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top-quark

» Top quark is the most massive known fundamental particle
» Top quark is extremely short lived
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-- G1ve access to the physics of a “free” quark
v" The decay preserves the spin information in the angular
distribution of the decay products.

The LHC 1s a top factory and allows:

v’ Precise measurements of top pairs and single top production
v’ Observation of rare processes involving top

v’ To search for BSM physics

v’ Background to many rare SM and BSM processes

v" Opportunity to test quantum information at colliders.........
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Top quark pair production
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Top quark pair production
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Highlights today

v’ differential tt

v ttin HI collisions

v’ tt + heavy flavour

v single-top tW

v' top quark(s) +
vector boson(s)

v' entanglement in tt

Only a selection of

recent LHC results with
personal and potentially biased
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Differential : lepton+jets results Aﬁs
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tt in heavy-1on collisions: pPb analysis )

ATLAS
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tt in heavy-ion collisions: 5.02TeV analysis
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tt in heavy-ion collisions: results

£
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first observation of dileptonic tt in pPb
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tt + heavy flavour

v’ tt + heavy-flavor jets is a main background in

)

ATLAS

-- important SM process measurements (ttH and four-tops)
o -- many BSM searches (vector-like quarks, SUSY...)
v" Considered events with one or two charged lepton in the final states.
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tt+heavy flavour: inclusive results

)

ATLAS

arxXiv:2407.13473, arXiv:2409.11305
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tt+heavy flavour: differential tt+b results U
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Evanls

Single-top tW at 13TeV ATLAS
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Eweris
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Single-top tW at 13.6TeV
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Single-top tW: results
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Top quark(s)+vector boson(s): ttZ+tWZ+tZq

CMS-PAS-TOP-23-004

v main event selection: =3L, 1 OSSF on-Z, >2j, >1b;
v split by multiclass DNN

ttZ + tWZ tZq bkg.
CRS Prodtiary 138 (13 TeV) CMS Prafiminary 1388 (13 ToV)  EMS Prefiminary 138 157 [13 TeV)
B e e BB T 2 R e B T S e e B
& L

b

"_i" % 1.:.I 'i-:_'l 5
2 Euf .
LE] [ L] L 0E K] L [LE S 3 e nr a4 18] 1 a i | e TR P E IVE:]
NETWE aulpid nods (mae, so0ra) [T cidpuil meds (Max, soone) BXG. aulpul node (mar. scor)
gy, L '-——h___t;:.\,vﬁw--w T 9 also: =4L region for
oy E B E ::_'\-\.i'\-\.-'\-.i'\-\.-'\-\.-'-\.i'\-\. E. . - .
sttt —e S S e inclusive cross section
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Dipta /P

Top quark(s)+vector boson(s): tty A@
arXiv:2403.09452

v =1y, =1L, >4j,>1b;
v split by multiclass NN =1y, =2L, >2j, >1b

tty prod. tty decay

AFLAS

5= 13 Ty, 440 h " & Haia | [l
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Top quark(s)+vector boson(s): Results

CMS-PAS-TOP-23-004: arXiv:2403.09452 ﬂ@ ‘“ o

Inclusive: ttZ+tWZ: 1140 £ 64 tb t7Zq: 810 £ 92 fb tty prod.: 322 £ 16 fb
SM: 840+ 100fb SM: 820 + 50 fb SM: 299 + 30 fb

Differential:

CMS Praliminany 138 &' (13 Tal] —

= & I T T T T GME Pradimtingry 3I5| ik |13 Ta' =
L | - — E o B R = T T T 3 _ # Dain
B T2+E Bk, g L = _,ﬂ, coalome. o {na 13 Tald, 1401k — MAGS_aMC+Fa
] — ol s & E g = . . . MGE aMC+H7

o5 —_ z GE — gl unc = Shiregha ligpiis® + Dsggdon == e
A Thawary 4 Pc 1 3 —y = . Skal. urcarimndy
= o 5 OE Theers s g [ Trtal urcartay
# I 4
[=1
B g L

" : tZq: py(Z)

: | ¥ 3

FtZ + tWZ: p(LW), ]

[ = .

E_‘.' j |- q =

3] ] ] i | F 1 T I I - e

1 = F & <

Fasf -I & g L = 53 100 130 a0 g0 J00 181 400 450 SO0
11 1 [
T 1] ] T (1] - —

P ik ]

[: I.‘ I'l

P wl [GaY] |:_|::| sGal

also: prod. + decay
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tt spin correlation and entanglement

> tt pairs predicted (and verified) to have correlated spins:
o tand t spins accessed via decay product angular distributions
o can also study quantum mechanics effects:
= quantum entanglement: "spin correlations beyond classical"

> All tt spin information encoded in "spin density matrix":
o for dilepton tt (¢ spin-analysing power = 1):

\ | &
p0|ariza‘[ion vectors spin-correlation matrix i i s
1 dU ]. [T ) _ R A A \ .
= = 2(1+B'-[*+B y -e“wc-e) e e
o d0dQ_  (dr) y AKX
Gnn Gn-r _jn}: N c_l’ i [ a ' hww""ﬁ."“']
c‘r“u, 'Q'r-r (?'.r'k - —=u the anti-top rest frame
Cin Cikr Chi

» Entanglement markers defined as combinations of these coefficients
(e.g. see EPJP(2021)136:907 (Afik et al.), PRL127(2021)16,161801 (Fabbrichesi et al.))
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https://arxiv.org/abs/2003.02280
https://arxiv.org/abs/2102.11883

Observation of Entanglement -ATLAS )
ey channel Nature 633 (2024) 542 '%%%

Entanglement marker D = -tr[C}/3 = -(C_+C +C,, )/3
o obtained from angle btw. leptons in top rest frames
o D <73 = entangled system

Measurement in narrow low-m_ region:
o to enhance entanglement effect

£ ARALARLEEAS REAN RELN RALE RRE RAE LAE LERC ‘0-1%
2 o000 ATLAS + Data ] E
o1l ATLAS é.. ] “ FVs=13Tev, 1405 & FowtPy(hva) ¢ Joa2s
+ & Pow+H7 (hvq) 2
/s=13TeV, 140 1t 5000040 <M <380 GV o pow+py (bba)) ] | P
L M Background ] '
_ozt ) 40000:_ Total uncertainty { | @ o6
[ ] L ] &
% T i. 30000~ . L ° -] '+ 1-0.18
5 -03 | r 7
P ﬁ‘-’_‘d—l_— f 1os
o 20000 —
T L ]
& 04t - . L 1r 1022
| ] —-— Limit (Powheg + Herwig7) 10000 —
---- Limit (Powheg + Pythia8) r 1L 1 0.24
L W Theory Uncertainty o il PSP I PP IO TP PO U P
-0.5¢ @ Data 1 g 19 T DR 1.5 s
§ @ Powheg + Pythia8 (hvg) a g 1 8
B Powheg + Herwig7 (hvq) <08 ] L ¥ =
06 § T 080604020 02040608 1 058

340 <mg < 380 380 < my <500 my > 500
Detector-level cos ¢
Particle-level Invariant Mass Range [GeV]

v > 50 over no-entanglement hypothesis

v Discrepancy observed btw. data and predictions from NLO+PS simulation:
o data "more entangled" than MC (!!)
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Observation of Entanglement - CMS L

-arXiv:2406.03976
« ep/ee/uu channels, kinematic reconstruction of ff system

« Same observable D extracted from cos:

o Iow-mtt selection

CMS 36.3 b~ (13 TeV) . . . . .
——— T D measured with binned likelihood fit
I/l POWHEGwV2 + HERWIG+++7, /
0/l MG5_aMC@NLO(FxFx) + PYTHIAS + 1, /
/! POWHEGwv2 + PYTHIAS + 7, / . CMS Simulation 36.31b-" (13 TeV) CMS simulation 3631071 (13 TeV)
) RN R T T SR o T T T
[/ MC stat. 35000 % 140 L 100%00SC
/11/'° MC Stat. @ Syst. ° — @ o
PR— L]
— Entanglement boundary m(tE) < 400 GeV .ESUOOD— " A ' . %1200_ — +|no%sc;m "
lo1 Data extr. with PH+P8 m(tt) < e §_ [ so<nld <ot § - w ]
@i Data extr. with PH+P8+1, B.(tt) <0.9 '-” Aultt) <0 i i
20000} —_— ] 800+ ]
y N 1500k —— - +100%nosC 1 50‘3'?45;_:”?“&':400(}0\{ =
B — +50% n0SC ( + 50% SC (7 ol (e <08 —
Eaie I - 10000F L 4100% SG tF ] |
+0.026 5 R i ] L
—0.491 +0.026 \ = 5000 -+ -5MnoSCn_+50%SCtt 200
\Go 100% N0SC 17
I ‘ ? c L 1 L S_ 1 n e |
i w ] T T Bjg T T
- - &ld
I y g T §=
4 =3 261.00 : - 8is I
<~ & L —— —
— +0.026 ———+—i o ]
0.480+3:928 ® 07— T . v
: i 1 ; : 1 066 03 00 03 086 | 1 06 0% 00 03 06 1
g ~ e - — - g s s

-0.60 055 050 -0.45 -040 _ -0.35  -0.30
D

« Inclusion of "toponium™ effect (n ) at LO
(o(n,) =6.43 + 0.90 pb - arXiv:2102.11281 [hep-ph])
« Entanglement observed with > 50 significance
- both with and without n, inclusion in the model
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https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-23-001/index.html
https://www.arxiv.org/abs/2102.11281

Spin Density & Entanglement - CMS

v tjets ft — allow to access spin correlation and entanglement at higher m_,

v tt system reconstruction with DNN

v Binned likelihood fit to extract: arXiv:2409.11067
v full spin-density matrix (polarization & spin correlation)
v entanglement markers D and D (modified version for high-mass region)

v Events categorized vs. number of b-tagged jets and vs. DNN output
v Measurements in bins of m_ vs. |cos(8)| and th vs. |cos(0)|

cMs 13813 TeV) cMS 138 b (13 TeV)
i) » 800 GeV Cata L
L 4, =0336 L0074 ':m ;oet;l e o ; Data |
wss PowhagsH? | - stat, total unc. 'I'
Powheg+P8 ' .
— Powheg+P8+n l

- MG54PB
© B et e T

N

> o NN

0.03310.063
0.006+0.014
0.007£0.011
0.000L0017
0.01320014
0.003£0.011

=

= oo MINNLOPE [

0.026+0.017
£.20220.044 =i
0.175:4 0028

T -I-n-li-:-r;

—— — — — — — — — —

s —F : 5.4(4.1)0

.......................................

-
>

0.040+0.050
00731 0.050
D118+ 0.065
0.064.£0.054
0.00910.048
0.010 0.065

AE=Cnn+|Cn+Ckk|

SO a PP o amo no .
-
N
|

13.5(4.4)c 16.7(5.6)c
{026+ 11051 l Separablle states |

NI R BRI co b e el bbb +
05 04 -0z ] 02 04 06 01 0 01 02 03 pT(t) < 50 GeV m(n) > 800 GeV

Coefficient value Aldata, Powheg+P8) |cos(8)| < 0.4

—
T

l{{lTle£!-14,f¥

=]
=

gng

e Entanglement results:
- atthreshold 3.50
-_m, >3800GeV & |lcosB| <0.4 — 6.7 o
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Pseudoscalar resonance at tt threshold?

;¥ SMpredicts tt bound states below the tt threshold
v Not observed yet (but there are hints: entanglement...)

AH 4 _
<,; P Final states with 1 or 2 charged leptons used
¢ 1+ Dilepton and I+jets channels, using mtt, angular and
spin observables

CMS preliminary [, > 4 138 b, Run 2 (13 TeV)
- ) = ' . . -1
m Other - X tt Postfit (s + b) uncertainty { Data 3.0 CMS Preliminary 138 fb" (13 TeV)
) 104 002 [cos(e)| <04 04 <]cos(B;)| <06  0.6<]cos(B;)| <075  075<]cos(6;)| <0.9 09 < |cos(f;)| < 1.0 éi; 95% CL exclusion, Mx = 5.0% mx
2 10% e 95% expected [ Observed
; ' I | | ™ 5 2.5 mmm 68% expected Fac > a
1o, 0 [, 0 [0 PR, 00 . 000 |00 | e Median expected
c
g 2.0
w
v

Postfit (BG + ) —= Ny uln) =111£0.12 Uncertainty
oll
5
g \ ) It l ; {
o ! 1
B | | ' |
gch I | ﬂLu b J_ﬂ?«.huu.m ! l-L_L x~ ! TY BV S——
o ;;*W{l T IHI I T =Ew Y e u.,l =
g a | |
-S ; No tt bound states
) 1 1 1
0.9 0.0
500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500 400 600 800 1000

my (GeV) ma [GeV]

v" Differences between data and prediction observed in low my, bins!
v" Excess >5 SD, consistent with pseudosclar A or
v ' - 110
Measured n, cross section, 7.1 pb +/- 11% CMS-PAS-HIG-22-013
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Summary

v' Exciting top quark physics results BCEE

-- using all energies and collision systems
-- covering wide range of top quark production processes

v Several recent ATLAS & CMS highlights shown : ..

Talal

=

v' Many more topics omitted, e.g.:

: L xw*-*‘l J.* NN
. Diate JLUTC)
-- precision measurements of mass and other properties

-- EFT interpretations
-- new-physics signatures with top quarks

v' Many more results with Run-3 data in preparation

< LHCTopWG https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG
<~ ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
< CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP
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OPERATORS AND PHYSICS IMPLICATIONS

SMEFT 1 1
!
Lagrangian L = £4_,Sl\«l + A Ls + A2 L'g, e A ﬁ A — L+ i Es 4.
oL#0 dB#0 dL#0
Operators Op, (6D, 0) (fr7*br) +he. O i(qo*” tr) 6 B +he. Oy, 'E{dTEJITf@)(QL‘r“T'tn_} Qs (arweqr)(Ge'er)
O (6'6) gLtro +hec. Ow  i(GLo™ A tr) G2, + he. Or'nl«::, i(6' Dy 0) (34" q1) @3{1 (@ T4 a1) (d AT A ar)

’ Couplings

t t t t i f { t ¢
& h/éw“" 1/"']1 V‘.{D.a.ﬂ t/dwz t/d/‘/\"'.l X X _
b i t f

processes
. N
) ) ' f
e TETOT—— ] o BOOOO——  TOOOO—<— OBOO0——
q ; C q t q q b W v & p t ' ,
{
e T e T b R K
! w NP —t [ ¢ b 1 t [ ¢ t 1
o> BEEEO——  TTOOT—>—  UBEOE——
[ Parametrized =+ C; c? C;
o c _ i j j Ck
predictions N(-—]) =5+ Zslj_z + ESZ;'_4 + ESSjk_z_z
n PN T PN T Pk
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Differential and double-differential o(tt) inlepton+jets arXiv:2108.02803

v’ High precision measurement of differential and double-  zwn®es 7unBler  oofedt oottt
resolved resolved

reconstruction reconstruction

differential cross sections N
v" For the first time the full spectra of differential cross o

using template fit of HNN

sections are determined _—

separate for e and u channels

-- combine of resolved and boosted tt topologies

Combination fit of cross sections

137 b (13 TaV) 137 o' (13 TeV)
o o)
e SRR I P TP S LB ’ Beeienen e ol e el e R
Q e/u+ets L 2 Q o/u+jets H N
&’: 5 _CMS ................... p:mlm oY= Oy PO A i, .8 5 = CMS I a1 11 =N -1 PRSI SRRNINSRRSESSIIR . S S
N + ry A ™ 4 b
A T A i 5
3 e e e re e ! .......................................................... ¥ [
+
2 [ R | S o S & .. S S e 2 g
* A + () 1 Lt
Py IS W o g b0 a A e . 0=y NS
" -
2 e ’ .......................... SRR o _j - 7 . S - ‘ 7
3 Iy tesis normalized differential cross sedtione 4| X leste: normalized differential cross sections
-4~ e POWHEG P8 (CP5) POWHEG H7 (CH3) + MG P8 (CP5) : MG P8 (CP5) ( ) » POWHEG P8 §-|—4) )
-5~ 4 POWHEG P8 (T4) 4 MATRIX _57|\\\\IIIII\I\I\I\IIIII\\\\II
-6
P T e Y Y O S c 4SS rrecESLSECLooE tE-frieeo
T T2 i d Do P EEE S E TR B TE e ad== =T =34 E = FE = F aa EFT 2o E E o
PO g S F 3 E F = T 52 2 % a a E T 2 o o 8% v 8 v ¢ 9 & ¢ 3 4 G G
;fﬂk 8,,5 uigmqu: ] i:?iii._:: < ;;;
g = 4 8 2 > 5 ; =2 ZEE SE ¥ T BB
== fee 2 2 = EFELFES 23 g
o EEE g2 E 7 22z

Most of the predictions are in good agreement with the measurement, except:
» M(tt) vs. pT(th) and pT(tt) vs. pT(th) shows largest disagreements.
» At particle level add. jets vs. kinematic observable are difficult to describe by NLO.

Inclusive cross section: 791 + 1 (stat.) + 21 (syst.) + 14 (lumi.) pb
v" most precise measurement in lepton + jets channel
v" Dominanted by: JES and b-tagging
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ttcc/bb and ttjj production

* Test the state-of-art predictions at NLO
* Irreducible background to ttH, H — bb
 ttbb and ttjj measurement

*  Oupp and 0. /05 €xtracted simultaneously
from a 2D discriminant

 PowhegPythia8 and MG _aMC@NLO+Pythia8
provide the best description

«  First measurement of ttce production

* Simultaneous extraction of g5y, 0¢icc and o¢i71,

using a template fit procedure
CMS 359107 (13Tev)

PLB 820 (2021)
136565
SR 17 (2020) 126rev

—0.04

Lepton+jets

OB wF

—0.03

0.6

0.4

b tagging discriminant (2"d additional jet)

L | T 1 T ‘ T 1 ‘ L | 1 T

0 0.2 06 0.8 1
b tagging discriminant (1*"t additional jet)
415" (13 TeV)

0.4

Full phase space (FPS) | CMS + Best flt —_— 68% CL
jet
Py >20GeV 3 Fiducial phase space  POWHEG -e- §5% OL
g —— —— eptonset
eptent - 4 MaDGRAPH5 aMC@NLO L. .
| Messurament i Precision dominated
Stat. Total — [ .
At A o e I by : MC modelling,
- | i POWHEG + mﬂ 2_ - JES) C-tagglng
PYTHIAB B .
MG_aMC@NLO + - e, T
L —— — e PYTHIAG 5FS [FxFx] o T _ﬁ__ ------
POWHEG +
|||\| |||\|| Ill\\‘llllll\llllllll 1 I Il | 1 ‘ 1 HEHW‘G++ 1 | ! . ! ! | ‘
0.01 0.02 0.03 150 200 250 300 350 2 3 4 5 6 1 2 3
FPS -4 CMS (2015)
RthE/tl'jj Oy [PD] 67,z [Pbl

tfjj tTbb
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v

Background estimation, JES and modeling

Measured (expected) signal strength:

tW production in {+jets

Categories based on jet multiplicity and 1 b-tagged jet:
2J1T (W+Jets). 3J1T (tw Signal region) and 4J1T

(ttbar)
Data-driven background

One BDT is trained per lepton flavor in signal (3J1T)

region and evaluation in all regions

Simultaneous ML fit performed in all categories using

BDT discriminants
Dominant uncertainty:

p=1.24+0.18 (1.00 £ 0.17)

Cross section:

= 89 + 4 (stat.) + 12 (syst.) pb

Ogy= /24 pb

v" Observed (expected) significance is
7.4 (6.8) standard deviations

First observation of tW production in {+jets

Events (/BDT discriminant bin)

Data/Pred.

o -

discriminant bin)
3
o
o
O

50001

20000

15000

10000

CMS Preliminary

CMS-PAS-TOP-20-002
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C [ZTotal unc.

L ) I 0 e
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D W+|ets

- Z+jets
F []Single top

L L

L

u channel 31 ]

CMS Preliminary

H12H‘4H16I18

BDT Discriminant
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e Data

- tw
(:I V_V+jets

L mvv
—-Zﬂets

- []Single top
[ [ZTotal unc.

LTINS [

é channel 41

R b -

12

14 16 18 20
BDT Discriminant
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Inclusive and differential tZq

v" Full run2 dataset
v" 3 leptons with improved lepton MVA

CMS-PAS-TOP-20-010

z - z

t b - FJ‘%J [
T

, u ”

v' constraining nonprompt background i RS T
v" multiclass NN or BDT

Inclusive tZg cross-section:
= 87.9 773 (stat) 73 (syst) fb .

Improvement 30%

w.r.t.earlier measurements
138 fb (13 Tev

=

T —
CMS Preliminary

800 ¢ Data -th
. . itz Cwz
700 >1bjet, = 2jets 1 Nonprompt [0 X
mzzZH Xy

[1Multiboson %% Uncertalnty

600

?
7

Number of events / 0.13 units

OE

15 E Y Stat. 'uncerfainty ! ! E

135,2//,5, l.-/'-i B B 8 e
0.5F E

03——08 06 04 02 0 02 04 06 08 1
Event BDT discriminant

Partial tZqg cross-sections:

Cizq(ey) = 62.2 27 (stat) 733 (syst) fb,

Data / Pred.

Tizq(e;) = 2617 12 (stat) +32 (syst) b,

R =237 :3_3; (stat) T037 (syst) .

First time!

Spin asymmetry:

A, = 0.58 101 (stat) +0.06 (syst) .

Agreement with SM prediction:

138 IP"(13 TeV,
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Differential tZqg cross-section:
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— 0.0 T T
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In general, observe
between measureme

good agreement
nt and prediction.
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Rare top production: ttV

JHEP 03 (2020) 056

» Targets 3 or 4 isolated lepton channel with Z to [*1-
» Inclusive cross section already systematic limited

o(ttZ) = 0.95 + 0.05 (stat) £ 0.06 (syst) pb

ttZ production

» Dominated by signal/background MC modelling
» Differential cross sections are measured fist time

CMS 77.5 " (13 Tev)
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tty production
v" Measured in lepton+iets channel
800 + 46 (syst) £ 7 (stat) b,
Precision limited by MC modelling
Differential cross sections measured
In several kinematic observables
Good agreement with SM prediction

v
v

CMS Preliminary
T T T T T

137 fb ' (13 TeV)
——

——— Total Uncertainty
——— Stat. Uncertainty
Theory Uncertainty
Total (Stat Syst)
. +0.075 (+0.014 +0.073)
e+jets ——t— 1.048 5072 (-0.014 -0.070)
— - +0.063 (+0.011 +0.062)
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Top quarks in t-channel are strongly polarised

N
Se)
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Top polarisation

action
‘ection

Polarised along spectator quark

dominant sub-process
u @ d vl
W
b & b t
v d @ u
b t b t

Signal regions defined by sign of cos 8;; and lepton charge

P, +0.01 +0.18 (+0.02)
P, -0.02 £0.20 (£0.03)
P, —0.029 + 0.027 (+0.011)
P!, —0.007 £ 0.051 (+0.017)
P, +0.91 +£0.10 (+0.02)
P!, —0.79 +0.16 (+0.03)

[ S

Template fit result: strong polarisation along z-axis

Events

25000

20000

15000

10000

FoT T T T T T T T

- ATLAS ¢ Data [[Jt-channel 7
— (s=13TeV,139fb" [, tW,s-ch [W+jets  —|
[ Signal Region [JZ+jets, VV M others ]
[ top quark Il Multijet 72 Uncertainty |
— Post-Fit —

Polarised along the beam axis




Machine learning in Top

Conclusions

® ML has significant role in top physics!

® Wide array of strategies and applications, very active field of research

® CMS example [CMS-TOP-21-001]
® ATLAS example [ATLAS-CONF-2022-049]
® Many new developments on-going

® DCTR [PhysRevD.101.091901]
® But also much more! E.g. [TOP22, M. Fenton]
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Search for CP Violation

» CP violation in SM is insufficient to describe the matter-antimatter asymmetry of the universe

CMS-PAS-TOP-20-005

> In the SM, CPV in the production and decay of top quark pairs is predicted to be very small

> Simple CP odd observables N(O; >0) — N(0; <0)

T N(Ol >0)+N(01 <O)

» chromo-electric dipole moment (CEDM) of top quark in top pair production induces CPV
. i 1y, =4jets (2bjets) 137fb™ (13 TeV)
v' Lepton + jets final states [137 fb-1] = 200 s 1 e T g
= Prelimina i [ tt semi-leptonic enriched =
v Observables; Os, Op, O12and Ox4 e " E Festaggoind 3
’ I ’ x Fit unc. @ Syst. E
£ 120 Syst. =
v" Top quark and antiquark candidates are reconstructed using & e E
60 : g =
a x2 sorting algorithm 2E F -
v" The background contribution in the signal region is estimate g R e
, e s ' R ——
from a fit to the mass distribution C e w6050
Hb e
JHlep, =4 jets (2D jets) 137fb™ (13 TeV)
. . . . . 'é 0.8; CMS ) I A Agin eﬂ't]ats v /I\'c,, in p+jets é
> Thereisno significantevidence of CPV ineach observable § o MR Koo nleplonsets (8TeV) 4 Acs i eplonsiels
: : .. E F ]
> Consistent with the SM prediction Z o4 E
02f { =
o1t , } 3
Acp(%) -0.22—} } { } { -
e+ jets U+ jets Combined oab- E
O3 —0.071+0.149(stat.) "0 022 (syst.) —0.035 £ 0.120(stat.) 3022 (syst.) —0.048 = 0.094(stat.) 3. 9¢ (syst.) F E
Op  —0.167+0.149(stat) 0% (syst) —0.111 +0.120(stat.) *0%(syst) —0.131 + 0.094(stat.) 0% (syst.) oeE E
Op, —0.039 +0.149(stat.) " 00%6(syst.)  +0.163 + 0.120(stat.) 0B8(syst) +0.090 + 0.094(stat.) %4 (syst.) o8 E
Oy —0.186 £ 0.149(stat.) 000 (syst.) —0.162 +0.120(stat.) T 3(Syst.) —0.171 £ 0.094(stat.) 005 (syst.) = o, o, o, o,
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v Exploit the large effect that the radiation of a virtual H bosc

v’ tt predictions for different values of y' obtained as event-based mx
HATHOR:

Measurement of the y!

v" Measure the Yukawa (y') coupling in tt production.

v" Applied on POWHEG predictions

Rgw (Mg, Ayg) =

9 10000990099 A

v The comparison with an additive approach is taken as uncertainty

_/dM,)

(do /dM,,)/ (doy,

fany,)

(do /dAy, )/ (o,

CMS HATHOR Preliminary
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v Event collected in the diletopn channel, >=2bjets

v’ Variables used based on partial system reconstruction: M (I*H+2b-
jets)and Ay, , : requires the correct matching of b and 1
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NLO interference terms in tt production from qq initial state creates a forward-backward asymmetry.

o(c* > 0) —o(c* < 0)
o(c* > 0) +o(c* < 0)

Quantity never measured before @LHC, where the charge asymmetry is measured as a proxy

tt forward-backward asymmetry

Agpp =

JHEP 06 (2020) 146

i
Use variables sensitive to the difference between qq, qg and gg initial state to build templates and separate the qq
Extract A; and anomalous chromoelectric and chromomagnetic dipole moments
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Input A(”

v Events collected in the 1+jets channel
v" Both resolved and boosted topologies.

v' Profile likelihood-fit to the 3D template to extract

AFB and the anomalous moments separately

Type-2 n+jets (SR) 359 fb' (13 TeV)
L B e B B R T L e L e B B B

= =
£ so00- CMS B —
= - + Data qq — it =
L - s gg — 11 Other t quark & Z/y+jets |
w1 4000 — pummm W+jets Multijet —
| MC uncertainty Ix,| bin edges 1

sp00 "ttt m, bin edges —_———— <, =0 points 4

- i e =

2000 [ —
1000 {

[} 1 g—_ T T T T T T T =
= Tk . H . A El
I S e e e e e R R e L
8 oBF Y i,y F LT, R S Lt T it Bl B |

o] 5 10 15 20 25 30 35 40 45

Template bin

forward-backward asymmetry
AY) — 0.048 F0095 (stat) F0020 (gut)
chromomagnetic moments
[y, = —0.024 10018 (stat) T0-01% (syst),
anomalous chromoelectric

| |d¢| < 0.03 at 95% confidence level.

Consistent with the SM and previous CMS results
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W polarization n ATLAS and CMS

JHEP 08 (2020) 051

LA’;I'CLASv;;gMS Is=8Tev ———
. . . . N top total stat
v" Combination of the W boson polarization in top — o pcocon) " "
quark decays, on Runl(8 TeV, 20fb!) data. kA (R
v" W boson polarization determined by the V-A | et " L.
EPICTT (2017264 L
structure of the tWb vertex . A, A
1 dr B 3 - 3 o 3 - &hél%g%?@_u;jzels, le=19.8fb" HH et HEH
T dcoale — 3 (1—cos®6*) Fy+ 3 (1 —cos6*)” F + 3 (1+cosf*)” Fy QU012 et = 19716" 1 . " I
ATLAS+CMS, Vs =8 TeV M
Amo..'_lIlIIIIIIIIIlIII[IIII{lllllllll'lIllll_ LHCtopWG ] | ) | | |r1 | ) ) ) | I.I‘.Il
D F ATLAS:CMS Assumptions: V, =1, V=0 1 0 0.2 04 06 08
0 0.08_ LHClopWG ] W boson polarization fractions
T 05 B=sTey s L et 3> Combination of the polarization fractions from 4 measurements
C 5 ]
C +BestFit
0-04:— [168%CL
C 95%CL ] .
002f- W% 3 V' Combination Improvement > 20% wrt the most
C CMS,L =197f" ] .
0 0 M i precise measurement
002 “ e 1 v Measurement used to set limits on the anomalous
b [ O 1 coupling in the tWb vertex
- ATLAS:CMS
-0.06— *BestFit
-0.08]- @ggz gt - 95% CL interval
01:I 1 | | | | 1 e I | | | & B 1S [ | I 8 O [ | B o | | I | | =5 B8 1 | I: Couplirlg ATLAS CN:[S ATLAS+CN[S Combinat’ion
U015 01 005 0 005 01 015 02 Re(Vg) | [-0.17,0.25] | [-0.12,0.16] | [-0.11,0.16]
Reg)  Re(or) | [-0.11,0.08] | [~0.09,0.06] | [~0.08,0.05]
' Re(gg) | [-0.03,0.06] | [~0.06,0.01] | [—0.04,0.02]
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Mass measurement in single top events

CMS-PAS-TOP-19-009

v" BDT discriminator and cut optimization 0 35.9 b (13 TeV)
v' Data-driven QCD is subtracted from the data 2 g Pre/m;,.nar'y ]
v' Simultaneous ML fit using y = In(m,) distributions in x % P aT @ Data (QCD subtracted) |
and e final states, validated in control region E, 4 Mtch
w r [t tw, s ch. .
F(y) = voh Fre Ch(y yo) Tt Top FTop(y Yo) T fewk EWK(Y) - -V”et& \f/\I/d
- /| stat + profiled syst
Vo Yo f I1 op and fi,,, are allowed to float during the fit i
-  x10® 35.9 b (18 Tev i
% : CMS Prellm/nary( @ Data _
€ asof 4 2T B Bltch .
o 3 [, tw, s ch.
[ BV +jets, vV ]
Claco - mass results:
; ) stat@s?/st 2 : ;
“ Sub GeV precision ; = Inm,
ggijé;“_,ﬂ,,,_._,_._".,.,,,v.w_“”‘_‘; m, = 172.13 & 0.32 (stat + prof) 705 (syst) GeV = 172.131575 GeV
- s 0 BDT Ftesponse1 _ +097 +1.04
. e = 172.62 £ 0.37 (stat + prof) "y (syst) GeV = 1726277 GeV,
8 | | o J m; = 171.79 £ 0.58 (stat + prof) ﬂ:;’% (syst) GeV = 171. 79114 5] eV
£ . S B, | Masses ratio and difference (a check for CPT Invariance)
E \ ; | 5 _ Mg _ +0.002 _ (100=+0.005 o o
0.2E ﬂb\“\t/l Rmt = ", =0.995+0.004 (Stat + prof) 0004 (syst) = 0'995—0.006 Pf@CISIOﬂ Ilmlted by
) S S— : WU S 0 T Ay JES and modelling
g g . BDT selectlon threshold Amt = = 0.83 i 0.69 (Stat -I- prOf) 074 (Sys ) Uev = 0'83_101 GeV‘
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Search for FCNC in the top sector

» Flavor changing neutral currents (FCNC) allow for transitions between quarks of
different flavor but same electric charge
» FCNC processes are highly suppressed in the SM due to the GIM mechanism

> Small contributions appear at one loop level
» Many extensions of the SM predict the presence of FCNC and give rise to detectable

FCNC amplitude / \

Any evidence of

SM S 9HDM  FC 2HDM MSSM R SUSY vy s e
. Q : : # FCNC will indicate
t—uZ 8x10717 11x10¢ - = 2x 1076 3x107° the existence of new
t—uwy 37x107% 7.5x107 - - 2x107% 1x107° .
t—ug 37x107% 15x 1077 o - 8x 1075 2x 10~ physics
touH 2x10°7 41x107° 55x10°° - 107> ~10°° \ /
t—ecZ 1x107% 11x107* ~1077 ~10710 2x10% 3x10°°

t—scy 46x107% 75x107°  ~ 1070 ~1079 2% 10°% 1x10°®

t—cg 46x1071% 15x1077 ~107 ~107%  8x10™® 2x107*

t—cH 3x107% 41x107° 15x107%  ~107° 107°  ~107°
Branching ratios for top FCN decays in the SM, models with @ = 2/3 quark singlets
(QS), a general 2HDM, a flavour-conserving (FC) 2HDM, in the MSSM and with R
parity violating SUSY.
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Search for FCNC tHq interaction by H—yy cvs-PAS-TOP-20-007

> Signal modeling: effective Lagrangian

Co 3
g 322-5 AN
L= Y Strug (ngPL + F}}qPR)qH +he, < I AN
q=u,c \/E IS ¥
» Production & decay - : - :
- E‘,‘MSIPrem;nmar;( “137ﬂ:|> (13‘TeV}l . CMS‘Prehr"nmar,Y : “137fb‘ (13|TeV)
> Signal regions: 2 photons, 100 <my,< 180 GeV § */ n mamee S B B T X SIS weiod
R ) :ga,smodel(fxp,); g . ' T +8 model (exp.
> leptonic: 21 jet, 21 E w4 E o e
§, 0 C+2c 7] §: o [1+2c
> hadronic: 23 jet, 21 b-jet 3 3
> S t ra te g y ;jg : + + + B component subtramed;
*‘OE + + -
» 8BDTs: (u, c) x(lep, had) x(res, non-res bkg) ”w
My, (GeV)

» 7 categoriesdefined by BDTscore
> 14 my, distributions to fit

137 (13 TeV) 137 {7 (13 TeV)

95% CL Upper Limits

95% CL Upper Limits I
7 = Observed

—— Observed
===+ Median Expected

i

20

===~ Median Expected

| B4

120

» Dominant uncertainties:
b-tagging and y identification
» Data compatible with absence of signal
» Upper limits on the signal cross sections are

translated to the strength of the tgH anomalous

couplings and related branching fractions Qhgit O ey wie ovs ' on

BF (t — Hu) (%) Kt
> B(t—Hu) <1.9x10 (exp. 3.1x104)
> B(t—Hc) <7.3x104 (exp. 5.1x104)

» Upperlimits
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Search for FCNC tHq interaction by H—bb cms-PAS-TOP-19-002

-
> Production & decay e

%Q% =X
> Signal region: 1£, 23 jet, 22 b-jet ,ﬁfwmm@

> A deep neural network is used to associate the reconstructed objects to o "N
. . . CMS Preliminary 101 fb'at Vs =13 TeV
the matrix-element partonic final state PN 5 e s e g A
. . . . e r [OJHct - Data Unc. - n
» BDTs are used to distinguish the signal from the background event @ 4000 P 3
> All bjet-jet categories are combined E 2 E
. ‘g . . 2000 [— —
» No significant excess with respect to the SM background expectations: : E
1000 —
95% CL limits are set on the xs, couplings and BRs 5

LE) :‘;; T T T T T T T T T é

> Significant improve with respect to the early run-2 search E 0 07%7% %
O.S_i —OI.B —{;.6 —(;.4 —0[.2 (l) 0.12 0.14 0?6 O.IB :1

CMS Preliminary 137.2 b (13 TeV) UMD  VVOIK Il Progress 15/.2 10 B\?:sr ISé:‘c’))re

CMS Preliminary 137.2 6™ (13 TeV) B R B B L I i ML B R BRI

§_ g ! L J ‘ E <" 014 95% CL upper limits 1 = L 95% CL upper limits -

S P oTommee  Hut 3 e s ysgae 1 2 b i e+ s

5| 0 Expected = 1 std. dev!at!ons i Jde” ——— Observed i 1‘ =1 ——— Observed ]

10 E Expected + 2 std. deviations 3 L - = B N

= Observed ] 0.1"_ % m - ]

L ] A . 0.151- .

10E I G . : :
e ] ; ]

L ] 0.06~ | -

[ : ] :

E : 0.04— - ]

I | - ; ]

i i 0.02F - ]

10_1? | | | | | _E E | | | | | ] | :

b2j3 b2j4 b3j3 b3j4 baj4 all 0 002 004 006 008 0.1 012 014 0 0.05 0.1 015 02 025
Kbt B(t— Hu) (%)

> B(t—Hu) <7.9 x104(exp: 11x104)
» B(t—Hc) <9 .4x104(exp: 8.6x104)

»Upper limits:
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Search for CLFV interactions CMS-PAS-TOP-19-006

In the SM, lepton flavor is conserved in all interactions
Many new physics models predict sizable CLFV (neutrino mass, multi-Higgs doublet models,...)
If the new physics responsible for the CLFV is at scales beyond what the LHC can directly probe, the SM

Lagrangian can be extended by dimension-6 operators L= Lo+ Log= Lo+ Y % O, +...,

_ _ Production Decaxy
Search for CLFV in eu final state [137 fb-1]

Production & decay
Signal: CLFV vector, scalar and tensor
BDTisused to discriminate signalfrom BG events

Data consistent with SM expectation
v Upperlimitsare setat 95%CL

.- CMS Preliminary 137 b (13 TeV) CMS Freliminary 137 b (13 TeV)
= L e e T T T T T T T T T T L N T T T T T T T
= B ¢ Data [ ] chers \?c “ l _
= y eu-=1b W e T ror (ouic) x 10 S B 9 5%.,|,L.ExGL,JnEnn.Ef!moN.,,.m:
o LFV-Vector (eutu) X o
4 Obs. | Exp*™| CLFV
] ~ 5 irirs | Vector []
= | Scalar H
| Tensor [
I f
= ]
3 .............. —
[P S et RS SYPROITRIOROI SOR S _:

Data/Pred.

G 0z 04 06 08 0 S S L g I I
BDT discriminant 0 0.1 0.2 0.3 0.4 0.5 0.6

B(t— euu ) x10°
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Asymmetry in tty and ttW

tty ttw

Asymmetry from ISR/FSR interference Expected to be larger than in tt due qq initial stat
Similar definition as in tt 3-lepton channel, lepton as proxy for top

Much lower statistics, 2 bins

12 T T T T T
€  200f
2 oo T T g ATLAS Preliminary ¢ Data ftwco)  El W (EW)
L%; ,{qgri_,:g TZs!ITégaf?)’" 180 | s=13TeV, 139 fb" Wz . h;on-prompt HF, Non-prompt HF ,
mmtfy production 160F SR summary I +-conversions [l (TH /- Zq
Oy = 0.6 3 @ Prompt v Postfit wWz/zZ + jets [l Other ’/7 Uncertainty
Post-Fit - W e-fake v 140
[JFake lepton ~~ Uncertainty 120 :
H H :
z ! ! s
100 ///{///////1////4- : 99 P
1 v [}
- g
A ’ -’ ke A 8 i
/// S H

s

//-/*///»4,‘//(-/4////»41///-/4///*/4////y‘/f//y‘///yté////-ﬁ/}/y-////,/-f///

Data/Pred.
Data / Pred.

3 SR.; SR. SR. R. SR, SR, SR, SR.
3 b~/0w ’b‘/ow Top, Ty ?b‘/o 26, bty bty
W, Oy, i i
% “ ’ o, Y . e

S
h
T %151 dpy- 51 Qe /V/%. ay- 6 dp e Ay~ 4y s dyp~

3
Iyl - ly,

A= -0.006 £ 0.024(stat) + 0.018(syst) Fiducial result unfolded to particle-level:
A.=-0.112 £ 0.170 (stat) * 0.055 (syst)

in agreement with prediction from MG5aMC

Ac= ~0.014 + 0.001(scale) in agreement with Sherpa NLO+EW simulation

Statistically dominated analyses, Run 3 data will help
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