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The phenomenology of Top Quark is Too Rich
1= impossible to cover everything here

(Short) List of Topics Covered:

@ Cross section measurements

@ (i production at the LHC Topwiam |/ 1+ (o
\ / S
L / / {| Couplings

WY

cross-section - -
@ The top quark mass Top Charge ‘ CP violation
Resonance

@ Probing the top spin production N

o Production || ~———_ t \b
@ The t — bW decay in tt events kinematics iy ‘/
@ the Wib vertex str re and | TopSpin -
the Wib verte st.uctu eand | Jopopn | N~ ¥
anomalous couplings

g
. Rare/non SM Decays [~ X
@ Top Quark Couplings to Bosons - A e
Branching Ratios | ™

@ Vy @LHC Vsl !
@ ttV(V=n~2ZW,H) :

@ Top quark beyond SM
@ FCNC processes (tgX, X = v,Z, g, H)

@ single top quark production | production || J
‘ g
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The top quark

@ 2015 is the top quark’s 20" anniversary
it was discovered by CDF and DO in 1995 =% b . H
PRL74 2626-2631 (1995); w | wom | o | oo )| s
PRL74 2632-2637 (1995). ‘9@ @

@ It completes the 3 family structure of the SM = . e Jten L roe

@ top is the weak-isospin .9 W @ W @

partner of the b-quark e e e
© spin=1/2 e w W
@ charge =+2/3 |¢| festen )| ot )| nedftho ) | Weoson

@ Top quark is the heaviest known fundamental particle
(my = 173.34 + 0.76 GeV, World comb.(2014), arXiv:1403.4427)

@ Top decays (almost exclusively) through t — bW
BR(t — sW) <0.18%, BR(t — dW) <0.02%

@ M = 1.42 GeV (including mp, my, as, EW corrections)
@ 7=(3.291%%) x10~2%s (DO, PRD 85 091104, 2012)
< /\5&0 ~(100 MeV)~! ~ 10~23s (hadronization time)
= top decays before hadronization takes place
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tt production at the LHC

@ Production at the LHC:
g t  swmooor—t 9 t

g t g oo ¢ 7 t
o()=177.329.9748 pb @ 7 Tev, o(f1)=252.9£11.718% pb @ 8 TeV, o (11)=832 ") pb @ 13 TeV

NNLO+NNLL, m; =172.5 GeV PLB 710 612 (2012), PRL 109 132001(2012),
JHEP 1212 054(2012), JHEP 1301 080(2013), PRL110 252004 (2013).

== Lepton;]etsi(w 30%):

Top pair decay channels Top pair branching fractions (£ = e*, u™)
All jets 44% b ‘b
8 '% 9 ¥ -
z '511}: _ine all-hadronic | £ O\ R e ¥
2§83
he] § § B8 T+jets 15%
=) [} .
|4 ']
H ™+ 1% .
P L tutiets i 2% — Dilepton (~ 5%):
2 Y muon-He§ o 2% (E — ei, /U'i)
@ \ electron-jets e, 2% pejets 15% 4p
S S| ] - _
éz(’,b e|u|T ud cs etjets 15%
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tt production @ the RUN 1 of the LHC

Cross-Section Measurements @ 7 and 8 TeV %
2> significant number of precise measurements from RUN |

ATLAS+CMS Preliminary o summary, f§ =7 TeV TOPLHCWG Sep 2014 ATLAS+CMS Preliminary o summary, {§=8TeV  TOPLHCWG May 2015
NNLOSHNLL (Top++ 20), POFALHO, m_ =1725 GeVl - stat uncorainy
scale uncertanty — — — totaluncertanty NNLOSNNLL (Top++ 20), POFALHC stat, uncertainty
P =(sa) =(syst =(um) Mg, = 172.5 G
scale ® PDF & a, uncertanty w — — — total uncertainy

scale ur\cenam!y

scale 0 PDF [1 ag uncertainty O 6120 {550 2(um)

ATLAS, fts - .
ATLAS, opion () L .

atjos ()t . .
ATLAS, alljets () ATLAS, lepton+jets L 260+1'248pb
ATLAS combined - Leort arXiv:1504.04251, 1,,=20.3 fb™*
OMS, it ) ] v
oS, diepton () — Lt CMS prel. leponsiets |— o by 228492+ 10pb
VS, ) — et CMS-PAS TOP-12.006, L,,=28 1"
cMs, alljets (*) —_— - — 136220240+ 8pb Lustd
oS combined —— te6e 2e e8Py Loosi

CMs, lepton+T, ! 35242

LHC combined (Sep 2012) el 17322282650 Lo PLB 739 201423, L,,=186 1" 257£3+24£7pb
ATLAS, ot b Xy ——r teazaTaap L

ATLAS, dilepton e s, b-tag ATLAS, dilepton ep [ 2424+ 1.7+55+7.5pb

£P)C74 (2014) 3109, L2203 fo

ATLAS, dlepton ey N,_-€7
ATLAS, %t

ATLAS Tl (,, ' CMS, dilepton (ee, iy &) |_o.f 239.0£21+ 113+ 6.2 pb

ATLAS, aljts —_———i———— we2ife7e JHEP 02 (2014) 024, L,,=5.3 1b"

oS, its —— 0e2et0sam s
pepton o P R

z:: m“ — 1619228 0w 388 LHC combined eyt (Sep 2014) |y 2415+14+57+62pb
Tt E CMS-PAS TOP-14-016,

CMS, Tgiels la—— M Leas: ATLAS-CONF-2014-053,

ows. atjos —_— Tooet0sz9p0 ¢ L3t

T 0 by oty 370 Do /o = 5.7% = et by carany 4250
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ATLAS+CMS Comb.: at 7 TeV| A(c)/o = 5.9% | at8TeV|A(c)/o = 3.5%
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tt production @ the RUN 1 of the LHC

Getting Precision in Differential Measurements @ 7 and 8 TeV
I No significant deviations from the SM @ RUN | (within uncert.)

npr->

requires better modelling
Fiducial measurements in well defined phase space regions

4z boosted

ATLAS JHEP 06 (2015) 100 Py
R ATLAS-CONF-2014-057 fatjet
= 900 S ata
3 ATLAS Simyaten 8 POWHEG + PYTHIA
O, goof POWHEGHPYTHIA 3 CT10 + hdamp = e
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Single top quark

@ Single top quark production cross section @ LHC:

7 7 b w q t i f w*
w b M vtb
b, t t
9 b g t q b
b

t-channel (Wt-prod.) (s-channel)
64571253 pb 1574117 pb 4631020 pb = @ 7TeV
87.76734% pb 22.371"%2 pb 5611022 pb < @ 8TeV

@ Powerfull probe of Vi, (6Vp/Vy, few % @ LHC ) and
Test of physics BSM ( FCNC in t-channel; W’ in s-channel)
@ CMS and ATLAS results within SM expectations:

T —
[” ATLAS+CMS Preliminary TOPLHCWG *
[ single top-quark production Janz01s ™

ATLAS+CMS Preliminary TOPLHCWG, ity 2015
Data 2012, (5 =8 TeV, m = 172:5 Gev

=
S
3

‘ Aot/or ~10% ‘

NLONNLL (arXiv:1210.7813)
MSTW2008,,,, — stat. uncertainty

= = =, \ Aout/owt ~20%

0y (stat) +(syst) +(lumi)

aq ke
H

3

Total inclusive cross-section [pb]
@
8

ATLAS@8 TeV:
60 ATLAS, Lm: 203" — 272%21+59+10pb
: \05(95%) <14.6 pb \
aol- ous.Lezzm Bt |
r ev:

LI

LHC combined (July 2015)
ATLAS-CONF-2014-052,
CMS-PAS-TOP-14-009

mosssssssorn | [ 05(95%) < 11.5pb |

Vs [Tev] 0, [p0]
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Top quark mass

@ Complementary Approaches @ LHC:

ft+1j: Pole Mass from Norm. Diff. &
ATLAS: arXiv:1507.01769v1 [hep-ex] 7 Jul 2015

-~ 4 T T T J
£ apATas Eeguopsn™
% 3sf (s=7Tev, 46t -7 18 SeY E
173.7 GeV (best fit) El

* Data 3

251 |

15) |

YT

ROm™, p) =

mP® = 173.7 £ 1.5 (stat.) + 1.4 (syst.) *29

1

Ot Ljet

Aoz 1jet

-0.5

CMS: PLB 728, 496-517 (2014) @

am ole ; my o few %

P p), ps =

(theory) GeV.
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Tevatron+LHC World Combination

‘ Amy/mp=0.4%

ATLAS+CMS Preliminary my,, summary, Vs=7-8 TeV TOPLHCWG

World Comb. Mar 2014, [7]
StatdISFObISF
total uncertainty

= statlJSFObJSF
— — — total uncertainty

My £ 101, (StaUUISFOBISF £ syst) 15 Ref

ATLAS, Ijets (*) — 17231+ 1.55 (0.75  1.35)

ATLAS, dilepton () 173.09 £ 1.63 (0.64 £ 1.50)

CMS, Hjets 173.49 + 1.06 (0.43 £ 0.97)

CcMs, dilepton —e = 172.50 £ 1.52 (0.43 £ 1.46)

cMs, alljets 17349 + 1.41 (0.69 + 1.23)

LHC comb. (Sep 2013)  b—#— 173.29 % 0.95 (0.35 + 0.88)

World comb. (Mar 2014) e 173.34 + 0.76 (0.36 + 0.67)

ATLAS, Ijets - e A 17233+ 1.27(0.75 + 1.02)

ATLAS, dilepton —ie— 173.79+ 1.41 (054 1.30) 7
ATLAS, all jets - H1751£18(14+1.2) o
ATLAS, single top ~ ———e—m—| 172221 (0.7 2.0) 8Tev [10
ATLAS comb. (‘“f‘ﬂe'é?;ﬂ) eid 172,99+ 0.91 (0.48 + 0.78) 77ev (]
CMS, Hjets et 17204+ 0.75 (0.18 £ 0.74) &7ev [1
cMs, dilepton —o—i 172.47 + 1.41 (0.17 £ 1.40)

cMs, alljets o 172,08+ 0.89 (0.37£ 0.80) ¢

CMS comb. (Sep 2014) e 172.38 £ 0.65 (0.14 + 0.64)

May 2015

(*) Superseded by results
shown below the line.

165 170

Consistent within uncert. with World m; comb.

L1
175

I
180

My, [GeV]
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Probing the top quark spin

@ Top Spin Correlations are a powerful test of the SM:
I~ (t: top quarks are produced unpolarised but their spins are correlated in the SM
I~ Different BSM predict different spin correlations, 1) and 2)

@ Measure angular distributions of decay products:

2
+ desE oSy = #1Paicos(87) + Pajcos(6)) + Aaia; cos(d;) cos(6))] ‘

Spin analyser power of particles:

I b [ ¢ [ d ] u]
[a(NLO) | -0.39 | 0.998 | 0.93 | -0.31 |

_ Nike = Nuniike
Niike + Nuniike J

1) CMS @ 7 TeV Chromo-magnetic anomalous couplings: CMS PAS TOP-14-005
" Ecws prefiminary 50T at 15=7Tev_ R ARAA AR RS IR et ATLAS@T7 TeV:
osf- Re(py) = 0.037 £ 0.041 i PRD 90 112016 (2014)
E = =5 casiest observable, Adyp
I2° but there are others,
(Mg + IME L) core

 (IMlge + ML) uncon

(L/o)(do/d A @)

Data

nomina (ren.fact. scales = m)

o024F —— ren/fact. scales = 2*m,

022~ e ren.ffact, scales = m, /2 1 CMS@7 TeV:
| \ \ | | | ]
e d R - PRL 112 182001 (2014)
ol m, [GeV] A A ; _
) ~ N A+ Acyo, With ¢; = cos(6;)
2) ATLAS @ 8TeV Spin Corr. can exclude t masses from m; —191 GeV @95% CL

ATLAS @ 8 TeV fgy = 1.20 + 0.05(stat) + 0.13(sys) PRL 114 142001 (2015) ‘ Afgy/foy =12%
CMS @8TeV gy =0.72 £ 0.09(stat) 'S5 (sys)  CMS PAS TOP-13-015
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Probing the top quark spin

1 desetsGaasay = 31Peicos(61) + Pajcos(6)) + Aayoy cos(61) cos(8)] ‘

Cl
{t Top polarisation @ 7 TeV PRL 112 182001 (2014) o¢@ 8TeV: CMS PAS TOP-13-001

CMS, 501bat =7 Tev
T

x10°
— T T S T
g_ —=— (Data-bkg.) unfolded . — ] CMS prefiminary (5 =8 Tev, L =20 b
\go.esf Syst uncertainty U@ Dilepton tt events ° A=0.42+0.07 (stat) + 0.15 (syst.)
S oeb —reavereneey  IZF cosd, distribution unfolded 2007 - wnoged o 7]
E Zigenerated (CompHEP) -
o 0.55F B to parton level
Y e I p - 24p -t
¥ Ap = N(cos 6)>0—N(cos ;) <0 100+ 7
0.45F 1 0 /P~ WN(cos8,)>0+N(cos 0,)<0 +
oab E Ap = 0.005 + 0.013(stat.) +
’ 4 0.20 (syst.) +
L | t
0 ;-1 o5 o 05 1 + 0.008(prewe,-g‘) o1 05 o 5 1
= cos(6y) cos 6*

I _ P; = 0.82 £ 0.34(tot.
QE tt Results from ATLAS @ 7 TeV: PRL 111 232002 (2013) ! (tot.)
bal LA RAR RN AR AR AR RARN AR T T . . i
S ATAS ot a7t o ar-d I5° Dilepton and ¢+jets tt events
g . Vs=7Tev BBked.  —aP- 03 I Template fit to reconstructed cos6,

s o e I2° Two hypothesis tested:
1500) - .,
1) CP cons. (CPC): t and t with same P
1000 . e . .
2) CP viola. (CPV): t and t with opposite P
SUU

0 A7, oPorc = —0.035 £ 0.014 (stat) £ 0.037 (syst)

0.2 0 02040608 1

cos8( ) cos6( ) agPepy = +0.020 4 0.016 (stat) 3913 (syst)
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The t — bW decay in tt events
Testing a Standard Model prediction:
W, Longitudinal fraction
F

w.
o

[Phys. Rev. D 45 (1992) 124]
Left-Handed fraction

W, Right-Handed fraction

W bosons produced with different helicities:
FsM = 0.687 + 0.005

FM =0.311 4+ 0.005
(Fo+ Fu+ Fr = 1)

F-M = 0.0017 + 0.0001,
@ NNLO QCD calculation, Phys. Rev. D81 (2010) 111503
Antonio Onofre

=] F
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The t — bW decay in tt events

W Helicity from CMS (19.7 fb~'@ 8 TeV): |

A [CMS PAS TOP-14-017]

1971 BTeV) ey pretiminary 197 158 Tev)
oms & gupredeion | [1 32 Systematic Uncertainties (3D Fit):
o T T Fo: Fac./Renorm. scales, jet-parton matching
P L L N top pr reweight
o35t N . Fi: Fac./Renorm. scales, jet-parton matching
T F, = 0.653-:0.016(stat)+0.024(syst)
B r T _ T Fi. = 0.329+0.009(stat)+0.025(syst)
o R F Fo
IS single top important: JHEPO1 053 (2015) Fr = 0.01840.008(stat)+0.026(syst)
stringent limits on anomalous couplings!! ‘ AFy/Fo=4%, AF,/FL=8% ‘
“yH
L
W Helicity from ATLAS (1.04 fb~1) : & [JHEP 1206 (2012) 088]
w1 s wa s ety ‘ Combined (ATLAS+CMS):
S, Eormeutsowt 22l f | | [ATLAS-CONF-2013-033, CMS PAS TOP-12-025]
3 Unc. best fi NNLO QCD
o, Cominaion Fo = 0.626-:0.034(stat)+0.048(syst)
ATLAS 2010 (ingle eptor) 4= FL = 0.359::0.021(stat)2-0.028(syst)
ATLAS 2011 (single lepton) e~ o [
ATLAS 2011 (dilepton) R Hoae
CMS 2011 (single muon) e« o Fr = 0.01540.034(stat+syst)
LHC combination . - A
C-1 -D‘.S 6 : : 0 0‘.5 ‘1

1
cos 8*
‘W boson helicity fractions
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The t — bW decay in tt events

General Wtb vertex Eur.Phys.J. C50 (2007) 519-533
g - _ g zid*q _
L = —ZhyH (VP + ePR)tW - — Zb +grPR)E W
N Y (WLPL RPR)t W, 30 (9LPL + grPR)t W,

Vector (V&) and Tensor like couplings (gi., gr) zero @ tree level in SM

@ Angular distributions of the top decay products (and asymmetries) can be used to
probe anomalous couplings at the Wib vertex 15" Combinations is the game!

A
S T
JHEPO1 053 (2015) g ATLAS CONF-2013-032 ;‘ PRD 90 (2014) 11, 113007
CMS 19.7 fb™ (8 TeV) o i T T T T T T 04— v
— 095; s é - S L onidoions
0.5/ ; J;gl:ﬂ; ;:\/56 ° L E 02

n ] 3
L cL) 1 |
E 03+ 0.07 (stat. ] syst)

£ B 021
05 W@ e8%CL « Best fit 075E 3
£ ] o Futo (CMS 2002
WMo 95%CL SM pred. E q O S Fe o (CMS 3012
0hF i "H3 ez o1 0 01 02 03 04 05 LHC - TEVATRON Topkit
0.2 0.4 imo;) Yo 005 o 005 o ol

Nucl.Phys.B840,349(2010)

-0.4 -0.2 0
Re(g)

@ What next? I=5° extract the spin properties of the mensagers of new physics
from data arXiv:1508.04592v2 [hep-ph] 21 Aug 2015

@ Assuming V;=1 (Vz=0) 5" What is the current LHC status of V/;, in the
SM? What about the top quark couplings to other bosons?
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Top quark couplings to bosons: Vi, @ LHC

Summary of Vi, Measurements @ LHC ?

ATLAS+CMS Preliminary TOPLHCWG May 2015

from single top quark production

NLOTNLL swzoamm —  theoretical uncertainty

PROR3 (011) 091503, PROR2 (2010 054018 — — — total uncertainty
Ac,,,,: scale (] PDF
My = 1725 GeV |vm\ + (meas.) * (theo.)

t-channel:
ATLAS 7 TeV —o— 1.02 +0.06 + 0.02 PP
B cran e s I | V|2 extracted with:
ATLAS 8 TeV —i— 0.97 £0.09 +0.02 o
ATLAS-CONF-2014-007 (203 1b™") ‘ th obs ‘2 = Zhobs. X | th SM ‘2

o

CMS 7 Tev o 1.020 + 0.046 + 0.017 ’ ,SM ’
JHEP 12 (2012) 035 (117 - 1.56 ™)
CMS 8 TeV —em 0.979 +0.045 + 0.016

JHEP 06 (2014) 090 (19.7 1)

CMS combined 7+8 TeV e 0.998 +0.038 +0.016
JHEP 06 (2014) 090

Wt production:

+0.15
ATLAS 7 TeV ——e—— 1031,73+0.03

/|Vip| @ 5-10%

PLB 716 (2012) 142-159 (2.05 o) [E%D
oM 7Tev . 1017018 1003 What about the top quark
PRL 110 (2013) 022003 (4.9 o)
ATLAS 8 TeV e —— 110%0.12+0.03 i
LA o 2013100 (0315%) couplings to the known
CMS 8 TeV* — —_ 1.03+£0.12 £0.04
PRL 112 (2004) 231602 (122 15°) * gauge bosons (v, W, Z, H)?
LHC combined 8 Tev'** —_— - — 1.06 £0.11 £0.03
‘CMS-PAS-TOP-14-009 * including top-quark mass uncertainty
# including beam energy uncertainty
0.4 0.6 0.8 1 1.2 14 16
V!
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ATLAS @ 7 TeV,4.59fb— 1 : ? PRDO1 072007 (2015) O fiy=48(47)£10(10) fo Whizard (MadGraph)

]
g

Events/ 20 GeV

MC/Data

P I o(tty) I measurement of top quark
g E:mvj‘m,mm‘ Eiﬁflﬁtgi EW Coupling to ~ (O( Qt)

S Total uncerainty from fit
10

- fully fiducial measurement
- Analysis: ¢ + jets channel & ~ with
AR(~,£)<0.7, AR(~,/)<0.5, |[mg, — mz|>5 GeV

CMS @ 8TeV,19.7 fbo— &=
CMS-PAS-TOP-13-011

CMS preliminary L=19.7 fo" at is=8 TeV

Number of photons.

Fit residual

o
op® = i

T—— e (Nejets=140 and N, , je1s=222 events in data)

P [Gev]

- ~ isolation used I~ pr.~ Fit w/ Prompt+Fake Temp.

o(tty) x BR = 63 & 8(stat) "'} (syst) & 1(lumi) b, sign. of 5.35

Fiducial region for v: Et . >20 GeV, |A(n), b/b)|>0.1 n,ST’V’ =1.8+0.5pb

Event selection:

I 1 + jets final state ©y

I >4 jets, 2b-jets, Er ,>20 GeV, |n,|<1.444
R= o4, /oG = [1.07 £ 0.07(stat.) £ 0.27(syst.)] x 1072

Ao, /'(Tﬁﬁ ~30%

aggs = 2.4 + 0.2(stat.) & 0.6(syst.) pb ‘

4 6 8 10
Charged hadron isolation / GeV
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Top Couplings to Bosons itV (V =~,Z, W, H)

tV, V=2 W s,
ATLAS @ 8 TeV, 20.3fb~": Q%é [ATLAS-CONF-2015-032]
o TAs Pl eee 1 Multi-lepton final state (e+4) channels:
o e 1 I 3- and 4-lepton exclusive searchs (target mostly {12):
| o(ftZ) = 176152 (stat) + 44(syst) fb

I W Theory uncertainty

I° SS+0S 2- lepton search (target {1V):
o(ttW) = 369153 (stat) + 44(syst) fb
\ Aoy /omy = 30-40%, sig. of 5.00(4.20) over back. for fIW(fiZ)

I
600

300 400

W cross secton o]

CMY
CMS @ 8TeV, 19.5fb~ " : [CMS-PAS-TOP-14-021]
' . Five leptonic exclusive channels:
. 1) T — bqGbqg, blv,bqG, blusblv,
“ )W — v, Z — 0T (€= e, )
" 0F 2,3and 4 lep. & my,— =my ({12):

CMS preliminary]

. o(ftz) = 24275 b
* 05" 2SSand3lep. & m,,— # mz (ttW):
o cross section [fb] ’ O—(ﬁ W) — 382t111)72 b

CMS @ 8 TeV \ Aogy/omy = 20-30%, sig. of 4.80(6.40) over back. for ﬁW(ﬁZ)‘
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tt+HF @ LHC

Semileptonic (7 decays:

- Single tight lepton (e, pw/p7r >30 GeV)
-Nj > 4 (pr >50 GeV)

- Np tag = 2 (using CSVM wrk. point)

CMS o3 (19.6 1@ 8 TeV): B cuis pas Top-13.016

I ff reconstruction in 3 steps:

1) use constrained fit w/ my,, m; (no b-tag info used)
2) jet association using BDT multivariate classifier

3) b-tag discriminant variable> 0.5

I Fid. phase space results from templates fit:

CERLELERELELEE o(fibb) = 271 + 103(stat) & 32.2(syst) + 7(lumi) fo

cramelant e Theory (NLO)=229 ‘j:;é,o fo, JHEP1407,135(2014)
o(ttbb) /o (ftjj) = 0.0117 = 0.0040(stat) = 0.0003(syst)

A
$
N
ATLAS o (20.3 fo—'@8TeV): §§ATLAS TOPQ-2014-10 . T
i @ ) Several analysis for {tb(b):
b egion o opion o epion s s ACAS o | [ 150 depton 4TS Tenal
e amroment oty i oo ¥ & meas. in 3 fiducial phase-spaces:
> i stat. ®syst. |l stat. 7 f ~
i . B {ib, £+jets with Ne=1, N; >5, N, >3
H >
- - tzb?;:,.dllep with Ny = 2, N, >3
. T . + P, n_bb, dilep with N, = 2, N, >4
+ 10 b s | B 1T dilepton (ee, eps, 11p1)D 2 bjgys:
+ thiat 9gta=0.25 N N
A A :m..m.m.:... 4 PounaguPyNaS (nclusive ) Cut-based analysis w/ tight cuts
5101520253085 20 40 60 80 5:,0 1000 |;w 115 2 28 Fit-based analysis w/ looser cuts
" w0 o/ ol (o4 N
g 0] Al O g ] oo o5 %] 3" Results from by,g templates fits:

JHEP1407,135(2014) Theory(NLO) o ({Tbb) /o (1) = (1.09°0:%%)%  o(ttbb)/o(thj) = (1.3 = 0.33gz % 0.28551)%
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FCNC processes (tgX, X =~v,Z,9, H)

@ Several tt FCNC Decay Channels Studied @ LHC:

u,
t :
Y

€ u, ¢ uc
t q t t —p—t v, bW
‘ ! ‘{
g1 g V. bW

Theoretical predictions for the BR of FCNC top quark decays

Process SM Qs 2HDM FC 2HDM MSSM % SUSY RS
t — uZ 8x 10717  1.1x10* — — 2x107% 3x10°° —
t—>uy 37x1071%  75x 109 — — 2x107% 1x10°°® -
t—ug 37x107'" 15x1077 — — 8x107° 2x107* —
t — uH 2x10"7 41x10° 55x10°° — 105 ~ 106 —
t—cZ 1x1071% 1.1 x10* ~10~7 ~10710  2x1078% 3x1075 <i0°°
t—cy 46x107  75x107° ~ 10~ ~107° 2x107% 1x10® <10°°
t—cg 46x10717  15x10~7 ~ 104 ~ 108 8x107° 2x107% <1010
t — cH 3x10°  41x107% 15x10° ~ 1075 105 ~ 108 <10 %

Acta Phys.Polon.B35,2695(2004), arXiv:1311.2028

@ In the SM flavour changing neutral currents (FCNC) are forbidden at tree level
and much smaller than the dominant decay mode (t — bW) at one loop level
@ BSM models predict higher BR for top FCNC decays

5" powerful probe for new physics
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FCNC processes (tgX, X =~,Z, g, H)

{t — fvb + ££q (19.7 fo~ 1,8 TeV @ 5.0 tb~1,7 TeV): | PRL112,171802(2014)

Trilepton selection:

I 3 iso. leptons (e,u) with 2 £+¢~
with 1 pair 78 GeV<|my s — mz|<102 GeV
I EMiss>30 GeV
I > 2 jets, with pr>30 GeV, only 1 bjg;
= Mz, My Cuts
T Results @ 7+8 TeV:
L E—T 300 Br(t — gZ)< 0.05% (obs.) 0.09% (exp.) @ 95% CL
Syst.: Ren./Fac. Q? scales, o7, PDF

10[.CMS, (5= 8TeV —baa |
Ly =19.7 b [ Jt-za@=01%)
M
w, iz
[ oz
[ Jww, wz, zz

Events / 20 (GeV)
©

%é qg — t — W(w)b,20.3tb~! @ 8 TeV ATLAS-TOPQ-2014-13-002

— X1073\ T T T T T T =) x10'3 T T T T
E 16F  ATLAS Preliminary E=Ee I;e\éqz(;_;;‘— 8030 atLas reimnay =8 Tev, 203077 Event selection:
Iy coudedrogon] &£ E )
< ] A R I5” exactly 1 isolated e or i
< 1" =i 1 I missing transverse energy
E 0.15 X region E|
3 Olov\\ Excluded regior u% eXaCﬂy 1 bjet
20E N E
1 ] = Results:
 daot LN 0 dae Br(t— ug) < 4.0 x 10-5(obs.)
7 0.00 002 004 0.06 0.08
ATV B(-ug) Br(t — cg) < 1.7 x 10~%(obs.)
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wra>

Prospects:
Decay Channel 95% CL Limit Data Set and Exp. ’N; 1? U I D G ‘;;L:C‘L‘ HH%
B(t — qg) 4.0 x10~°(qg=u) ATLAS-TOPQ-2014-13-002 R EXCLUDED ]
1.70 x 1074 (g =©) (8TeV,20.3fb~ ") FuoE = REGIONS
3.55 x 1074 (g =u) CMS-PAS-TOP-14-007 = 3
3.44x 1073 (g=¢) (7TeV,5.0 o~ 1) 107 \ J
E ATLAS (2107 | El
B(t — qZ) 7x10 % (g=u, 0 arXiv:1508.05796 ,3: NS (4.6 1) w1
(8TeV,20.3 ) 1 et > w7
5x 1074 (g=u,c) PRL112,171802(2014) [ xrapolated (o 14 Tev: ]
(7TeV,5.0 b~ '8TeV,19.7 b~ 1) 10° - s
I (sequenual) |
B(t — qv) 1.61 x 10-%(q=u) CMS-PAS-TOP-14-003 wil i ——> e ]
1.82x 1073 (g=¢) (8 TeV, 19.1 o~ ") -
Covnl s ool v vl o wabdl il vl
B(t — gH) 7.90 x 10~ 3(g = u,c) JHEP1406,008(2014) 10° 10 10° 107 101( )1
BR(t- ay)

(7TeV,4.7 b~ ' 8TeV,20.3 o~ 1)

4.20 x 1073 (g = u)
4.70 x 1073 (g =¢)

CMS-PAS-TOP-14-019
(8TeV,19.71b 1)

1= Limits @ RUN 1 inthe range 1073 to 10~°

5" 95%Limits @ RUN 2 expected to
improve ~ 1 order of magnitude:

ATL-PHYS-PUB-2012-001 %
ATL-PHYS-PUB-2013-012 K%

CMS-PAS-FTR-13-016

physics from run 1 of the LHC




tt productio he RUN 2 of LHC

CMS oy (42 pb~'@ 13 TeV): g CMS PAS TOP-15-003

42pb" (13 TeV) 42 pb" (13 Tev) ¥ H .
2 oG 2 o {t Dilepton (e* . F):
& 7of Prelminary i H 4SE preliminary I €

a 1 Nonwiz
S o0 s w -1eand 1 p of opp. charge
e £ B e
2 a0

- OS leptons, pr>20 GeV, |n|<2.4

- Mei;l r <20GeV

- >2jets, pr>30 GeV, |n|<2.4
LL++_+_+++++# - Non W/Z back. estimated with SS leptons
R B et T Y R TR - Np=220, Nsjg=207+16, Npy=28.1+5.7

Electron p, (GeV) olet, ) rach /0

ner-»

ATLAS o7 (78 pb~1): % ATLAS-CONF-2015-033

ft Dilepton (e . F):

> AASA RS RARA R AN AR @ 450— T : :
8 ATLAS Preliminary 2™ 7 +
0180 Y4 5§ E  ATLAS Preliminary e Dpata2015 I ff - (e v, b F +v b
€100 F=1aTev, 7’ | BA00E 5 reuount g peeessev] (6= +ve+b)+ (nT +vu +b)
P 350F Wt E - OS leptons, pr>25 GeV, n<2.4
5140 ® Data 2015 3005_+_,=+: = é%es £ v 1 ob 25 GeV
> T = [ Diboson E| -
©120 E s‘lrnwheng E! ss00 B Mis-ID lepton xactly 1.0r 2 bjess, pr> e
100) B Z+jets E - No E"® cut applied
s O Diboson 200= E be
B Mis-ID lepton 0 — N = Loy eqy2e(1 - Crep) + Ny
60 E
2, Ak
40 100 E N> = Loy €uCrer” + N, &
20 50 E - Ny=319, No=167 = 0.527 4 0.026 + 0.006
— 1=319, No=167, ¢ = 0. . :
0740 60 80 100 120 140 160 180 20 0 1 2 >3
Muon p. [GeV] Ny
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tt production @ the RUN 2 of LHC

Cross-Section Increases by a factor ~3 @ 13 TeV

npr-»

q
‘ o = 825 + 49(stat.)  60(syst.) = 83(lumi) pb ‘ @ ‘ o = 772 + 60(stat.) + 62(syst.) = 93(lumi) pb ‘

B [ rssoior Genreiomm | ATUAS Preliminary | & [ Fmamcnetinbiledn” T G broiminay
S 10° " m Atias diepron f5=8Tev, L =203 IS5 10% 52 G s 1760 1220 10 E|
5 [ 4 ATLAS dilepton Ys=7TeV, L=46fb" = C ; gmz :mepmn 8Tev (L:Eam‘) 3
2 [ % Tevatron combined* {5 = 196 Tev, L =88 b 3 [ % CHC combined ey ach(L 5320311 B
73 [ +Preliminary »n I o CMS ey 13 TeV (L=42 pb’) 4
g 1 g Pty ]
S 10? S
e E EREET —
s F EI- E
3 Z £ E
= [ 1 =2 F E
[=} r b [5]
£ L 12 r 1
NNLO+NNLL (pp) | u
NNLO+NNLL (pp) === NNLO+NNLL (pp)
10 Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 — == NNLO+NNLL (pp)
E My, = 172.5 GeV, PDF [ o uncertainties according to POFALHC 10 ? Czakun Fiedler, Mitov, PRL 110 (2013) 252004 E
VAo b e e 0 T (WAl I \ \717\2 SwGEY P?F'\u>uncgnamef acwmm\mg ‘m PPHLH? i |
2 14 2 4 6 8 10 12 14
. s Vs [TeV. P inti o, Vs [Te
Systematic Uncertainties (7.3%) [rev] Systematic Uncertainties (8.0%) ‘s [™V]
- ft hadronization: 4.5%, diff. Powheg+Herwig++ vs - Trigger e: 5.0%
Powheg+Pythiaé Lepton « 4.3%
- Electron ID: 4.0% - Jet Energy Scale: 2.6%
- f1 NLO modelling: 2.2%, diff. aMC@NLO-+Herwig++ -iNLOGen.:  1.9%
and Powheg+Herwig++ - tt hadronization: 1.8%
Statist. Uncert.: 6.0% Statist. Uncert.: 7.7%
Luminosity Uncert.: 10% Luminosity Uncert.: 12%
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tt production @ the RUN 2 of LHC

Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST
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Conclusions

@ Top quark has turned 20, still a long way to go in RUN 2
@ At RUN | =" things went really well: measurements are a World
reality with CDF, DO, ATLAS and CMS
@ Although no new physics seen @ LHC in top quark physics, it
might be just at the corner
@ Many measurements are already dominated by systematic
errors 5" need combinations with dedicated tools
@ Still a long way to get more precision @ RUN 2 (looks really
promising):
@ top quark production (e.g. s-channel single top and Vy,)
@ couplings to gauge bosons (itV, V = ~, Z, W, H) I3 form factors
@ rare decays (t — Ws, Wd, FCNC, new physics)

The phenomenology of top quark physics needs high precision

List of public results from ATLAS and CMS on top quark physics:

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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Top Quark Physics @ RUN 1 of the LHC

BACKUP

SLIDES
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tt productio he RUN 2 of LHC

- CMS Experiment at LHC, CERN
CMS Data recorded: Thu Jul 9 01:29:29 2015 CEST
(' |Run/Event: 251252 / 85041479
- Lumi sectionh140
\ | Orbit/Ce@8sing: 36595725 / 2078

~

\\

0
mugi
N jet from W
N i bjet

extra jet
MET bijet

extra jet
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Charge Asymmetry @ LHC

ATLAS o” (4 7 fb T@7TeV): %QJHEPOZ

A
T
4

107(2014)

ATLAS

Models from:
PRD 84 115013,
arxiv1107.0841

CMS o7 (19.6-19.7 b~ '@

arXiv:1507.03119

19.7 b (8 TeV)

ATLAS+CMS\NS = 7 TeV preiminary

T asymmetry
ATLAS Iets
ot

TOPLHGIG, ey 2015

0.0060.010+ 0,

LO is symmetric >ww<

Asym. Orlgmates in Interference w/

[ CMs
Hjets, full PS

T
4 Data

—— EAG (L5Tev)
—— EAG (20 Tev)

—— QCD (NLO), B&S

Kihn and Rodrigo

Bernreuther and Si

POWHEG

mCanLo

L
1000

mg (Gev)

e 000450010+ 0011 )
et 0,005+ 0.007 + 0,006 - Virtual Corrections |
et -0.010 + 0.017 £ 0.008 .
00123+ 0.0005 - Real Emission
—
fe— 0022001520009 @ Tevatron:
ree oomeooovos | ASM _ g 095 + 0.007 PRL115,052001(2015)
0.0070+0.0003 FB
| | i _N(Ay>0)—N(Ay<0) /\ .
° A o BEN(Ay>0)+N(Ay<0) .
N Ayis =y — yi : / \
@ LHC only qg subsample: ’ B

ASM — 0.0123 + 0.0005 PRD86 034026(2012)
_N(Alyl>0)-N(Alyl<0)
T N(Aly[>0)+N(Alyl<0)

Alyl = lyel = lyil

New Template Fit: arXiv:1508.03862

= - explore the shape of A|y|

05" - use Yj; = tanh(|y;| — |y;l)

I - tit data with templates of symmetric (p.)
and antisymmetric (p _ ) components

A%=[0.33 + 0.26(stat) + 0.33(syst)]%
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The t — bW decay in tt events

Measuring the W helicity states:

sin 67\ 2 1 —cosfr\? 14 cosf:\?
LN ST (SN st (o
Ndcos6; 2 V2 2 2

0; — the angle between the £ (in W rest frame) and the W (in t rest frame)

" 071V =1and g =g, =V,=0 SM 1
(j / Fﬂ:rl)/rmt
b e Asymmetries (@ NNLO):
RN (rescated) N(cos 0 >t)—N(cos 03 <t)
A = £ L
O R |:| |:| \ /] = 'N(cos 05 >1)+N(cos 0} <1)
t ——— W —>) oy A App=-0.2324-0.004
Ay =0.5374+0.004
0 =7 — Oy 3 D |Aj ] A_ =-0.841+0.006

v _ cosB*,
@ Full tf events reconsctruction required (¢+jets and dilepton) and:

=5 fit the cos 6* with templates and evaluate angular asymmetries
[ these observables allows to probe the Wtb vertex and look for new physics
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FCNC processes (igX, X = v, 2)
@ FCNC Direct Bounds RUN | Summary @ LHC:

Decay Channel

§

npr->

B(t — qg) < 4.0x 1075 (g=u) ATLAS-TOPQ-2014-13-002 | < 3.55 x 10~ % (g = u) CMS-PAS-TOP-14-007
<17 x 1075 (g=0¢) (8TeV, 2030~ 1) <3.44x1073(@=c) (7TeV5.0fo")
- 3.1 x 1078 (g = 1) ATLAS-CONF-2013-063 < 0.56% (q = u) CMS-PAS-TOP-12-021
~1.6x 10 *(g=0¢) (8TeV, 1421~ 1) < 7.12% (g = ¢) (7TeV,5.0 b~ 1)
< 5.7 x 10-5 (g=u) PLB712,351(2012)
<27x10"%(@=0c) (7TeV,2.05fb")
B(t — q2) <7x10"%(g=u,0 arXiv:1508.05796 < 0.05% (q = u,c) PRL112,171802(2014)
(8 TeV,20.3fb~") (7TeV,5.0 fo~ ' p8TeV,19.7 b~ ")
< 0.73% (g = u, ©) JHEP1209,139(2012) < 0.21% (g = u,c) PLB718,1252(2013)
(7TeV, 2.1 o~ 1) (7TeV,5.0 b~ 1)
< 0.51% (g = u) CMS-PAS-TOP-12-021
< 11.4% (g = ©) (7TeV,5.0 b~ )
< 0.07% (g = u,¢)  CMS-PAS-TOP-12-037
(8TeV,19.5 b~ 1)
B(t — g7) < 0.0161% (q = u) _ CMS-PAS-TOP-14-003
< 0.182% (q = ¢) (8TeV,19.1 b ")
B(f — gH) < 0.79% (g = U,0) _ JHEP1406,008(2014) <0.42%(q=1) CMS-PAS-TOP-14-019

(7TeV,4.7 b~ ' ®8TeV,20.3 b~ 1)

< 0.47% (q = c) (8TeV,19.7f0~ 1)
£ 0.56% (g =c¢) PRD90,112013(2014)
(7TeV,5.0 b~ 'p8TeV,19.7 b~ 1)

< 0.98%(qg=0)

< 1.3%(g=rc¢)

CMS-PAS-TOP-13-017

(8TeV,19.7f0~ ")
PRD90,032006(2014)

(8TeV, 1951 ")
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Top Couplings to Bosons itV (V =~,Z, W, H)

ttH @ 8 TeV

Lumi = 20.3 fo~1: arxiv:1506.05988v1 [hep-ex], accepted by PLB @
= A T Five final states for H — WW=x, ZZ x andr:
S I="two same-charge (e or p) with no  with hadron. decay

I three light leptons (e or )

I5°two same-charge (e or p) & T with hadron. decay

I="four light leptons (e or )

I5"one lepton (e or p) and two hadronically decaying 7 leptons
Best fit value , = 2.1*" 1<4.7(2.4) @ 95% C.L.

ner->

1027,

Combined|

12’

Best it u(t7H) = o /0y, for m;; = 125 GeV
tteH — bb (19.5 fo~1): k-2 EPUCT5, 251 (2015)

19.5 b (8 Tev) 19.5 b (8 TeV)
cus I R e 20 oms Matrix Element Method:
st b Ex:;ec!ed (sig. inj.) st — .
ll = ovenes I3 Assign Ps and Pg to each event
+ e | IZUse aMax.Like.Fitto Ps/Pg
: I5°Analysis strategy optimised to
Combined [~ Combined (- — separate ttH from ttbb
- . e 3 7 I5°1 or 2 leptons (e or u) required
95% CL limit unu:olUSMal m,, =125 GeV BES[MM:G/GSMEI m,, =125 GeV

Best fit value . = 1.271%, 11<4.2(3.3) @ 95% C.L.
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