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Why effective field theory (EFT) interpretations?

« At LHC, we haven’t directly observed a physics beyond the Standard Model (BSM) yet

— even if BSM is beyond the reach of LHC, it can reveal itself indirectly
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* Top quark differs from other quarks/fermions mainly by it's large mass

— if BSM reveals through EFT searches — high chance it will be in top processes

* The effect of BSM dynamics (characterized by energy scale A) can be parameterized
at low energies E << A

— effective field theory (EFT) model independent approach:

O: higher-dimension operators build from SM fields and respecting SM symmetries
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Top-quark analyses with EFT interpretation

Differential cross-sections:
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Charge / energy asymmetry:
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Different measurements are sensitive to different EFT operators
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EFT ingredients in ATLAS top-quark sector

Lsmerr = Lsm + Z —0(6) + Z Ai‘ OJ(S)

o (Ci) OSM + OSM-EFT + OEBFT-EFT

= O-SM"‘_ZO’I +_ZB:C2+_ Z ﬁzJCC'
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We always consider only energy dimension six operators

compare results with linear-only (1/A?) and linear+quadratic terms (1/A\%)

EFT model:

MG5_aMC@NLO MC generator used to obtain parameters («;, B, B;) of the model

Warsaw basis used for the operators
different implementations of the SMEFT model are used: SMEFTatNLO, dim6top, TopFCNC

We determine limits on Wilson coefficients (‘C)):

give a measure of strength of a given operator
2499 coefficients for dimenstion six, 427 which affect top-quark in dim6top (various assumptions)
typically, only a few which affect a relevant vertex are measured in a given analysis



tt differential cross-sections

- Sensitive mainly to C, . and 4-quark operators:
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ATLAS-TOPQ-2018-11
ATLAS-TOPQ-2019-23
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« Two measurements in boosted regime — better sensitivity at high pT/m(tf)

Observable Hadronic top p, Leading top p,
(particle level) (parton level)
Uncertainty Full covariance matrix Full covariance
(stat+syst) matrix (stat+syst)

LO EFT model SMEFTatNLO dim6top

SM prediction (og,,) NLO Powheg+Py8 NNLO fixed order
reweighed to NNLO (MATRIX)

Theory Uncertainty NLO rew. to NNLO SM NNLO scale
(scale, PDF, 6% incl.)

Limits estimate EFTfitter (arxiv:1605.05585) EFTfitter
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tt diff. cross-section in all-hadronic channel

ATLAS-TOPQ-2018-11
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Ci¥ (Tev/N)?

tt differential cross-section in I+jets

ATLAS-TOPQ-2019-23
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high-p_ bins have the largest effect
Quadratic terms important for 4-quark operator C,_©®
Both 1D (individual) and 2D (simultaneous) limits of two Wilson coefficients obtained:

Cic (TeV / N)?

Mareinalised 95% intervals Individual 95% intervals
Model . V)2 ©
odel | € (A/TeV) Expected Observed Expected Observed
A Co [—0.44.0.35] [-0.53.0.21] | [-0.44.0.28] [-0.52,0.15]
Cf:;' [-0.57.0.17] [=0.60,0.13] | [-0.57.0.18] [=0.64,0.12]
A2 Cio [—0.44. 0.44] [-0.68.0.21] | [-0.41.0.42] [-0.63.0.20] 7
CI{:;‘] [—0.35.0.35] [-0.30.0.36] | [-0.35.0.36] [-0.34,0.27]
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tt differential cross-sections

Robustness tests performed to show that:
— the unfolding procedure is not affected by EFT contributions
— the background dependence on EFT contributions have overall a small effect

Performed in |+jets and all-hadronic analysis
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EFT interpretation with top-quark properties

ol

W helicity

sensitivity to various EFT operators highly depends on process, vertex, observable



Energy asymmetry in tt+jet production
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AE: difference between top and antitop energy
ej: jet angle w.r.t. initial parton direction in ttj rest frame

Ab({?f) =

Manifestation of charge asymmetry in qg — ttq
Sensitive to chirality of top/antitop
SMEFTatNLO @ LO

Six 4-quark operators with different chiral/color
structures measured
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Ability to resolve new directions in parameter space
— combination with charge asymmetry would be useful
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Top-quark polarization in single-top production

W+

Sensitive to operators affecting Witb vertex
— bounds on complex coefficient of O,,

Measured lepton angles differential cross-sections
- CtW

SMEFT NLO model
— EFT operators enter both production and decay

1D & 2D limits of both th and C,.tW

(C,,) affects x-(y-) component

1D results:
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EFT interpretation with FCNC searches
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« Typically, FCNC in both production and
« EFT model ‘TopFCNC’ @ NLO mostly u

decay of top-quark are considered
sed

Multivariate discriminants used to set limits on cross-section

— limits on Wilson Coefficients

x107°
— limits on branching ratios §1'2; ATLAS Preliminary Expioctad limit
I Vs=13Tev, 1390 —— Observed limit
] B Expected limit + 1o
08— e Expected limit + 2c
95% CL limits
0.6

0.4

A =1TeV

ATLAS-CONF-2022-014

0 02 04 06 08 1
AB(t - cH)

. Ix107°
1.2 13


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-014/

FCNC: tqg vertex
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FCNC: tgy vertex

ATLAS-TOPQ-2019-19
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FCNC: tgZ vertex
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FCNC: tgH vertex

Sensitivity to ch, and Cu(P coefficients

Limits on BR(t — gH) translated to EFT limits:
[(t—qH) /T (t—->Wb) —

— BR({t—qgH) =

Cyo = \1946.6 B(t —> gH)

Coo = \J(C P +(CJ,)?

« Combines LH (i3) and RH (3i) combinations

* i=1(2) for u- (c-) quark

Both 1D and 2D limits provided:
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ATLAS EFT Summary

Top-boson coefficients
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ATLAS Preliminary  Top EFT Summary

/s=13 TeV March 2022
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[1] Single top polarisation, arXiv:2202.11382
[2] fZ cross section, Phys. Rev. D 99 (2019) 072009
[3] tt diff. cross section (I+jets, boosted), arXiv:2202.12134
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4-quark coefficients
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[1] 1t diff. cross section (l+jets), arXiv:2202.12134

[2] i diff. cross section (all-had), ATLAS-CONF-021-050
[3] tf charge asymmetry, ATLAS-CONF-2019-026

[4] ff energy asymmetry, arXiv:2110.05453
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FCNC coefficients
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[1] FCNC tZq, ATLAS-CONF-2021-049
[2] FCNC top-gluon, arXiv:2112.01302

[3] FCNC tay, ATLAS-CONF-2022-003
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« Typically, limits are about the same or better than from existing global fits

»  Papers which superseded CONF notes are already available:
—  ATLAS-CONF-2021-050 — ATLAS-TOPQ-2018-11, ATLAS-CONF-2022-003 — ATLAS-TOPQ-2019-19
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Conclusions

» Effective field theory interpretation a powerful tool to look for BSM physics
— Becomes a standard in top-quark sector at ATLAS
— Plan to harmonize various aspects of interpretation

» Different analyses constraining various single or pairs of Wilson coefficients

« Combining EFT interpretations in top-quark sector should be a future goal
— Will allow simultaneous determination of Wilson coefficients (‘global fit’)

— Will remove blind directions
— Eventually, should do a global EFT ATLAS and LHC fit

All results available on public web page:
https.//twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults 19
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ATLAS+CMS EFT summary

ATLAS+CMS Preliminary March 2022
LHCtopWG
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EE—— ATLAS, Top polarization [6] 139 fb™!
ATLAS, iZ (5] 36 fb™!
& el ATLAS+CMS, W helicity [7] 20420 fb!
W —— CMS, tZq/TZ [1] 138 fb”!
CMS, tf and tW, BSM search [8] 36 fb!
— | — CMS, f+Z/W/H, tZq,tHq [4] 2!
~[] == ATLAS, Top polarization [6] 139 fb™!
tw
6DW CMS, t+Z/W/H, tZq,tHq [4] 42!
Co/ 9 e ATLAS, @ Ijets boosted [9] 139 fb!
o = CMS, { and tW, BSM search [8] 36 b
g - CMS, tf spin correlations [10] 36 fb!
G — — CMS, (+Z/W/H, tZq,tHq [4] 2 fb!
6[‘] — CMS, tf spin correlations [10] 36 fb!
\6(32'+(~3(32) | |55 ATLAS, FCNC tqy* [11] 139 fb!
uWw. uB
‘N(za; +~(23) | L ATLAS, FCNC tqy* [11] 139 fb!
uw. uB
\~(3"+6(3” ‘ b ATLAS, FCNC tqy* [11] 139 fb”!
uw uB
‘6(13D +~(|3) | L ATLAS, FCNC tqy* [11] 139 fb!
uw uB
‘~32 [ |+ ATLAS, FCNC tZq [12] 139 fb”!
uw
] . ATLAS, FCNC tZq [12] 139 fb™!
uB
\523 N |5 ATLAS, FCNC tZq [12] 139 fb™!
uw,
\623* | i ATLAS, FCNC tZq [12] 139 fb!
uB
& | b ATLAS, FCNC tZq [12] 139 fb!
uw,
\(33‘ | b ATLAS, FCNC tZq [12] 139 fb’!
uB
‘613 ] b ATLAS, FCNC tZq [12] 139 fb!
uw
‘Gs*l b ATLAS, FCNC tZq [12] 139 fb™!
uB
- | ATLAS, FCNC tqg [13] 139 fb!
‘CuG | - CMS,  and tW, BSM search [8] 36 fb!
. i ATLAS, FCNC tqg [13] 139 fb!
IC,! — CMS, f and tW, BSM search [8] 36 fb!
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LHCtopWG
N A " Following arXiv:1802.07237
Four-fermion operators - Individual limits Dimensign 6 operators
== ATLAS — CM ATLAS+CMS C,=C/A? * Preliminary
T I T T T T I T T T T T T T T I T T T T |
61 CMS, 4 top quarks [1] 36 fb!
1t
6:)‘ CMS, 4 top quarks [1] 36fb!
~1
— CMS, 4 t rks [1 l
Caa op quarks [1] 36 fb
62‘ CMS, 4 top quarks [1] 36fb!
~(3)‘|” CMS, T+Z/W/H, tZq,tHq [2] 42 b
Ngll) CMS, +Z/W/H, tZq,tHq [2] 42 fb!
~i')) CMS, T+Z/W/H, 1Zq,tHq [2] 42 fb!
e
N::) CMS, +Z/W/H, tZq,tHq [2] 42 fb!
51‘2 CMS, (+Z/W/H, tZq,tHq [2] 42 b
~‘S(” CMS, T+Z/W/H, tZq,tHq [2] 42 fb!
g CMS, {+Z/W/H, tZq.tHq [2] 42 fb!
t
N:;q — ATLAS, (T energy asymmetry [3] 139 fb’!
~18 — ATLAS, T all-hadronic boosted* [4] 139 fb™!
a4 —— ATLAS, (T energy asymmetry [3] 139 fb!
N:q p— ATLAS, T energy asymmetry [3] 139 fb’!
i - ATLAS, T 1+jets boosted [5] 139 fb’!
— ATLAS, ( all-hadronic boosted* [4] 139 fb™!
1q e ATLAS, (T energy asymmetry [3] 139 fb!
5‘1 — ATLAS, {f energy asymmetry [3] 139 fb!
u
~8 — ATLAS, ff all-hadronic boosted* [4] 139 fb™!
Ctu — ATLAS, (T energy asymmetry [3] 139 fb™!
6(: — ATLAS, T all-hadronic boosted* [4] 139 fb!
68 —— ATLAS, T all-hadronic boosted* [4] 139 fb™!
Qd
52 y —_ ATLAS, ff all-hadronic boosted* [4] 139 fb"!
Ng‘: — ATLAS, ff all-hadronic boosted* [4] 139 fb™!

EFT forn
experimental analyses

sm is employed at different levels o
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2 4

95% CL limit [TeV?]
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95% CL limit [TeV?]
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ATLAS+CMS EFT summary (2)

ATLAS+CMS Preliminary

LHCtopWG

Top quark EFT operators - Marginalised limits

March 2022

Following arXiv:1802.07237
Dimension 6 operators

6‘2 G, /A2

[1] CMS, fh+Z/W/H, Zq,tHg, JHEP 03 (2021) 095
[2] CMS, 4 top quarks, JHEP 11 (2019) 082

[3] CMS, tZg/lz, JHEP 12 (2021) 083

[4] ATLAS, fl I+jets boosted, arXiv:2202.12134
[5] ATLAS, Top polarization, arXiv:2202.11382

== ATLAS == CMS * Preliminary
(1] — — —_— ] — - —_— =] =] —= | — -
[2 — — f—] =
[3] = c .
[4] ' .
[5] - c
R —— B R - e g N T R e 2 S S05 S05 =0 - e R e e 2 R R e A
=1 =1 ~8 ~1 ~8 ~ ~ ~3 ~ ~ ~ ~ ~ ~ ~ ~ ~3() (i) ~() ~ () () ~5(l) ~T()
CQQ CQ[ CQ[ Cﬂ Clq Cw Cs Q C‘D Q C‘b‘ C¢ b CIW CilW CIZ CbW CIG Clcl / gS CQ\ CQl CQe 1l C

95% CL limit [TeV?]

te t t

Gray lines indicate operators included in the fit but with resulting limits outside [-10,10]

22




EFT limits from tt+Z cross-section

Used cross-sections in 4 trilepton and 4 tetralepton signal regions targeting ttZ
), assuming C,"=0)

ATLAS-TOPQ-2016-11

5 C's considered which affect ttZ vertex (sensitive to C,,®-C
EFT model at NLO, 1D limits only

(1
®Q

%) % ______________:: éQ—
: 10" B 5-13Tev,36.1 fo” _3 B
(post-fit) - tWZ )
B Chcatisity — Observed
- : ---Expected ]
10° ]
] 2o
e s 1(5_
.5 : . : . - ATLAS ]
e },«/—//.r//—/////-///av-//////////-ff////%///f/)//f////%//m%% R i ‘EI=13ITeV?61be11—
5 05 U A > T = -30 25 20-15-10 -5 0 5 10
“ong Tty oy L""Z‘?bﬁ 2 Cyl A?
Coefficients Cq(;g /A2 Cor /A2 CtB/A2 CtW/A2
Previous indirect constraints at 68% CL  [-4.7,0.7] [-0.1, 3.7] [-0.5, 10] [-1.6, 0.8]
Previous direct constraints at 95% CL 1.3, 1.3] [-9.7,83] [6.9,4.6] [-0.2,0.7]
Expected limit at 68% CL 2.1, 1.9] [-3.8,2.7] [-2.9,3.0] [-1.8,1.9]
Expected limit at 95% CL 4.5, 3.6] [23,4.9] [4.2 43 [-26, 2.6
Observed limit at 68% CL [1.0,27] [20,35 [3.7 35 [22 2]]
Observed limit at 95% CL [3.3,42] [25, 55 [5.0 50 [29,29
Expected limit at 68% CL (linear) [-1.9, 2.0] [-3.0, 3.2] — —
Expected limit at 95% CL (linear) [-3.7,4.0] [5.8, 6.3 - -
Observed limit at 68% CL (linear) [-1.0, 2.9] [1.8, 4.4] - - 23
Observed limit at 95% CL (linear) [-2.9, 4.9] [-4.8, 7.5] — —
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EFT limits from tt charge asymmetry

ATLAS-CONF-2019-026

O 0.07- T T T T —
< 0.06E I NNLOQCD +NLOEW ~ ATLAS Preliminary L B

= Powheg+Pythiag =13 TeV, 139 fb" 3 i P 1
0-05;- owhegrryina B ILR . ATLAS Preliminary (s=13TeV, 139" |
0.04f ¢ Data (stat/total) = B - .
0.03E E | differential A, vs. NNLO QCD + NLO EW |
0.025 { = - m, interval —A? —A%e AT 88% C.L limits |

0.01E J — —
0 i 3 3 - > 1500 GeV — N,
—0.01;— —; L 1000 - 1500 GeV ey :
-0.02F- = - iy
_0.03F ! I ! | E L 750 - 1000 GeV P i
0.03— 550 [500,750] [750,1000] [1000,1500] > 1500 B |
m; [GeV] L 500 - 750 GeV —— 1
sensitive to seven 4-fermion operators in Warsav basis ] 0 500 Gov |
- - a ‘ —

— reduced to 4 operators by using a flavour-specific linear - -
combination: | inclust i
CL]i s ch%l) 3 Cg}ﬁ) + Cg) inclusive ——

2 1 1
€, =65+ : :

_LH inati o _
Cl = C& _ B 4 c® e S s

dt i ]

LT i i —_—— E

Cﬁ, = CC(IB + C;) i pﬁ?rg%t{g&%?:gobrlzga&%%m |

— reduced further by assumption of equal couplings to up- and R

g
down-type quarks: -8 -6 -4 -2 0 2 4
| - | [ | 2 T2 o2 .
Cu = Cd =€ Cu = Cd = C [Tev—Z]

charge asymmetry is affected by the difference: C~ = C! - C?
SM prediction used: NNLO QCD + NLO EW 24
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tt differential cross-sections

check performed in all-hadronic channel: ¢ q ;
« Unfolding recovers truth distribution within 1% even t
when EFT effects included on both signal and .
background
t _
) q t
= = T " g § i T g ; 4 v T d " 3
8 - ATLAS * Data = PWG+PY8 =] ._;' i IA TLAS T N TR L s S P e D t T A T R e
S 1L 5=13TeV, 139fp" 7 PWGH+PYB(NNLO W) — PWGHH? 6 . ata é
c& i Eg Bzosted X TR i L ?5 = L Vs=13 TeV, 139 fb” Eﬂgg+alal\)|lg@NLO+P 8 =
o E Fidlicial phss-shats --- Sherpa (NLO norm.)  ---: PWG+PY8 hy, . =3xm, | qg Boosted all-hadronic ti '_' :' '_' PWG1H7 1.3 y _
2 2w --- PWG+PY8ISR_Up -~ PWG+PY8ISR_Down __| o4 10° Fiducial parton level i i PWG+Pyé (more IFSR) 5
.gt = - [ stat. unc. Stat.+Syst. unc. E ol o5 T PWG+Py8 (less IFSR) 3
L - s pm Stat. @ Sys. Unc. il
e —= 10" g Stat. Unc. =
B i 10° & —
1074 = . = = E
= + E = . =1
= I+jets = F all-hadronic .
10° = = E
& ¢
8 e _=
oIg R e s e e e e e —
o° 5% 1(23 S T B e R R P L o T g B T s
& S
8P 13
é 2 o 0 é‘ ................
'—f.ég i S ——— :
o 0.7E 0.6 0.8 1 1.2 1.4 1.6 1.8 2
500 7000 7500 2000 T
Pl [GeV] P; [TeV]
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EFT from top-quark properties

Observable Unfolded lepton angles Unfolded differential
(normalized) energy asymmetry as
a function of jet angle
Uncertainty Full covariance matrix Full covariance
matrix (stat+syst)
EFT model SMEFT at NLO SMEFTatNLO @ LO
SM prediction (ogy,) NLO MG5+Py8 NLO SM (tt+))
Theory Uncertainty stat. uncert. of the SM NLO+ LO EFT
parametrisation scale uncertainties +

MC sample size

Limits estimate Likelihood Chi2 fit



Sensitivity of energy asym. to EFT coefficients

Both linear and linear+quadratic limits provided
— Limits dominated by quadratic terms

A [107]

ATLASS|muIat|on AL -AR A
- {s=13 TeV

I|IIII

ATLAS-TOPQ-2019-28

27
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Top-quark polarization in single-top production

ATLAS-TOPQ-2018-10

W+

Sensitive (affect Wtb vertex) to O(pq, qu, O,, at tree level
— O(pq affects just a cross-section, no effect on shape
— qu: negligible effect on angular distributions
— placing limit only on O,
Tests: unfolding recovers non-zero EFT coefficients, effects on background negligible

Morphing technique used to interpolate MC EFT samples in order to describe angular
distribution

C.,,: non-zero value could be hint of non-SM CP violation in Wtb vertex

28
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Top quark FCNC summary plot

ATLAS+CMS Preliminary 95%CL upper limits <—@ ATLAS <—@ CMS
LHCtopWG [1] JHEP 05 (2019) 123 [2] arXiv:2111.02219
[3] ATLAS-CONF-2022-003 (LH) [4] JHEP 04 (2016) 035
March 2022 [5] arXiv:2112.01302 (LH) [6] JHEP 02 (2017) 028
[7] ATLAS-CONF-2021-049 (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) EE 2HDM(FC)
from arXiv:1311.2028 [IMSSM [Z]RPV ERS
/Z <@ (1]
t—Hc
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