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The top quark

UNIVERSITAT

Top quark is unique in many ways

? heaviest, of course... but also:

| | TOP QUARK t
» it's a bare quark, decaying before

il Discovered at Fermilab in
had ron ISI ng 1995, the TOP QUARK

is as short-lived as it is

© massive. Weighing in at

O a hefty 175 GeV, its
lifetime, a mere 10724

O second, is the briefest of

the six quarks. Top
Quarks are an enigmatic
particle whose personal
life is sought after by

? Top Yukawa is the largest SM
coupling

O

thousands of physicists,

Aerylic felt with
gravel fill for

maximum mass.

> and hence largest Higgs mass ses8000008000 $10.49
. LIGHT HEAVY
correction

TOP QUARK

sPARTICLLEZ '0

» There are many of them

O
O
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Flavour changing charged current
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Flavour conserving neutral current
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Three mechanisms (@ LO)

owt (8 TeV)=22.4+1.5pb
owt (13 TeV) =71.7 + 3.8 pb

Oten (8 TeV) = 87.7 25 pb
Oten (13 TeV) =217.0 - pb

Golden channel Observed at the LHC

Can extract |Vw| with
P Omeas. /Otheo. = H:LV'thl2

Wtb vertex structure

s-channel

Os-ch (8 TeV) =5.6 + 0.2 pb
Os-ch (13 Te\/) =10.3+04 pb

Challenging at the LHC

? fw left-handed FF including new physics

> independent of Ngenerations or CKM unitarity

Assumptions

» Wtb SM-Llike, left-handed, weak coupling

|Vib| >> [Vis|, |Vid]

Agreement in all 3 processes with SM

[ M. Cristinziani |

Single top production and decay

ATLAS+CMS Preliminary LHClopWG May 2017
If V! = (;meas from single top quark production
theo
Ojneo: NLO+NNLL MSTW2008nnio
°PRD 83 (2011) 091503, PRD 82 (2010) 054018, —tv—t—
PRD 81 (2010) 054028
total theo
Aoy, scale ® PDF
My = 172.5 GeV
If,, Vil = (meas) = (theo)
t-channel:
ATLAS 7 TeV' —i—] 1.02 = 0.06 + 0.02
PRD 90 (2014) 112006 (459 ™)
ATLAS 8 TeV H=H 1.028 = 0.042 + 0.024
arXiv:1702.02859 (20 21b™") :
CMS 7 TeV ; e 1.020 = 0.046 + 0.017
JHEP 12 (2012) 035 (1.17-1.56b™")
CMS 8 TeV p o 0.979 + 0.045 = 0.016
JHEP 06 (2014) 090 (19.7 fb™") 5
CMS combined 7+8 TeV e 0.998 =+ 0.038 = 0.016
JHEP 06 (2014) 090 :
CMS 13 TeV* . e+ 1.03 £ 0.07 = 0.02
arXiv:1610.00678 (2.3 fb™") :
ATLAS 13 TeV?® —t— 1.07 = 0.09 = 0.02
JHEP 04 (2017) 086 (3.2fb™") :
Wit: :
ATLAS 7 TeV 1 - | 1.03 7010 0.03
PLB 716 (2012) 142 (2.05fb™") :
CMS 7 TeV } ot 1.01+0:16 +003
PRL 110 (2013) 022003 (4.9 fb™") -013 -0.04
ATLAS 8 TeV " ) —t 1.01:0.10 = 0.03
JHEP 01 (2016) 064 (20.3fb™") :
CMS 8 TeV' , —te—t— 1.03 = 0.12 = 0.04
PRL 112 (2014) 231802 (12.2f0™") :
LHC combined 8 TeV "’ ——— 1.02 = 0.08 = 0.04
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019 :
ATLAS 13 TeV? e | 1.14:0.24 +0.04
arXiv:1612.07231 (3.2fb™")
s-channel: :
ATLAS 8 TeV* b . | 093278 +0.04
PLB 756 (2016) 228 (20.3 fb™') :
! including top-quark mass uncertainty
2 Gyeo: NLO PDFALHC11
NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty
1 1 1 | 1 1 1 | | 1 1 ' 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
If LVl
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Wtb vertex structure

UNIVERSITAT EPJC 77 (2017) 264 W l t tt t
po arisation in events
2 0.18F | ‘
c ATLAS Slmulatlon M+ >4 jets = 2t395 ]
l dU — g (1 _ 0082 9*) FO g 0. 167 (s=8 TeV Leptonic Analyser : E;Qf’:‘:,::gggd
o deost” 4 —Longhuanal - AT e 3
3 3 s - ® 7000 . - —
+§ (1 — cos 9*)2 Fr + 3 (1 + cos 0*)2 R 0'125 S s000F fptomc analyeer -EZf:ground =
0.1 P — [Ldt=202", 's=8Tev : —
Fi = 0311+ 0.005, Fr = 0.0017 +0.0001,  °%F g so00p el zbas) pios (- 2btog)
’ ' ' ’ 0.06] TR = E
Fy = 0.687 % 0.005 " = -
: 3000~ =
2000 =
Structure of Witb vertex  SSssssisrsosoisess E
cos 0* 1000¢ =
? angular distribution of W decay products = of
| | : s ;%WWWWW%WW%%%
> kinematic reconstruction of the tt system ° ® s o
8 _
: - Lwip =——=by"(VLPL + VRPR)IW
> analysers: charged lepton (d-type quark) from W h=="r u
. . . g -la“” _
> template fit used to extract helicity fractions ~ 5b g, BLPL+ grPRIV,
ATLAS+CMS Preliminary LHCIOPWG May 2017 wagm! 5 1.0 ATLAS .
. . _ ;rgoe;r();o(!:)r\fh%ggm FR I:L FO g 0 8:_ -1 .32202 gll:
Result using leptonic analyser e Data F Ry : :fL dt = 20.2 fode=——» mesavclL
+0.015 ATLAS 2010 single lepton, {5=7 TeV, L, =35 pb! H—e—H HH—H H——a—H 0.6:—\/5 =8 TeV
Fo =0.709 £ 0.012 (stat. +bkg norm.) —0.014 (SySt') ATLAS 2011 single lepton and dilepton, Y5=7 TeV, L, =1.04 fo" HeH Fa ] B EFTfitter
Fr. =0.299 £ 0.008 (stat.+bkg. norm.) +8 83 (syst.) OMS 2011 single lepton, ¥s=7 TeV, L =2.2 o' * HeH H——i 0.4 V=1
LHC combingtion, fe=7 TeV | : VR=0
Fr = —0.008 £ 0.006 (stat.+bkg. norm.) £0.012 (syst.) ATLAS 2012 sl eton, (-0 74V, L, 20215 0.2:—
CMS 2011 single lopton, {5=7 TeV, L, =5.0fb" i HdH 0.0 @
Dominant uncertainty SIS 2012 single top, (s=B Te L, o7 . o T I
S_Igﬂ%ﬁ?&%g:ggle lepton, {s=8 TeV, L. =19.8 fo” A Hi _0_2_—
CMS 2012 dilepton, \s=8 TeV, L, | 197fb‘ [ HaH -
cuerRSTORERT * superseded by published result —0_4_ TR L. l l
— T - 0.4 0.2 0.0

[ M. Cristinziani
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Wtb vertex structure

Search for anomalous couplings

Single top t-channel
» using 7+8TeV, p+jets only

Strategy

» Bayesian NN (BNN) for S/B separation
> dedicated anom. Wtb BNNs for each scenario 501" (7TeV) + 107 10" 8TV

Limit extraction

? simultaneous 2- or 3-dim fit to SM BNN

O
O

Results @ 95% C.L.
IfvR| < 0.16
Ifrt| < 0.057
» -0.049 <frR < +0.048

[ M. Cristinziani

Two-dimensional fit

5.0 (7 TeV) + 19.7 tb™ (8 TeV) 5.0 fo™' (7 TeV) + 19.7 tb™" (8 TeV)
1.4r 1.4¢
<z - CMS [ 95% CL observed <z " CMS [ 95% CL observed
1.3 [ 68% CL observed 1.3 [ 68% CL observed
1.2 ? o e T - 95% CL expected 1.2 ? - 95% CL expected
1.1E ™ —— 68% CL expected —— 68% CL expected
1,
0.9F ,
07 07f
0 6 T B B AR A A S O 6 T R B S A R
-0 0.1 02 03 04 05 06 07 -0 0.05 0.1 0.15 0.2 0.25 0.3
R L
17 If+]

[]95% CL observed
[ 68% CL observed

C - 95% CL expected
0.6— —— 68% CL expected
.....................
0.2 0 0.2 0.4 0.6 0.8
fR
T

g O'M'Vay
N

Three-dimensional fit

€= T byk (FYPL + fRPR) tW;, — L (FRPL + fRPR) ¢

V2

5.0fb" (7 TeV) + 19.7 fb™" (8 TeV) 5.0 fo' (7 TeV) + 19.7 b (8 TeV)
0.4 -
ﬂ‘:’l— - CMS [ 195% CL observed q:ql_ 0.3 ;CMS [ ]95% CL observed
0.3 [ 68% CL observed s [ 68% CL observed
) - 95% CL expected 0'2; - 95% CL expected
—— 68% CL expected - —— 68% CL expected
0.1
or
: QA T
0.2 c
o 0.2
~ Co v by v by by by by Eeooa b b b by b by b by bagay
03y 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 025 0.3 035 0.4 045 05
L R
If4] I
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JHEP 04 (2017) 124

Angular asymmetries

? top-quark polarisation

W boson spin observables

? unfolded at parton level
as
helicity
fraction
basis

Extract limits on a.couplings
> -0.18 <Im[gr] <0.06 @95% C.L. |

[ M. Cristinziani

Wtb vertex structure
t-channel angular analysis

CMS measures top quark asymmetry smaller then predicted (20)

Asymmetry  Angular observable

Polarisation observable

SM prediction

Apg
ARy
Arp
Agc
Afg
Ak
Ay

N,¢
App

cos 6y %ong 0.45
cos Oy cos 6 SP(Fr + F) 0.10
cos 0} 3(S3) = 3(Fr — F1) —0.23
cos 0} 3./3(Ty) = &(1 - 3F) —0.20
cos 07 3(S1) 0.34
cos 0¥ —3(S5) 0
cos 0 cos ¢, —2(4) —0.14
cos 0 cos ¢y 2 (As) 0

LA L Peosty)
—— = = ax I’ cosbx - +
I dlcosfy) ~ 2 o P =0.97 + 0.12
T | T T T | T T T T | 1T | T T T | L
ATLAS ATLAS
= 2 fb "o s=8TeV, 20.2fb"
's =8 TeV, 20.2 fb AL, \'s
@+ A}X‘VB —@ —i <S3>
—9— A ——— <T>
—+O-+4 Acc o <S>
HO AN, —p-o+— <S>
— @ A,IB —@ A <A >
o4 ¢ SM prediction A':gf’ 4 SM prediction ‘e <A>
— Stat. uncertainty . — Stat. uncertainty
' *— — Total uncertainty AF’S) — Total uncertainty
I| I|III|III|III|I II|III|III|III|III|III|III|III|I
-0.2 0 0.2 0.4 0.6 -06 -04 02 0 02 04 06 038
Angular asymmetry W-boson spin observable

15" Conference on Flavor Physics and CP Violation



ATLAS-TOPQ-2015-11 Wtb vertex structure
Triple differential decay rates

Normalised triple-differential (0,07, ") decay rate of top quarks

» complete description of anomalous couplings in Wtb + top polarisation
? relate to helicity amplitudes int—=Wb

d/n

R B B e A maa e
0.14— ATLAS Preliminary X Best Fit —

2 k Y ] ;ATLAS Prellminaw % Best Fit E
1 d3N . - . Vs =8TeV, 20.2 fb igsM%CL ] 0.061~ ys=8TeV, 20.2 b iggﬂ/ o ]
N d(cosO)dr YN a2 Y0, 000", 0. e |
k=0 1=0 m=—k 1% . f
- E -0.02; 7
9 ak.,m = 0, parameterised by i ;
%" 0.020.04 0.06 0.08 0.1 0.120.140.16 0.18 0. s T oiE 0 o v e o a A o
i : + + :
» 3 amplitude fractions fi, f1*,fo G a

» 2 phases 0-: can imply CP violation, d: not observable

» anuisance parameter e T L N

Strategy and results ; . 4
9 glObal fit With all COI‘I‘ElationS : 402 03 04 05 06 :1):020150100500050101502
> extraction of limits on anomalous couplings L

? no assumptions on values of the other couplings

i
o
A R B A Tl
<
: @
o
| B B

-0.31- x Best F‘i |
£ 68% CL
[ ] —04F 95% CL =
In agreement with SM |
“““““““““““““““““““
-0.4 -0.2 .2 0.4 0.6
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Inclusive tt production

B‘ | T T T | T T T | T T T | T T T | T T | T T T
o — v Tevatron combined 1.96 TeV (L < 8.8 fb™) . ]
e | e CMSdilepton+jets* 5.02 TeV (L=27.4pb") ATLAS+CMS Preliminary May 2017 |
(- m ATLASeu7TeV(L=4.6fb b
o) o CMSou7TeV(L=5Mb LHCIopWG
— 3 m ATLASeu8TeV (L=20.2 fb b
O 10°F e CMSeusTev(L=19.710") —
O — v LHC combined eu 8 TeV (L = 5.3-20.3 fi") ~ -
N ~ m ATLASep13TeV (L=3.21b") —
7p v CMSeu13TeV(L 2.2 b7 ]
N o ATLAS ee/uu* 13 TeV (L=85 pb b | | | | | _
O — O ATLAS l+jets” 13 TeV (L = 85 pb’ b -
&) | A CMSl+ets 13 TeV (L=231b") I 1
= O CMS all-jets* 13 TeV (L =2.53 fb ) 900_ -
D 5 * Preliminary i i
= 10 = I 1=
5 = 800F 13
- — i 1 -
© N | 4 ] -
< u 700 7 -
- NNLO+NNLL (pp) I 1 -
NNLO+NNLL (pp) ! ' ' ' | .
- . 13  Vs[TeV]
1 O | Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 |
— ¥ NNPDF3.0, m., = 172.5 GeV, aS(MZ) =0.118 = 0.001 ]
B | ] | | | | | | | | | | | | | | | | | | | | | |
2 4 6 8 10 12 14
[ M. Cristinziani ] FPCP 20]7
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%—{: urc CMS-PAS-TOP-16-021 tgt
onversaT T e (ERICHA2017)220 Measurement of tt+jets

Differential distributions in Njets Tuning parameters in matrix-element,

: : parton-shower, additional radiation
? extensive measurements in Run-1 CMS Preliminary 10 -1 (5 TeV)

. . . - T; . —e— CMS Data
2 including events with veto on extra jets Sroal | IR
— improve modelling in simulation R S - pecevormar

— == — MG5.aMC@NLO [FxFx] P8M1

Latest results at 13 TeV

> tt+jets in dilepton channel

4
e
v

s TE
S 1.2 —
A r
n I I I I 3 |8 T T T T T E, 1E
S - ] Z 1t ATLAS - S =
C 10°: ATLAS —— 2015 Data 4 Ol e 13TV, 321" g °8F
o F -1 Ctt ERI - e add. jet p_=25GeV - 0.6 —
> _13TeV,32fb i (=1 pil . ] L letpy | ol b b b b b b
W 10° = Add. jet p_ = 25 GeV gt\;v(tz pile-up jet) = 10 m—— _ 50 100 150 200 2{0 B 30?:1(1 . ?50 " \4;]00
E E F eading add. jet pr [Ge
1 04 3 5 gi?)itssons E C powegrPyhias CMS Preliminary 2.3 fb~! (13 TeV)
E 3 —— Powheg+Pythiai - s
. . _2 | . _ KSR L
103 ; ] MisID leptons h 10 % ':' hsﬂrifazl\\/llg?NLO+HerW|g++ % gé c , e MSDI
E | —e— 2015 Data ] —~Is 0.5 ?:?f —e— Powheg v2 P8M2T4
ok - E== Stat. f L —=— MG5.aMC@NLO [MLM] P8M2Ty4
10 1073 | = Stat+Syst = 0.4 — —+— aMC@NLO P§M2T4
o ‘ ‘ ‘ — - ——4— MG5.aMC@NLO [FxFx] P8M2T4
10 © " F 0.3 C e — < — Powheg v2 PSM1
s l.cF B k — < — MG5.aMC@NLO [MLM] P8M1
a - .
= = B — <~ — aMC@NLO P8M1
1 LE) 0. i 0-2 = ~ ©- — MG5.aMC@NLO [FxFx] P§M1
0.6E -
£ 12F * Datast:l\t unc | | g 140 Y E
© L . . ] — 1 2’ L
C © 1.2F B
g. 1 - Q 1 *“m““ 1 Ig g‘ |
L E (@) C D=
8 0.8 J1 = 0.8} ; : 11 B
o T | | | | i 0.6 —— Powheg+Pythias O 3 L 105 ’\ I
C ] . . . . . s E
O 1 2 3 =4 £r 1'()E_::ﬁ:::. I
0 1 2 3 =4 - _ 0.95 £ ===== |
" : Number of additional jets N —.—‘ !
Number Of addltlonal JetS 6,2 g\ L ‘ L L L L ‘ L L L L ‘ L 1 1 1 ‘ 1 1 ! 1 1 ‘ 1 1

o} 1 2 3 4
additional jets

ot (A
icti i i ol - ﬁ,.i\‘
[ M ) C rl Stl n Z I a n I | ] E"'(Pou[gtg ]“Ian%l’Qsics];mZ\'iolﬂliou i‘ &%é@é))j/%
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05.10 ¥

o Measurement of tt+bb

Important test of OCD e 2R (2 TN
_ _ _ o T .tib_b WtLF lSil?gIet

> tt+jets and tt+bb irreducible background Bl Third et gack gay o pata

for difficult analyses like ttH

Measurements

» severalat7and 8 TeV
o 14 IR AR R ]
> new result at 13 TeV using dilepton channel A e
2.3 fb é 065 02 04 06 0B 1
b jet discriminator
> also in visible phase space and as ratio cms 2.3 1! (13 TeV)
. %10 HII o .tlfb.E I.tiLIF | léirllglleté
(O / T j)vls = 0.024 + 0.003 (stat) 4 0.007 (syst). 20 Bl Dy Wl
Oapp/ O = 0.022 £ 0.003 (stat) & 0.006 (syst). ;
» good agreement with expectation :

Systematic uncertainties dominate

> largest contribution from b-tagging and
mis-tagging of c- and light jets

57 B
[ M. Cristinziani ] FPCP 201/ =i Sy
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CMS Preliminary

tZt

Measurement of ttW & ttZ

36 fb™ (13 TeV)

control

////////
////////

100

s data W [ nonprompt
- MWZ [rare charge mis-ID

‘ Lsignal region 8

region

///////
///////

///////
///////

////////

[ ‘ h f h
X F 19)(639) (33 ' tZ — (bj)(bi5)(iJ)
L z 152 - (bi)bif) ()
a W — (blv)(bj ) (1) t1Z — (blv)(bjg)(U)
u W (bl) (Bl) (i) & tZ — (blv)(blv) (1)
. " Y - y
New: analysis of full 2015/16 13 TeV data
» 2 same-sign lepton — ttW, BDT £
> 3 or 4 leptons — ttZ, cut & count e

> several signal regions based on Njets and Np-jets

400

200

~1 -0.5 0
CMS Preliminary 36 fb™ (13 TeV)
- ¢ data [ nonprompt W)X -
'BWZ [rare ttz |

3L

SS 2L
» furthersplitin++and - -
? non-prompt background from low BDT score region

3Land 4L

? non-prompt lepton background from control regions

. WZ/ZZ from simulation, validated in control regions

[ M. Cristinziani | ]

uee

eee

"X

0.5 1
BDT score

CMS Preliminary

10°

10

¢ Data
W Zz
[rare
B t(t)X
1 Z/WZ+X
[tz

FPCP 2017 ==
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36 fb™ (13 TeV)
‘ 1T 17T ‘ 1T 1T




Events

: % uer CMS-PAS-TOP-17-005 tZt
Results and EFT interpretation

CMS Preliminary 36 fb™ (13 TeV)
I

CMS Preliminary 36 b (13 TeV) CMS Preliminary 36" (13 TeV)
I I C ]

60 T T T T 1 T T T T T T T T T T T T T T T 7 T T 7] I
- ¢ data e ttw i nonprompt ZL t(t)X 10t 3L ¢ data ttZ B t(t)X [ eData [Jiz mt®X
u Wz Irare [ charge mis-ID Wz Wirare [ nonprompt =35 mzz [@rare mnonprompt
B l : ! ijets =0 i Nb jets — 1 ; ijets =2 . 30? 7;
o— T I : ' ' 10° = EPY: ll.L ]
~ BDT[0-0.6] - BDT > 0.6 © BDT[O - 0.6] BDT > 0.6 ]
L 10? =
20 o E
10
0 2j  3j1bj 3j=2bj =4j1bj =4j=2bj 2}  3j1bj 3j=2bj =4j1bj =4j=2b] 2j  3jibj 3j=2bj =4j1bj =4j=2bj 2j  3jibj 3j=2bj =4j1bj =4j=2bj 1 2 3 =4 2 3 =4 2 3 ﬁl
jets

CMS Preliminary
T T T T T

Measured cross sectionat13TeV 2=
o(ttZ) = 1.00750s(stat.) T015(sys.) pb 2

T T T T T T

L ] 2-d best fit !
— 68% contour
— 95% contour
— 1-D best fit
B DZ+10
=1-DttW =10
3 ttZ theory
#5 ttW theory

(W) = 0.80 T912(stat.) T913(sys.) pb

EFT Lagrangian

4\\\\‘\\/

OO
o
N
o
~
o
[o)]
of
oo
-
-
N
-
»~
-
[o)]
-
(o]

? do not consider NP couplings to first and S

CMS preliminary 36 fb~1 (13 TeV)

second generation or affecting tt, H, or diboson
- * ¥ I 1200 /
> consider NP effects on ttH, ttW and ttZ n
__ 1000 ¥
é 800 \\%\1\\
Wilson coefficient Best fit [TeV %] 10 CL [TeV 7] 20 CL [TeV 7] S 600 + 2ovestt
Cup/ A2 +0.1TeV 7| 32 [0.0,44] [0.0, 5.4] .o o ey
€0/ A? +185TeV 2| 191 [5.0,26.4] [0.0, 32.5] e locl
Cuw / N2 30 [4.1,-15]and[1.2,4.1] [-5.1,5.0] 200 o by
Cru/ A? -9.4 [103,-8.1]and [0.1,2.1] [-11.1,-6.6] and [-1.4, 3.0] O 206 a6 s a6 icos 170D 1bo

Otiw [fb]

[M. Cristinziani | ] FPCP 2017 == &%
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Ty

ovesariiis - RS Measurement of tty production

First observation (5.30) with 7 TeV data ATLAS NLO reton based
» measurement in a fiducial volume, Et(Y) > 20 GeV stat tota

? non-prompt photon contributions data-driven
/s =8 TeV 20.2 b

This work !

> template fit to track isolation variable

New for FPCP2017 paper with 8 TeV data 571w s L.

PRD 91 (2015) 072007 )

> also differential in photon prand |n|

I
0.5 1 15 o oM

tty tty
; =T T T I T T T T I T T T T E :I TT I T TT I T TT I TTT T TT TTT T TT I T TT I TTT I T TT I TTT T It % I I I T I I I T
2 o ERRE S 4 O 10t ATLAS o Dat .
10} i ATLAS ] 2 —ATLAS — NLO Pred. . g = ata E
g ] ] C e -1 . ) - -1 B ]
2 5 \s=8TeV,20.2fb" 1 £ 160F\Vs=8TeV,20.2fo" ¢ Data(Stat) £ [ Vs=8TeV,20.2fb v
o Single lepton channel 1 £ 140FSingle lepton channel ¢ Data (Stat.+Syst.h U°>J’ " Single lepton channel e—y Fakes
S 4 1 5100 ] I Prompt y Bkg
25 f © T he 10° . Hadronic Fakes
S - — NLO Pred. ] © 400 - > . .
e § Data (Stat.) B - 7/ Uncertainty
2: ' ¢ Data (Stat.+Syst.) - n
i (Pl I i
1: i - il
O:I ‘ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
t- S S S " ............................................ E R g 11-21 I N T
e s T T i 5 B b
g oah " Y % _ % , g%//ﬁy,ydy/ lllllll ,/////////////// ////////////
o - 150 200 250 300 & © Ll il
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tHt

ttH production

Run-1 ATLAS+CMS combination

P M = Omeas./ Otheo. = 2.3"07 g6
? 4.40 (2.00 expected)

Latest Run-2 results (CMS)

» multilepton: 3.30 (2.50)

> tau-lepton channels: 1.40 (1.80)
» search for tH

ox BR [pb]

CMS Pre/lm/nary

CMS Preliminary

35.9 b (13 TeV)

u=1.5 ig: |:

-1-050 05 1

35.9fb (13TeV)

- pp — tH +1tH
H— WW/ZZ/TT

R =Rt
0

—e— Observed I|m|t(
- - Expected limit (¢
[0 +1 standard dev.

+2 standard dev.

(r{ﬂi‘%‘H x BR (ky = 1.0)
x BR (ky = 1.0)
BR( rky =1.0)

BR)
x BR)

..........

m, = 125 GeV

3 (stat. ) "

15 2 25 3 35
Best fit w(ttH)

[ M. Cristinziani | Top quark production and properties ]

‘" Conference on Flavor Physics a1

d CP

Violation



FCNC
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Charged current decays
> BR(t—Wb) = 99.8%, BR(t—Ws) = 0.2%, BR(t—=Wd) = 0.01%

Flavour changing neutral current decays
2 forbidden at tree level in SM
2 strongly suppressed higher orders t +

? some BSM predict large enhancement

Look at Z ¥
> Higgs, Y, Zor gluon

Process / SM \ 2HDM(FV) 2HDM(FC) MSSM RPV RS

t— Zu <1077 <10°%

t—Ze <1077 <107 <107°
t — gu <1077 <1076 -

t — gc <1077 <10°% <10°10
t = yu <10°% <109

t = ye <107 <107 <107°

t — hu
t — he

<107% <1079
< 1073 310-9( <104 ,)
arXiv:1311.2028 [hep-ph] (2013)
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g‘ . i [EPICT6(2016) 12
erc

"-"_-:-,’:‘::'.:’, ATL-PHYS-PUB-2016-019

¥ oMY
Search for tt » ZqWb Lo = —55 iy (X P+ XR B 12, — 5T 2
2CW ZCW myz
1 [T T 1T TT1T TT1T T 1T T 1T TT1T TT 1110 74V\\ TTT TTT TTT TTT TTT TTT TTT T 1]
> three lepton final state 3 ST T 3 T T 3
. . e e . 2 2 [s=8Tev, 203fb‘;::,zbqus'g"al & 6l s=8Tev, 203fb1;;f,zbqus'g"a' S
> pair objects and minimise X© £ * mows | £ (A
: AR L
- 'ake leptons 9 = ake leptons =
3 j stat. uncertaintyi 4; stat. uncertainty{
2 2 2 L | : ]
, (e o) (R ) (i = mw) :
X = 02 + 0_2 + 0_2 2? N
IFECNC Ism w F
‘\ \‘\\\‘\:
280

200

120

160

Results
» BR(t—Zqg) <0.07% (0.08%)

Extrapolation
» sensitivity increase at HL-LHC, 3ab™’

“V't—=Zu “0"t—=Zu “y’t—Zc “0’t—=Zc “y't—Zu+Zc “0’t—Zu+lc
43-107° 43-107° 56-10° 58-107° 24107 2.5-107°
[ M. Cristinziani ]
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FCNC tZq

(KL];tPL + Kft PR> tZ,

7\‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\‘7
- ATLAS e data

1----lt quZslgnaI
7\/7 8 TeV, 20.3 fb” o vz =

r Il other 31
r B v
- fake leptons

stat. uncertainty i
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140
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ﬁ 1§IIIIIII T IIIIIII| T IIIIIII| T T T T T IIIIIII| T IIIIII%
N 95% C.L.
*\Tj - EXCLUDED -
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M " ETCDF (ay=or on E
= qr=cy only) N E
Y \ ]
1072 E
- L H1 3
L “ (qy=uy only) |
1073 .-ATLAS -
- CMS .
1074 s ZEUS 3
- ~ (qv=uy only) 3
10°F =
_I IIIIII| L1 IIIIII| L1 IIIIII| 11 ||JII| 111 IIIIII| L1 IIIIIT
107 107 107 107 10~ 1
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FCNC tZqg

Production and decay vertices
» three lepton signature
> training two BDTs: BDT-tZ and BDT-tt

CMS 19.7 fb' (8 TeV)

T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T CMS 19l7 fb—1 (8 Tev)
F' E , data E 24 T T I T 1T 7T I T 1T 7T I T 1T 7T I T 1T 7T I L I L I L I L I LI
o 16F 7z o 3 —F + data 3
-~ 7 — ] o 22¢ EmtZq E
o 14f i B onprompt 3 =~ 20F =
- o 7 97 Cwz ] n o [l nonprompt
c E Y, 4 = += 18F wz 3
S 12f 7 7 EEWz+hi. = 18F 3
S E ;/; zz . o 1 6 - Bl WZ+h.f. =
W 10F v 3 > J4E Lz 3
o %77 2 uncertainty L E ItV ) E
8 :_ ; 77 . — FCNC _: 12 = :gileétamty 3
6F 2 - 10F _ 3
C 7 ] 8F =
4F - ? E 2 E
= 2 : 6F ;
2F 7 E 4t =
ST — . 2t E CMS 19.7 b (8 TeV
=90 oF E —~ ¢ (8 TeV)
@19 7 ?//;’////;yi’/jf//%gégé;? 7777 215 o i & o.18f !i Observed
=1 L ’//( ....... / ?// // /5/2 ,,// ./.%/.;/ ............................................ i = | — RGN, 772,997 7 &N %// ] — L o,
@ 0.5 % 7 < R C el ,
D oLt Loy b b by by g 1y ///‘f R R R *(B' Q.5 4 R 2 72 S N 0.16— s _— Expected
‘1 ‘08 ‘06 '0 4 -0 2 0 O 2 0 4 0 6 O 8 1 D 0 I B | v by b b P P b by 1\ B \-_
BDT discriminant -1 -08 -06 -04 -02 0 02 04 06 08 1 014 " == Expected 68% CL
1Z-FCNC BDT. discriminant =
tt-FCNC oM C .
012 B
A2 X
- \\ .
0.1— \
C N .
R It - *
esu S 0.08— A T
N ‘
0.06— . '
0 O = S \ * N
? BR(t—Zu) <0.022% (0.027%) oo
o o 0.021-
9 BR(t IZC)<O.049/0(0.118/0) 0:\\\\‘\\\\‘\\\\‘\\\\'1‘\H‘HH‘HH‘HH‘\'T"\W‘HH
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

B (t — Zu) (%)
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-t—-)~/ ' T PLB 749 (2015) 519
N (™ o FCNC tHq

UNIVERSITAT . JHEP12(2015) 061 ATLAS-HIGG-2016-26

B aiming atH— WW’ TT,ZZ 2 First Run-2 FCNC search: H— YY (36/fb)

> reinterpreting ttH searches 7 Use leptonic and hadronic top (split into
two categories each)

"""""""""""" 5,‘ T T T T T T T T T T T T T T T T T T T T T T ]
H » bb E 145 ATLAS Preliminary V6 = 13 TeV, 36.1 fb 1\53 45;ATLA§Pre|iminéry ' 5=13TeV,36.1 1" -
Y 1oF e D o "“E Leptonic category 1 Dat E
P B ot 18 4 : C?)niinuum bkg. 7
] I Continuum bkg. 7 > = ! -
] I G 10— (| | | i jw 35 + SM Higgs
? dedicated analysis : il I
8 - 2 E
. 255 =
> splitin regions (Njets, N : 1 s
split in regions (Njets, Nb-tags A 1 :
. 1.5E- E
40 ] = =
C ] 1= —
H — 2 1 ose !
YY Q0 Tio 120 930 140 Tt T Q0 "Tio 120 130 140 180 160
m,, [GeV] m,, [GeV]

2 limited by statistics e

—
®)

——T 7T
ATLAS Preliminary Vs =13 TeV, 36.1 fb”! E
t — cH(yy)

107"

Run-1ATLAS combination
» BR(t—Hc)<0.46% (0.25%) Result P

-3 PR S I T S SR R N X
10 2 3 5

> BR(t—Hu)<0.45%(0.29%) e BR(t—Hc) < 0.22% (0.16%)
» BR (t—Hu) < 0.24% (0.17%)
[ M. Cristinziani ] FPCP 2017 s g
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Associated ty production
2 BDT training

Results

» BR(t— uy)<13-10-*
» BR(t—cy)<17-10*

Anomalous couplings
> Ktuy < 0.025 and Kicy < 0.091 using NLO

[ M. Cristinziani

= JHEP 04 (2016) 035
erc

Events / 0.1

Data/Pred

-
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0 = . . . . . . .
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/N\ 1% ||||| T T TTT ||| |I T ||||||| T T I |§
(op = = =172 GeV 95% CL =
? = fEUS (g=w) 2 -t GZV\I excluded region ]
4+ 10-1 E 3
o E _CDF m=175 GeV. I E
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10t | | E
103 = ATLAS |m=1725Gev | -
C CMS m=172.5 GeV | .
41 |
107 E CMS | E
= m=1725GeV | H1 (q=u) =
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EPJC 76 (2016) 55
JHEP 02 (2017) 028

FCNC tgq

tgq vertex can be probed in single top production

U, ¢ b q ¢ q t m_ 4 : q'; g t
t , |
B Wb W or Wb] q q @pﬁm q q " q

multijet BNN, SM BNN +
two dedicated BNN

top-quark softeyr than in SM, large pt(W),
different charge asymmetry— NN

<10° 19.7 b (8 TeV) x10° 19.7 b (8 TeV)
3 F o ae T e a1 = 180001 o 6F L Data
& 250001 ATLAS ; o RS S . bata = CMS 8- CMS Ltu
s r S\F$=8|Tev_, 20310" o Single top ] >, 16000[-ATLAS , ——FCNC(50pb) | a3 e ¥ o
« [ Signal region f ] 2 F(s=8TeV, 20.3fb" m Single top ] € r ---tcg
@ 20000 g . L ] g 14000( signal region - = L%’ w [ ¢ channel
L W+HF B C + ] [
§ r - Z+Tets, diboson ] w 12000 B W+HF - 4f []schannel
w 15000+ I Multi-jet B L [0 Z+jets, diboson ] i twW
r 222 Uncertainty 7 10000~ I Multi-jet — m ft
r . C EZ2 Uncertainty b Waliaht
10000/ - =Wié9
g 1 , =1 W+QQ
5000 . ‘ ; = 4 b 1/ W+QX (UE)
] 0 02 04 06 08 10 ‘ - 1/ Dibosons
. - - SegFoncenny 00 02 04 06 08 1.0/ggprell-van
° r s tug FCNC BNN [ Multijet
8 12, g
S % 3
S 5]
£ o BR(t—gu) < 0.002% BR(t—gc) < 0.041%
- ) | m
[0 . . . . . L L ~
s 0 50 100 150 200 250 300 350 400 & 10°
m.(top) [GeV] O = ey 5.0 fb! (7 TeV) + 19.7 tb™' (8 TeV)
NN Output % 16_—ATLAS Vs=8 TeV, 20.3 o1 — r N
e - ] S 0012 CMS [ ]95% CL observed
< 14F — ® C [ 68% CL observed
= B Excluded region 1 = oo01-
BR(t—gu) <0.004% BR(t—gc) < 0.020% F g @ 1 = F o5% CL expected
10 : = §m 0.008 :_ —— 68% CL expected
C g C
] . 8 - v I —— -~
B _& 0.006
? also interpreted in terms of Kiqeor BR | : ;
B 0.004 \
— Observed B |
A 4- — - Expected . |
/{tqg - /,LI/ a oF 10 E 0.002 //
— gSQO' tG v oL S (P L k107 % 0.005 0.01 0.015 ‘/:‘)‘0‘2‘b'dés"dbé'b'c;é5"do4
A 2 I o 1T 2 3 4 5 6 7 005 001 0015 002 0.025 0.03 0035 0.

Kuge /A [TeV] liciogl/A (TeV)
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ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS BESt limits
LHCIOpWG [1] JHEP 12 (2015) 061 [2] arXiv:1610.04857 subm. to JHEP
[3] JHEP 04 (2016) 035 [4] EPJC 76 (2016), 55
November 2016 [5] arXiv:1610.03545 subm. to JHEP [6] EPJC 76 (2016), 12 K >\(1 0_3)
[7] CMS-PAS-TOP-12-039 BR (—I 0_4)
Each limit that — i
al7 gthg;)riscsel;?;ss area zero Theory predictions SM Z2HDM(FV) - E42HDM(FC) (/ /\)
from arXiv:1311.2028  [Jmssm [ ]RPv [rs
s //// /// e B [1] 1
t—Hc 2] 22 90
(1]
t—Hu N 24 Q4
e @ 17 91
t—yu 1.3 25
[3]
t - [ |
s
g9¢ g 2.0 13/TeV
(4]
gu (5]
(6] |
t%ZC 7] 4.9
(6]
t—Zu . 2.2
| 1l L L L L K | | 1
~16 13 ~10 - - _
10 10 10 1077 107 107

Branching ratio
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WA .. HERC3 GO ) CP violation in
tt production and decay

» construct T-odd observables of the form vi: (v2 x v3) from momentum and
spin vectors
o (Db + ) - (De x Pj,) Qe pp - (e X Pjy)
» CPviolation manifests as an asymmetry in 0i (>0 vs. <0)

UNIVERSITAT

2 diluted by 35 — 73 %, mainly due to incorrectly assigned b-jets

8 TeV 19.7 fb' (8 TeV)
'o\_°' 201~ ICMIS o | ,l'—_ S - CMS Lepton + jets
> ~ Simulation i 1; 25 :_ i [S)I?/;[ atlf
"GE-)' 1 O:_ O, in lepton + jets channel _ _: : 20:_ o [ SM non-it
g ] - O E - | Total fit unc.
N 7] ~ -
% 0 ~ % 15 .
— - . 7 (- B
2 O
-— L ) —] -
8 - --- Fitto Alep ] T
L . — 5_
- — Fit to ACP i -
20, A R S USSR R O:
-20 -10 0) 10 20_ —1 -0.5 0) 0.5 1
Input asymmetry ACP [Y%] O,

? measured values consistent with O, with %-level uncertainties
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CP asymmetries

Top-quark pair excellent source of b-hadrons’

? hadron charge can be measured at production and decay

» soft muon tagging (SMT) to reconstruct the charge at decay

in b-hadron decays using tt events

$ 6000 — I \/ATLAS =
L C L e s=8 TeV,20.3fb" J
. P(b—>€+)—P(E—>€_) os Pb—() —P(5—>£+) LIEJl 5000;?_? u+jets channel —;
P(b—t+)+P((b— () P(b— =)+ P (b—+) o= o e e
N+ N—— N+ N—+ 3000 ? | | [ | ‘?\;nil:sTop E
ASS < N+++ N > A©8 ( N++ N +) 2000? g:faer:]een:;zzlk;rvmput -:J):Ir::irrt?\:(r?ty é
N N7\’ Nt N~ 1000 o S— h =
(5 + ) (5 +5=) ———— :
Data (1072) MC (107%) |Existing limits (20) (1072) SM prediction (1072)
A | —0.7 £0.8  0.05 £0.23 - <1072 [19]
A% | 04 £05 —0.03 £0.13 - <1072 [19]
mixing CP—> 4. |-25 £238 0.2 +0.7 < 0.1 95] < 1073 95, 96]
A¥ | 05 £05 —0.03 +£0.14 <1.2 (94] <107° (19, 94]
direct CP |4 | 1.0 £1.0 —0.06 +0.25 < 6.0 94] < 1079 (19, 94]
A% |10 £1.1  0.07 £0.29 - <1077 97]

? dominated by stat. uncertainties = will improve with 13 TeV data

> first constraint on Adir° and improved limit on Agir

[ M. Cristinziani |

]

Tsee PRL 110 (2013) 232002
FPCP 2017 = g5

15" Confere

on Flavor Phy: nd CP Viol




Summary

UNIVERSITAT

Search for CP violation
P intop quark decay
P Insingle top quark production

» in b-hadrons from tt

Characterisation of top quark production and decay
? Wtb structure through inclusive and differential single top
» couplings to neutral bosons through tt+X measurements

» search for very rare FCNC couplings

Interpretations
P in terms of anomalous couplings in Wtb

» in terms of EFT coefficients (single or multiple analyses)

e -
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