.c.

sin 07, ~ ¢

: v
sinfp ~ )‘M

sinf; — % sin 0 Mainly right-handed mixing

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP




Heavy quark mixing

e CKM mixing with the top quark (4th gen, chiral doublet)

Lo =Y/QroUr +YJZQL®Dg + h.c.

U =(u,e,, Ty D=(dsbB)

Vie Vius Vb 0.9738 0.225 0.0039
VE3 — | Vg Vs V| =| 022 >085 0.041

Vfd Vie Vm <014 <05 >0.78

Vie Vus Vw Vg, 0.9738 0.225 0.0039 < 0.06

yaxa _ Voo Ves Vo Veq, | | 0.22 096 0.041 <0.22
CKM — | Vg Wi Vp Vg | | <01 <02 >078 <0.65
Ve Vs Vur Viua <01 <022 <065 >0.78
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Indirect constraints

® S T parameters Singlet Cacciapaglia et al,
JHEP 11(2010)

® /bb corrections 159

® VWtb coupling

allowed

1000 1500
M

® b tosgamma
® Other flavor constraints (B, Charm)
® Higgs search limits (heavy quark loop)

® VWV scattering and Unitarity

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP 34/60



t-prime searches

® J[-prime pair production with Br(t’->Wb)=1
(same topology as ttbar in the SM)

- “leptontjets” channel (at least 3 jets, | charged leptons, large MET, at leasting one jet is b-tagged)

1202.3076

Approx. NNLO pred. £ 1 s.d.
95% C.L. observed limit

95% C.L. expected limit mt’ >404 G eV

[ ] Expected limit+ 1 s.d.
[ ] Expected limit+ 2 s.d.

_[ Ldt = 1.04 b~

CDF excluded \s=7 TeV

300 400 450 500
t’ mass [GeV]
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Heavy quark (t-prime) searches

® T-prime pair production with Br(Q->Wq)=|I
(same topology as ttbar in the SM)

- +jets” channel (at least 2 jets, 2 charged leptons, large MET) 1202.3389

det =1.04f'95% C.L.

——— NNLO from HATHOR
and = 16 uncertainty

------ Median Expected Limit
Observed Limit

[ l+10

[ l+20

,..'l%
”II'

300 320 340 360 380 400 420 440 460 480 500
m,, [GeV]

ATLAS Simulation
— it
mg, = 350 GeV
mg = 400 GeV
. Mg =450 GeV

‘Wqg) [pb]

c x BRQQ - W

>
)
Q)
o
¢
~~
2}
e
-
o
>
L
(V.
o
c
9
e
(&)
©
S
LL

mCoIIinear [GeV]

Collinear approximation is used to

reconstruct the two invisible neutrinos. mQ > 3 35Gev

CMS (4.7fb™"): Mr> 552 GeV
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B-prime quark searches

bV — WtWTE — bbWTW - WTW ™ — [Tuvbbqdqdqq.

ATLAS heory NNLO ’202.6540

4 — Observed limit
Ldt=1.041fb Expected limit

-k
o

6 _x BR(b'— tW)? [pb]

\s=7TeV %i;‘; Expected and
_ observed
° exclusion
upper limits at
95% C.L.

2
2,
+
L
o
@)

mp > 480 GeV

37/60

500 550 600
m, [GeV]
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What can we learn from top quark!?

* Questions * Measurements

What is the Higgs [y
boson mass?

Do we understand
heavy flavor
production in QCD?

Top quark mass

Top quark pair production cross section

Charge asymmetry of top pair

4 w I

\ \ y; Y X
A A <~

3 o N

B 17247 distribution

Are there more il M Single top production

than three fermion
generations?

Are there new
massive particles?

y & Scarch for t-prime quark
Searches for HY — tb or t — H b

Constraints on Wtb coupling

Does top quark
have the expected
couplings?

W boson helicity

Search for FCNC top interaction
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What can we learn from top quark!?

* Questions * Measurements

What is the Higgs [y
boson mass?

Top quark mass

Top quark pair production cross section

Do we understand
heavy flavor
production in QCD?

Charge asymmetry of top pair

4 w I

\ \ y; Y X
A A <~

3 o N

8 17247 distribution

Are there more
than three fermion
generations?

Are there new
massive particles?

|
;s,

Single top production

|
|

r ¥ Scarch for t-prime quark

Searches for H™ — tb or t — H™b

Constraints on Wtb coupling

Does top quark
have the expected
couplings?

W boson helicity

Search for FCNC top interaction
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Same-sign top quark pair
(Exotic color resonance or FCNC interaction)

Berger, QHC, et al, PRL105 (2010) 181802

* s-channel resonance

Quark-quark initial states can produce
color sextet and anti-triplet resonances

3X3:6+§ t
t

S

* same-sign top production

Berger, QHC, et al, PRL106 (201 1) 201801

* t-channel process
Flavor changing neutral current Z-prime

* Potentially large cross section

* Signature: same-sign charged lepton
pair, b-jets, and large MET

* top quark polarization can be
measured.
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Searches for same-sign top p

Tevatron: o(tt) < 0.4pb

CMS L, =

XYY VNV VT
L
G/ /777 7
L ///AZ:
77 e

Same-sign dileptons are
oredicted.
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lann

ATLAS (Sep 26,201 1):
similar results

- 1o consistent with AFB, Berger et al.
ATLAS-Conf-2011-139

- 20 consistent with AFB, Berger et al.

/;ff/ Combined Observed Limit tt + ttj

ST

| | | |
200 400 600 800 1000 1200 1400 1600 1800 2000

m,. (GeV)
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Searches for same-sign top pair

o ATLAS (7TeV, 1.04fb) 1202.5520

—
(@)
'Y

—

CMS 95% CL

ATLAS inclusive 95% CL

ATLAS 95% CL

o(pp — tt) @ 7 TeV [pb]
~ S

— Prediction from Z' -

I | II|I|IIII|IIII|IIII
: 02 03 04 05 0.6 O 0.1 0.2 03 04 0.5 06 07 0.8

A _, (M > 450 GeV)

1
—

—_
o
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Searches for same-sign top pair
o ATLAS ( 7TeV, 1.04fb-") 1202.5520

CRr ,_ B
%F(U}WM tr)(URYutR)

Ch B
— %%(ULa’YMtLb)(URb’Y,UJtRa) +h.c.,

Label Spin Quantum numbers Limit Mass Limit

—

g13|/A < 0.57 TeV~1 1.7 TeV
g13|/A < 0.57 TeV—1 1.7 TeV
giz3|/A < 0.99 TeV~! 1.0 TeV
giz3|/A < 0.99 TeV—! 1.0 TeV
g11933|/A? < 0.34 TeV—2 1.7 TeV
g11933|/A? < 0.63 TeV—2 1.3 TeV
glgdy | /A% < 0.92 TeV—2 1.1 TeV
gtgl | /A2 < 1.8 TeV™2 0.8 TeV
lg11933]/A? < 0.33 TeV=2 1.8 TeV
lg11933]/A? < 0.16 TeV™=2 2.5 TeV

o B < T o Y o SR UGy S G GG
A~~~ I~
o o Co = Ol
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Extra gauge bosons (Z-prime and W-prime)

* Minimal model with both W-prime and Z-prime
() SUQ2); ® SUR); ® Ull)y (b)) SUR) ® SU@Q)y @ U(L);

l

(
SU(
|

)
)

2)L,

Hsieh, Schmitz, Jiang-Hao Yu, and Yuan, Phys. Rev. D 82,035011 (2010)

Model SU(2)2 U(l)X

Left-right (LR) (u R ) < Vg ) ¢ for quarks,
’ dp )’ \ ep —% for leptons.
% for quarks,
Y\ for leptons.
Yo\ for quarks,
— 3 for leptons.

Leptophobic (LP)
Hadrophobic (HP)
Fermiophobic (FP) , Y\ for all fermions.
Ununified (UU) Yo\ for all fermions.

Nonuniversal (NU) , , Y\ for all fermions.
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Measuring W’-t-b and Z’-t-t couplings

% At the LEP and the Tevatron, the forward-backward asymmetry is used to
investigate the chirality of the couplings.

% Forward direction is NOT well defined at the LHC (a proton-proton machine).

[E—

fan) =
/)] /5]
o o)
Q Q
= =
@) o)
o) o)
@ 0
~—~ ~
— —

Gopalakrishna, Han, Lewis, Si, Zhou, Phys Rev D82 (2010) 115020
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Extra gauge bosons (Z-prime and W-prime)

Gopalakrishna, Han, Lewis, Si, Zhou, Phys Rev D82 (2010) 115020
Berger, QHC, Chen, Zhang, Phys.Rev. D83 (201 1) | 14026

q

Top-quark polarization depends on
how the top-quark is gauged under new gauge symmetry,
or, the handness of W’-t-b and Z’-t-t couplings.

Hsieh, Schmitz, Jiang-Hao Yu, and Yuan, Phys. Rev. D 82,035011 (2010)

Model SU(2)2 U(l)x

Left-right (LR) , (u R ¢ for quarks,

’ ’ — 3 for leptons.
¢ for quarks,
Y\ for leptons.
Yo\ for quarks,
— 3 for leptons.

Leptophobic (LP)
Hadrophobic (HP)
Fermiophobic (FP) =, Yq\ for all fermions.

Ununified (UU) Yo\ for all fermions.

: u 12 :
Nonuniversal (NU) < L ) , ( L) Yo\ for all fermions.
lst’znd 1st,2nd

dy er
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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, QHC,
--- with cuts _4 . Y with cuts Chen, Zhang,
PRDS83 (201 )
| 14026

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

Vs =14 TeV LP-D B rpP-D B HP-D
0 LP-T FP-T HP-T

mwyw: — 4.0 £0.1TeV
My — 4.0 £ 0.1TeV

Jezo, Klasen, Schienbein
1203.5314
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Searches for Z-prime in ttbar

® BSM ttbar production in boosted all-hadronic final state
(CMS, Feb 2012)

10% Width Assumpti

102 KK Gluon Assumtion CMS Preliminary, 4.6 fb' at \
~— QObserved (95% CL)

Expected (95% CL)
+ 1 s.d. Expected

Observed (95% CL)

T TTTT
L LLLLL

Expected (95% CL)

+ 1 s.d. Expected

—
o
Gl

LALLLLL

+ 2 s.d. Expected + 2 s.d. Expected

KK Gluon, Agashe et al -

—

Topcolor Z°, 10.0% width, Harris et al

X
N
©
=
£
-
| -
Q@
Q.
Q.

Upper Limit Gy X BR (pb)
2

-
o
[

tt Invariant Mass (TeV/c?
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Searches for Z-prime in ttbar

® “electrontjets” channels (CMS,4.33 fb!)
CMS PAS EXO-11-092

L =4.33 fb", e+jets CMS 2011 Preliminary,\'s = 7 TeV

CLs method expected (95% C.L)
B central 16 expected
central 20 expected
— observed (95% C.L.)
--- Topcolor Z', 1.2% width, Harris et al.
--- Topcolor Z', 3.0% width, Harris et al.

2.5 3
Z' mass [TeV/c?]
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What can we learn from top quark!?

* Questions * Measurements

What is the Higgs [y
boson mass?

Do we understand
heavy flavor
production in QCD?

Top quark mass

Top quark pair production cross section

Charge asymmetry of top pair

) - _ g “w o
\ - \
N X X
E N S \

> 8 /7 +7 distribution

Are there more
than three fermion

generations: >4 Search for t-prime quark

massive particles? [

Single top production

Searches for H™ — tb or t — H™b

Constraints on Wtb coupling

Does top quark

have the expected W boson helicity

couplings?

Search for FCNC top interaction
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What can we learn from top quark!?

* Questions * Measurements

What is the Higgs [y
boson mass?

Do we understand
heavy flavor
production in QCD?

Top quark mass

Top quark pair production cross section

Charge asymmetry of top pair

) - _ g “w o
\ - \
N X X
E N S \

> 8 /7 +7 distribution

Are there more
than three fermion
generations?

Are there new >
massive particles? | =um

Does top quark

> Single top production

Search for t-prime quark

Searches for H™ — tb or t — H™b

Constraints on Wtb coupling

W boson helicity

have the expected
couplings?

Search for FCNC top interaction
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Top-quark EFT

Zhang, Willenbrock, PRD83 (201 1) 034006
® (CP-even operators (linear realization as EWPT prefers a light Higgs)

operator process

Og(zi]) = i(¢T ! Do) gy 7! q) top decay, single top

Ow = (go* 7! t)qBWlfy (with real coefficient) | top decay, single top
1,3 —i N }

Oéq ) — (@ v, ) gy ! q) single top

O = (cja“”)\At)quﬁy (with real coefficient) | single top, qq,gg — tt

Oq = facGL" GJPGSH gg — tt

Ogc = 5(07 9)G;, G gg — it

7 four-quark operators qq — tt

O = 1@ @) (@M a)  Ogy™ = §(@7, 7 Mad) (@77 x*q)
A ) (BN Oy = H(d M) (B A
(@ Oy = (ad')(dq)

CP-odd operators

operator process

Oy = (o 1)W1 (with imaginary coeflicient) | top decay, single top
Uy

Oiq = (cja“’/)\At)q;Gﬁy (with imaginary coefficient) | single top, qq, gg — tt
Oé = fABcGﬁV~G§pGg“ qq — tt
O, = 5(¢T¢)Ga, G g9 — tt
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Single top quark production

® TJree-level induced operators only
QHC, J.Wudka, C.-P.Yuan, Phys.Lett.B658:50(2007)

Opg = ($'7' Dug) (@7’ an) + he. _ ( Z >
Opp =i (¢TeD,d) (2y"b) + h.c it
1 A W
O((J?J) s 2 (QZfY,uT QZ) (th’}/'uTIqh) dh ( b )L

O((zi) = (qitr) (UrRq) uRr tr

sz : singlet

(e 7 i
O = (ql tR) (ql bR) €] ¢ :Higgs doublet
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Single top quark production

t ¢ q t q t

b b q, b q b

(a) (b) () b (d) >
Poes not interfere with

Upon symmetry breaking the SM channel

()

Owip = % [V (FLPL + FrPr) bW} + hc.)

1 _ _
(94]0 — QME (Q/’VMPLQ) (b”}/,uPLt) + h.c.

0(3)7)2
Fr = ¢4 fR —
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Single top quark production

Does not interfere with
the SM channel

Owip = % [ (FLPL + FrPr) bW + hc.)
|

(94]0 — QME (Q/’VMPLQ) (B”}/MPLt) + h.c.

0(3)7)2
Fr = ¢4 fR —

Q.-H. Cao (PKU) Mini-LHC Workshop @ IHEP



Single top quark production

Does not interfere with
the SM channel

0(3)7)2
Fr = ¢4 fR —
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Single top quark production

Does not interfere with
the SM channel

( (1) ) b — s
—0.0007 < Fr < 0.0025

(fLPL —I—fRPR lej_ + hC}

0(3)7)2
Fr = ¢4 fR —
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Single top quark production

Inclusive cross sections:

Q.-H. Cao (PKU)

s — channel

o) (1 +4F; +19.69G,;)
o) (14 4F — 3.06Gy;),

t — channel

Mini-LHC Workshop @ IHEP



Single top quark production

Inclusive cross sections:

o) (1 +4F; +19.69G,;)
o) (14 4F — 3.06Gy;),

Cross section suw rules:
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Single top quark production

-0.01

0.00
fL

- 66t<0
- 66t>0
M 5o, <0

SGtW >0

SGS<O

SGS>O

@ LuT

B Normal W

Q.-H. Cao (PKU)
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Direct top-quark production

® gq — 1 induced by anomalous g-q-t FCNC coupling

* NLO QCD corrections to

K —
L=gs ), — o™ T(fy P+ f'Pr)aG}, + hc

q=u,C

top rare decay (Kr~1.2)
J.J. Zhang, C.S. Li, Gao, Zhang, Li

PRL 102 (2009) 072001

0010 00150020 0,030

and promising at the LHC

Gao, C. S. Li, Yang, Zhang,
PRL 107 (2011) 092002

DO constraints

|\

/]

q
1
\

R

0.050 0.070 0.100 0.1500.200

KS/A(TeV™")

—LHC 7 TeV
LHC 14 TeV

02 04 06 08 10 1.2
Ktug/z\ (0.01 Tev—1)

*x NLO QCD corrections (Kr~1.3-1.5)

Q.-H. Cao (PKU)
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Anomalous gtt coupling in LHT

: aT QHC, Chen, Larios,Yuan, PRD79 (2009) 015004
Lot = —igsT tI'"t

. y 2m
['* = (1 + a)y* +i8a" g, + & (v” 3 tQ“> Vs

® Cross section

R Am;
i 7m‘s\/1— e {§+2m?+2%[(§+2m§)&+3mt§5]}

a2 S
® |HT model

mp, = 1302GeV, mp = 364 GeV,

my ~my_ = 3536 GeV, my+.0 = 327GeV, m, =T78GeV
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Anomalous gtt coupling in LHT

® anomalous couplings e Impact on ttbar production

— LHT (m, = 120 GeV)

—— SM (m, = 120 GeV)
LHT (m, =500 GeV)

~- SM (m, =500 GeV)

_I|IIII|IIII|IIII|IIII|

— LHT (m, =120 GeV)

——— SM (m,_ =120 GeV)
LHT (m_=500 GeV)
SM (m, =500 GeV)

500 1000 1500 2000 2500 3000

Tl

|IIIIIIIII|IIIIIIIII|IIIIIIII
111

10
500 1000 1500 2000 2500 300Q 500 1000 1500 2000 2500 3000
m_ (GeV) m . (GeV)
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Summary

As we know,
There are known knowns.
There are things we know we know.
We also know
Secretary of Defense
There are known unknowns. Donald H. Rumsfeld
That is to say
We know there are somethings
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Summary

As we know,

There are known knowns.

There are things we know we know.
We also know

There are known unknowns.
That is to say it
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Summary

As we know, B
There are known knowns. €=====«----. .
There are things we know we know. '

WVe also know ""—‘—%’ %
There are known unknowns. €~ A\
That is to say ™

We know there are somethings T
We do not know. ’:' don’t think nature

would be so nice)
But there are also unknown unknowns,

Stay hungry. Stay foolish.

by Stewart Brand,
The Whole Earth Epilog, 1974




meome™  TREE-LEVEL INPUCED IM-6 OPERATORS

Ed L. Berger, QHC, lan Low, Phys.Rev.080:074020(2009)
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EFFECTIVE WTB, ZTT ANP ZBB COUPLINGS

C(3),02

ba oV g2

W:_t_R’)/MbR + h.c.

2 Wt AMp, —
A2 \/§W’u tL’}/ bL 2A2 \/§

(3) _ (1)) 2
(60 =) ¥ VFT 3B P corv” VI + 95,

,ut_L’Y'utL — ,uER/V'UJtR

A? 2 A? 2

(1) (3)) 2
C C U 2 2 2 2 2
(¢q+¢q Ptg, - copv? 9t + 93 -
- \/ 1 2 Z,ubL’Y/JJbL ¢ - \/ 1 2 Z,ubeY'ubR
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EFFECTIVE WTB, ZTT ANP ZBB COUPLINGS

—
b ;S’)/ B. Grzadkowski and M. Misiak,
—0.0007 < %23 < 0.0025 ) Phys. rev. 078 077501 (2008)

(3),,2 2
C, U _ CohHopU —
QSKQ \g/% |/|/IL—L|_th>/'ubL — §i2 \9/25 LL:—tR"}/’ubR + h.c.
(1)

(3) 2
(%q _chq) vt /g +g§Z

2 2 2
CotV \/ 91 + 95 ., -

(1) (3)) 2
C C U 2 2 2 2 2
(¢q+¢q Ptg, - copv? 9t + 93 -
- \/ 1 2 Z,ubL’Y/JJbL ¢ - \/ 1 2 Z,ubeY'ubR
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EFFECTIVE WTB, ZTT ANP ZBB COUPLINGS

—
b S7Y B. Grzadkowski and M. Misiak,

—0.0007 < Cgi"f < 0.0025 )Phys.rev.078 077501 (2008)

ch)v2 92 1xr+ ch(bUZ g2
Wt ~*b; —
A2 \/5 i L’Y L 2A2 \/§
(3) (1) 2
(%q ‘chq)” VIi+9s ., -

W:_t_R’}/MbR + h.c.

2 2 2
CotV" \/ 91 T g .
?\2 \/ 12 2 Z,utR”YMtR

( (1) (3>) 2
c.’' +c v 2 2 2 2 2
¢q T “dq Vi + 93 Z brytbr — CopV? \/ G2 + g3 Z,bry"bp

A? AZ?

(3) (1)
- Cpg T Cpq >0

J. Alearaz et al, arXiv:hep-ex/0911027
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EFFECTIVE WTB, ZTT ANP ZBB COUPLINGS

—
b S7Y B. Grzadkowski and M. Misiak,

—0.0007 < 0%2 < 0.0025 )Phys.rev.078 077501 (2008)

(3) 2
Coq V" G2 oV g2

Wt ~A*b; —
AZ g M LY 0L YCANG,
(3) (1)) 2
(%q _Cqﬁq)v \/g%—l—gg
A? 2

(1) (3)) 2
cy’ 4 v 2 | 2 2 /2 D
(qsq bq 9t +g3 - copV” 9T+ 95, &
: Vi 2 7 brytbr, ¢ : Vi 2 7, bpy"br

W:_t_R’}/MbR + h.c.

cetv? \/ g3 + g3 p

Z,UJEL/VMtL — A2 9 /ﬂ?RW“tR

(3) (1)
- Cpg T Cpq >0

J. Alearaz et al, arXiv:hep-ex/0911027
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EFFECTIVE WTB, ZTT AND ZBB COUPLINGS

New parameterization of couplings

Owewp = %flj W:fL’yubL + h.c. ,

o fZ (2.7:1; fL’y’utL —|—.7'—R??R”yMtR)

The coefficients of the left-handed nevtral and charged
currents are related,

gétf — 2961/751) = 2JL

which is predicted by the EW gauge symwetry after the
stringent constraint on Z0.b; imposed.
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ELECTROWEAK CONSTRAINTS

Indirect constraint from LEP Il Zbb precision measurements

(d) A=TeV

- My =700GeV

2F My =700GeV

My = 120GeV
My = 120GeV

_0'9%).01 0.00 001 0.02 0.03 0.04 0.05
7L
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ELECTROWEAK CONSTRAINTS

Including four-fermion operator might relax the tight constraint.

b f b

ZWQX

b b
t

ZW@&
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weonne™  How 70 PROBE SUCH AN CORRELATION?

9
V2

%Zu (2Frp tpyHtn + Frtry'tr)

fL W:??L’}/Mblj h.c. ]

At the Large Hadron Collider

D WPl

d
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weonne™  How 70 PROBE SUCH AN CORRELATION?

9
V2

%Zu (2Frp tpyHtn + Frtry'tr)

fL W:??L’}/Mblj h.c. ]

At the Large Hadron Collider

7l R
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weonne™  How 70 PROBE SUCH AN CORRELATION?

9
V2

%Zu (2Frp tpyHtn + Frtry'tr)

fL W:??L’}/Mblj h.c. ]

At the Large Hadron Collider U. Baur, A. Juste, LH. Orr, 0. Rainwater
Phys.Rev.071:054013,2005;
Phys. Rev.073:034016,2006

p 4 t  q
7 / C]/ t q

d
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weonne™  How 70 PROBE SUCH AN CORRELATION?

g
V2

%Zﬂ (2Fr tpy* 't + Frtry!'tr)

At the Linear Collider

P Batra, T. Tait, QHC, J. Wudka,
Phys.Rev.074:094021,2006 Phys.Rev.074:094015,2006

fL WJEL’}/MZ?L + h.c. ]
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Argemgm‘? IMPACT OF ANOMALOUS COUPLINGS ON o () AND o (2t

Inclusive eross sections of single-t and Ztt productions:
= o |L+2F, +26Vy + O (F7,0Vip)|
o {1 +4.4F;, —1.5Fr+ O (.7:2, Fr ]:LFR”

do = (0 —0")[0" Vi = [Vig| @) — [V| M)

4 )

» 5‘/;5(, = _0-23502165 -+ 0.550'75 — 034FR

Note: Vib cannot be extracted out from single top production alone.
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weome™  LHO PHENOMENOLOGY STUDY

Collider signature

g 0000000

g 00000000°

Backgrounds

PP — Ztb+ jj
PP — Ztb+ 47
PP — W Zbbjj
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Argonne LHC PHENOMENOLOGY STUPY

Basic kinematics cuts:
pr>15GeV, |n| <25, p%>20GeV, |ny| < 2.5,

P> 15GeV, || < 2.5, Ep>20GeV,
AR(j, 7) > 04, AR(j, ¢)>04, AR(j,b) >04, AR(b, b) > 0.4.

b-tagging:

b
Pr
— 0.57 x tanh
€ 7 batl <35Gev>

Detector smearing effects:

AE  50%
E  JE/GeV

Z-bhoson mass window cuts:
|m€/—|—g/— — mz‘ < 10 GeV
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10-1 ¢

do/dpq(Z) (fb/GeV)
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pp =4 ' {*Ubbij :

1 ; Vs = 14 TeV _
10 = AF, = 1 iE
E AFpy = 1 :

107 R L " Tl 2
ARGy = T2
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do/dpq(Z) (fb/GeV)
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oo 2F1L)
u : [eft-handed t-prime
% : right-handed t-prime
A chiral 4th generation
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