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+ Top quark reaching drinking age 
Many properties well measured…  

!  2015 was the 20th anniversary of the discovery 
!  CDF:  PRL74 2626-2631 (1995)  
!  D0:   PRL74 2632-2637 (1995) 

!  It completes the SM 3 family structure  
!  top is the weak-isospin partner of the b-quark 

!  spin = ½      &      charge = + ⅔|e| 

!  Top quark is the heaviest known fundamental particle 
!  mt = 173.34  ± 0.76 GeV [World comb.(2014), arXiv:1403.4427] 
!  mt = 172.99  ± 0.91 GeV [ATLAS Combination (March 2015)] 
!  mt = 172.44  ± 0.48 GeV [CMS Combination (Sept. 2015)] 

!  Top decays (almost exclusively) through t " bW,  BR(t " bW) ~100% 
!  BR(t " sW) ≤ 0.18%, BR(t " dW) ≤ 0.02% 

!  Γt
SM

 = 1.42 GeV 
!  τt  =( 3.29 +0.90

-0.63 ) ×10-25 s *     <<  ΛQCD
-1   ~ 10-23 s  (hadronization time) 

!  Top quark decays before hadronization takes place 
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+ Top properties makes it a great 
probe 

!  Precision test of both QCD 
and EWK 
!  Strong coupling to Higgs  

!  Sensitive to Physics Beyond 
the SM 

!  Can be used to measure 
important parameters like 
αs, mt etc. 

!  Mayor background to 
important searches    

!  Interesting playground to 
develop new analysis 
techniques  
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+ Too much progress in the past six 
month… I will run out of time 

! Underlying event 

!  tt Cross section 
measurements  
!  Inclusive 

#  tt   and   tt/Z 
! Differential 

# Resolved 
# Boosted  

! Associate production 
with bosons ttV ( V = γ, Z, 
W, H) 

!  tt plus jets 

! Single top cross section 
! Vtb 

! Top quark beyond the SM 
! FCNC processes (tqX,  X= 
γ, Z, g, H) 

! Charge asymmetry 
! anomalous couplings 

! Probing the top quark 
spin  

! Top quark mass 



+ Top quark production: Tevatron 
 versus the LHC top factory  

!  At the LHC  

!  1 ttbar event per sec 

!  top quarks are mainly produce in ttbar pairs    → Strong interaction 

!  At a lower rate:  single top quark               → EWK interaction 

σ [pb]* ttbar t-channel tW s-channel 

Tevatron (1.96TeV) 7.08 2.08 0.22  1.046 

LHC @ 7 TeV 177.31 63.89  15.74  4.29  

LHC @ 8 TeV 252.89 84.69  22.2  5.24  

LHC @ 13 TeV 831.76 216.99  71.2  10.32  

σtop ≠ σAnti-top σtop ≠ σAnti-top 

@LHC ~ 90% of total rate 

* mt=172.5 GeV 
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+ tt:  Basic Top – AntiTop topology  



+ 13 TeV Underlying events tuning 
checked with tt events in µ+jets   
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+ Purest tt samples:  µe channel  

Best sample for 1st measurements 
of inclusive top pair X-sections  
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+ Purest tt samples:  µe channel  

Best sample for 1st measurements 
of inclusive top pair X-sections  

13 TeV Results 
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Best precision so far…    
  5.9% @ 7 TeV 
  3.5% @ 8 TeV,    
  13.5%@13TeV 

$Use to set limit in BSM 
Compared to other SM"   
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+ tt production in the forward region  

Motivation for studies in forward 
region: 
%  test for the differential  predictions  
%  reduced gg production 

#  more sensitive to tt charge asy.  
%  probes poorly constrained high-x 
gluon PDF 

Fiducial: 



+ Top pair differential cross sections 

!  Resolved regime: 

!  well separated jets 

!  isolated leptons 

    Many BSM searches with 
boosted tops: 

o  tt / tb / tH resonances, 
stop quarks,       
vector-like quarks, ... 

 ΔR ≈ 2m/pT 

!  Boosted regime: 

!  overlapping decay 

!  Non-isolated leptons 

CHALLENGE:   Reconstruct, identify & correctly assign decay  
   products to original top quarks 
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+ Resolved: differential 
distribution @ 8 TeV 

!  e/μ+jets and dilepton for ATLAS and 
CMS find  pT(t) and rapidity softer than 
predicted by PYTHIA-6  

!  Better agreement now found in new 
comparison with other generators  

ATLAS:      
 arXiv:1511.04716 

CMS:   
 CMS-PAS-TOP-15-011  

CMSPreliminary  (8 TeV)-119.7 fb
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+  Resolved data and theory 
comparison revised @ 8 TeV 
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& Improvements with Pythia-8 are also observed at 8 TeV (not shown) 



+ @ 13 TeV Resolved regime: 
Differential distribution 
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+ Boosted @ 8 TeV 
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+ ttW, ttZ cross sections @ 8 TeV 

ATLAS-CONF-2015-032 CMS-PAS-TOP-14-021 
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+ 8 TeV: Cross section for tt + heavy 
quarks  

�(tt̄bb̄) �(tt̄jj) �(tt̄bb̄)/�(tt̄jj)

hardB:

this analysis 271 fb± 40% 23.1 pb± 16% 0.012± 34%

theory NLO(arXiv:1403.2046) 229 fb+18%
�24% 21.0 pb+15%

�13% 0.011+39%
�13%

MadGraph+pythia 174 fb± 28% 24.3 pb± 20% 0.007± 10%

hadronB:

this analysis 348 fb± 38% 23.1 pb± 16% 0.015± 32%

CMS dilepton(arXiv:1411.5621) 360 fb± 36% 16.1 pb± 14% 0.022± 29%

MadGraph+pythia 216 fb± 35% 24.3 pb± 20% 0.009± 14%
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+ 13 TeV:  tt + jet differential (eµ+2b) 
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+ Single Top Status 

Missing:  13 TeV  t-channel 
ATLAS-CONF-2015-079   

σ(t q)=133±6(stat.)±24(syst.)±7(lumi.) pb 

σ(t¯q)=96±5(stat.)±23(syst.)±5(lumi.) pb 

σ(t q+t¯q) = 229±48 pb 

 |fLV⋅Vtb|=1.03±0.11 

3.2 fb-1 



+ Single top s-channel  
first evidence  
@ the LHC   

A
TLA

S-C
O

N
F-2015-047 

! Signal  extraction based on a           
Matrix Element Method 

 σs=4.8 

  ±1.1(stat.) 

  +2.2−2.0(syst.)pb  



+
Extracting |Vtb| 

|tbVLV|f
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

ATLAS+CMS Preliminary WGtopLHC

  from single top quark production
theoσ
measσ| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD83 (2011) 091503, PRD82 (2010) 054018,       
PRD81 (2010) 054028       

 PDF⊕: scale theoσ∆

 = 172.5 GeVtopm

Nov 20 2015

 including top-quark mass uncertainty1 

 including beam energy uncertainty2 (*) Superseeded by results shown below the line

total  theo

 (theo)± (meas) ±| tbVLV|f
t-channel:

Wt:

s-channel:

Wt:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

ATLAS 8 TeV
 )1−ATLAS-CONF-2014-007  (20.3 fb

 0.02± 0.09 ±0.97 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

CMS 13 TeV
 )1−CMS-PAS-TOP-15-004  (42 pb

 0.02± 0.24 ±1.12 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142-159  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb

 0.04− 0.13  −
 0.03+ 0.16  +1.01 

ATLAS 8 TeV (*)
 )1−ATLAS-CONF-2013-100  (20.3 fb

 0.03± 0.12 ±1.10 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,2LHC combined 8 TeV

CMS-PAS-TOP-14-009
ATLAS-CONF-2014-052,

 0.03± 0.11 ±1.06 

 2ATLAS 8 TeV
 )1−arXiv:1511.05980  (20.3 fb

 0.04±  0.20−
 0.18+0.93 

 1,2ATLAS 8 TeV
 )1−arXiv:1510.03752  (20.3 fb

 0.03± 0.10 ±1.01 



+ Flavor Changing Neutral Currents 

di = b, s, d 

Z, g, γ, H Z, γ, H 

SM 

Single  
top 

Single  
top Search 

 channel 

tt tt 



+ Flavor Changing Neutral Currents    
tqZ,  tqg,  tqγ

h_copy
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Uncertainty
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Mean   -0.00445

RMS    0.1076

PRL 112, 171802b(2014) 

From  
Single 
 top 



+ FCNC tqH < 0.4% @ 95% CL:  
  H! multi-leptons, γγ, bb 

 [GeV]γγm
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ATLAS Preliminary

s = 8 TeV√, -1L dt = 20.3 fb∫
s = 7 TeV√, -1L dt =  4.7 fb∫

Hadronic selection Data 2011+2012
Sig+SM Higgs (126.8 GeV)+Bkg fit
SM Higgs+Bkg

 order polynomial)ndBkg (2

Hc) [%]→95% CL limit on BR(t
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Combined

bb→H

γγ→H

ττWW*, →H ATLAS  

-1 = 7 TeV, 4.5 fbs

-1 = 8 TeV, 20.3 fbs

Hu) = 0→BR(t
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σ 1±Expected 

σ 2±Expected 

Hu) [%]→95% CL limit on BR(t
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ττWW*, →H ATLAS  
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Observed

σ 1±Expected 

σ 2±Expected 

ATLAS:  JHEP 12 (2015) 

CMS: PAS-TOP-2013-017 
CMS: PAS-TOP-2014-019 
CMS: PAS-TOP-2014-020  



+ Probing top quark spin 
     Correlations & PBSM |
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!  Differences from PBSM predictions 

!  New:  CMS 8 TeV 

!  Chromo-magnetic anomalous couplings  

!  Older: ATLAS 

!  Stop  

C
M

S-
TO

P-
14

-0
23

 Top quarks are  
produced unpolarised  
BUT their spins are 
correlated in the SM 

Exclude top squark 
between mt and 191 
GeV at 95% CL  

PR
L 114, 142001 (2015) 

arXiv:1511.06170 



+

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHCtopWG

shown below the line
(*) Superseded by results

Sep 2015
World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

    Ref.s                                syst) ± total (stat ± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

)l+jets, dil.
Mar 2015(ATLAS comb.  7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99 

CMS, l+jets 8 TeV  [11] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [11] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [11] 0.59)± 0.64 (0.25 ±172.32 
CMS comb. (Sep 2015) 7+8 TeV  [11] 0.47)± 0.48 (0.13 ±172.44 

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] Eur.Phys.J.C (2015) 75:330

[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158

[4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055

[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-022

Precision  in Top Mass:         Beyond 
expectation… 

CMS PAS TOP-13-004 



+
Conclusions 

! The LHC continues to be a powerful tool  for top 
physics 
! Unprecedented precision in Run-1 
! First Run-2 tt and single top t-channel analyses 

already available 

! Signatures with top could be key to future 
discoveries 
! Required understanding and tools  for Run-2 are 

advanced 

 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults 

 https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP 


