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Introduction

- Both ATLAS and CMS have observed quantum entanglement in events with top quark pairs.

- These new measurements can be included in global fits to constrain the top-quark related
Wilson coeficients of the Standard Model Effective Field Theory (SMEFT).

—> Talk divided into two parts:

- Understanding parton-to-detector level migration effects

- SMEFT bounds from recent entanglement measurements
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Introduction

From CERN EP seminar, Giulia Negro (CMS)

Entanglement of top quarks

e Can be measured using spin correlations variables

e Depends on production mode, m,; scattering angle of the top quark (©)

high relative velocity
of top quarks ®) =1 0&]
— space-like

e SM predicts entangled states:
¢ at the production threshold region in gg fusion production

e at the boosted region for central production of the /7 system separated events é/é : q:,(§>
gg —> 1t qq — tt
10 4= 10 bt 6&‘
09 © [}
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Afik, De Nova
Eur. Phys. J. Plus 136, 907

low relative velocity of top quarks
G‘Q — time-like separated events

02/10/2024 Maria Moreno Llacer - Bounds on Top SMEFT from entanglement measurements 2



Introduction

From CERN EP seminar, Giulia Negro (CMS)

How to probe entanglement

1
+\ _
¢ Four maximally entangled states: |9%) = ﬁ( [T1) £ ) )

1
+y _ =
W) = ﬁum +|i1))
gg — tt - \A
Afik, De Nova 1000 o

Eur. Phys. J. Plus 136, 907

» Spin-triplet vector state
(@ -, ¥, O + D)

« At high m,;and low |cos O |:
Ckk < 0and Crr <0

.AIH[GCV]

/\\ AE=Cnn_Crr_Ckk=3D> 1
. . 0.2 0.4 0.6 08 — 1.0 ' — E > 1/3
e Spin-singlet pseudoscalar 56 =
state ¥~ T

« Atlowm;: C,.> 0and C, > 0

AE= Cnn+ |Crr+Ckk| > 1
Sufficient condition for entanglement

D= — tr[ﬂ -{D<-1/3 — measure D, D to access entanglement
3 : information in top quark events!
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Sensitive observables to entanglement with top quarks

Helicity basis {k, 7, 71}

Sketch from PRD 100 (2019) 072002

Conditions for entanglement

D=

D,

Threshold

Boosted

1 do 1
—_ = — (1 + a0, D cos Hab)
cdcosO, 2

being cos@,, =p, Dy

angle between the directions of two decay
products measured in their parent top
quark and antiquark rest frames

I_do : (1+ a,a,D;co0s6,,)
—_— a0, D5 cos
cdcos@, 2 @b ab

being  cos@, =p, P,

with inverted sign of n-component
in one of the decay products

(Ckk + Crr + Cnn)

3 <-1/3
Cri. +C
( kk ;r nn) > +1/3
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NLO predictions (parton-level)

Parton Level NLO

Ckk_— % ® Empty circles:
- negative values
- 0
Co— O oo
c.l— g -O- o Note: Signs changed
— for Ci in the plot
i ______________________________ @ ----------------- @®  NLOcalc. [JHEP12(2015)026))
—
~ @ Inclusive
:Q ---------------------------------------------------------------------------------- ® M, <c[340, 380] GeV
D—@ O ( —0—)
— 9o M,; > 800 GeV & |cosB,| < 0.2
— | 1 ! 1 | ! 1 1 | ! 1 ! | 1 !
0 0.2 0.4 0.6 0.8 1 1.2 14
Observable Threshold
+0.342 +0.009 +0.61 +£0.03 -0.60 +0.15
Crr +0.029 +0.009 +0.42 +0.03 -0.45 + 0.15 Uncertainties quoted are
due to limited MC statistics.
Cnn +0.329 +0.009 +0.58 £0.03 +0.87 £0.14 .
Theoretical unc. on these
D -0.233 +0.005 -0.54 +0.02 +0.06 +0.09 predictions not included
Dn -0.014 +0.005 -0.15 +0.02 +0.64 +£0.09 (expected to be small).
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Entanglement measurements with top quarks @ LHC

ATLAS & CMS results [1] Nature 633 (2024) 542

[2] arXiv:2406.03976
Threshold regime Boosted regime

[3] arXiv:2409.11067
Dilepton ATLAS (140/fb) >5c [1]

my<380 GeV

Particle-level

CMS (36/fb) >56 [2]
my<400 GeV & B,<0.9

Parton-level
Lepton+jets CMS (140/fb) 2.26[3]  CMS (140/fb) >50 [3] CMS I+jets paper includes the full
my<400 GeV m>800 GeV & |cos(0)|<0.4  matrix measurements in various
Parton-level Parton-level regions of the phase-space.
CMS 36.3 o' (13 TeV) )
W/l POWHEGv2+ HERWIG+sin /e | ;1 CMS 138 fb™' (13 TeV)
I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 1, / e Q ) £ Data
o1l ATLAS é ol /! POWHEGV2 + PYTHIAS +n, / y, ’E 1E stat, total unc
/s =13 TeV, 140 16’ [/ wesat o F Powheg+P8
’ 11/11/!" MC Stat. @ Syst. 09F g
—  Entanglement boundary . I E ---- POWheg+H7
0.2} 1o Data extr. with PH+P8 m(tt) <400 GeV = 08F ---MG5+P8
m /4 Data extr. with PH+P8+7, Ba(tt) <0.9 o " E -.--.MiNNLO+P8
Qe é' . | 07E I diisisisesimsassashesesasiassasassnsis
3 -03f i £ E
;‘; —— IEI OC 0-6 ?‘—:'—:T—:—T:—T:—T—:T—:T—:—T:—._—.—:T—:T—:—T:—':—T—:T—:T—:—T:—T
E . 40026 4 oo L I 0.5 E—
-04r ] —.— Limit (Powheg + Herwig7) 04970028 n 0.4 =
. —--- Ut (Pouneg + Pyi) | . A 6.1(5.5)c 4.0(3.6)c
—0s} ® oo ] [l g 0.3F l Separablle states |
¢ B ronmen s o 040E e g m(tf) > 800 GeV m(t}) > 1000 GeV
T s <my <380 380 < my < 500 mq > 500 060 055 050 045 040 035  -0.30 lcos(6)l <04 lcos(6)l < 0.4
D

Particle-level Invariant Mass Range [GeV]
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Understanding distorsions at detector-level

% _1 T T | L | LI 1T T 1T | 1T | T T T | T T | L
> 0.4 |- Total Uncertaint 7
% L ATLAS S?aﬁsticn;euﬁégr){ainty'
S [ Vs=13TeV, 140 fis' e Data ]
5 o0o[ s0<m<3wcey ® Rowsighingponts ] _
- 2. Entangementimit | Parton - particle - detector
0 :_ _: forward }
i ] scattering decay QCD shower ragmentatior detectors
r |
02 1
i n : ST e | o | |-0& 3D
0.4 - g - < inverse
F > e ]
. | .
osF l ] Sketch from SciPost Phys. 14, 079 (2023)
| I | | | | | |

111 111 111 111
-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 —-0.04
Detector-level D

Nature 633 (2024) 542
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Distorsions at detector level (dilepton - threshold regime)

m, < [340, 380] GeV

g 02 —  Parton level

2 b —+1 1 Detector level - Powheg+Py8
e J Detector level - Powheg+Hw7
0.122_‘_,—'—,:

Parton level NLO

_|\|‘I\I‘I\I‘I\I‘I\I‘HI‘HI‘HI‘I

? Detector level, with cuts - PowhegPythia8
0.04 — _ _
0.02 ; Detector level, with cuts - PowhegHerwig7

L I R R RV S | 0‘?:059 Mﬁ € [340, 380]

- o

Col— o
- ©
. . 0
Note: Signs changed  C— %
for Ci in the plot e
— O
Col— Q:

- ©
Migration effects: ~factor 3 e T ®  FuronivsiNO
using private ATLAS ntuples (thanks to Luis g
Monsonis); cuts on leptons and b-jets as well e @  Detector level, with cuts - PowhegPythiad
as top-quark reconstruction different to those o
used in the ATLAS pUb'IShed results - I o Detector level, with cuts - PowhegHerwig7

0o — 0.8 1 12 1.4
_ Parton-level Detector-level Mlgratlon factor
D - threshold regime -0.54 £0.02 -0.177 £0.009
Dn - boosted regime 0.64 +0.09 0.42 £0.03 ~1.5 Effect reduced in

boosted regime
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Parton vs detector level (dilepton channel, no cuts on my)

CUT SELECTION | pr(jet)(GeV) pr(D(GeV) Mjet. Understanding causes of
LA >25 >27 725 < Tjety< 25 reconstruction level smearing
pr(D >25 >10 —2.5 <Mjer < 2.5
Non cut >25 >27
CARDS SELECTION
BASE Default ATLAS Delphes Cards
B light-jet mistagging rate Decreased ~50%
-tag c-jet mistagging rate Decreased ~75% i i
b-tagging efficiency Increased ~10% StUdy carried out with De|pheS
Jet reso Jet resolution Increased ~50%
NEUTRINO SELECTION
BASE MET + neutrino weighting method
Real v+ WM Real v summed + neutrino weighting method
Real v Real v
PARTON LEVEL RECONSTRUCTION LEVEL
SLEERELIE No cuts Base Base p:(D) No n cut B-tag Jetreso | Realv+ WM || Realv
Cxx -0.342 -0.43 -0.087 | -0.001 -0.087 -0.088  -0.087 -0.082 -0.285
Cir -0.029 -0.04 -0.130 | -0.119 -0.131 -0.131  -0.130 -0.110 -0.027
Con -0.329 -0.39 -0.331 | -0.335 -0.331 -0.328 -0.314 -0.313 -0.399
D -0.233 -0.287 ||[-0.183 | -0.151 -0.183 -0.182  -0.177 -0.168 -0.237
D; -0.014  -0.029 0.038 | 0.072 0.038 0.036 0.034 0.040 0.029

The method used to reconstruct each individual neutrino is key to mitigate migration effects.
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ATLAS results: dilepton channel @ threshold regime

_g ET T T | I B | 3 2 0.09 & T T \ T | \ T \ T | 1 T T —
S 0.09 = —— Powheg+Pythia 8 . E - —— Herwig 7 LO Dipole shower =
= 0.08 - —t— Powheg+Herwig 7 = § 0.08 =~ —— Herwig 7 LO Angular shower E
S oo 5 foor- -
< 006 - = <008 E
0.05 - E 0.05 E
0.04 = ATLAS Simulation Preliminary ] 0.04 = ATLAS Simulation Preliminary
0.03 i_ \/§= 13 TeV, partiCIe level —i 0.03 i_ \/§= 13 Tev, par‘ticle level —i
0.02 — = 0.02 — =
0.01 ;— | | | —i 0.01 i_ _i
108 F 1.oe§—"’|”"IHHIHH—§
g 1.04 = 91045 =
$1.02 _'—|_I 3 BioL E
& — — — - — —
=~ = = Q 1 C =
8 - ‘_‘_I_I—: o = 3
s —  Poss - o -
8::2 E_ | 1 | 1 I | 1 1 | I 1 1 | I 1 L 1 | _E 0.96 ;— ) [ | | | | | | | | | | —g

1 05 0 0.5 1 0.94 ]
1 0.5 0 0.5 1
cos @, my;; < 380 GeV cos ¢, my; < 380 GeV

Notable differences seen at particle-level for two different parton-shower models

Nature 633 (2024) 542
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Setting bounds in top SMEFT operators

(using CMS results at parton-level)

follow-up from results in JHEP02(2022)032 & arXiv: 2205.02140

tt single t tW tZ t decay ttz 17244
A—2 _ _ _ _ A—2 A—2
A—2 A—4 [A—2] _ A—4 [A—2] A—4 [A—2] A—2 A—2
No/q A2 _ _ _ _ A2 _
N\ A - - — A AT A A
m A4 [A—Z] A2 _ A2 A2 A4 [A—Z] A4 [A—2]
] At [A2 - - - - A [A% -
14 four-fermion op. e - - - - e -
t\o/l A2 - - - - A2 A2
LN T Y S S
LR.RL A4 [A7?) - - _ _ A4 A2 A~ A7)
’ - - — A2 - A2 -
- A2 A2 A2 A2 - - —
™
- - - A2 - A2 - =
o
8 two-fermion op. N V,h - ATE AT oAt A - - S
o— . _2 N
t/ - - - A - A - Nt
_ A—2 A—2 A—2 A—2 _ _ 8
_ A—4 A—4 A—4 A—4 _ _ %
A—2 [A—2] A—2 _ [A—Q] A—2 A—2 S
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https://arxiv.org/abs/2205.02140

Entanglement measurements with top quarks @ LHC

ATLAS & CMS results

Dilepton

Lepton+jets

my<380 GeV
Particle-level

CMS (36/fb) >5c [2]
mtt<400 GeV & ﬁz<0.9
Parton-level

CMS (140/fb) 2.26 [3]
my<400 GeV
Parton-level

060

CMS (140/fb) >5¢c [3]
m>800 GeV & |cos(0)(<0.4

Parton-level

CMS

36.3 fb' (13 TeV)
e

I/ PO‘WHEGv2 +HERWIG+++7, / f,

I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 1 / s
/!l POWHEGV2 + PYTHIAS + 1, / yf,

[/l MC Stat.

11/11/7) MC Stat. @ Syst.

— Entanglement boundary
&1 Data extr. with PH+P8
1@ Data extr. with PH+P8+1,

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

0480458

a|gesedas

-0.55 -0.50 -0.45 -0.40 -0.35

‘ -‘0.30
D

Threshold regime Boosted regime

ATLAS (140/fb) >55 [1]

I 05E

[1] Nature 633 (2024) 542
[2] arXiv:2406.03976
[3] arXiv:2409.11067

CMS I+jets paper includes the full
matrix measurements in various
regions of the phase-space.

Here we have just explored the
threshold and boosted regimes.
More to explore in terms of EFT...

138 fb™' (13 TeV)

= Data

— stat, total unc.
E Powheg+P8
----- Powheg+H7
F ---MG5+P8
-.--.MiNNLO+P8

6.1(5.5)c 4.0(3.6)c

= I Separable states )

m(tt) > 800 GeV m(tt) > 1000 GeV
Icos(0)l < 0.4 Icos(0)l < 0.4
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Parametrisation for O,g

N o +L% Zi CiXi(l)]'Fb% ZU CiCJ-Xi(J-z)J+ O(A™*) Dependence derived with

Linear Terms Quadratic Terms

0.4 4

Threshold Region:
340 < my; < 400 GeV, CtG
B.(tt) < 0.9
0.2 1
s o
. 7*’_’_’_;—-—:3__ ________ 2.
YT S— B _
T \d \_
_--e
i -
w /” (g
—024 *~
....... —_—
Cye : [—0.20,0.26] C,
—0.4 1 Con
— D
D,
D, arXiv:2406.03976
—0.6 T T T T T T T T T
—2.0 —-1.5 —1.0 —0.5 0.0 0.5 1.0 1.5 2.0
Cia /A2 [TeV~2]

From D - cic/A%€[-0.20, 0.26] TeV2 @ 68%CL
Cn.n seems also sensitive in threshold regime

EFT - SM

MadGraph5_aMC@NLO & SMEFT@NLO

°
Boosted Region:
1 - .
0.6 N myg > 800 GeV ctG R
« N\ |cosf| < 0.4 /
\ /7
0.4 AN s °
\ /7
\\ ° ,’
S 7
N g z
0.2 1 S s
~  d
\\ ,/
\\L ’/
A == = -
007" Z ==z TS s —
—~0.2
0.4 1
e =t Chi
Ci¢ : [-0.66,0.69] .,
—0.6 1 Chn
— D,
D
—0.8 1 "1 D,, CMS PAS TOP-23-007
—20 15 -1.0 0.5 0.0 0.5 1.0 15 2.0
CtG/A2 [TeV_2]

From D, 2>cig/A2€[-0.66, 0.69] TeV2 @ 68%CL
Cw and C,,, also sensitive in boosted regime
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Sensitivity on O,; operator from various observables

Individual limits

Linear+Quad.

1074

101 i

Ranges 95% (TeV—2)

100_

10—1 i

tiy diff.

Entang. thresh.

Entang. boosted

Ranges 95% (TeV—2)

1071+

103
Only linear
102+

101

10°+

Entang. boosted

<

tW

Entang. thresh.

ttH diff.
tt~y diff.

ttZ diff.

tt diff.

O

- Sensitivity from D @ threshold and D, @ boosted compared to that from other observables:
differential cross-sections in tt, diff. tt charge-asymmetry, diff. ttZ o, diff. tty o, ttH &

- New entanglement observables may help to resolve blind directions

- When including only linear terms, bounds from D,, are degraded significantly
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Sensitivity on O,; operator from various observables

Individual limit 10°: imi
ndividual limits ; ) Global limits
1 Q
I . Z
Linear+Quad. | Onlylinear =
2
102_ 102_ E 102_
E
— g 2 —
2 2 E 3
£ 10 = 1074 7 £ w4  ~0(0.5TeV?)
2 ] ] = o
2 1 X < 5
g =2 & g
o £5& oA E° oA & 5552
: 5 10 MNE 1t
10°4 E EiR 0 G55
0 o : = 10 5252
' = tgcs
55°
10_1_ 10_1_? 1071_
Q&G G
o® <

- Sensitivity from D @ threshold and D, @ boosted compared to that from other observables:
differential cross-sections in tt, diff. tt charge-asymmetry, diff. ttZ o, diff. tty o, ttH &

- New entanglement observables may help to resolve blind directions

- When including only linear terms, bounds from D,, are degraded significantly
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Sensitivity on 4F operators from various observables

Linear+Quad. limits

0(1-10 TeV-2)

ctG and 4F- octets

102_
<
wn
<
el
g S
3
j=
o <
— <
~ - P B
| =By
> o g
° ol £z 8
= 10! w= S5
N
N
2 s =
Lo <38
o)} 88
8¢
2 =3
20 £ 2P
© ©°ss
[
oz IgﬁLu
—
w
109 NN
"‘:m‘N
o -~
‘NIE“
-~
10—1_

N
o° S

tt diff.

tt
AC

Entang. thresh.

Entang. boosted

tty diff.

ttH diff

ttZ diff.

)
0?»

7 diff.

<
0
[
P
<
=]
a0
c
©
=
c
L

Entang. thresh.

Entang. boosted

Entang. boosted

ttH diff.

ty diff.

tty diff.
17 diff.

ttH diff.

S &
o oo

tEy diff.
t7 diff
tEH diff.

Entang. boosted

<
0
[
—
<
=]
a0
c
©
i)
c
[AN]

Entang. thresh.
Entang. thresh.

Entang. boosted

ttH diff.

Entang. boosted

ttZ diff.
tty diff.

- Individual limits obtained from these two entanglement observables are still
not very competitve, but may help to resolve blind directions
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Linear limits
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- Limits degraded when considering only linear terms
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Understanding parton-to-detector level migration effects

- Migration effects ~factor 3 in threshold region; seem to be smaller in the boosted regime

- The method used to reconstruct each neutrino in dilepton events is key to mitigate
migration effects

- Need to understand differences seen by ATLAS at particle-level for two different parton-
shower models

SMEFT bounds

- SMEFT new interactions modify both conventional and quantum observables
- Dimension-6 operators can modify the degree of entanglement between top quarks

- Recently measured observables can break degeneracies between operators when

combined with other observables
- Quadratic terms are very relevant

Next steps: global SMEFT analyses including these new available experimental results.
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2o individual limits (expected)
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ensit on SMEFT operators from those observables
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ensitivity on SMEFT operators from those observables
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ensitivity on SMEFT operators from those observables
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ensitivity on SMEFT operators from those observables
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Distorsions at detector level (dilepton - boosted regime)

M; > 800 GeV & [cos6, 1pe| < 0.2

- ° Migration effects: ~factor 1.5
Cul— —— using private ATLAS ntuples (thanks to Luis
B ¢ Monsonis); cuts on leptons and b-jets as well
= . """"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" as top-quark reconstruction different to those
cl— - ® used in the ATLAS published results
~ ——
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Sensitivity on SMEFT operators from those observables
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ctG limits from various observables @ boosted regime
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Ckk [-1.08,0.34]
C, .
Corr [-1.00,0.76]
Cl‘ll‘l
Cnn ['0-40,0.64]
L
D D [-0.15,1.59]
D =
3 Lo b b b gy L1 D3 [-0.93,0.30]
-3 -2 -1 0 1 3
ClG
CMS 138 fb™' (13 TeV)
| m(tf) > 800 GeV, |cos(8)| < 0.4 Data B
_ tat, total unc.
— Ag=2.03+£0.15 | _ngnggiﬁgc: | . . .
-1 -0.166+0.057 = = =« Powheg = 0l
A e e V=i a Limits from global fits with
P, [C 00040027 H =+ - MiNNLO+P8 i ~200 bins: [0.007,0.111]
P, | -0.015+0.034 HE i i . V. ,U.
i ey - - - arXiv:2105.00006
P, [ 0.002+0.034 HH i HH
C, -0.678+0.083 e e
Cw | 06610064 d—— [ L
Cy [ -06920.12 — |
C, |_ 014010 Ji—— i di——
Cy [ -0.00£0.15 — i —
Cu | -017z0.14 —— | ik
Cox | -0.04£0.10 — i —f
C, [ -001x015 — i ——
Cw [ -006+0.14 — i —
IIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIlIIIlIIIlIII
-15 -1 -05 0 05 02 0 02 04 06

Coefficient value

A(data, Powheg+P8)
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Dataset
tt decay
tt reconstruction

Main selections

ATLAS
Full Run 2 (140 fb-1)

Dilepton: ep
Ellipse method
340 < m(tt) < 380 GeV

From CERN EP seminar, Giulia Negro (CMS)

Comparison with ATLAS

e Entanglement in top quark observed by both ATLAS and CMS with >5 standard deviations!
¢ despite different analyses...

CMS
2016 (35.9 fb-1)

Dilepton: ee, ey and ppu
Weighting method
345 < m(tt) < 400 GeV, beta <0.9

Triggers

Corrected to

Single lepton

Particle-level

Single lepton + dilepton

Parton-level

Fit type No fit, calibration curve Profile likelihood template fit
| Alternative hypothesis D Reweighting | Mixing samples with/without spin corr
Threshold effects Neglected | Considered (toponium contribution)
Nominal MC PowhegBox+Pythia8 PowhegBox+Pythia8

Alternative MC

PowhegBox+Herwig7, bb4l

PowhegBox+Herwig++, MG5_AMC@NLO

Significance

>> 5 standard deviations

> 5 standard deviations

D,, = — 0.547 £ 0.002(stat) + 0.021(syst) D, = — 0.4807091%(stat)*0-92%(syst)
— _ 0.016 0.02
D,,, = —0.470 £ 0.002(stat) £ 0.018(syst) Dexp = — 0.467f0.0}7(stat)f0_02}l(syst)
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ATLAS dilepton

Top quark pair reconstruction

 Reconstruction of top quarks momenta complicated due to 2 neutrinos
— Several methods were developed before, using m(top) and m(W) as constraints

NIM A 736 (2014) 169-178
| |

» A combination of various methods used:
— Main method: ‘Ellipse’ method (85% effic.)
* Analytically calculate two ellipses for p+(v)

and find intersections
— If ‘Ellipse’ fails - ‘Neutrino Weighting’ method (5%) ™ -

e Scans n(v), n(v) phase-space '\ \\\
n(v), n(v) p p ” ‘ | )

e Solutions weighted based on compatibility l
between pr of neutrinos and missing pr " !

— If both methods fail: simple pairing of leptons with
the closest b-jets (10%) x =

e Use highest-pr jet if only 1 b-tagged jet

100 GeV/c

» I |
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Dilepton vs lepton+jets
top quark reconstruction

eyt 1t

e my,;, weighting method e Artificial NN
e goal = correctly identify detector-level
e use algebraic method to solve for objects and up/down jet assignment

neutrino 3-vectors _ .
¢ NN trained on permutations

e pick solution with smallest m,; e For each event:
¢ provide all possible permutations of
objects as input to NN
expected my,, e use permutation resulting in the highest
NN score
¢ calculate neutrino momentum with W
boson mass constraint

e pair lepton and jet according to

miy+ = (Eer + E)? = (pgs +pu.)?,
~(Pes +P0,)? — (s +P0.)?,

mf‘. = (Ep- + Ep)? - (p" + p,;,)z.

E = pu, +P (Pe; + o, )? (Pe- + P ), s
Ez - + . "'¢2 = (Ey+ Ep + E,)? - (ps, + Per + P, )2. (py + pl) — mw.
v = Py, T Py,

~(po, + Peg +v,)* = (P, + Pt +Pu)”,
= (By+ Ep- + Eo)* = (pg, + = +po,)?,

—(ps, +Pe; +Po,)’ — (P, +Pg- + o)’

2
my
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et

Dilepton

arXiv:2406.03976
accepted by ROPP

® 36.3 fb-1 of 2016 data @13 TeV
e based on PRD 100 (2019) 072002

e Lower branching ratio

 top spin info 100 % transmitted to charged
leptons — easy to identify

« Lower pr cuts for leading/subleading lepton
(25/20 GeV) — higher efficiency at the threshold

» Worse m,; resolution — not ideal for differential
measurement

e Best for threshold region
* high entanglement
¢ mostly time-like separated events

= Dilepton vs lepton+jets

Lepton + jets

arXiv:2409.11067
submitted to PRD

e 138 fb-' of data @13 TeV collected in
full Run 2

e Higher branching ratio

e top spin info ~100 % transmitted to down-
type quarks — hard to identify

 Higher p cut for single lepton (30 GeV)
and for 4 jets (30 GeV) — lower efficiency
at the threshold but OK for high m,;

 Better m,; resolution = good for
differential measurement

 Advantage for high m,;
* high entanglement
e mostly space-like separated events
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EFT operators involving the top quark considered

8 two-fermion op.

Operator Definition Description
Osw (Qott) T qf)W;’v Modifies the tWb, tty and ttZ vertices
OB (@cﬂ“’ t) ¢Buy Modifies the tWb, tf’}'_and ttZ vertices
O (QoM T*t) PG, Modifies the ttg vertex
O((Pl(g) ((p*i(ﬁy(p) (@7 Q) Modifies the bbZ and ttZ vertices
O((P% ((p*i(ﬁfl(p) (Qtiy* Q) Modifies the tWb, bbZ and ttZ vertices
Oyt ((erz'(ﬁy(p) (tyHt) Modifies the ttZ vertex
Otg (at) (e‘(p*(p+(p) Modifies Yukawa coupling of the top quarks
Ogpb (q)Jri(ﬁyq)) (_b'ﬂ‘ b) Modifies the bbZ vertex

14 four-fermion op.

e 8 four-quark operators with LL and RR chiral structure G = (. db) i =, di = diy Q=12

. _ . ) = (t1,b t=tr b=b
O = (QTQ)(@" T q:) 0! = (Q7,Q)(@7"a) Q= .t b=t
02272 = QT Q) (@ T " ) O%; = (Qy. ' Q) (G " ¢i)
- O?u = ({’YMTAt)(ai’YHTAui) Otlu - (f’)/u )(ﬂw"uz)
= Ol = (B T0)(d T4, Ol = (B0 diyds) :
N
8 e 6 four-quark operators with LR and RL chiral structure
(o]
o
i O = (QY"TAQ) (T uw:) Obyy = (Qv"Q) (T us)
- Oda = Q' T4Q)(divy, Td;) ObHa = (QY'Q)(diyyd;)
= (@' Tq;) (T, T) Oty = (@7 a) (tyut) ;
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SMEFT operators relevant for the top quark

Basis: complete, non-redundant set of operators

Dimension 6: several operators affecting top quark interactions t\ V h
)
Two-fermion op. (2F): QQ + V,G,p O

t
Four-fermion op. (4F): QQQQ, QQqq, QQll

* The exact number depends on CP/flavour assumptions
* In our studies, we consider only real parameters
* In our first study, we considered eight 2F operators

Left and right-handed couplings of EW dipole operators 2F operators relevant
the t- and b-quark to the Z for top quark physics
_ = - .
Osq =13(a7'7q) (‘P:_'}D f ‘P) Ouw = (gt'o*Vu) (sqo W;v)
Oql,Q = % (@v"q) E?Ti{ipﬁog \‘e’o\oﬂ Ogw = (aflo-pvd) (‘PW;{‘;) o Oww,Op - ttZ and tt~ vertices
—1r= H = . 2
O‘PU = i(u’yﬂu) @ ’D.U‘;o Ous :(qG”"'u) (E(P Bp,v) 3 O¢t,O¢Q3,0¢Q1 - ttZ vertex
Ops =+ (977Du0) Qup =4 m

Chromo magnetic dipole operators Top/Bottom yukawa Basis rotated following the

, - P .t prescription of the LHC Top WG:
Ouc = (go*VTAu) (E ?* Gl . = (qu) (9" ¢79) Og > O = €080y, O,y -SinBy, O
Ouc = (a0 TAd) (pGh,) ® Oy =(ad) (9 ¢'0) Oyg > Oyq = 0004

v
arXiv: 1802.07237

Charged current interaction

Opuds = 3 (Ty*d) (@7 €iDyo) \‘ec;@
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https://arxiv.org/abs/1802.07237

Measurements used in our fit to top quark EW couplings

JHEP02(2022)032

Process Observable NG | C Experiment
pp — ttH +tHq o 13 TeV 140 fb! ATLAS
pp — ttZ do /dp% (7 bins) 13 TeV 140 fb~1 ATLAS
pp — tty do/dpy (11 bins) | 13 TeV 140 fb~! ATLAS
pp — tZq o 13 TeV 77.4 fb~! CMS
pp — tyq o 13 TeV 36 fh! CMS
pp — tHW o 13 TeV 36 fb~! CMS
pp — tb (s-ch) o 8 TeV 20 fb~! LHC
pp — tW o 8 TeV 20 fb~! LHC
pp — tq (t-ch) o 8 TeV 20 fb~! LHC
t— Wb Fy, Fi, 8 TeV 20 fb! LHC
pp — tb (s-ch) o 1.96 TeV 9.7 fb~! Tevatron
e~et — bb Ry . All)“-bB_LR ~ 91 GeV | 202.1 pb~' | LEP/SLD
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Sensitivity

N 1 1 I I ] I I I 1 | I 1 1 1 1 I
% = 10F acz20 v Cuy=20 AC a=20 VCo=20 ¥ C,=40 4 C,=100 ¥ Cyy=20 4 C=100 | 3
S|° E : : : i : : : : :
= : |FH?E‘ pp@8 TeV pp@13 TeV T =
q>> B v : : : v
2 o L .
= 5 i : s e :
= B0 : Vi.a:V¥:iy: szav- A i A X g
> B : : : 3 A : LA A : : )
e =y A L v E T
B : : : i : : i
; 1 . = ;
E \d A Py E : ¥ : :
B : X :iaAix X . - a1 . A i

v i
10V . h{ : : : : I v : . L4 : =
- o I LA b A | A | | I iy | A G, A .
*AEW
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Sensitivity of each observable

* LH/RH couplings of t/b quarks to Z: 04, 04, f:’()?
* EW dipole operators: 0,7, O, Opw

* Top Yukawa: Oy,

* Charged current interaction: 0y,

Individual Uncertainty per Observable (95% prob.)

10° ¢ Purple and green bars
Dark: differential ttZ and tty

Light (full length): inclusive ”

tb 8TeV
tyq

&
23
b

Iﬁ—‘ 1
[E———"]
HW

ttW
th 1.96TeV

TETET—
e
4
[ ]
ttw
tZq
t—Wb
tq
ttH +tH

Sensitivity coming from:
g < Crwy=> W helicity and tty
Cor > ttZ

_ 3)
Coo & Cin > LE_P/SLC
Ciy =2 tty and ttZ
Coep 2 tZ and W helicity

ttH+tH
tb 1.96TeV
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Ly
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tyq

All
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Operator Coefficients
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Complementarity between observables

* LH/RH couplings of t/b quarks to Z: 04, 04, Of:’()?
* EW dipole operators: 0,7, O, Opw

* Top Yukawa: Oy,

* Charged current interaction: 0y,

ety W (7 inc  EEE tZg mmm ttyinc |ngividual constraints on the eight Wilson coefficient
m tZ diff [ t>Wb  mam ttydiff EEE Global  oqiting from measurements in different processes

| TS

Sensitivity coming from:
Crw~> W helicity and tty
C,, = tty and ttZ

Significant improvement from
ttZ and tty differential
measurements ©

95% prob. bounds
2 4 6

0
CuwIN? (TeV—2)

—6 —4 —2

JHEP02(2022)032
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Results of the global fit

v Constraints of linear (only A=% terms) global fit are similar to those of the quadratic (A~2+A~*) fit
- Overall comparable results
- Main difference between the two sets of results seen for C;,

v/ Bounds compatible with SM within 2¢

v 95% prob. bounds: + 0.35-7 TeV-2

Global Fit LHC+LEP+Tevatron

| a | - | Baseline A~! m  Baseline A2 @ 4F A2 @ All éiorr. A2 .1 Robust Limitl
Con/5) IFHKJ i —?—*—?— +7 '|i'ev-2 i \
Cyw | [:Eafit | | sp—— 1 0.9 TeV-2 | \
. +0.6 TeV:2 Check the robustness of the fit:
- Cz| l - l : e S, i e R S | 1) Extension of our basis: with
< I : : : I |
= - : | | +0.35TeV? | seven 4F QQqq operators and C,q
sﬂg + 0.9 TeV2 | 2) Correlations between different
z ol | | __.,__ | observables (ansatzs for non-
5 S .2 | | published correlations have been
£ o, e —— 2TOVE | | estimated)
’ : L : ...... ' JLJ’..”.J'..‘.”JJ..‘,J.L."l'.”.:l'..”.‘.t‘.l..ﬁl'.‘il'..”.i'.l.‘lJ..‘,L.L‘."L'.‘...'..A.' ......... X : .... : :
: : : + 5 TeV2 | | | 3) Missing higher-orders in ag in
Y [ . .
Ct/ 10 e G ! i 1 EFT parametrisations
e e e s4Tev? 3
Crp/ 10 e T l.....l.....| "> Robustlimits: envelope
: : : : : | obtained from results of new fits
3 -5 =5 =) 5 : 5 5 , With these effects
Values (TeV—2)
JHEP02(2022)032
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Including more observables and extending the basis

Including observables sensitive to 4F, the robust limits improve.

Global Fit LHC+LEP+Tevatron

\ - BaselmeA‘ ‘- BasellneA 2 4F/\‘ - Al éorr. A2 -} Robust Limit
- T
Cow |mflt|
. Gz I S e e '
‘\‘<\ S A
€ Cw]
&
g
] |
C3 i
E i . RN S
©
o _ I — _I
Cy/10 ’ Robust: [-14.0, +7.8]
Ctp/10 Robust: [-4.4, +8.4]
-4 -3 -2 -1

0
Values (TeV~2)

N,
N

Including :

- observables: diff. tt XS and A,
- some 4F operators: QQqQqq

* linear terms only
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95% CL bounds

C/A? Linear (95% probability) Lin.+Quad. (95% probability) | (95% probability)
(TeV—2) Individual ~ Global-Baseline | Individual = Global-Baseline | Global-Robust
Ciy [-3.17, 3.47] [-3.13, 3.63] [-3.05, 4.05] [-2.82, 4.92] [-121.82, 62.82]
Coo -0.038, 0.079] [-2.84, 0.78] -0.038, 0.079] [-2.42, 1.62] [-2.84, 1.62]
Coo -0.019, 0.040] [-0.41, 1.39] -0.019, 0.040] [-0.94, 0.81] [-0.94, 1.39]
Cot -6.6, 1.8] -8.96, 0.96] [-8.6, 1.5] [-9.01, 1.11] -37.50, 21.50]
Caw [-0.30, 0.38] [-0.26, 0.44] [-0.28, 0.32] [-0.19, 0.50] [-0.35, 0.50]
Ciz [-0.82, 2.21] [-0.75, 2.37] [-0.39, 0.57] [-0.35, 0.88] [-2.43, 3.53]
Coth = = [-6.61, 6.71] [-7.55, 7.05] -
Cow = o [-0.47, 0.47] [-0.91, 0.91] e
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The power of differential cross sections

= A B L BN R LA B
3 - ATLAS e Unfolded data ] Dependence derived with MadGraphS_aMC@NLO, plus SMEFT@NLO and TEFT_EW
3 Is=13TeV, 139 fb" !
Ke) = 3
";,;_ 10%_Absolute cross-section + Theory NLO _2' ( '
g5 fen W s ] X X 1 Z X(]) 1 Z X(Z) A—4
S — —_— 2.0 —_— £ A
o 1%". Stat ® Syst. E SM +LA2 I Cl l +b4 U CIC] ) s @( )
g C ‘-n- ]
= 107 - t = Linear Terms Quadratic Terms
S : — ]
S\I./ 102 I
8 - : JHEP02(2022)032
o 10-3.A| 1 Lo b (%03_
LIJ T T T T T T T T —
T & 12 S " (1) 2 ttZ
ST B ¢ B IFJ‘E\ VX (CtZ/A )
3 0.25— 2
Y - < vX%C /A
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p.(1) [GeV] B OX (C(Pt/A )
0.2— 2) 2,2
= L -
> 8" ATLAS ¢ Daa , ] - X (C(pt/ A)
R B e voetooes -
N ;;N ] __3I + 4l combination - zﬁﬁi :tg :1::;5::; A 0.15 __ v
: Olo | “== NLO + NNLL JHEP 08 (2019) 039 | B
g _
= \4
& / 0.1—
0 . O O
@) - O O \/
= , 0.05|— O v
; i B v
2 * | N /
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Experimental correlations ansatz

- 1.00
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WC correlations: linear fit

-1.00
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m 0.00
O
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QO
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—0.75
s
O
~1.00

Cto Coo Cot C 4310 Cew Ciz Cob

Figure A.3: Correlation matrix between the different EF'T operators obtained in
the baseline linear (A~2) fit. Cells are filled if the correlation is higher than 10% in
absolute value. The operator O, that modifies only the bottom quark electro-weak
couplings, is taken into account in the fit but limits on its coefficients are not reported

since the obtained values are not competitive using only the observables considered in
the fit.
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WC correlations: quadratic fit

- 1.00
s
Q
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Figure A.4: Correlation matrix between the different EFT operators obtained in
the baseline quadratic (A=?*) fit. Cells are filled if the correlation is higher than
10% in absolute value. The operators that modify only the bottom quark electro-
weak couplings, O,q and Oz, are taken into account in the fit but limits on their
coefficients are not reported since the obtained values are not competitive using only
the observables considered in the fit.
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4F operators: experimental constraints from tt production

& A;rLAS {s=13TeV, 139 o'
At vs. NNLO QCD + NLO EW . e .
" Diferental m, « ATLAS has put tight limits on these 4-fermion operators
e =
- —A? « Best-fit value
c - e o §.<\ [FrrrrrrrTrrrrrTyTrryTrry T T e T T T T T T
" e S = = 1 - ATLAS . 99.7% CL ]
¢t e ATLAS, VS =13TeV,L =139 =P S g ol iy &
e cé | - EEEERE e F m 68.3% CL :
C?“’ B S td T e 06 o Global mode —
g T ) e SM .
i I - —
R B Céu E— 0.4/ =
4 B e - - 02 &
Cu [ o ta S . ]
a b . e 0.0/ 5
o s Coa e e _025_ .
Coi [ it iosiaites : c8 | mmm 95% CL (lin.+quad.) B o .
o - % | wmm 68% CL (lin.+quad.) — 04 =
C:d ..... e C]_, 8 | 95% CL (lin.) B - ]
@k + Q4 | mmm 68% CL (lin.) — 0.6 =
tq - .
- - - ]
Cas [ - Caa | PR 0.8/~ =
Ciod B o maomnms _' -' _| _. _' ) ) j :lllllllllllllJJllIlIlllIlllI|L|lj]IIAII:
e T T i 25 2.0 1.5 1.0 05 00 05 1.0 Y T Y TR Y Y Y R Y
A T N T C(TeV/A)? CL¥(TeV/A)?
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Evidence for the charge asymmetry in pp — 17 Differential #f cross-section measurements using boosted top
production at \/E = 13 TeV with the ATLAS detector quarks in the all-hadronic final state with 139 ifb of ATLAS data
[arXiv:2208.12095] [arXiv:2205.02817]
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New measurements, extending basis & HL-LHC projections

Process Observable NG B Experiment
pp — tt do /dm (15+3 bins) | 13 TeV 140 b1 CMS
pp — tt dAc/dmg; (4+2 bins) 13 TeV 140 fb—! ATLAS
pp — ttZ dc/dpf (7 bins) 13 TeV 140 fb! ATLAS
pp — tty do/dp} (11 bins) 13 TeV 140 fb! ATLAS
pp — ttH +tHq c 13 TeV 140 fb~! ATLAS
pp — tZq c 13 TeV 77.4 fb~1 CcMS
pp — tyq c 13 TeV 36 fb~! CMS
pp — ttW c 13 TeV 36 b1 CMS
pp — tb (s-ch) c 8 TeV 20 fb~! LHC
pp — tW c 8 TeV 20 fb~! LHC
pp — tq (t-ch) c 8 TeV 20 fb~! LHC
t— Wb_ Fo, FL 8 TeV 20 fb~! LHC
pp — tb (s-ch) c 1.96 TeV 9.7 fb! Tevatron
e et — bb Ry , Af_.%LR ~ 91 GeV | 202.1 pb~* | LEP/SLD
Individual Uncertainty per Observable (95% prob.) o Individual Uncertainty per Observable (95% prob.)
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Prospects for future linear and circular e+e- colliders

- Including also QQII operators (besides the QQqgq and 2F op.) in the global fit

- Only linear terms considered

- Input observables in e*e- 2bb, tt and ttH production

- Full advantage of running at different CM energies (and even two beam polarisations)
- The higher-energy measurements are more relevant for the QQIl operators

Machine P.+/P.- Energy Luminosity Observables
250 GeV 2 ab~!
ILC +30%/F80% | 500 GeV 4 ab™! oy, A%y, O, 0vinr
1 TeV 8 ab~!
380 GeV 1ab~!
CLIC 0% /+80% 1.5 TeV 2.5 ab™1 I VL o o
3 TeV 5ab~1
Z-pole 57.5/150 ab~1
~1
CEPC/FCC-ee | Unpolarised 3;8 gzx 23/25;:})_1 0wy A%s, O
360/365 GeV 1/1.5 ab™1

Inputs/Observables:
JHEP10(2018)168
arXiv: 2206.08326
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Expected constraints for ILC

- ILC (>500 GeV) is ideal for EW couplings: improvements by factors of up to 200
- Two different energies above the tt threshold needed to constrain all 2F and 4F operators

- The two sets of operators have very different scaling with energy:
4F op. grows quadratically, while 2F op. dependence is constant or grows only linearly

arXiv: 2205.02140

I LHC Run2 + Tevatron + LEP Il +HL-LHC 52 I +ILC250 e +ILC500/550 s +ILC1000
FITC
10!
HEPIT
Current and expected | /
constraints "=
:
3 ||
g
<107 .
2 'y
The global fit includes also 1 g
QQqq operators and C,g I
1072
Solid bars: individual fit 10-3 [l i i i i i
Shadowed bars: global fit Cto Cow Cot Co Coo Ciz Cop Cev Ceo Cb Cg Ca Cr Cpo
Operator Coefficients
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Comparisons of future colliders

- Limits are significantly better at linear e*e- than circular e*e™ not only because of higher collision
energies but also polarized beams which help lift degeneracies

arXiv: 2205.02140
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