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Estimating the Top Quark Mass

e Needed as a partner of the bottom quark
e Not discovered in 1975 or 1984

e Many speculations about its mass

e Indication of large mass from B physics

e Estimate from radiative corrections in neutral currents
“In the minimal standard model with p = 1 and

equal Higgs and Z masses we find that m, < 168 GeV
at 90% confidence level”

NEUTRAL CURRENTS WITHIN AND BEYOND
e Not so bad! THE STANDARD MODEL

G COSTA'. JELLIS". G L. FOGLI'. DV. NANOPOULOS® and F. ZWIRNER®

CERN, Generw, Swuzerland
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Where are the top and Higgs? /Z\/ ' ;’\'"\5’”\“ < /ZZZ\ o
Estimating Masses with Electroweak Data

e High-precision electroweak measurements are
sensitive to quantum corrections

mi sin? @y, = m3 cos® By sin® By = Ta (1+ Ar)
V2GF
e Sensitivity to top mass is quadratic: 3Gy
. m;
8m2/2

e Sensitivity to Higgs mass is logarithmic:

V2Gr , 11, M3
1672 my (?lll 772; + ), AIH =2 My

e Measurements at LEP et al. gave indications first on

top mass, then on Higgs mass ., — 00026 % > — ooousin (M)
MZ My




The Top Mass after First Precise m,

e In combination with low-energy measurements

e A first discussion of m,,
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Discovery of
the t Quark

Events/(10 GeV/c?)
|

- Mass consistent with prediction
from precision electroweak
data

- Check of SM at loop level
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Nobel Prize 1999

“The Theory’s Predictions Verified”

e “. itwas onlythrough t Hooft’s and Veltman’s work that more precise

prediction of physical quantities involving properties of W and Z could
start. Large quantities of W and Z have recently been produced under
controlled conditions at the LEP accelerator at CERN. Comparisons
between measurements and calculations have all the time showed great
agreement, thus supporting the theory’s predictions.”

“One particular quantity obtained with ‘t Hooft’s and Veltman’s
calculation method based on CERN results is the mass of the top quark,
the heavier of the two quarks included in the third family in the model.
This quark was observed directly for the first time in 1995 at the

Fermilab in the USA, but its mass had been predicted several years
earlier. Here too, agreement between experiment and theory was

satisfactory.”

e “When can we expect the next great discovery?”



Measurement of Top Mass

ATLAS+CMS

e stat uncertain
total uncertainty

ATLAS
dilepton 7 TeV
leptontjets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
leptontjets 8 TeV
all-jets 8 TeV
combined
CMS
dilepton 7 TeV
leptontjets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+tjets 8 TeV
all-jets 8 TeV
single top 8 TeV
Jy 8 TeV
secondary vertex 8 TeV
combined
ATLAS+CMS LHCtopWG

ATLAS+CMS combined

V\s=78TeV

total

stat
m, + total (+ stat + syst) [GeV]

173.79+ 1.42 (+ 0.54 + 1.31)
172.33+ 1.28 (+ 0.75+ 1.04)
175.06 + 1.82 (+ 1.35+ 1.21)
172.99+ 0.84 (+ 0.41+ 0.74)
172.08+ 0.91 (+ 0.39+ 0.82)
173.72+ 1.15 (+ 0.55+ 1.02)
172.71+ 0.48 (+ 0.25+ 0.41)

172.50 + 1.58 (+ 0.43 + 1.52)
173.49 + 1.06 (+ 0.43+ 0.97)
173.49+ 1.41 (+ 0.69+ 1.23)
172.22+ 0.95 (+ 0.18+ 0.94)
172.35+ 0.48 (+ 0.16 + 0.45)
172.32+ 0.62 (+ 0.25+ 0.57)
172.95+ 1.20 (+ 0.77 + 0.93)
173.50 + 3.14 (+ 3.00+ 0.94)
173.68+ 1.12 ( 0.20+ 1.11)
172.52 + 0.42 (+ 0.14 + 0.39)

dilepton 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets 172.45+ 0.36 (+ 0.17 + 0.32)
all-jets 172.60+ 0.45 (+ 0.26 + 0.36)
other 173.53+ 0.77 (+ 0.43+ 0.64)
combined 172.52+ 0.33 (+ 0.14+ 0.30)
| | I | | | | I | | | | | | | | | |
165 170 175 180
m; [GeV]
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m, = 172.53 £ 0.33 GeV: why is this important?
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Will the Universe Collapse? )

Should it have Collapsed already?

Not if
infinite barrier:

Fluctuate over barrier
in the early Universe?

We are here

Supersymmetry?

Tunnel through

barrier now?

The Big Crunch

9

Quantum fluctuations
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Is “Empty Space” Unstable?

180
Depends on Instability /
. 178
masses of Higgs /
boson and top

>
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o
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=

H------- 44— ------- H
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o d) B . g ,. .
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Is “Empty Space” Unstable?

® Dependence of instability scale on masses of Higgs
boson and top quark, and strong coupling:

Logjgea = 105—13(——1726)+11(——125 1))+0.6(

ay(my;) —0.1179
0.0009

Buttazzo et al, arXiv:1307.3536;

. NeW LHC value Of mt : Franceschini et al, 2203.17197
m, = 172.52 + 033 GeV [Ty

® |atest experimental values:

my = 125.1 + 0.1 GeV, a,(m,) = 0.1183 £ 0.0009
e Instability scale:

log )= = 10.9+0.8

e Dominant uncertainties those in a, and m,
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e Total decay width 1.4210-12 Gev (PDG)
e Dominant decays t — b + W™, followed by W+ — gq’, £v
o ['(W*h) = 0.957 = 0.034 assuming no important BSM decays

e Most sensitive test of universality in W — e/u + v decays

® Most weakly constrained BSM decay mode (?):
I'(H*b,H" - 7v)/T';,, < 0.25

® Strong constraints on flavour-changing decays:
I'(t— (y,g,.Z,H)+u,c) S1074 Ty,
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Lepton Umversallty in Top Decays

' I L] L L) l ¥ L L ] T L] l ¥ L l’ L)
ATLAS

LEP2
e‘e ->WW, Vs=183-207 GeV

ATLAS
pp—-W, Vs=7 TeV, 4.6 fb”

LHCb .
pp—W, Vs=8 TeV, 2 b’ :
cMS L
pp-tt, Vs=13TeV, 36 fb" :

PDG average '—'*—'

ATLAS (this result) ,QE .
pp—»tt V_-13 TeV 140 fb ;
L l ' 1 '

L L | T T S S N
0. 92 0. 94 0. 96 0.98 1 1.02
B(W-uv)/B(W—-ev)

Most precise check of Ieptgn universality in W decays



Searches for Flavour-Changing Top Decays

ATLAS+CMS Preliminary 95%CL upper limits <@ ATLAS <—@ CMS “Preliminary
LHCtopWG [1] arXiv:2404.02123 [2] CMS-PAS-TOP-22.002"
[3] PLB 842 (2023) 137379 (LH) 14] arXiv:2312.0822
April 2024 [STEPJC 82 (2022) 334 (LH) [6] JHEP 02 (2017) 028
[7] PRD 108 (2023) 032019 (LH) (8] CMS-PAS-TOP-17-017"
Each limit assumes that [9] JHEP 07 (2017) 003
all other processes are zero Theory predictions - SM 2HDM(FV) EE2HDM(FC)
from arXiv:1311.2028 MSSM [C]RPV [RS
e 1 i
— 5
t—=Hc ‘ . o -
—0 (1
t—Hu
1 —e [2]
—@ (3]
t—=yc
~—0 [4]
—0 (3]
t—=yu
\\\\\ «~—0 4
\\\ H [5]
t—gc
—@ (6]
—@ (5]
t—gu
0 (6]
—0 71
t—=Zc -
—0 (7]
t—Zu 7/ o
[ATY Y I T AT T AT N Y s ST |1
-16 -13 -10 -7 -4 —1
10 10 10 10 10 10

Branching ratio
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Top Production at the LHC

Top Quark Production Cross Section Measurements Status: April 2024

ATLAS Preliminary Theory

10° F-ora- | RUN1,23 V5=57,8,13,13.6 TeV e e :
r v Data 0.255 —0.257 fb~?

o [pb]

T Fa LHCpp Vs=7 TeV
=O=
BBl Data 45-461b!

LHC pp V5 =8 TeV

BB Data 202-203bt

- = n LHC pp Vs = 13 TeV ]
10t B I BEl Data 32- 1401 __

I LHC pp V5 = 13.6 TeV

Bl Data 29!

1071

-
102 E =
tt t tW t ttW ttZ ttH tty ty tZj 4t

t-chan s-chan fid. ¢+jets fid. €

® Many different final states: most measurements agree with
NNLO+NNLL theory
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it Cross Section as Function of

‘_l_| l_ l T T T I T T T | T T T I T T T | T T T I T T T ]
= 0.005 ATLAS+CMS Preliminary Vs =8 TeV, Nov 2017 |
D LHCtopWG .
O, = ATLAS, L =2031b" i
= = EPJC 76 (2016) 538 7]
E 0.004— e CMS,L=19.7 1" —]
© - EPJC 75 (2015) 542 n
- L _
@) ~ = NNLO (CT14 PDF) ]
S L o _ _
D 0003 L HR = ;J.F = HT/4’ mmp =173.3 GeV ]
M = arXiv:1606.03350 -
- . N EETY NLO (CT14 PDF) ]
- Mo=n = H./4, My = 173.3 GeV
0.002 _— arXiv:1606.03350 ]
0.001— —
I_l 1 1 | | 1 1 1 | 1 Il 1 I 1 1 Il | 1 1 ! | | 1 1
> 1.5 e L
o o ln CMS stat. @ syst. unc.
_,-GC_,) o C ATLAS stat. ® syst. unc.
B 2’ 1% R DT e ueiauaiaquisuagaquisgaqery
cU Z E I =
8 0.5 f | 1 1 1 | | 1 1 | 1 | 1 | 1 1 1 | 1 1 1 | | 1 1
o 400 600 800 1000 1200 1400 1600

® Good match to theory, except

m_ [GeV]

close to threshold?

dO,'
dO'SM

it

CMS tt(l+jets), 13 TeV

2.0
1 + Data s Co=-150
SM v Ci=0.38
* Bestfit @ Cg+Cis
1.5
FTYYVVYY v v v v
1.0 "A ; ‘)‘4_.1\‘_ FS J‘ J‘
: I l —I_ 2 t_ * by
LIRS T
0.5 T T T . T bl
500 1000 1500 2000 2500
M [GeV]

® Can problem be fixed by BSM?

® No improvement with SMEFT

® Higher-order QCD effects?



it Cross Section as Function of 7

1CMS 138 fb™! (13 TeV) 35.8 b (13 TeV)
) L L 'E S‘ I Al R IRREAN ERASS RERSN REEAE RARL) = = H
: Dil level _ 3 ol N - CMS e/u+jets e Data
% ilepton, parton level ¢ Data, dof =6 , E 8 10 ATLAS L % N parton level Sys @ stat
S 10 © POWAPYT, 2 = 5 = - Vs=13Tev, 361" 1 O Stat
= o FxPPYT, X’ =7 ER ® Data 2015-16 a : POWHEG P8
= s POW+HER, 1% =4 ] “’E total uncertainty i NNLO QCD+NLO EW
T 102 v m-1755GeV, =18 o T — Powheg+PY8 ] =iEECNLEC ELTF
e} ™ o mMC=169.5GeV, X° =6 3 = = Powheg+PY8 RadDn «+ MGS P8 [FxFx]
B A Total unc ] o Powheg+PY8 RadUp
-3 : A = ¥ -+ aMC@NLO+PY8
-8 10 E -, I Stat. unc. 3 %= i B S ]
B = = L L ]
- B —OB@AVY 7 : . (8] *4&
107 E E L i
- - oDenvV 3 2 . i
_5 A 4 ".4'..'.'..:..'.'. et
10°F 3 3 , T
E = 107 ~ [ [
-, | b o F - ! t
7 | ] Lol lind =T Bl Lok 2 L ———
1 s ' . ‘
S/ FEN T T T T e
-f t Y T 3
0 B ) I e——— e
[$) 1
, . , =\9opd/s T 3 A ; . .
1000 1500 2000 50 100 150 200 250 300 350 400 450 5C 500 1000 1500 2000 2500
m(tt) [GeV] Dilepton m™ [GeV] M(tf) [GeV]

Good match to theory, except close to threshold?
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SMEFT Analysis:

Global Fit to Top, Higgs, Diboson, Electroweak Data

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779

e Global fit to dimension-6 operators using precision
electroweak data, W+W- at LEP, top, Higgs and diboson
data from LHC Runs 1, 2

top EW
e Search for BSM Cu
e Constraints on BSM (Cus [ | T Cows Con Co ,\\ C
Cas o cw cw | Chel|| Cw
o At tree level g M e cp e o, | S g
At loop level o | \S——&weo D
341 measurements jKeN” Ce CL* C3s O35, C%,
included in e Co C. C. C
G#H tt /j 18

global analysis

Higgs



Global SMEFT Fit Including Top Data

2.5 : : IT
2 3. : -

N e sick maraotses: € 70

15 [ Top operators: EWPO+top (incl ttH) (Cg = 0) :

1.0 itps:fanivorg/absihep-ph/0206023 :

0.5 m \ ;

o oyt

| .

-1.0 :

-1.5

-2.0 :

25 EVVPO' _ ' ' ' Bpsohm :ngawa ‘ Top 2F _ ' Tpp ﬁ: ‘ ' ' ‘ '

EESTBITTIE JEISS0ISISVTI S SuuUTTUTT
. 7% S%2%s g 2 LLhggess
—
102 N N M e : - C=any

[TeV]

100/

A
e

101 |

1072

® Constraints on top operators weaker

e Fit prefers C; # 0, but jet data (not included) want C; ~ 0
19



Tensions in SMEFT Analysis of Top Data

Marginalised 95% C. L.
Higgs data (no ttH)
Higgs data
Higgs & Top data
Higgs & Top data (+4F)

+ SM

e Fit wants C; # 0 (left), but jets want Cg

25 20 -15 -10 -5

Cen

0 5 10 15

-10

-15

-20 4

-25

® Cannot help with threshold enhangement

Mg [GeV]

Marginalised 95% C. L.
Higgs data (no ttH)
Higgs data
Higgs & Top data
Higgs & Top data (+4F)
+ SM
-0.'04 0.62 0,b4
-0.'04 -0.'02 O.IOO 0,62 0,b4 -iO -iO (') 1'0
Che o
CMS tt(l+jets), 13 TeV
2.0
+ Data a Co=-150
. m SM v Co=038
~J () (rlght) - * Bestfit @ Co+Ci
dosm
4]
;_V vwe ! v v ! v
1.0 -EA\ [ ] | | [ | | |
14 4 ¢
' |
03 S(I)O 10‘00 15’00 20‘00

2500



t Production Asymmetries

.. I SM prediction*®
ATLAS Preliminary P
- Measurement
13 TeV, November 2023
tt + j: Madgraph5_aMC@NLO - tt: Phys. Rev. D 86, 034026 (2012)
(NLO QCD) | (NLO QCD + NLO EW)
tty: Madgraph5_aMC@NLO § tt: Phys. Rev. D 98, 014003 (2018)
(NLO QCD) 5 (NNLO QCD + NLO EW)
ttW: Sherpa 2.2.10 ,
(NLO QCD + EW) . "theory calculations shown as quoted
in the experimental publications
3 . ATLAS - tt+j
Ap= —4.3+2.0% — EPJC 82 (2022) 374
| ATLAS - tf
u _— ]
Ac =0.54+0.26% ; "|"_‘ JHEP 08 (2023) 077
. . . ATLAS - tf
Ac =0.68+0.15% N o JHEP 08 (2023) 077
. ATLAS - tty
tt — __
Ac=-03%£2.9% PLB 843 (2023) 137848
Af— 11180 . i ATLAS - ttW
c=—11x18% ' | ' JHEP 07 (2023) 033
[ I I | L Lot 1 1 | 1 | | 1 Lo el L L
-100 -10 -1 0 1 10 100

Asymmetry in Percent

Consistent with theoretical predictions
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Single-Top Production Diagrams in t- and s-Channels

t-channel W exchange

s-channel W exchange

22



Inclusive cross-section [pb]

o
™

10

Single Top Production

ATLAS+CMS Preliminary t-channel
- LHCtopWG B ATLAS arxiv2310.01518, PRD30 (2014)112006, EPJC77(2017)531, arXiv:2403.02126
® (CMS UHEP12(2012)035, JHEP06(2014)090, PLB80O (2019)135042
| Single top-quark production . -i.f ¢ LHC comb. yxepos(2019)088 i
April 2024 W
t-channel B ATLAS PLB716(2012)142, JHEPO1(2016) 064, JHEP01(2018)063

® CMS PRL110(2013)022003, PRL 112(2014) 231802, JHEP07 (2023)046, CMS-PAS-TOP-23-008"
¢ LHC comb. sHepPos(2019)088
i =re- -i s-channel
_i_i; , B ATLAS PLB756 (2016)228, JHEP06(2023) 191
® CMS UHEPO9(2016)027
tW

S

le]

¢ LHC comb. JHEP05(2019)088

2!

[e10

PDF4LHC21
' | scale® PDF @ o, uncertainty, mtop=1 72.5 GeV

i - = = NNLO MCFM, JHEP 02 (2021) 040
. - = = aNNLO+aN°®LL JHEPO05 (2021)278
T PDF4LHC21
tW: {f contribution removed
S scale® PDF @ o, uncertainty, mt°p=1 72.5 GeV

® s-channel - = = NLO NPPS205(2010)10, CPC191(2015) 74

! CT10nlo, MSTW2008nlo, NNPDF2.3nlo

i M=M= M,

=J- = scale® PDF @ a, uncertainty, m =172.5 GeV

*Preliminary

5 7 8 13 136
Vs [TeV]

Good agreement between theory and experiment
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Single Top Associated Production

ATLAS+CMS Preliminary
LHCtopWG

Gz X 5 =102 *J(tot) fb x 5
MadGraph5_aMC@NLO

g x 5=94"5(tot) fo x5
MadGraph5_aMC@NLO

Gy =515 3(tot.) fo
MadGraph5_aMC@NLO

Oy X 5=81+4(tot.)fb x5
MadGraph5_aMC@NLO

Ys = 13 TeV, April 2024

Oz X 2 = 136 *3(tot) fb x 2
MadGraph5_aMC@NLO

NLO QCD NLO QCD NLO QCD NLO QCD NLO QCD
Omeas. T (stat.) £ (syst.) t‘“a': e : ;
97 £13+7fo x5 H - H ATLAS, L= 139 fb"
JHEP 07 (2020) 124
tZq
2 -1
88 *5 *lfox5 i CMS, L, =138fb
: JHEP 02 (2022) 107
- -1 .
688 +23 77 fb - it} . ATLAS, L, =139 fb", Vis 1
th - PRL 131 (2023) 181901
115£17£30fb x5 — ; ; . CMS, L, =36 b, Vis 2
= PRL 121 (2018) 221801
tWZ 354 +54 +95fb x 2 ! : - : . CMS, L, =138 b
: arXiv:2312.11668
| I 1 1 | I | 1 1 I | | I | | | | 1 | | | 1 1 I |
0 200 400 600 800 1000 1200
o, [fb]

Mostly consistent with theoretical predictions
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tt Associated Production

Gy, = 0.75 £0.05(scale) + 0.01(PDF) pb

oy, =0.86"(0i(scale) + 0.02(PDF) pb

=0.98 +0.10(tot.) pb

. : E P oo,
ATLAS+CMS Preliminary PRL 131 (2023) 231901 EPJC 80 (2020) 428 M;dmc,azraphs aMC@NLO
LHC topWG I NNLO(QCD)+NLO(EW) I NLO(QCD+EW)+NNLL : NLOQCD
1s =13 TeV D Oy 3203000t pox3 I oy . x20=0038"33tot) pb x 20 Gy x5=0.1520.03(tot) pb x5 P G, =0.77£0.14(tot) pb
. 3 MadGraph5_aMC@NLO S JHEP 10 (2018) 158 : | MadGraph5_aMC@NLO : | MadGraph5_aMC@NLO
April 2024 I NLOQcD : NLOQcD I NLoaQcp : NLoaQcp
total stat.
Omeas. T (Stat.) = (syst.) I ‘ ' i
0.88 + 0.05 + 0.07 pb P —— . ATLAS, L, =140 fo”
AW : arXiv:2401.05299
0.87 + 0.04 + 0.05 pb D —— CMS, L= 138.0 b
: JHEP 07 (2023) 219
0.86 + 0.04 + 0.04 pb It ATLAS, L, =140 fb"
tfz = arXiv:2312.04450
0.95 + 0.05 + 0.06 pb : —————i—i CMS, L, =775 b’
: JHEP 03 (2020) 056
: 1
7 1.14 £0.05 + 0.04 pb - H—e—H CMSL,=1381b
ttZ+tWZ P = CMS-PAS-TOP-23-004*
) L
7 : i 0.322 +0.005 + 0.015 pb x 3 - ATLAS, L, =140 107, Viis 1
tty prod. I+jets & dilepton P L arXiv:2403.09452
- -1 A
0.0396 + 0.0008 +0.0026 b x 20 g ATLAS, L, =139 b7, Vis 2
thy+tWy eu -0.0022 P e JHEP 09 (2020) 049
Ty i 0.175 £ 0.003 + 0.006 pb x 5 : CMS, L= 138 11", Vis 3
tty dilepton P : e JHEP 05 (2022) 091
: o
= 798 + 0.007 + 0.04 E CMS, L =137 fi", Vis 4
ffy Ljets 0.798 £ 0.007 £ 0.048 pb =re—i JHEP 12 (2021) 180 «oreliminary
[ | [ B I R T T R [ R R
0.2 0.4 0.6 0.8 1.2 1.4 1.6
4, [P]

Consistent with theoretical predictions
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Stop Searches at the LHC

® Supersymmetric partners of top quark: fL,R, may be lightest

squarks (naturalness, large 7, /f, mixing)
(s=8,13 TeV, 20.3-140 fb "

| LI | LI I T = Observed limits

ATLAS
{, production, limits at 95% CL

< 900¢
)
S, 800

= = Expected limits

Data 15-18, ¥s =13 TeV, 140 fb ™'

= monojet, T, - bff' i‘:
[2102.10874]

= 0L, >t /T, - bWy /T, bif 7
[2004.14060]

L T o 1T o bW /T iy
[2012.03799)

= 1LAN, T, —>ti‘1’/ - bwi‘:
[ATLAS-CONF-2023-043]

— 2L Tt 1 T 5 bW /T iy
[2102.01444]

Data 15-16, Ys = 13 TeV, 36.1 fb '
/T o bW /T, s bty

[1709.04183, 1711.11520,

1708.03247, 1711.03301]
T

[1903.07570]

Data 12,Vs =8 TeV, 20.3 b ™'
~ ~0 ~ ~0 ~ , ~0
B= t‘—>tx1/t‘—)bWx1/t‘—>bﬁ X,

200 400 600 800 1000 1200 [1506.08616]
m(T,) [GeV]
® Lower mass limit depends on neutralino mass, decay pattern.

IIIIIIIIIIIllIIIIIIIllIlIIIIIIIIIIIIlIIlIIII

® Combination of decay modes in,general: need to survey models



Measurements of #77f Production

LHCtopWG

© 0. =12.075% (scale) fb

ATLAS+CMS Preliminary

Vs = 13 TeV, November 2023

© oy =13.471¢ (scale+PDF) fo  +———

tot. staf.

" JHEP 02 (2018) 031 © arXiv:2212.03259

NLO(QCD+EW) NLO(QCD+EW)+NLL'

Oy T tOt. ( stat. £syst.) Obs. Sig.

ATLAS, 1L/2LOS, 139 fb i i7 15
JHEP 11 (2021) 118 e 2605(8 )b 190
ATLAS, comb., 139 fb" 5
JHEP 11 (2021) 118 i A 2475 (+47) fb 470
CMS, 1L/2L0S/all-had, 138 fbo' & 210
PLB 844 (2023) 138076 g 36 T (7 55) o 390
CMS, comb., 138 fb™
PLB 844 (2023) 138076 e 1715 (14 £3) tb 40 ¢
ATLAS, 2LSS/3L, 140 b 166 447 46
EPJC 83 (2023) 496 - 225 5 (,, .0 610
CMS, 2LSS/3L, 138 fb” rad 187423
PLB 847 (2023) 138290 et 177540 (G5 190 560
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ATLAS Collaboration, arXiv:2303.15061

Constraints on tftt and ¢t Production
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Best fit prefers large tft cross section: expected to be small

Central value of #ftf crosssection > Standard Model



Constraints on Top Yukawa Coupling

ATLAS Preli
s =13 TeV

Higgs Combination
Nature 607 (2022) 52-59
L, =139 b

pp— fttt

EPJC 83 (2023) 496
EPJC 84 (2024) 156
L, = 140 fb”"

ttH (— bb)

PLB 849 (2024) 138469
Ly =139 b

ttH multilepton
ATLAS-CONF-2019-045
L, =79.9fb"

Int

H—yy
JHEP 07 (2023) 088
L =139 fb"

Int

2 1

minary April 2024
I = 1 in the SM hel = 1o
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Probes of CP Violation in ttH Coupling

® Two possible 17H couplings with different CP:

™m — _
L, = —— (Kbt + ikydyst) H
(V)

® Expect k, = 1,&, = O in the Standard Model

® K, constrained by the electric dipole moment of the electron,
d,, to which it contributes via 2-loop diagram

® Current upper limit |d,| < 4.1 X 1073Y e.cm suggests

|15, | S S X 10™* if SM Higgs-electron coupling assumed, and
no cancellation with other diagrams

® Seek direct constraints on K,

JE, Hwang, Sakurai & Takeuchi, arXiv:1312.5736



Observables Sensitive to K,

e Contributions to Hgg, Hyy couplings:

gy =~ Ki+2.65; +0.11k(ke — 1)
By =~ (1.28 —0.28k;)° + (0.435;)

e Affects ratios of ttH, tH, tH cross sections
® Modifies invariant mass distributions

® Sensitivity in top quark polarisation and spin correlations

JE, Hwang, Sakurai & Takeuchi, arXiv:1312.5736
e Modifies cross section for #ftf production
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Search for CP Violation in tH Coupling

5 40
5 0CMS Preliminary 138fb' (18TeV) j= - ATLAS 1|
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't measurements consistent with CP conservation, weak constraints on violation
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Search for CP Violation in tH Coupling

: 3 I I I | | I | I I | I I I I I I | I | | | I |
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7T April 2024 — 68% CL, H>yy -
— N -==95% CL, H>yy -+
21— —— 68% CL, H— bb —
Femmnna LT ---95%CL, H>bb -
| ~~.... X SM H
1.5 N + Best Fit ]
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Some tension between 1ftf cross section and other measurements

33 ATLAS Collaboration, arXiv:2303.15061



Entanglement

® Correlation between two polarised qguantum-mechanical

1
subsystems p=-(181+B,-0®1+B;-190+C -0 ®0)

4
® Correlation matrix: Net subsystem polarisations:
C=1Cij}ij=1,23 By ={Bii}i=1,23, B2 ={Baj}j=123 (=0fort,r7)
® Singlet correlation matrix:
-n 0 O
C(Singlet) — 0 —n 0
0 0 —ng R
: p
® Entanglement marker for spin O:
—Cik —Crr —Cpn=-3D D= —n
1
n > - = entanglement
3 Afik & de Nova, arXiv:2003.02280, 2203.05582;

Maltoni et al, arXiv:2401.08751
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m(tt) [GeV]

750 ;

Values of Entanglement Marker in ¢f

CMS Simulation (13 TeV)

CMS Simulation (13 TeV)

-1.0 -0.5 0.0 0.5 1.0 0.2 0.4 0.6 0.8 1.0
) cos © (pt+pf) 3,(tt)
@ = scattering angle 7Y — eI
g ang p. (i) BTE

® Solid lines: entanglement boundary

® Dashed lines: phase space selected for analysis

35 CMS Collaboration, arXiv:2406.03976




Particle level D

Entanglement at ¢f Threshold

- §ol

é.

[ ] —-— Limit (POWHEG + HERWIG 7)
---- Limit (POWHEG + PYTHIA 8)
o s Theory uncertainty
- @ Data
é ® POWHEG + PYTHIA 8 (hvq)
B POWHEG + HERWIG 7 (hva)

340<m;<380 380 <mg< 500 my; > 500

Particle-level invariant mass range (GeV)

ATLAS Collaboration, Nature 633, 542

CMS
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/! POWHEGv2 + PYTHIAS + 1, / ,
/'] MC Stat.
/11/\' MC Stat. @ Syst.
— Entanglement boundary
A Data extr. with PH+P8
t®#1 Data extr. with PH+P8+;

36.3 fb~' (13 TeV)

m(tt) <400 GeV
B,(tt) < 0.9

-0.491:4%5

a|qesedag

~0.480*0:055

PSR ST AN TS ST (N TSN NN T AN ST ST N S U ST S MR
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35

0.30
D

CMS Collaboration, arXiv:2406.03976

Significant spread in predicticggws of QCD Monte Carlo codes



More tf Entanglement Studies

® Entanglement marker for spin O (singlet):
—Cgk — Cpr — Cpn = —3D
® Entanglement marker for spin 1 (triplet):

D - %(Cnn T Crr T Ckk)

e Sufficient condition for entanglement:

AE — Cnn + ICrr +Ckk| >1

e “Bell” (CHSH) inequality
\/5‘ _Crr+0nn| S 2

e Study in different kinematical regions

| Afik & de Nova, arXiv:2003.02280, 2203.05582;
* Clauser, Horne, Shimony, Holt CMS Collaboration, arXiv:2409.11067




More tf Entanglement Studies

CcMS 138 fb™' (13 TeV) cMS 138 fb™' (13 TeV)
Q E T Separable states T Q 11E § Data
2 o3| 350440 1.6(2.8)c 3 1E stat, total unc.
O - O - Powheg+P8
+ S S | 0S¢ --- Powheg+H7
= B - o
-0.4 1 0.8F MG5+P8
O N O - -~ MiNNLO+P8
+ - PP I 0.7F I .......................................
05_0‘45 :________ i Data OE 0.6 ;vg-:r:-:':':':-:': e G L T
~ E stat, total unc. S~ 3
| - Powheg+P8 I 05E
no -05[ — - Powheg+P8+n, 0 G4E
- Powheg+H7 - 6.1(5.5)c 4.0(3.6)c
- MG5+P8 03 l Separable states |
055 - - MiNNLO+P8 :
' - m(tf) > 800 GeV m(tf) > 1000 GeV
P{t) <50 GeV m(tt) < 400 GeV lcos(6)! < 0.4 Icos(6)l < 0.4
_ 5oCMs 138 tb™' (13 TeV)
< r Data
o , - stat, total unc.
+= - Powheg+P8
O 1.8 - - POWheg+P8+n‘ asassacsacasessacsncacsssacs st s aea sl
—+ E e Powheg+H7
~ 16F MG5+P8
G [ - MINNLO+P8
1.4
Il o S
w -
< 12l
E 2.2(2.4)c 6.7(5.6)0
- | Separable states |
- m(tf) > 800 GeV
tt) <400 GeV
m(tt) < © Icos(6)l < 0.4

® Not separable = entangled: singlet entanglement at low mass,
triplet entanglement at high mass
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CMS Collaboration, arXiv:2409.11067



Entanglement at High

cMS 138 b (13 TeV)

4 50

8; m(tt) > 800 GeV, cos(0) < 0.4

a 45 Expected Powheg+P8
' —— QObserved

Entanglement
Obs.: 6.60c, exp.: 5.6c

Critical entanglement

30 Obs.: 5.30, exp.: 4.1¢

25

20

15

10

1 sejels a|qesedeg 1

iAEctit
Illllllllllll llllllllllll

8 1 12 14 16 18 2 22 24 26 28
A
E

o-llllllllllllllllllllllll llllllllllllllllllllllll

® Blue dotted line: Maximum entanglement allowed by causal
sharing of information

CMS Collaboration, arXiv:2409.11067
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Interpretation

These entanglement measurements verify predictions of
quantum mechanics/ quantum field theory (QM/QFT)

BUT, they do not exclude local hidden-variable theories (LHVTs)
These QM/QFT predictions can be mimicked by suitable LHVT

Discrimination between QM/QFT and LHVT could be provided
by (generalised) Bell inequalities

BUT, these entanglement measurements have other
applications ...
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|s the LHC Discovering a Boson
with Mass around 340 GeV?

Pseudoscalar toponium, not an elementary
boson!

Predicted to have a mass a few GeV below
the tf threshold: 343.5 GeV

Production of vector toponium in eTe™
collisions studied in detail

Relatively few studies for toponium in
proton-proton collisions

Fascinating QCD problem!

41
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Toponium Production at the LHC

More complicated than Higgs production:

V) tags - ::;:b % }Zﬁb Tm . Lwiu

III

top loop replaced by “blob” of size ~ 1/(M,a, )

;%zﬁ ;@? f
Lo Foake -alze Loy,

Sommerfeld enhancement of cross section close to 7 threshold

@ - £ FE,
Mddmw

Distorted by gluon interactions

Prre T

Despordcon ¥t wawe fuckion

“Smal

tt off-shell, unstable, gluon interactions

T



do / dM [pb/GeV]

1t Sommerfeld Enhancement
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Sumino & Yokoya, arXiv:1007.0075

e Colour-singlet, 77, pole dominant below nominal 7t threshold

e Cross-section >> perturbative QCD calculation of do/dm,
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Theoretical Study of Toponium Search

m < 400 GeV
1.2

® Using electron angular measurements: } o obww

Nt
1.0
012, P12 f

o
©
|

® Relative angle: 0,
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o
(o)}
]

0.4 —

® Jet substructure

0.2
1 1 1 1A 0.0 IIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII
. CalCUIate StatIStlcaI Slgnlﬁcance -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos 6,
10 Baseline - LHC Run 2 1s Baseline - LHC Run 2+3
Excess events 14 1 Excess events
9 A EEE Spin 3 I Spin
Colour 1 Colour
S 8- ° 12
) o 114
2 7 2
S S 10 A
O O
£ 6- e 97
c c
=2 o 8]
»n 5 n ]
ko] ko] 7
0} 0}
fhw} = 6
[SRE @]
(O] [} 5
o o
X X
w3 w4
I 37 L
2
2 .
L I . | L . |
340 360 380 400 420 340 360 380 400 420
my (GeV) my (GeV)

45 Aguilar-Saavedra, arXiv:2407.20330




Search for
n, Signal

® Kinematical quantities:

Chel = —(0 )k (07 ) — (€F) (€7)y — (£F

CMS Simulation Preliminary (13 TeV)

11 T 1

-

~ - SM it
— —}— A resonance
— — H resonance

JIIIIlIIIIIIII

2 o A S - o 0.0
Chan = +(U) (0 Ve — () (07)r — () (47 ) 1.0 05 0.0 0.5 1.0
Chel
. . . CMS Simulation Preliminary (13 TeV)
® Distributions MR = L I B DU
5|9 B —+- SM it _
—lo — —— A resonance -
l do — 1 (1 — D cpel) l do — 1 (1 + D) Chan) 08— — H resonance ]
0 dcpel 2 o dcphan 2 B —+ e -
0.6 — —
® \Where e =
_Ckk_Crr_CnnE_3D 02: ]
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CMS Collaboration, CMS-PAS-HIG-22-013
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Observation of #, Signal?

SM + 7, hypothesis fits data well
Measured cross section 7.1pb = 11 %
Consistent with theoretical calculation 6.43pb(*)| e T S I e
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Events / 50 GeV

Hint of #, Signal?

Ratio to Bkg.
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