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Brief History

1973, Kobayashi and Masukawa, propose a 3x3 unitary matrix to
incorporate CP phase, which is now called CKM matrix

mmm) existence of 3" generation quarks

1977, b quark was discovered at Fermilab

SPS at CERN set the lower bound m,,, > 77 GeV

1995 CDF&DO jointly reported the discovery of top quark at Fermilab,
My, =176 & 180 GeV mmmmp complete 3-generation structure quark sector
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M,, (GeV)

Top Matters

\/\/\/\Q’\/\/\/\/ W\/\O\/\/\/\

M2, = M2(1 — sin® Oy ) (1 + Ap),

Ap = 3Grm?2/87%/2 + . ..

80.46 __|:| Not excluded at 95% C.L. by direct searches
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Preliminary LHC o; combination, \'s = 7 TeV - September 2012

Ly=07f"- 11"
HATHOR theory prediction

ATLAS, di-lepton (ee, eu, uu) + 16
. |—?-.-|—1 173+ 6 13
ATLAS, l+jets D A 179+ 4+ 11
TLAS. alljets —— 167+ 18+ 78
ATLAS combined —— 177+ 3 12)
CMS, di-lepton (ee, ey, pu) g 170+ 4+ 18
Ly =1.110" ’ .. — - -
CMS, Ty —— 149+ 24+ 28
CMS, I+jets ——t 164+ 3+ 14
CMS, all jets b —e : 136+ 20+ 41
CMS combined —— 165.8+2.2+13.2
LHC combined Ho— 173.3+2.3+9.8
. . for m=172.5 GeV _ + (stat.) + (syst)
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CMS Preliminary,\'s = 8 TeV

CMS prel. (e/p+jets)
TOP-12-006 (L=2.8/fb)

q

—@—

228 + 9 =2 =10 pb

(val. = stat. = syst.= lumi.)

—@-3

CMS prel. (ee,up,en)
TOP-12-007 (L=2.4/fb)

-@-3

-

CMS prel. combined

[ NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254 (2013)
EZ==7 Approx. NNLO+NNLL QCD, Kidonakis, arXiv:1205.3453 (2012)
[ Approx. NNLO+NNLL QCD, Cacciari et al., arXiv:1111.5869 (2011)

227 + 3+11+10pb

(val. = stat. = syst. = lumi.)

227 + 3+11+x10pb

val. = stat. = syst. = lumi.)

1 Approx. NNLO+NNLL QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale ® PDF juncertainty)
[ Approx. NNLO+NNLL QCD, Langenfeld et al., PRD 80 (2009) 054009 (Scale uncertainty)
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CMS prelim. combined 8 TeV (2.8 fb')
LHC prelim. combined 7 TeV (0.7-1.1 fo"

CMS dilepton 7 TeV (2.3 b

Tevatron prelim. combined (up to 8.8 fi")
CDF prelim. combined (up to 8.8 fb™

DO combined (5.4 fb')

——— Approx. NNLO QCD (pp)

Scale uncertainty
Scale ® PDF uncertainty
Approx. NNLO QCD (pp)
Scale uncertainty

I Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty
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G [pb]

I AL I
- ATLAS Preliminary y

95+18 pb

antitop

=Theory (approx. NNLO) |
$£1.04 fo' arXiv:1205.3130
$ 4.7 fb' ATLAS-CONF-2012-056

¥5.8 fb' ATLAS-CONF-2012-132 |
1 | L I 1 | 1 | 1 I 1

i0 11 12 13 14
CM energy [TeV]

— 80.1 £ 5.7(stat) £ 11.0(syst) £ 4.0(lumi) pb

|V,,| >0.8 with 95 C.L.

ife)
[o
S|ng|e t - ‘V ‘2 © t-channel single top
. tb i
Production
single-top, t-channel 10% s
83120 pb
u (d) d (q) -
53111 pb -
W= 3017, pb -
th
b t |
5 6 7 8 9
: ] clms preliminary, s.ulrb . :
# CMS 117156fh
10° 3 Y oo 5.4fb".l R r—--"*""_-- =
n 4 CDE 75 ]
i \ CMS PAS TOP-12-011
I 67.216.1pb
10 é_ -------- NLO QCD (5 flavour scheme) _§ 1209'4533
B e theory uncertainty (scale @ PDF) —
: Campbell, Frederix, Malloni, Tramontano, JHEP 10 {2008) 042 :
1 __ NLO+NNLL QCD __
E theory uncertainty (scale & PDF) §
: I | I | | Tidnnalkis. F':'qrs.F{Tw.D SII] (20‘:1}09:503 | | I I :
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ATLAS Preliminary s=7TeV

Single t
- channel 1.04 fb™ e 83%pp
Production bl 53 20P

. .. t-channel top 4.7 fb™ —e— 53" pp
single-top, W t accociation ATLAS_CONFPZMZ_O% 1P

b ; t-channel antitop 4.7 fb™ —&— 30", pb
: ATLAS-CONF-2012-056

< t-channel 2.05 fo* -®- 17*2 pb >

Xiv:1205.5764
> \a\

b W s-channel 0.70 fo't ——4 < 26 pb
ATLAS-CONF-2011-118

Theory (approx. NNLO)
|III|III|III|III|III|III|III|III|III|III|III|

O 20 40 60 80 100 120

single-top s-channel

ection [pb]

single to

u t CMS: 7 TeV (4.9 fbl), 16 +5, pb
1209.3489
8 TeV (12.2 fb1), 23.4 155, pb
w NOT found yet. TOP-12-040
d b
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Mass &
Charge

LHC Miop combination - June 2012, L =35 pb'-4.91b"
_ ATLAS + CMS Preliminary\s = 7 TeV
ATLAS 2010, l4ets —_— 169.3+ 4.0+ 4.9
Liw =35 pb™, (@ CR, U.E syst.)
ATLAS 2OTT Tets —_— 174.5+ 0.6 + 2.3
ATLAS 2011, all jets ————— 1749+ 2.1+ 3.9
Ly =2f", (& CR, UE syst)
CIS 2010, driepton ——+— 1755+ 4.6+ 4.6
Cis 2010 hes — 1731+ 2.1£ 2.7
—e—  i70E12:27
CMS 2011, u+jets
Ly =4.9 ", (& CR, UE syst.) o 172.6+0.4+ 1.5
LHC June 2012 - 173.3£05+1.3
Tevatron July 2011 HPH 173.2+£ 0.6+ 0.8
| | | | + (51a|1.) + (syst.)
150 160 170 180 190 GV
m e
charge op [GOV]

ATLAS, 7 TeV, 2.05 fb1: 0.64 £ 0.02 (stat.) £ 0.08 (syst.), prefers SM (2/3),
exclude exotic case -4/3 by >8 o
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Decay b

dominant mode: t->w b Vio| > |Visl, [Vidl

22 m2
Bt — bW m |Vl (11— W 142-W
A )8f|”’|( m?)(+mt

me | T | 8% 6% Spw dopp dunp (%)

172.5/1.4806|-0.26 -1.49 1.68 -8.58 -2.09 ~ Gao, Liand Zhu, PRL110(2013) 041001
173.5/1.5109|-0.26 -1.49 1.69 -8.58 -2.09

174.5/1.5415|-0.25 -1.48 1.69 -8.58 -2.09

w

other decay modes:
Bt —bW*)=0.998, B(t—sW")~19x1072, B(t—dW")~10"*

FCNC: t — XY, where X° = g,~,Z, H and ¢ = ¢, u, Br~ O(107-13)
Diaz-Cruz et al. PRD 41(1990); Eilam et al. PRD 44(1991); Yue et al. PRD 64(2001)

CMS(7 TeV, 5 fbl): BR(t — Zq) < 0.21%

CRC (NTNU)



Tau ing

Basic Review N
. * ]
0 The heaviest particle found S b
~173 GeV i o
. o @
3 ~100% decay into W, b K B
t
3 mainly produced as t tbar pair
~ 173 pb @ 7 TeV LHC )
~227 pb @ 8 TeV LHC {
u (d) d () b t
v EW ;T%, i
g d b
b t
~ 80 pb @ 7 TeV LHC ~ 17 pb @ 7 TeV LHC not found yet
<~26 pb @ 7 TeV LHC

~ 95 pb @ 8 TeV LHC

CRC (NTNU) 9



More About t - .
V-A coupling
Deca
y W
Fth ~ 1.5GeV

top decays quickly before hadronization (~10-%> sec) mmm) Dbare quark!!
Spin information is kept!!

In SM, the V-A coupling structure allow W-boson with A=0

W-boson helicity and A=+1, while A=-1 is suppressed

2
b ; WHA=0)  fF, = Io _ 0.7
—> s~
2
b ¢ Wih=-1) p, — Iy _ me — ~0.3
=.,‘—4=—'4= I mi + 2mgy,
b ¢ W+ (A=+1) |
— e F_:——>O inmb=OIimit

NNLO: (F(), F_. F_|_) = (0687, 0.311, 00017) Czarnzej, Korner, Piclum, 1005.2625

CRC (NTNU) 10



More About
Decay

W-boson helicity

1_ dl’
I'dcos 6*

Normalized entries

_3 ©2 3 "2 3 2 o /
_§(1+am9) FF+§(1—am9) F_+E(1—cm;9)Fo ok

0": p_ at W-rest & p,, at t-rest

iy
»

T T T T I T T T
ATLAS Simulation

T ‘ T T T T
single lepton channels

— F, template

Jllll

F, template

F, template

Lo b by a Lo aa Lo

cos 0*

(1-cosB)?
(1+cosB)?

sin26

== lgfi-hamded

¢ 0.8

D
D |
3 _:Eﬂ.ﬁ:

0.4

02F &

swas [ piindinal
right-hasded
= sum (M)

.1

W T T T
£2000F arias

o -
u31800;_f|_dt=1.04fb"

1600F
1400F
1200F
1000F- (¢
800}
600f
400F
200}

® Data
— Best fit
---- SM ex

- BKg best fit
22 Unc. best fit

| T T T L}
single lepton channels ]

Illllllllllllllllllllll

IIIIIIIJJ

O--II

CRC (NTNU)

11



More About

Decay

W-boson helicity

0.5

0.45 1

0.35

0.3

0.25 |

T I T T T T I T T T T T T T T T T T T I
ATLAS and CMS preliminary
Ns=7TeV,L =35pb’-22f"| Fy F. F,
BN NNLO QCD

Combination
&+ Data (F_/F/F)

0.4

ATLAS 2010 (single lepton) st
ATLAS 2011 (single lepton) - ke
ATLAS 2011 (dilepton) - ai
CMS 2011 (single muon) A
N LHC combination - ke
— \ATLAS and CMS preliminary -] A R REPUINY VRN B N
L.=35pb’-22f" A 0 0.5 1
[ s =7 TeV _: W boson helicity fractions
: ] F, = 0.62620.034(stat.) +0.048(syst.)
i . ] F_=0.35910.021(stat.) 10.028(syst.)
- B 1 sum =1
- > Data - F, =0.01510.034
[ mE NNLO QCD ]
~ — Unitarity boundary ]
[ 1 | | 1 O\ consistent with SM

05 055 0.6 065 0.7

075 (Fy, F_, F.) = (0.687,0.311,0.0017)

Fo (nTUY) 12



Spin q t gm_t g t
Correlation a> i{ g o1 ¢ 5/23 :t'

general expression of helicity amplitude Mahlon and Sparke

S IMag — 9 = o [(0q- )20 B) + (20 B)20 )+ Te (gt t20EE)] + (4. 0)

M, 1l (2qq)2 t
4
X Mg = s [a - t)@a- ) +(2q-fz)(2ci-t2)+mi% Tr(gtit2qtl)] + (g = q)
— tt)|? Sy - . - m; (2t - £ 2+ o
2 Mg =1 = 50 {( o) (t-gn(t-gzﬁ(t-ggv}{ ¢ 20+ (o)
_ _ 1 - -
— TgQ;gll_tgiz)? {(291 -11)(292 - t2) 4+ (201 - £1)(292 - t2) +m_§ Tr (g1 1112 g2 22 tl)]} + (g1 g2)
- 2= % ‘ : - : 1 m? . t. Fo
TLZLT |M(gg tf)| 39 {(t91)2 (tgl)(tQQ) + (t92)2}{ t[(Qtl t2)+(2t1 t2)}
T“9”392@[(2 £)(202 - 1) + (291 - B)(2 .t)+iTr( titagatit)] p + (g1 g2)
T 241 92)° g1 - t1)(292 - 11) + (291 - 12)(292 - T2 m2 gilit2galyla gi <> g2

t =11 +ty t=1t1+1t> t1(t1) defines the spin axis for (anti)top

CRC (NTNU) 13



Spin
Correlation suppressed for both small B and large B
beam basis 5 N 2 o
M(qq — tT)[> = 8 @ - Psin?s
ngll Mlag = th) J (1 — Bcosf*)?
(1 — (B cosf* — 3?sin? 6*)?

”ZH M(qq — tt)|* = 8¢* [ 1+ (1— Beos b )2 ] suppressed for large B

— 2 _ 16 4 * 2 .2 ¥ 3. 24 (B—cost)
Z (M(gg — )" = 39 V(8 cost )1+ﬂ cos” 0" + 2" sin"6 (1—[30089*)2]
6

ol

— A2)2 _ *x A2 1.2 g*\2
Z |M(99—>tﬂ|2:%g4y(ﬂ,0089*) n29*[ 1+(1 3%)? + (1 — B cos * — 3%sin” %) ]

(1 — BcosB*)?

T, LT
suppressed for small

he||C|ty baS|S pp B 25 T T | | — | T | T T | | —
T st s e : S
LL, RR 20 L / \\ ]
S MG~ D =8 (14 eo? ) s |
LR, RL | T sp \__
> [Migg - D = S \\:
LL, RR S oL ]
E94 Y(8, cos 0*)1 + 3% + 3% sin 6%) E - \_:
’ 16 - \-
Z |(M(gg — tf)|2 = —g* Y(3, cos t9"‘in2 6*(1 + cos? g*) 0.5 \
LR, RL 3 N I

= ~
0.0 -{-—’I/l L1 | L1 | L1 | L1
CRC (NTN 0.0 0.2 0.4 0.6 0.8 1.0

g



(fb/GeV)

do/dMg

Spin
Correlation
helicity basis

102 EI [ | | | Tl | L | Tl | | | L IE
- Total .

- — — QI LR+RL

101 - ‘_‘ qq LL+RR —
109 E
-1 L .

- . S
- \\ ]

2 | N

107° & W N
C  Tevatron - =

_3 1 1 1| l 1 1 1 | 1 1 | | 1 1 1 | 1 1 1 | 1 1 | I I‘.\-]“I

300 400 500 600 700 800 900 1000

Mg (GeV)

unlike-spin event dominates at

the Tevatron

(fb/GeV)

do/dMg

Total
— — 99 LR+RL

250

gg, LS gg, ULS
= T
E LHC ‘\\
L1 1 1 | | I | | | . | | I | | | I | | I‘T\I""'L
500 750 1000 1250 1500 1750
Mg (GeV)

LHC: like-spin event dominates @
low energy region; unlike-spin event
dominates high energy region

CRC (NTNU)
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A <0 @ Tevatron,
A>0 @ LHC

A is sensitive to

Agpr1- = |pr+ — ¢ |

fitting A to determine A

SM
ASM — .31
meas.
hel.

consistent!

= (.24 4+ 0.02(stat.) & 0.08(syst.)

CRC (NTNL

CMS Simulation

2 -
5 018
5 0.16 f_ ------- tt with spin correlation
S -
s 0.14 - tt without spin correlation
0.12—
0.1—
0.08—
0.06
0.04
0.02-
: L 1 I L 1 I ' l 'l I L L I L
0 0.5 1 1.5 2.5 3
A ¢’I+I-
f—"'\_l 0_5 B T I T T T T I T T T T I T LI T I T T T T I T T I l_
_e_i [ CMS Preliminary, 5.0 fb' at \s=7 TeV 7
<= 0.451 —
5 f ;
B 0.4fF =
el - T .
L 0.35F 3
— - _
0.3E n =
0.25 -
- —=— ( Data - BG ) Unfolded .
0.2 — Syst. Uncertainty ]
u —— Powheg parton level -]
0.15F —— W.Bernreuther & Z.G.Si (SM,u=M) —
o ----- W.Bernreuther & Z.G.Si (uncorrelated,u.=Mt}:
01- e v s o b s b e by oy by oy g |1
0 0.5 1 1.5 2 2.5 3
Ap

I+I-



q t 9 W
tt F-B Asymm _ WM ;o

q
Forward-Backward Asymmetry=
(event # w/ t in forward — event # w/ t in backward)

ALL

@ Tevatron p p
_ — |
Lab frame A”2 = N(cost; > 0) — N(cos; < 0)

N (cosb; > 0) + N(cost; < 0)

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

Ay —y, —yr = 2 - tanh ™! ( cos(6s) )

4m?
\/1 + §—am?

c.m. frame A%, =

Lepton Asymmetry
I =N1'!?—N]'{3 Nll;:qyl>0
B NI'ET+N]I3’ NL gy <0

SM: 0 at tree level, but induced in NLO A% ~ 0.058 (MCFM)
Abn ~0.021  (MC@NLO)

CRC (NTNU) 17



A, of the Top Quark

[ V. Ahrens et. al., July 2011
Data arXiv:1?DS_6051v1 (201.1} (** submitted to a journal)
= Ak 107 3606 l(jzat? 1a1n)|’ (* preliminary)
CDF
A%p =0.24+0.13 (stat) £ 0.04 (syst) 1.9t | R R
A% p =0.158 £ 0.074 (stat & syst) 5.3 fb?
AtFéB - 0162 i 0047 (Sta‘t &' SySt) 87 fb-l corpl 0,42(Ti 0.158 (+0.150+ 0.050)
At 5 =0.164 + 0.047 (stat & syst) 9.4 fol e
Alp =(94+£24772)% 9.4fbt CoFcompined” || [| ST om0 e
DO DO LJ** —e— 0.196+ 0.060 ‘0018
(5.4
tt
A rp =0.121+0.08 (stat) £ 0.01 (syst) 0.9 fb | | | | |

A% p =0.196 + 0.065 (stat & syst) 5.4fpl 04 02 0 02 04 05 08
AL n = (15.2+4.00% 5.4 fbl

Al = (4.7+£231 )% 9.7 bl

NOTE, SM: A%t ~ 0.058 (MCFM)

CRC (NTNU) 18




Data
DO, 9.7 fb! data set,

new A%B

= (47423113

\%

however, for the same event category of previous measurement, lepton

asymm is still high!

Forward-Backward Lepton Asymmetry, %

"3jets, 1btag

e
>4 jets, >2 b tags

H—e—
inclusive
S.Frixione and B.R. Webber,
JHEP 06, 029 (2002)

| | | | | |

— D@ preliminary, 9.7fb"

5 jets,>2 btags

Production Level

H———
>4 jets, 1b tag

yYND.F:8.2/3
(with syst.)

| | | | | I |

-10 0

10 20

Arg(%)
Channel Data MC@NLO
[+3jets, 1 b tag —7.5 £ 6.8 (stat.) £ 5.6 (syst.)
I+3jets, > 2 btags 4.0+ 4.7 (stat.)" ] (syst.) 53

+>4 jets, 1 b tag

16.5 + 4.7 (stat.) 15 (syst.

[+>4jets, > 2 b tags

Total

1.6 + 3.6 (stat.)*03 (syst.)
4.7 4 2.3 (stat.)T ]} (syst.)

add new data sets

previous event selection

CRC (NTNU)
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Data

SM(MCFM)  5.3fb?  8.7fb!
0.6
tt { parton - level
CDF: AT T chramssn T 0.475%0.112
04 L === 1 NLOQCD A
energy-dependent A, is
1 ~3.40
~ 024 29640. ~3
SM @ M, <450 GeV 0.078+0.054 | 0-29610.067 o
>3 0@ M, >450 GeV 0oa T 0.088 vV V¥
Y E— B e I
-0.11610.153 | *t
—02+
9.4 fb1 L :
Parton level Data 450 GeV/c® M ;
M (GeV/c®)  App =+ stat & syst
< 450 0.084 =+ 0.046 £ 0.030

> 450 0.295 = 0.058 £ 0.033

CRC (NTNU)
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Timeline of A%z and NP models

Frampton, Shu,
Woang

Axigluon QHC et al
Ferrario, Rodrigo Effective coupling

Axigluon Ferrario, R;;:l;'ig.c_) b
0809.3353 chiral G’ (G,Z, W,

0906.554 | H,H*)
1003346

Djouadi, Moreau, Richard, singh Jung, Ko, Lee, -
KK Gluon
0906.0604

Antunan, Kuhn, Rodrigo
Axigluon
0709.1652

2007, 2008 2009 2010, 2011

Jung, Murayama, Pierce, Shu, Tait, Wang Xiao, Wang, Zhu,
Wells Color Sextet/triplet scalar NLO QCD to Z-prime

FC[\JC Z-_p_rime 0911.3237 1006.2510

09074112 -
Cheung, Keung, Yuan Arhrib, Benbrik, Chen Yan, Wang, Shao, Li

FC W-prime Color Sextet/triplet scalar NLO QCD to W-
0908.2589 0911.4875 prime

——HH0:6684—
J. Cao, Heng, Wu, Shao, Li, et al
Yang NLO QCD to EFT

-SUSY and TC2 1107.4012
09171447

Steal from Q.-H. Cao’s talk slide

CRC (NTNU)




New Physics

NP models may be divided into two classes

(¢ N
1 t |4 t 4 t
g ! |zl J
G /Z : Z}'/W}'
q SM t g t aem? ' t,
s-channel: extra octet vector gluon (axigluon, ..... ?)

a “small” couplings to the first two generations: dijet constraints at
7 TeV.

Q large couplings to third generation: to generate large Ag

d heavy resonances: ttbar invariant mass spectrum constraints.

Q broad width: to interfere with the SM amplitude.

t-channel: flavor changing interaction | |
[Jung,Murayama,Pierce,Wells, arXiv:0907.4112]

. . J i '+ A
Q color singlet: Z .U t, Wr-d-t [Cheung,Keung, Yuan, arXiv:0908.2589]
Q color sextet or triplet [Shu, Tait,Wang, arXiv:0911.3237]

CRC (NTNU) 22



New Physics

possible explanations (s-ch)
Color-octet resonances | — gSTaqu/”(g\(}i T 9?75)6,'1%
m But this asymmetry is negative because it is proportional
to (s-Mg?) ga% ga'

daq‘f_’“ 2 TrCr ?rﬁ

T R e s R T 1 8
o3 ] 2@
| : : ) [Qv gv (1+ ¢ + 4m2)

+ 2 F‘T 2
%_ 02f (Aexp—ASM)Dﬁ (3 — Mg GP

'L% : q T ] A2
< D.l:—/\gﬂ'ﬂ.:_gﬂ - _|_29q gt cl\+- - gq 2_|_ gq 2
TN ABY g (697 + 64

\ L x (@ )+ (gL - )
-01r 94=9 ]
; ‘ { 89V ghgvgacl} (1)

“05 10 15 20 25 30 35 40 m ltis still possib|et0 generate a

aiTeV -
[ ] e (e | positive asymmetry
Ferrario, Rodrigo, arXiv:0906.5541 -r — Al
If sign(g,?)=-sign(ga')

[Frampton,Shu,Wang, arXiv:0911.2955]

CRC (NTNU) 23



New Physics Flavor-violating Z'  (Similar situation for W’)

L = gwﬁ’}’“(fLPL + fRPR)tZ:L + h.c.

do
= Asyn + Arnt + Anps
d cos 6
- 29? Y 2 2
Asy = 5 (2 — 8% + B% cos” §)

2 2 @ 2
ANt = 5959w U [2(@ —m?)? + 25m? + die: (t —m?)? + sm?

215 5(t :1122,)

593; @ . 2\2 M A2 A 2 \2
Anps = T (f—\/m%,)2 4(t —my)” + ——(48mz + (t —miz)7)

QINT contribution is negative.
A NPS contribution is positive.

a Left-handed coupling is highly constraineB; — B, mixing, set f, =
0.

aFor heavy Z', one needs a large f; such that NPS contribution

dominates over INT contribution'to produce positive A-g. 24



u > b > //t d
[ ) [ ) d /
Fitting ;Z/ W ;
u > > t

Tevatron p ;
Berger, Cgp, CRC, Li, Zhang Duffty, Sullivan, ZNhang
8_ T T T T T T T T T T T T T T T - — T T T T T T T T T T T
N 1) = F
7: Z. - W,
o 6 =
of 50 :
4k 4 ]
3t 7 : 3" :
: v / i 5
2% % fimit o/ 2 :
- , sign top =" C ]
[ooopSsemetl T : :
-7 5 :
0 1 & | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L L L L L L 1 1 1 1 1 [ 1 i i i ]
p00 400 600 800 1000 1200 0~500 400 600 800 1000 1200
R4 m,. (GeV) my, (GeV)
only a tiny parameter space fits 1 o fits data well
w/ mz > 1100 GeV in tension with £t + jets
no parameter space can fit w/ m, < 400 GeV
produces too many t t events Berger, Cao, CRC, Zhang, PRD 88, 014003

CRC (NTNU) 25



[ Fitting }
Tevatron

for simplicity gy = gn, = for

8r -
large parameter space fits data well h 73_ ............. G _f
w/ Mg, > 1000 GeV L N E
= EE -
constrained by dijet search 45_ ..................................................
| S D
Note that, fo, T, I T, - G
broaden the peak, search strategy 257 ”
for narrow width fails. B = = = = 7
01000 1500 2000 2500
6 megy Berger, Cao, CRC, Zhang, PRD 88, 014003

CRC (NTNU) 26



Asymmetries
@ LHC

if there is a top quark forward-backward asymmetry, top quarks are
produced more closed to beam line

qi _ Nyl > 0) — N(Aly| < 0) Alyl = lorl — s
" N(Alyl > 0) + N(Aly| < 0)’ Yl = 1yl — Yz
e — Nl > 0) — N(Ajg| < 0)
€ 7 N(AIpl > 0) + N(Al| < 0)’

CRC (NTNU) .

Aln| = [ng+| — |ne-|




EXtraPOIatlon how large the asymmetry should we expect?

o(qq — tt) . -
Ao ~ - X App(qq — tt) X €
olgg = tt) +olgg—tt) "2
S
A%‘B(qq_ — tﬂ ~ A%B/SS% @ 95; _eTEV —
| cok- —dHe
© T 2BV
_ 85— _|
oy _ 9098 = ty/pap : :
U(qq_ — tatotal 80
(LHC _ 0(qq — tt)g>g s _
O'(Q(j — ti_;)total i :
~ 54% 956400 450 500 250600 650 K}Iclii)'('éée'\';é)oo

Ao ~0.17 x (A% 5/88%) x 54% ~ 0.1A}BALNO'32 0.02

CRC (NTNU) 28



Data
ATLAS

AL = 0.057 +0.024 (stat.) + 0.015 (syst.) dilepton, 4.7 fb*!
Ac = —0.019 £+ 0.028 (stat.) +0.024 (syst.) JL, 1.09 fb’!

Combined | AZ = 0.029 + 0.018 (stat.) + 0.014 (syst.)

A =0.023 £ 0.012 (stat.) + 0.008 (syst.) dilepton, 4.7 fb!

CMS
AY = —0.013 4 0.028 (stat.) 70927 (syst.) JL, 1.09 fb!

Ac = 0.004 £+ 0.010(stat.) £0.012 (syst.) JL, 4.7 fo'

SM (MC@NLO) A% = 0.004 + 0.001 and A% = 0.006 + 0.002

SM (QCD EW NLO; norm to LO) A% = 0.0115
NOTE, we expect A~ ~ (0.02 (or 0.14%5)

CRC (NTNU)
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[ Comparison J d ‘
w/ ATLAS

........................................................................................................................................

.......................................... -

ATLAS central V‘a}ke

q—-.—...—...—...—..-—.—-t—-—.—.—.—.—.—.—.—.—.—.—

2000 250(
Mg (GeV)

1000

1500

use AL, = 0.006 for SM

consistent with ATLAS data

CRC (NTNU) 30



[ Comparison J d ;
w/ CMS

4—100'1 T | T T T T ! T T T T ! T T T T

008__ ............. ............................................ ............. G ................. -

: CMS Cen”a' valie _ /SMF CIéAS central ‘é/alue -

- | | . 0 ;
-__C_'V'Eis_bﬂlﬂ‘ﬂ___%___;___—. - CMS 1s bound :

_0_02_||||||||||||||||||||| - | | | h
2000 400 600 800 1000 1200 -p.02

My (GeV) 92771000 1500 232((3), Ge \2/&;00

use A%, = 0.0115 for SM  most of cases > 10
in tension with ttbar + jets data

CRC (NTNU) 31



Asymmetry Al

SM: At = 0.051 £ 0.001

P0: A%, =0.196 + 0.065

A%p = 0.021 + 0.001 A% = 0.152 + 0.040 |30
AL,

~ 40% AbB 759
A A%B

X correlatlon between these two asymmetries?
mmm) kinematics, in the point of view of top quark polarization

(a) left-handed top b) right-handed top

\/:

.’\f\/\/\/\/\/\/\/\/\/\r t‘\/\/\/\/\/\/\/\/\/\/\/.

I+ I/I/( lefi—hand) W( le ft—hand) +
X g b b t: / P
RAVAVAVAVAVAVAVAVAVAVAV [_RAVAVAVAVAVAVAVAVAVAVAY 2 — 3 —
WEong WE—OHQ %‘H -
8 asf
e L
t boost direction t boost direction .%' 2;
“““ - B o
150
charged lepton from right- (left-) handed top decay J:
prefers to move along (against) the direction of top 055 J—a
boost direction (1 + cos 9)/2 S
0

CRC (NTNU) 't o5 0 05 1



Correlation differential A%,

d?oc|x,—

m ALy =nl —nP / 1 o=
FB =Ty ¢ =Y. [ [2R> (B, w) 1] [ N dBdy,

A=+,— dﬁdyt
ys > 0

if R~ constant AL ~ pr (2RE — 1) A%, 4+ pr(2RE — 1) Al

threshold region
pr ~1,pr ~0,Rr ~ 0.5 ift dominates

:|d,8 VAN d,yt

— 1yt

‘ AFB—
pr ~0,pr ~1,Rp ~ 1 ift;dominates
) AL~ AL

for large energy t (boosted region), RE~RL~1

either t; or t, dominates

) AL~ AL
if unpolarized, p,=pz=0.5
) AL, ~054%

Ll \\\\‘\ L1l \\\\‘\\\\ L1 \\\:
15 -1 05 0 05 1 15
8/26/2013 C-R Chen (ANL) y



NP-W’ & G’

Tevatron
?25_---- /\O\ZS_I i
< fw < | G =1 |
— L 20f — L 201 |
i i | |
15} 15} E
i § | .
10} 10} | 3]
z S |
T T :
VK ML
055 %5 10 15 20 25 30
Ars (%)
AL =077 x AL 5 — 3.6% ALy =05 x ALy — 1%
Al /AL s ~ 0.77 A% g /AL 5 ~ 0.5
DO =0.75 (5.4 fb1),0.24 * CDF = 0.57 (9.4 fb!)
prefers more right-handed tops prefers boosted tops
recall: SM = 0.4 Berger, Cao, CRC, Zhang, PRD 88, 014003
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NP-W’ & G’

ATLAS

_o Oy _ o008

< - | ] < B ]

0091 | W 0.07 G

| | 1 0.06[ | | .

o7 | T 005k | | 5

0.06 | | ; . Ji S N S A A IS S

: - - T T i

oo | |l ow] [

0.04; } } : 0.03F i ffffffff s.i :

E | ! ] - i, -

0.03E | | - 0.02F ! -

0.02( | | : 2P | :

oof | | | oo i i ;

E ] L P B — L - I T R
5 1 % 00z 004 006 0.08

Ac Ac

¢ t
AL = 0.85 x AL — 0.002 AL = 0.61 x AL + 0.0008

Both W’ and G’ reproduce ATLAS data
** SM central value A% /AL ~ 0.67

Berger, Cao, CRC, Zhang, PRD 88, 014003
CRC (NTNU) 35



Anomalous Kane, Landisky, Yuan, PRD 45, 124;

Wtb del Aguila, Aguilar-Saavedra, PRD
——— 67,014009

Low = j—W_E’Yﬂ(ffPLJFflRPR)t

\/_M O,W, bo* (fyPL+ f3'Pr) t + h.c.,
W
InSM, fi=Vu~1 fll=fy=f"=0

_1)2
decay width I}=F0+F_+F+_‘g6mt(at 1) @+

f ff’s
L%El—i—xo:(fl -|-fi) (fl f ) unction o

ay as CRC, Larios, Yuan, 0503040

2
T2 =1+x,= (f1L +atf2R) :
mi

Tz_xp—(fl +arf2) ; atE_

64n's I°@+ ”@+ IP ~ liwi o+ Is%s)
g Z)Z
s-ch xsection a(ud—>tb) 1287 (s— 2)2—|—m2 2 (@
w- w

CRC (NTNU)

t-ch xsectiono (ub — dt) =




Anomalous

Wtb
F a*(1+x) f 2(1 4+ xp,)
0= =
a?(1+x0) +2(1 +xm+xp) a?(1+x0) +2(1 +xm+xp)
Aoy = apxo + amxXm + apXp + asxs, Ao = boxo + bpxm + bpxp + bsxs )
L, R/, \2 R | ¢L/ 2 L R\2
where 0 = fr+h/a) +(fi +h/a) =1,  xm=(fitafy) -1,
R L\2 2/ pL2 | R2 -
xp = (T taf2)”,  xs=a(fa,"+f ), with @ =m /My .
t-channel: ag am ap as
Tevatron 0.896 —0.069 —0.153 0.292 CRC, Larios, Yuan, 0503040
LHC (1) 165.2 —19.1 —34.2 71.7 08 o crercr
LHC () 105.8 —20.9 —12.5 44.5 o aton :
s-channel: bo bm bp bs 01 ]
- MSSM 7
Tevatron —0.081 0.352 0.352 0.230 0.05F \ & .
LHC () —1.41 5.67 5.67 6.34 : :
LHC (7) —0.836 3.43 3.43 3.38 €L Of ;
-o.osf— —
assume: f, and o, can be measured to ; S ]
10% at Tevatron, 1% and 2% at the LHC O1F e ]
] | . ] | ] |

L | Ll L Ll 1 1 IR B R 1 1 ]
L —
f1 =1 -+ €r, 015 01 -005 UR 0.05 0.1 0.15
CI\\, \I\I 1 I‘I\J} f2



Anomalous

Wtb

Eth —

Re(g,)

g =
Ewﬁb’)’ﬂ(i{lPL—|‘flRPR)t
S o,W b (fEP,+ fEPR) t + hec.,
V2My
1_
0.8 "R
0-6:— LHC combination preliminary vV =1, VR=0
- \s=7TeV, L_=35pb"'-2.21fb"
0.4 i BWss cL
0.2 95% CL
0:_ * SM
0.2 ‘ ‘
_0-%:IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIII
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3

0.4
Re(g))

CRC (NTNU)
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G, (pb)

Beyond SM

d

s-channel = sensitive to new resonance

t-channel = sensitive to FCNC

6 ] | i
® Standard Mmlc[
>3 ¢ Ru n I I w  Top-Flavor
5 (my =1TeV)
N @) Z-t-¢c FCNC 1
4.5 (87 = &)
4th Famil
¥ x Y
4 O (V, =0.5)
3.5 + H
(M, = 250 GeV)
3
2.5 — —]
2
1.5
l | | | L |
0 0.5 1 1.5 2 2.5 3

o, (pb)

400

380

360

340

320

(pb)

- 300

)

280

260

240

220

200

c 7

At

Tait, Yuan, PRD63, 014018

I]‘\III‘IIII|'||"'I"|I\II|HII'

LHC

lll]] III

10 15 20

S, (pb)

25

30

35 40 45 50



L

o (pb)

/
’ Z
Heavy V
u U u W t
— = A A ! = w’
= gy* (&L PL + gr Pr)GZ), + gy* (gL P
+ gl Pr)qg' Wi + h.c. d b
W'th Z'tt
SSM %5 JPLIWH 27y, (=3 + 4s2)P + 4s2 PR)tZ'*
LRM %{5 Y o PrtW'" S tyuGL PL+ G — 3arR)PRIZY
Top-Flavor 2 by, PLIW* & j/‘;"f' fy, PLtZ*
1025 T 5 1025' I LA B 3 30:|||||\||||||||||\|||l|:
n (a) . - (b) . s F (5] background + 1TeV Z' ]
i i - 8= 04 -] - ﬂ background + 1.5TeV Z'
g — Z'>tt N ]
101 g_ _g 101 :_\\ _—— W:"’_)Eb _§ é 20 &: |:| SM background -
= . S N W oth 1 8 | ; ]
. i i ] € 15¢ : g
— 7 N s ok ’
10 e 5 10F = 3 o 5 E
L _ — - - e} L .
- W E ¥ E - :
B | = 5 — ]
ot L1 .| |10.|l|.|.1.1".'--- ¥ ]
_I L1 | | L1 1 I 111 I L1 1 ]
800 1000 1200 lﬁzOGO 1600 1800 200C"~ 800 1000 1200 14:?}0 16)00 1800 200 0o 500 1000 1200 1400 1600 1800 3000
M_. (GeV) M eV M. (GeV)
|4 v’ it
Berger, Cao, CRC, Zhang, PRD83, 114026 CRC(NTNU) 40



Discovery

pr(€, j) >20 GeV, In(€, j)| <2.5,
AR, ;0 >04,  Ep >30 GeV,
> 500 GeV, My >800 GeV, |mz;—mz|=150(200)GeV, for 1(1.5) TeVZ'.

Hy

30
25
20

15

Significance

10

0 111 T
10 20 30 40 50 60 70 80 90 100

1
-II|IIII||||||||||||I||||I|||| IIIIIIIIIIIII 1
C (a) g, =04 3
— — 1TeVRHZ =
- — 1TeVLHZ' ] >
- --- 15TeVRHZ ] g
- -~ 15TeVLHZ ] =
~ A =3
- A —
T pp—Z —>tt—bbjju'v ]
B IIIIIIIIIIlIIIIII|||I|||||||||I I I_.

Luminosity (fb ")

very promising to discover Z’, in

CRC (NTNU)

[}UIIII

'Il[ L I TTrri I L L | T T TrT l T T 7T
90 (b)
80

70

—— Right-handed Z~
---- Left-handed 2’

60

50

40
30
20

10

T I T I T I I I I I I I I I T I T ] |

lIIIIlllllllllllllllllllllll

0
0.1 0.15 0.2 0.25 0.3 0.35
8, (8g)

other words, easy to exclude!

0.4
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€

X

Discriminate
Models

100__ 1()(:}':_LIIIIIIIIIIII|IIIIIIIIIIIIIIlII'IIIIIIIIIﬁIIII@_
90 é— (a) 90 é_ (b) _%
80 E M, =1TeV SOE M, =1TeV 3
70E 10" b T i 70E 100 b —— =
S 60 True (70,70) S 60FE True (70,70) —=
‘g} 50 - ;:_1 50 E- =
40 3 "Il‘rue (-5;-0’30). LRM 40 3 True (30,30) LRM =
30 | T i + ssm 30 E —F + SSM =
20 ;— + Top-Flavor 20 z— + Top-Flavor —i
10 & 10 & —=
D'_!IIIIIIIITIIIIIIIIIIIIIITIIIIIIIIIIIIIIlIIIIIIIIIII EITIIIIIIIIIIIITIIIIIIIIIIIIII|IIIIIIIIIIIIII|IIIIII;
0O 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
e7 (%) e7 (%)
_ o(tr) g1
L= ~ .
o(ty) + oltg) g7 + g%
VA Theory €; (%) Measured €; (%)
10 fb~! 100 fb~!
O(y) = €,F(y) + €xFR(y), LRM 2.0 3.0 - 70.9 3.0 + 40.1
SSM 83.6 86.7 * 30.1 86.7 + 20.2
N _ _
2 _ Z[O@f) eLFL(y:) ERFR(J’f)]Z top-flavor 100.0 101.9 + 23.8 101.9 + 16.7
i=1 gi w' Theory €; (%) Measured €; (%)
10 fb~! 100 fb~!
LRM 0.0 5.1%3.7 5.1x25
) SSM 100.0 101.4 = 4.1 101.4 + 1.7
Berger, Cao, CRC, Zhang, PRD&3, 114026 1 gavor 100.0 101.3 * 4.5 1013 * 1.8




Z2'->tt @ LHC

narrow width wide width
I'/M = 0.012 I'/M =0.1

2

2

CMS —=— CL Observed (95% CL)
-1
501" at s =7 TeV — CL Expected (95% CL)

CMS —s— CL Observed (95% CL)
-1
5.0fb"at Vs =7 TeV — CL Expected (95% CL)

+1o Expected +10 Expected

+20 Expected
-e- Z' ([2/M; =0.10)

+20 Expected
-e- Z' (I'2/IM; = 0.012)

ury
(=]

1 LI Ill'l‘ll

I‘J'IIIIII

—
—

Upper limit on o,. x B(Z'— tf) [pb]
=
Upper limit on o, x B(Z'— tt) [pb]

L s s R P TR R 10 e TR s e e
M,. [TeV] M [TeV]
exclude M, < 1.3 TeV @ 95% C.L. exclude M, < 1.9 TeV @ 95% C.L.
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Boosted top

top quarks from heavy resonance decay are expected to be energetic!

decay products in top decay will be moving very close to each other!

top decay products look like “a single jet”, instead of three well-separated jets.

3 Tev 2.5 TeV = ttbar

1 _-----'___.__i---___.------I....___'"-_._I...._';"---l":":""--|---\.__.---""“““"'---"‘-------“'l...."'"'l--l
Lillie, Randall, Wang, 0701166
0.1 F
sig2 —— .
sigs Pl | ~ feptonic top
sig4 --oeoeee S candidate
5 s[gs ...... . aat : | :
- sigtcoll, e
oot
R 1 A VY Y '
0001 : | IS S - i | . 1 : 1 1 : { : i : g
2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500 ¥

sats) (GeV) — 7 EXPERIMENT



Top tagging

jet substructure

Seymour, Z. Phys. C62, 127; Butterworth et al. 0201098;
Butterworth et al., 0802.2470

event fraction

start with larger “R” to have a “fat” jet

decluster the fat jet with some
conditions to see whether the fat jet
contains substructures that match the
top decay

0-22E" ATLAS Simulation —m,=1TeV =
02 ys=7Tev .m,=13TeV
0.18 e My =1.6TeV
o6 || m,=20TeV
0.14F E
0.12F =
0.1F . N
0.08F =
0.06F ; E
0.04F =
0.02F S . N
o S . LTI LYW WP L WO B

0 500 1000 1500 2000 2500

reconstructed tt mass [GeV]

Kaplan et al. 0806.0848

pr (GeV) |subjets| m: | mw | 0
500-600 | 0.56 | 0.43|0.38 | 0.32
€¢|1000-1100| 0.66 | 0.52 | 0.44 | 0.39
1500-1600| 0.40 | 0.33 | 0.28 | 0.25

500-600 | 0.135 [0.045|0.027]0.015
€g1000-1100| 0.146 |0.054{0.032|0.018
1500-1600| 0.083 [0.038]0.025|0.015

500-600 | 0.063 |0.018|0.0110.005

do/dM (fb/100 GeV)

dijet after toptag
it after toptag

1500-1600| 0.032 (0.015|0.010/0.006

¢4|1000-1100| 0.063 |0.023]0.013|0.006 105000

2000

2500

3000 3500 4000

dijet/tt invariant mass M (GeV)



Boosted top

Ns=7TeV Syst.+stat. errors

Obs. 95% CL upper limit

-------- Exp. 95% CL upper limit
Exp. 10 uncertainty
Exp. 2 o uncertainty

=== |eptophobic Z'

ATLAS

o,. x BR(Z— ti) [pb]

10"

600 800 1000 1200 1400 1600 1800 2000
Z' mass [GeV]

600 GeV <M., < 1.15 TeV is excluded @ 95 C.L.

CRC (NTNU)
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Summary

[ top quark physics is important both for test of SM and search for NP.

[ top quark is the only one quark that we can study the properties of the
bare quark.

O LHC is a top factory, precision measurements in top quark physics is
expected.

0 anomalous t tbar asymmetries was found at the Tevatron.
: > 20 inclusive measurement; ~ 3¢ differential measurement.

O w/ large errors, CMS and ATLAS agree on top quark FBA even though
central values are not closed.



V-A coupling
Polarization

1 dI 1
1 P
I dcosf 2( +aPcosd)

spin analyzer

je T s Mahlon, Parke, 9512264;
032 -039 051 -032 02 Brandenburg, Si, Uwer, 0205023
NLO:\ 0999 097 -031 -037 047 -0.31
t quarks are mainly produced by QCD -> unpolarlzed
S [T e P s B A | R Sl
2 T ATLAS _ - qp  ~haa  -—aP= 1 Sosook Pdt=4717" JF ) ;
925001 (o0 toton [Zat=47 b7 I - aP=403 | £ F singlelepion f oer TV —Fit “aP=+03 ]
52000: Vs=7TeV 1iF Bkgd. ~aP=-03 ] 52000:_ s=/1eV il PBkgd. -agP=-03 !
15003 A T o M . i
1000?-- _
500} - - s00f- 1F
% 0 % %,
01708-06:0.4-02 0 02040608 11 -08-06-04-02 0 02 0406 08 1 -1-0.8-06-04-02 0 02040608 11-08-06-04-02 0 0.2 0.4 06 08 1
cos 6(¢%) cosB(¢") 0059(5”) cos6(¢”)
o Popc = —0.035 % 0.014(stat) & 0.037(syst) and agPopy = 0.020 % 0.016(stat) 003 (syst)
mmm) consistent with 0 polarization in SM
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backup

TABLE I: Our best NNLO+NNLL theoretical predictions for

Czakon, Fiedler, 1303.6254

Collider |10t [pb]| scales [pb] | pdf [pb]

Tevatron 7.164 fg:ééggigzg fgiiggﬁiﬁ%
LHC 7 TeV | 172.0 | F3a@%%) [ #1707
LHC 8 TeV | 245.8 | 'o2(2-5%) | +6:2(2.5%)
LHC 14 TeV| 953.6 | To5ti>e) | 1102000

various colliders and c.m. energies.

Collider |00t [pb]|scales [pb] | pdf [pb]
Tevatron | 7.009 fgiggigiﬁgg% tg:ig?gﬁ%
LHC 7 TeV | 167.0 | F3700 | Hantaam
LHC 8 TeV | 239.1 [ F32000) | +0 )
LHC 14 TeV| 933.0 | 135040 [ +10 0 oo

TABLE II: Pure NNLO theoretical predictions for various
colliders and c.m. energies.
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