
Top Quark Physics at the LHC 

Chuan-Ren Chen 

(NTNU) 

Summer Institute 2013, Korea, 8/17~8/23/2013 



  

CRC (NTNU) 2 

Brief History 

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

existence of 3rd generation quarks  

1977, b quark was discovered at Fermilab 

SPS at CERN set the lower bound mtop > 77 GeV 

1995 CDF&D0 jointly reported the discovery of top quark at Fermilab,  
            mtop  = 176 & 180 GeV complete 3-generation structure quark sector 
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Top Matters 
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Ian Low’s talk 
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t Pair 
Production 

t tbar pair 
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Single t 
Production 

67.2 ± 6.1 pb 
1209.4533 

80.1 ± 5.7(stat) ± 11.0(syst) ± 4.0(lumi) pb 
CMS PAS TOP-12-011 

83±20 pb 

53±11 pb 

30±7
8 pb 

95±18 pb 

single-top, t-channel  

|Vtb| > 0.8 with 95 C.L.  

Vtb  
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single top cross section [pb]

0 20 40 60 80 100 120

 -1t-channel 1.04 fb  pb
 -20

+20
83

-1t-channel top 4.7 fb  pb
 -11

+1153

-1t-channel antitop 4.7 fb  pb
 -8

+730

-1Wt-channel 2.05 fb  pb -6

+6
17

-1s-channel 0.70 fb < 26 pb

arXiv:1205.3130

ATLAS-CONF-2012-056

ATLAS-CONF-2012-056

arXiv:1205.5764

ATLAS-CONF-2011-118

 Theory (approx. NNLO)

= 7 TeVsATLAS Preliminary

CMS: 7 TeV (4.9 fb-1),  16 ± 54 pb 
            1209.3489 

8 TeV (12.2 fb-1),  23.4 ± 5.5
5.4 pb 

   TOP-12-040 

single-top, W t accociation 

single-top s-channel 

NOT found yet. 

Single t 
Production 
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Mass & 
Charge 

charge 
ATLAS, 7 TeV, 2.05 fb-1 : 0.64 ± 0.02 (stat.) ± 0.08 (syst.), prefers SM (2/3), 
           exclude exotic case -4/3 by > 8 σ  
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Decay 

dominant mode: t -> w b 

Gao, Li and Zhu, PRL 110 (2013) 041001 

other decay modes:  

FCNC: Br~ O(10^-13) 

Diaz-Cruz et al. PRD 41(1990); Eilam et  al. PRD 44(1991); Yue et al. PRD 64(2001) 

(%)  

CMS(7 TeV, 5 fb-1): 
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 The heaviest particle found   

~173 GeV  

 ~100% decay into W, b   

Basic Review 

 mainly produced as t tbar pair   
~ 173 pb @ 7 TeV LHC 

~ 227 pb @ 8 TeV LHC 

~ 80 pb @ 7 TeV LHC 
~ 95 pb @ 8 TeV LHC 

~ 17 pb @ 7 TeV LHC not found yet 
< ~26 pb @ 7 TeV LHC 

QCD 

EW 
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More About 
Decay  

W-boson helicity 

V-A coupling 

In SM, the V-A coupling structure allow W-boson with λ=0 
and λ=+1, while λ=-1 is suppressed   

in mb = 0 limit   

NNLO:  Czarnzej, Korner, Piclum, 1005.2625 

(λ=0) 

(λ=-1) 

(λ=+1) 

top decays quickly before hadronization (~10-25 sec) 

Spin information is kept!! 

bare quark!! 
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W-boson helicity 

More About 
Decay  

_ + 

Long 

SM 

(1+cosθ)2 

(1-cosθ)2 

sin2θ 

θ*: pL at W-rest & pW at t-rest  

F+ F0 F_ 
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W-boson helicity 

More About 
Decay  

F0 = 0.626±0.034(stat.) ±0.048(syst.) 

F_ = 0.359±0.021(stat.) ±0.028(syst.) 

F+ = 0.015±0.034 

sum =1 

consistent with SM 
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Spin 
Correlation  

Mahlon and Sparke 
general expression of helicity amplitude 

defines the spin axis for (anti)top 
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Spin 
Correlation  suppressed for both small β and large β 

suppressed for large β 

suppressed for small β 

beam basis 

helicity basis 
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Spin 
Correlation  

unlike-spin event dominates at 
the Tevatron 

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

gg, LS gg, ULS 

overall, like-spin wins 

helicity basis 
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Spin 
Correlation  

A is sensitive to  

RL+LR 

LL+RR 

σ(mtt>) 

σ(mtt<) 

fitting Δϕ to determine A 

consistent! 

A < 0 @ Tevatron, 
A > 0 @ LHC 
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     F-B Asymm     

@ Tevatron 
Lab frame 

c.m. frame 

q

t

q

(MCFM) SM: 0 at tree level, but induced in NLO 

Forward-Backward Asymmetry≣ 

(event # w/ t in forward − event # w/ t in backward)   

 ALL 

Lepton Asymmetry 

(MC@NLO) 
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Data 

  
CDF 

= 0.162 ± 0.047 (stat & syst)   8.7 fb-1  

= 0.158 ± 0.074 (stat & syst)   5.3 fb-1  

= 0.24 ± 0.13 (stat) ± 0.04 (syst)  1.9 fb-1 

(MCFM) NOTE, SM: 

D0 

  
= 0.12 ± 0.08 (stat) ± 0.01 (syst)  0.9 fb-1 

= 0.196 ± 0.065 (stat & syst)   5.4 fb-1  

9.7 fb-1 

5.4 fb-1 

= 0.164 ± 0.047 (stat & syst)   9.4 fb-1  

9.4 fb-1 
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D0, 9.7 fb-1 data set, new 
however, for the same event category of previous measurement, lepton 
asymm is still high!  

Data 

previous event selection 
add new data sets 

combined (1.5±2.8)% 
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Data 5.3 fb-1 

0.475±0.112 

-0.116±0.153 

0.088 
0.04 

SM(MCFM) 

0.296±0.067 
0.078±0.054 

8.7 fb-1 

~3.4σ 
~3σ 

CDF: 

energy-dependent AFB 

≈ SM @ Mtt < 450 GeV 
> 3 σ @ Mtt > 450 GeV 

9.4 fb-1 
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Steal from Q.-H. Cao’s talk slide  
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New Physics 

 NP models may be divided into two classes 

SM 
BSM 

 s-channel:  extra octet vector gluon (axigluon, …..?) 

 “small” couplings to the first two generations: dijet constraints at 

7 TeV. 

 large couplings to third generation: to generate large AFB. 

 heavy resonances: ttbar invariant mass spectrum constraints. 

 broad width: to interfere with the SM amplitude.   

  

 t-channel:  flavor changing interaction 

 color singlet:  Z’-u-t , W’+-d-t       

 color sextet or triplet 
[Cheung,Keung,Yuan, arXiv:0908.2589] 

[Jung,Murayama,Pierce,Wells, arXiv:0907.4112] 

[Shu,Tait,Wang, arXiv:0911.3237] 
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New Physics 

■ It is still possible to generate a 

positive asymmetry                            

if sign(gA
q )= -sign(gA

t )          

[Frampton,Shu,Wang, arXiv:0911.2955] 

Color-octet resonances  
i

qi

A

qi

Vi

a

S qGggqTgL '
5)( 

  

■ But this asymmetry is negative because it is proportional 

to (s-mG
2) gA

q gA
t  

possible explanations (s-ch) 

[Ferrario, Rodrigo, arXiv:0906.5541] 
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New Physics 

 INT contribution is negative. 

NPS contribution is positive. 

Left-handed coupling is highly constrained by           mixing, set fL = 

0. 

For heavy Z’, one needs a large fR such that NPS contribution 

dominates over INT contribution to produce positive AFB.  

Flavor-violating Z’  (Similar situation for W’)  



  

CRC (NTNU) 25 

 (GeV)Z’m

200 400 600 800 1000 1200

Z
’

f

0

1

2

3

4

5

6

7

8

Z’

CMS same sign top limit

Fitting 
Tevatron     

 (GeV)W’m

200 400 600 800 1000 1200

W
’

f

0

1

2

3

4

5

6

7

W’

u

ū
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Berger, Cao, CRC, Li, Zhang Duffty, Sullivan, Zhang 

only a tiny parameter space fits 1 σ  
w/ mZ’ > 1100 GeV 
no parameter space can fit w/ mz’ < 400 GeV 
produces too many t t events 

fits data well 
in tension with  

Berger, Cao, CRC, Zhang, PRD 88, 014003  
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Fitting 
Tevatron     

large parameter space fits data well 
w/ mG’ > 1000 GeV 

for simplicity  

constrained by dijet search 

Note that, fG’ ↑, ΓG’ ↑, 
broaden the peak, search strategy  
for narrow width fails.     

Berger, Cao, CRC, Zhang, PRD 88, 014003  
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Asymmetries 
@ LHC      

P P 

P P P P 

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

dilepton, 4.7 fb-1 

SM (MC@NLO) 

dilepton, 4.7 fb-1 

JL, 1.09 fb-1 

Combined 

CMS 

JL, 4.7 fb-1 

JL, 1.09 fb-1 

SM (QCD EW NLO; norm to LO)  

NOTE, we expect  
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Asymmetry Al     

 correlation between these two asymmetries? 

kinematics, in the point of view of top quark polarization 

~3σ 

q

t

q

charged lepton from right- (left-) handed top decay 

prefers to move along (against) the direction of top 

boost direction 
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differential   Correlation     
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recall: SM ≈ 0.4 

tR dominates tL = tR 

D0 D0 

NP– W’ & G’     Tevatron 

D0 ≈ 0.75 (5.4 fb-1), 0.24 *   CDF ≈ 0.57 (9.4 fb-1) 

prefers more right-handed tops prefers boosted tops 

Berger, Cao, CRC, Zhang, PRD 88, 014003  
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Anomalous 
Wtb 

Kane, Landisky, Yuan, PRD 45, 124; 
del Aguila, Aguilar-Saavedra, PRD 
67,014009 

CRC, Larios, Yuan, 0503040 

In SM,  

decay width 

t-ch xsection 

function of f’s 

s-ch xsection 
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where 

CRC, Larios, Yuan, 0503040 

assume: f0 and σt can be measured to 
10% at Tevatron, 1% and 2% at the LHC   

Anomalous 
Wtb 
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Anomalous 
Wtb 
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Beyond SM 

Tait, Yuan, PRD63, 014018 

s-channel  sensitive to new resonance 

t-channel  sensitive to FCNC  
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Heavy V’ 

Berger, Cao, CRC, Zhang, PRD83, 114026  
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Discovery 

very promising to discover Z’, in other words, easy to exclude! 
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Discriminate 
Models 

Berger, Cao, CRC, Zhang, PRD83, 114026  
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Z’->tt @ LHC 

narrow width wide width 

exclude MZ’ < 1.3 TeV @ 95% C.L. exclude MZ’ < 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. 

Lillie, Randall, Wang, 0701166 

2.5 TeV  t tbar 
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Top tagging 

dijet BG 
signal 

jet substructure 

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 

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

Kaplan et al. 0806.0848 
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Boosted top 

600 GeV <MZ’ < 1.15 TeV is excluded @ 95 C.L. 
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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. 

 
 LHC is a top factory, precision measurements in top quark physics is 

expected. 
 

 anomalous t tbar asymmetries was found at the Tevatron. 
    :   
 
 w/ large errors, CMS and ATLAS agree on top quark FBA even though 

central values are not closed. 
 

inclusive measurement;  differential measurement.  
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Polarization  

cpv 

V-A coupling 

Mahlon, Parke, 9512264; 
Brandenburg, Si, Uwer, 0205023 

spin analyzer 

t quarks are mainly produced by QCD -> unpolarized.   

consistent with 0 polarization in SM 
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backup     
Czakon, Fiedler, 1303.6254 


