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Introduction

o LHC luminosity and status
o ATLAS and CMS results (7,8 and 13 TeV)
o Top quark cross section & mass
o Rare processes
o tt+others (Z,W,H)
o LHCb top quark observation at 7 and 8 TeV
o Conclusion
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CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV
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All 13 TeV results in this talk are based on these data sets.



LHC status in 2016
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CMS Integrated Luminosity, pp, 2016, v's = 13 TeV
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« ATLAS and CMS are in good shape!
* New results will be available soon!



Motivation

o Top quark mass is an important parameter
of the standard model.
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B w/o Mw and m, measurements H
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o Precise measurements of top quark mass

provide critical inputs to the fits of global
electroweak parameters.

o Internal consistency check with the SM.

o Affect the stability of the SM Higgs
potential.

o To check the validity of perturbative QCD.

o Main background for new physics (possible
deviation due to new physics)

Pole top mass M, in GeV

Higgs pole mass M;, in GeV



Top quark Pair production cross section
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8 TeV  pLB 756 (2016) 229-246 arXiv:1603.02555
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13 TeV

Single top production (t-channel

ATLAS-CONF-2015-079 CMS-PAS-TOP-16-003
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Normalised events / GeV

Mass measurement

Eur. Phys. J. C (2015) 75:330  [AY ) AW
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3D fitting for m,y, JSF and bJSF

* mtop y My

Mg = 172.33 £ 0.75 (stat + JSF + bISF)

reco reco

£+jets

+1.02 (syst) GeV,

mey = 173.79 £ 0.54 (stat) & 1.30 (syst) GeV
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R, (ratio b jet / light jet) for the fitting in lepton+jet while m,“® in dilepton.
comb _ 172 99 + 0.48 (stat) & 0.78 (syst) GeV
= 172.99 4+ 0.91 GeV.

total 0.5%

main uncertainties : hadronization, JES,
bJES (not for lepton+jet due to 3D fit)



Mass measurement
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172.99 +0.41 (stat) £ 0.74 (syst) GeV

8 TeV Mtop
7+8 TeV  myop = 172.84 +£0.34 (stat) £ 0.61 (syst) GeV total 0.4%



7and 8 TeV |[CMS/
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2D : simultaneous fit to both m; and JSF
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7, 8 TeV
CMS-PAS-TOP-13-006
JHEP 10 (2015) 121

Pole mass measurement

EXPERIMENT /<

e Pole mass can be extracted from the normalized cross section with tt + 1 jet at parton level.
* Performed in the semi-leptonicdecay mode at ATLAS while in di-leptonic mode at CMS.
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ATLAS : arXiv:1406.5375 @ CMS,
Pole mass measurement cws:anvieoz0230s Pile]

EXPERIMENT W4

* Pole mass is extracted from the tt pair ** m; [GeV ]

production cross section measurementin CMS '_¥FFRF§P___1Z3_8_18 -

the eu channel only at 7 and 8 TeV.
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op quark mass measurement

7-8 TeV @ CMS

ATLAS =
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ATLAS Preliminary Top quark pole mass determinations
compared to direct measurement

DO approx NNLO: MSTWO08, 1.96 TeV 2009 y 169.1%3
DO approx NNLO: MSTWO08, 1.96 TeV 2011 ¥ 167572
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ATLAS NNLO+NNLL: PDFALHC, 7-8 TeV 2014 172.9'2°
ATLAS NLO: ti+1 jet, 7 TeV 2015 173.7723
CMS NNLO+NNLL: NNPDF3.0, 7-8 TeV 2015 —— 173.67]7
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ATLAS+CMS Preliminary LHCIOpWG  m,, summary,/s = 7-8 TeV Sep 2015
------- World Comb. Mar 2014, [7]

stat

total uncertainty total stat

Migp = 173.34 £ 0.76 (0.36 = 0.67) GeV My = total (stats syst) 5 Ref.
ATLAS, l+jets (*) 172.31+1.55 (0.75+ 1.35) 7 TeV [1]
ATLAS, dilepton (*) 173.09x 1.63 (0.64+ 1.50) 7TeV [2]
CMS, l+jets 173.49+1.06 (0.43+0.97) 7TeV [3]
CMS, dilepton 172.50+1.52 (0.43= 1.46) 7 TeV [4]
CMS, all jets 173.49+1.41 (0.69= 1.23) 7 TeV [5]
LHC comb. (Sep 2013) 173.29= 0.95 (0.35+ 0.88) 7 TeV [6]
World comb. (Mar 2014) 173.34+0.76 (0.36+ 0.67) 1.96-7 TeV [7]
ATLAS, l+jets 172.33+1.27 (0.75+ 1.02) 7 TeV [8]
ATLAS, dilepton 173.79+1.41 (0.54+ 1.30) 7 TeV [8]
ATLAS, all jets 175.1+1.8 (1.4+£1.2) 7 TeV [9]
ATLAS, single top 172.2+2.1 (0.7+2.0) 8 TeV [10]
ATLAS comb. (Mar 2015 172.99:091 (0.48:0.78) 77cV [g)
CMS, I+jets 172.35+0.51 (0.16+ 0.48) 8 TeV [11]
CMS, dilepton 172.82+1.23 (0.19+ 1.22) 8 TeV [11]
CMS, all jets 172.32+0.64 (0.25+ 0.59) 8 TeV [11]
CMS comb. (Sep 2015) 172.44+0.48 (0.13+ 0.47) 7+8 TeV [11]

[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077
[3] JHEP 12 (2012) 105

(*) Superseded by results
shown below the line

[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758
I Y N N N NN N

[7] arXiv:1403.4427
[8] Eur.Phys.J.C (2015) 75:330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] CMS PAS TOP-14-022
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8 TeV CMS,
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FCNC searches

Flavor Changing Neutral Currents (FCNC) b <D
o FCNC is suppressed by GIM mechanism. ) < b <
OBT(t — Xq)~10_17 — 10_12,X — H’ V, Z’g 9 . el by <) iets

an <Ojet4

A wide variety of models shows a strong dependencein the
measureable FCNC quantities.

°Br(t —» cH) in 2HDM is ~ 10~%.

The study of FCNC is one of the most interesting research topics in
top quark physics.



8 TeV

t — C[H at ATLAS (8 EV) JHEP 12 (2015) 061

 Combinationof H —» bb with H = yy and H » WW*, 1t improves the sensitivity.

Best fit result for Br(t—=>cH) CL Limit for Br(t=>cH)
—
T | T T T | T T T | T T T | T T T T T T | T T T | T T T
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Vs=8TeV,20.3b" Total Stat. Syst. {s=8TeV,20.3fb"
; H=yy = -
HoWW tr i— . } | 0.27£0.27 (£0.18 £ 0.21) % BR(t—Hu) = 0
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: H—bb [~ —— Observed -
H—bb —— . — 0.17£0.21 (£0.12+0.17) % B Expectea o
Combined s E I ° i 0.22 +0.14 ( £0.10 £ 0.10) % Combined— = | ... Expected + 26 —
(D 1
1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 : I : : : : I : : : : I : : : :
0.2 0 0.2 0.4 0.6 0.8 1 1.2 0 1 1.5 2 2.5
BR(t—Hc) [%] 95% CL limit on BR(t—Hc) [%]
Obs. (Exp.) B(t=cH) < 0.46% (0.25%) Obs. (Exp.) B(t=2uH) < 0.45% (0.29%)



t - gH withH — yy

8 TeV CM\S\\
CMS-PAS-TOP-14-019 | /—

Hadronic + Leptonic channel combined. (most of the sensitivity comes from
hadronic channel)

19.7 fb (8TeV)
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Obs. (Exp.) B(t=>cH) < 0.47% (0.71%)
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Obs. (Exp.) B(t> uH) < 0.42% (0.65%)



CMS Preliminary, 8 TeV March 2016

FCNC summary (+ other couplings) I A
Phys.Rev.Lett 112 (2014) 171802
tt, Br(t— Z q) o
ATLAS Preliminary ATLAS Preliminary
BR(t— uH) BR(t— uy) BR(t— cH) BR(t— cy)
’N; g HERA S '; N;_ ﬁ; g HERA § '; @ JHEP04(2016)035
1 107k LEP %ﬂ 41 110k LEP 11 single top, Br(t— y u) il
; 102k TEVATRON _ g E/ 10k TEVATRON ] EID/ single top, Br(t— vy c) o
107k . 107k ]
10 £ £ 10k £ £ CMS PAS TOP-13-017
10k . . 1ok . . tt, Br(t— H c), H> WW,2Ztx b
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S ; ] S o ; ] o
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------ 95% CL Observed Limit [ 1o Exp.Limit
— 95% CL Expected Limit | | +20 Exp.Limit
* We are very close to reach the FCNC AT TR

| 107 107 1072 10~ 1
beyondthe SM! Top decay Br (%)



- 13 TeV \(\iM\S\
Cross section of tt + Z CMS-PAS-TOP-16-009 | =~

(In 8 TeV, 6.40 sig. was achieved.)

CMS Preliminary 2.7 b1 (13 TeV)
(7)) EEL L L L LN
S 30F
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* Z boson decays two leptons. 20l I »
* Final states can be 3 or 4 lepton final states. — B cacacrver
_ 15 n
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10 7
+352 +168
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Loy, LZZC,? 22b4LZ7b4L22b3L 02 38kt Spe‘“ o e DFeb

Expected yields after the fit compared to

data for the ttZ (left) and ttW (right).  o4w = 1.38 = 0.70 (stat.) + 0.33 (syst.) pb
SM Otz = 0.76 pb Ot = 0.57 pb




8 TeV

Search for tt + H arXiv:1606.02266
o = ATLAS 1.9+08
g fer| - === CMS 2.9+10
 Direct measurement of “wx ; ; Combined 2-3i8'2
the coupling between | [ |
top quark and Higgs FEE:----:---;-: ----------- -~ The sensitivity
boson. 1y, — i comes from
+ romsecton ety ) o
. P astetestistetestetyss leptons), ttH(bb)
YU kawa COUpllng. Parameter value



HIG-15-005 H— yy 13 TeV C/\/\S
HIG-15-008 H—leptons .

Search for tt + H update weisomin

Combination of three statistically independent channels :
ttH(yy), ttH(multi-leptons), ttH(bb)  Exclusion upper limitat 95% CL

= ) -1
m,, = 125 GeV 2.3-2.7 " (13 TeV) T 20 my = 125 GeV 2.3-2.7 " (13 TeV)
- 8r i
= - CMS ttH combination z‘ 18 g CMS
L G-15- s - . .
i ’E Preliminary e E_),ngtons 2 L Preliminary
! i +0.95 HIG-16-004 H—bb g 16 . -
6F — Observed: 0.15 "] = r ttH production limits
[ eeee- Expected: 1.00 tgz: 8_ 14 P Observed °
5F ' S of Expected
3 r [ +1o Expected
4+ O  10F [ =20 Expected
- N -
L To) 8r
3 o -
C 6
2F A C
1+ 5
E o I- | | |
o= = Combined  H-leptons H—bb H—vy
" HIG-15-008 HIG-16-004 HIG-15-005
1096 "  Compatiblewith the SM prediction
SM:u = 1'00—0.85 e Sensitivity is similar to 8 TeV and will be

Combined best fit : u = 0.15%3-2° updated with full 2016 data.



7 and 8 TeV

op quarks at the LHCb prr 115 (2015) 112001 %

1fb~tat7TeVand2 fb~lat 8 TeVv

 LHCb detector is a single-arm forward
spectrometer covering 2 <n < 5 for the
study of particles containing b or c.

e Data excess over Wb background is 5.40.

* Top quark observation in forward fiducial 100

region for the cross section:
pr(u) > 25 GeV,2 <n(u) < 4.5

50 < pr(b) <100 GeV,2.2 <n(b) < 4.2 . , . -

AR(u,b) > 0.5, pr(u + b) > 20 GeV 20 45 70 95 00
[BW) + ()17 =p (ut+b) [GeV]

o(top)|7 TeV] =239 + 53 (stat) + 33 (syst) &= 24(theory) fb Compatible with the SM
o(top)[8 TeV] =289 +43 (stat) +40 (syst) +29(theory) fb 18051 (31218 fb at 7(8) TeV

LHCb e Data

24




Conclusion

o LHC was indeed top quark factory. Millions top quark candidates
were produced and analyzed to reach the best precision and search
for new physics.

o Rare processesin top quark sector are now reachable.

o Run 2 top quark results with 2015 data proved that our ATLAS and
CMS detectors are in a good shape at 13 TeV.

o We have many top quark physics programs not covered here or
awaiting for coming more data.

o The results at 13 TeV with more data in 2016 will be coming soon!



| 8 TeVV ATLAS: arXiv:1511.04716
| Differential cross section cwms: arxiv:1505.04480

Unfolded distributions are compared with NNLO prediction.
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8 TeV

t > gH withH - bb JHEP 12 (2015) 061

0 60—
- S - ATLAS —e— Data
‘ > - Vs=8TeV, 20.3 o'’ I tt—>WbHc (BR = 1%)
W 2 50 L ] tt+light-jets
£ 3 [ 5j,>4b ) theot
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\ 40
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° _ | 5
Modeled by POWHEG-BOX+PYTHIA P )
D(x) = —
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| 8 TeV L MS,
t — C[H withH — )44 CMS-PAS-TOP-14-019 |/~

) | \\
Hadronic channel Leptonic channel
19.7 fb™! (8TeV) 7. 19.7 fb! (8TeV)
> 12 |||||||| | T TTT | T TTT | TTTT | T TTT | T TTT | T TT |_ > |||||||| | TTTT | T TTT | T TTT | TTTT | T TTT | T TT |_
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B — t L — t _
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No significant excess is observed.



t = u(c)y in single top

8 TeV

CMS,
n

A

High pr photon with 50 GeV

At least one lepton with 20 GeV
Jets with 30 GeV

Events with more than one b-
tagged jets are rejected.

JHEP 04 (2016) 035 |, ~—
\ L
— oo +19.8fb'1 (8 TeV)
. o Data
BDT : transverse S woE Ny ] Other
momentumof u, b jets 2 —

and y, angleswithy, b
discriminant, jet
multiplicity, lepton charge
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Charge Asymmetry

ATLAS+CMS Preliminary LHCIOpWG

tt asymmetry

Vs=8TeV

Sept 2015

ATLAS+CMS Preliminary LHCIOpWG  Vs=7TeV Sept 2015
_ total stat
tt asym metry A =(stat) =(syst)
ATLAS l+jets b—a— 0.006 + 0.010 + 0.005
JHEP 1402 (2014) 107
CMS l+jets H—e—H 0.004 +0.010 = 0.011
PLB 717 (2012) 129
ATLAS+CMS l+jets H——H 0.005 = 0.007 = 0.006
Preliminary
ATLAS dilepton H = = 0.021+0.025 £ 0.017
JHEP 05 (2015) 061
CMS dilepton H——e— -0.010 £ 0.017 = 0.008
JHEP 1404 (2014) 191
Theory (NLO+EW) 0.0123 + 0.0005
PRD 86, 034026 (2012)
lepton asymmetry
ATLAS dilepton —o— 0.024 + 0.015 + 0.009
JHEP 05 (2015) 061
CMS dilepton H—e—H 0.009 + 0.010 = 0.006
JHEP 1404 (2014) 191
Theory (NLO+EW) 0.0070 + 0.0003
PRD 86, 034026 (2012)
| | |
-01 0 0.1
7 TeV
AC

ATLAS l+jets H—o—H 0.009 + 0.004 = 0.005
arXiv:1509.02358
CMS I+jets template H-eH 0.003 + 0.003 + 0.003
arXiv:1508.03862
CMS I+jets H—eo— 0.001 + 0.007 = 0.004
arXiv:1507.03119
Theory (NLO+EW) 0.0111+ 0.0004
PRD 86, 034026 (2012)
ATLAS l+jets boosted . 0.043 = 0.019 = 0.026
(M >0.75TeV && A lyll < 2) ! ' !
ATLAS-CONF-2015-048
Theory (NLO+EW) 0.0160 = 0.0004
JHEP 1201 (2012) 063

| | |
-0.05 0 0.05

Ac 8 TeV

* The charge asymmetry result is consistent with the theory (NLO+EW).



. 8TevV |CMS/
[ ] — \\ \
Cross section of tt + PLB 746 (2015)132 |~
~ W
. (8 TeV) (8 TeV)
gotems e HF  8,,.cms fiLF
b S 0_5; Simulation tic.é g 0_6;@;'"“/3”0” “““““““ ticc
8., Thrdjet tbj | B .  Fourthjet ttbj.
b 3% S oaf b
02 o.2§
. : . =
0010203 o4 ?:t%?s%zl&?n%%: % 6102 oaogcj):t%?s%zl %?52?09
Phase Space (PS) Oipp [PD] O [Pb] Oivs/ Ot
Visible PS (particle)
Jet pt > 20 GeV/c 0.029 £ 0.003 = 0.008 1.28 £0.03 £0.15 0.022 £ 0.003 £0.005
Full PS (parton)
Jet pt > 20 GeV/c 1.114+£0.11£0.31 52.1£1.0£6.8 0.021 £ 0.003 £ 0.005
Jet pT > 40 GeV/c 0.36 £0.08 +£0.10 16.1+£0.7+2.1 0.022 + 0.004 £ 0.005

NLO calculation
Jet pt > 40 GeV/c 0.234+0.05 21.0+£2.9 0.011 4+ 0.003




8 TeV

Cross section of tt + bb 2.

* Inlepton+jets at 8 TeV, the result shows more direct comparison with
NLO calculation = measured the cross section in ME.
e Differential measurements of the additional two b jets was performed.

19.7 0" (8 TeV) 19.7 b (8 TeV)

15 2 25

3 35 4 45

ARbb
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== = o C e Data [ I§
| [ o(thb) [ o(thii) [ o(bb)/oilip) | | OMS my Do G =tt:bt %335 E
hardB: 40C_.; 20 %tht/hcr)gre {)kg. tLtJ'r'T(:ertainty R S 25 [:]rhfllior:gre {)kg tL‘JIr-:certalmy .
this analysis 271fb +40% | 23.1pb+16% | 0.012 & 34% 2 ] @ a0 ]
theory NLO(rXiw1403.2046) | 999 f, 118% | 21.0pb *15%¢ | 0.011735% 3
MADGRAPH-+PYTHIA 174fb +28% | 24.3pb £20% | 0.007 £ 10% L
hadronB:
this analysis 348 fb +38% | 23.1pb +16% 0.015 + 32%
CMS dilepton(#rXw1411.5621) | 360 £, + 36% | 16.1pb +14% | 0.022 + 29%
MADGRAPH+PYTHIA 216fb £35% | 24.3pb+20% | 0.009 & 14%
T / al= ‘
Q‘ / // o s &4
TOP-13-016 @/ [ .

TOP-12-041
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My, [GeV]



— 8 TeV
Cross section of tt + bb  eur phys.J. ¢ (2016) 76:11

6 _
210 " ATLAS ' eData [ISingletop 3 ttbb dilepton ATLAS
10 Ot Epiboson 5 | & e Measurement result

Bt

NP & fakes
11,=25),=2b

stat. ® syst. stat.

MadGraph+Pythia

Pythia8 (wgtq3)

vvvvvvvvvvvvvv

Pythia8 (wgtq6, sgtq=0.25)

.

\%
*

'|'= *  pytnias (wotgs)
I ¢
A

O 1.4 - :
GLJ 1.2 SEKKKIKEKLIKKKLZS :

A AR AAAKE LK X X XX X X X X X IRILILIIPRILXILLLLELEILKLIEL A Powheg+Pythi inclusive tt
R R RIS ; owheg+Pythia6 (inclusive t)
S g BB RIS :

— — X '

. :

(UOG— | TR T N T A
n 1 15 2 2.5

b-jets : :
J ofid / ofid[%]

ttbb ttjj

e The ratio of tthb/ttjj is 1.4% which is consistent with MC within the uncertainty.



