EFT Results from
ATLAS

Laura Barranco Navarro
(on behalf of the ATLAS collaboration)
LHCP Conference
7.06.2021



Laura Barranco Navarro EFT results from ATLAS Stockholm University

The top quark as a window for new physics

Largest coupling Decays before
to Higgs boson - ~N hadronising
Why top
sector?
Probe for physics at the /\ J Many BSM models predict the
EW symmetry-breaking existence of new particles that
scale and beyond couple preferentially to top quarks
Precision Measurements g -
’ ‘ r ™ -
e Deviation from SM predictions Direct searches
would point to the presence of < Two > D hes th
. o
new physics. approaohes |rec.tlsearc est .at target
, specific new physics processes
* Model-independent search \. J/ . )

based on EFT interpretations
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Effective Field Theories (EFT)

Parameterise the effect of new physics

Erergy 4 A: Energy scale of 2 higher-di . fore.
new physics Via nigner-aimension operators:
7 Co
‘Ceff — LO + d XQ‘OCE
---------------------- 1 TeV
SM » Wilson coefficients: « Dimension-six gauge invariant
couplings of the SM fields to operators
the new physics » Higher terms suppressed by

higher powers of A

* May induce corrections to the SM couplings.
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ATLAS Top EFT interpretations in a nutshell

® SMEFT framework
| JHEP 10 (2010) 085
@ Warsaw basis 1802.07237 [hep-ph]
© A=1TeV
@ Focus on a small set of operators or combination of operators

Typically one operator (or combination) at a time
@ Interpretation strategy usually tailored for individual analysis
® Two types of measurements:

Direct searches at detector level (ex. FCNC)

Precision measurements unfolded to parton/particle level (ex. Angular
observables)
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https://link.springer.com/article/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1802.07237

FCNC in the top quark sector

@ Dominant SM top decay: t—= Wb "

@ FCNC decays: t—7q, t—=gq, t—=Haq, t—=yq Lo
Forbidden at tree level in the SM
Strongly suppressed at higher orders via the GIM mechanism

Increasing rates by several orders in BSM models as quark
singlets, two Higgs doublets models, supersymmetric extensions of

the SM. ..

@ Relevant for FCNC contributions to the production
and decay modes* g—ty, t—=yg and (—Zq

o i Z y y
O = (§,0"u)pB,, i i i
L ) t t q
@%), = (g0’ uj)gDWL/ q q t

with i = | and either i=3 or |=3

07.06.2021



Laura Barranco Navarro EFT results from ATLAS Stockholm University

13 TeV, L=81fb-1

t— qY an d q —) tY Phys. Lett. B 800 (2019) 135082

FCNC in production FCNC in decay
g &}%} |
>
u/c W
[ Vv

® Signature

u/c

SR: 1y, 1 charged lepton (e or p), 1b-tagged jet, Ermiss >30 GeV
CRs: W+y+jets, Z+y+jets
® Main backgrounds
Electrons misidentified as photons from tt events
Processes with prompt y
@ Analysis strategy
NN to discriminate signal from background
Profile likelihood fit to the NN output and the pr¥ distributions in the SR and CRs
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t—qY and q—otY

‘E _IIIlII|II|I|II|||||I||||||||||l||||||||||||||||||_
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B2 — -1
c ool VS=13TeV, 8117 _ gionai x10) W wsrtiets
Gl - tuy, LH =
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£1.125 )
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®0.875
o
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13 TeV, L=81fb-1
Phys. Lett. B 800 (2019) 135082

Observable

Vertex Coupling

Obs.

§ 10"E ATLAS ¢ Data 7 Uncertainty = Exp
2 (s=13TeV, 81107 _ g viots (13)* (13)* +0.04
I Lt .jiyfl:ma;:ij;; ] Ciw *tCup twy LH 0.19 0.22_ .,
Hret E (31) (31) +0.05
Post-Fit Dj—)'yfake .Otherprompt'y_ CuW + CuB tuy RH 027 0.27_0 04

10° < .
E (23)* (23)= +0.11
&4 c& tcy ~ LH 052 0.57°00
10* (32) |, ~(32) +0.12
Cuw + CuB tcy RH 0.48 0.59_0.09

10° o(pp — ty) [fb]  tuy LH 36 527

' o(pp — ty) [fb]  tuy RH 78 75

o(pp — ty) [fb]  tcy LH 0 4977

B1.075 ty) [fb] ¢ RH 33 52%2
S A AR o(pp = t7) [f0] Y 14
§0.925 é B(t — qy)[1077] twy LH 2.8 4.02
08507701 02 03 04 05 06 07 08 09 1 _5 +2.4
NN output B — qy)[107°] tuy RH 6.1 5.9_1.6

B(t — qy)[1075]  tey LH 22 27

B(t — qy)[107°]  tcy RH 18 28%7

® Leading uncertainties
Limited size of data sample
Jet energy resolution
Reweighing of the photon pT
Factorisation and renormalisation scales

Choice of generator for the simulation of
tt and single top processes

Limited size of the simulation samples

95% CL upper limits
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G D

® Signhature

SR: 3 charged leptons (e or y) with my close to the Z mass, at
least 2 jets, exactly 1 b-tagged jet, Ermiss >20 GeV

CRs: ttZ CR, VZ CR, ZZ CR, 2 regions for non-prompt leptons

g /
® Main backgrounds ;/HA<
diboson, ttZ and tZ processes /

top pair production
13 TeV, L=36.1fb-!

® Analysis strategy JHEP 07 (2018) 176

X2 minimisation to reconstruct the events

2 2 2
reco reco reco
) (m jalals thCNc) (m iplev mtSM) (m{’cv mW)
X = + +
0.2 0.2 2
IFCNC

Ism

Profile likelihood fit to the x2 distribution in the SR, the leading lepton pT for the non-prompt
leptons and ttZ CRs, the W transverse mass for the WZ CR and the reconstructed mass of
the four leptons for the ZZ CR
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—
!
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o

Q Fr T T
Z 50-ATLAS e Data _
%) - (s =13 TeV, 36.1 fb’ -tVtVZZ B
c [ CR+SR fit (u = 0) ’
L% 40'_Signa! Region =:\l)<t)r:le-;>rompt —
_ Pre-Fit . i bWuZ i
B (B=0.017%) _
» 7 Bk rtainty -
30% 7, Bkg unce alnty__
2
m
Lo
©
(]
XZ
® Leading uncertainties
Limited size of data sample
Theoretical normalisation
Background modeling
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Events / 40 GeV

Data / Bkg
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top pair production
13 TeV, L=36.1fb""
JHEP 07 (2018) 176

60T T T

- ATLAS e Data ]
oSS B

N th CR ‘ ) = S(t)r:\e-:)rompt E
aof e - > bWuZ Operator Observed Expected

- (B=0.017%)

- 77 Bkg uncertainty |C(31)| 0.25 0.30
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' ] O] 0.25 0.30
20— ]

' ] 1) 0.30 0.34
10 —
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08 //,,,,,,,// //1/ /4

77
0.6[ e . , , , . ) ‘ ]
50 100 150 200 250 300 350 400
Leading lepton p; [GeV]
Bt —>uzZ) B(t—cZ)
Observed 1.7x107* 2.4x107*
Expected -1 1.7x10™* 22x10™*
Expected 24x10™* 32x10™*
Expected +100 3.4x107* 4.6x107*
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C h a rge asym m et r)’ i n tE top pair production

13 TeV, L=139.1fb-1
ATLAS-CONF-2019-026

@ Asymmetry in t and t arise from interference of higher-order amplitudes in the gg and gg
initial states.

@ Due to the difference in the pdf, valence quarks carry larger fraction of proton's
momentum than the sea antiquarks

More forward top quarks and more central top antiquarks

1. — N(Aly[>0) — N(Aly| <0)
“ 7 N(Aly| > 0) + N(AJy| < 0)

® Signature

Lepton + jets in both boosted and resolved topologies
@ Main backgrounds

W+jets & single top production
® Analysis strategy

Combine both topologies and measure Ac inclusively and differentially
Acceptance and detector effects corrected with a Bayesian unfolding procedure

07.06.2021 10



Laura Barranco Navarro EFT results from ATLAS

Charge asymmetry in tt

é) 0.03 T T T éJ 007: T T T T ]
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oF — = 3
C = —0.01:— —
~0.005¢ E ~0.02f 3
C | I | E | | | | 3
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0.0021~ .

of .
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1 _ ~@B1) (8,3) (8) + 1 2
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1 1
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top pair production
13 TeV, L=139.1fb""
ATLAS-CONF-2019-026

T | 1T 1 | T | T 1 | [T 1 | T
- ATLAS Preliminary Vs=13Tev, 139" |
| differential Ag vs. NNLO QCD + NLOEW |
- my interval —A%Z —A%2+A*  68%CL. limits
- > 1500 GeV le— — -
L 1000 - 1500 GeV e .
L 750 - 1000 GeV e — e
- 500 - 750 GeV fe— — .
- 0-500 GeV 'Y .
- inclusive —— .
— LHC8 combination —— —
| PP, 8 TeV, JHEP 1804 (2018) 033 i
- Tevatron combination ° .
B pp, 1.96 TeV, PRL 120 (2018) 042001 |

| 1 1 I | 1 1 | | I L1 1 l | | | 11

-8 —6 —4 -2 0 2 4

| o~ C [TeV?

® Leading uncertainties [ ]
Limited size of data sample

Modelling of background and
signal
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TO P q u a r~I( PO I a r.i Sati O n ATLAS-CONF-2021-027 (to a

@ Inthe t-channel at LO, single top quarks are o
produced with their spin completely aligned

, _ Spectator quark 5
along the direction of the spectator quark.

® Spin information transmitted to decay products ’

—
@ Measure P = (Px,Py,P2)
y

!

1 Spectator quark

® Signature
t-channel single top production: 1 charged lepton, significant Exmiss & 2 jets

@ Main backgrounds
Top pair production & W+jets

@ Analysis strategy
Polarisation vector for top and anti-top quarks fitted from angular distributions

Measurement unfolded to particle level

07.06.2021
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Top quark polarisation

EFT results from ATLAS
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ATLAS-CONF-2021-027 (to appea

-8 ﬁé E ATLAS Preliminary ° gfttau g -8 ﬁz 1 of_atLas Preliminary o gtatflu _' % 1_| LN L I L IO B 'I [T l_
§ 0.9 (s=13Tev, 139 16" — Stzt:,,snycs'_ Unc. . _§ | s=13Tev, 139" — St:t:+Sr;/(;-. Unc. 1 © - ATLAS Preliminary e Destit value ]
: C Powheg-Box+Pythia8 7 : L Powheg-Box+Pythia8 i B ;T 68% CL .
~|o - rotos+ ia ] -0 L e rotos+Pythia; _ - = y 7
0'8:_ :AGts_ar\jg?@NsLO+?ythias B T II\DAGtS_al\Zgg@I\?LO+Eythia8 _ 0.5+ s=13 TeV, 1391b 95% CL —
0.75_ e Powheg-Box+Herwig7 _f 0 8:_ .......... Powheg-Box+Herwig7 ] : % SM prediction:
C ] O  —— - .
oo [ el [ T o . .
05- | — o == == - : o I
mey _— ] i | ] ! . ]
0.4 e - i i ] I N |
E E 0.4— t-"!-_-—} p—-—ul | _05_ ----- I
0.3 = i SIS ] I ]
C ] 0.2 - _ -
I Illll I lllll 11 111 111 IIlIlllllIlllllIlIIIlIl 111 11 17 _1_ ]
% é % E ' ' ' ' ' ' ' ' ' g I | T - l | I - l | I - l | I I 111 1 I 11 1 1
o 12§ E < B — e 4 05 0 05 1 15 2
L 0.8 £ E S 08F 3 W
4 08060402 0 02 04 06 08 1 4 08060402 0 02 04 06 08 1
008 Oy 00 Oy ® Leading uncertainties
Jet energy scale and resolution
Ciw Ciew Modelling of the signal
68% CL 959% CL | 68% CL 95% CL
All terms [-0.2,0.9] [-0.7,1.5] | [-0.5,-0.1] [-0.7,0.2]
Order 1 /A4 [-0.2,0.9] [-0.7,1.5] | [-0.5,-0.1] [-0.7,0.2]
Order 1/A% | [-0.2,1.0] [-0.7,1.7] | [-0.5,-0.1] [-0.8,0.2]
@ Pxand Py are affected, respectively, by the real and imaginary parts of the OtW effective operator
07.06.2021 13
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Summary

@ Standard Model of particle physics is widely believed to require
extensions

@ Top quark provides a unique opportunity to search for new physics
@ EFT interpretations are becoming more popular
® SO0 far, strategies have been tailored for individual analysis

Building up on acquired expertise to move forward to a more
comprehensive and future-proof approach

Considering combinations

Exciting results to come

07.06.2021 14
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t—qY and q—otY

@ Analysis strategy tailored for Production mode (but decay also included)
® Oul) & Ouw( with i = | and either i=3 or j=3
@ Analysis strategy:

Signal region by loose requirements of kinematic properties of final
state objects

- NN input variables: photon pr, lepton pr, jet pr, lepton charge,
Ermiss lepton-photon invariant mass, lepton-jet invariant mass,
AR(lepton,photon), AR(lepton,jet), AR(jet, photon)

Control regions:
- W+y+jets
- Z+y+jets (y pr distribution)

07.06.2021
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t—qY and g—tY - Couplings

@ Higher efficiency for couplings involving a c-quark due to differences in u-
and c-quark PDFs

@ Higher efficiency for LH couplings due to differences in the kinematic
distributions of the W boson decay products

@ tuy coupling: production mode is the dominant signal process

@ tcy coupling: decay also plays an important role since production is
suppressed by the c-quark PDF

07.06.2021 17
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t—/q

@ Analysis strategy

07.06.2021

X2 minimisation to reconstruct the events

Stockholm University

top pair production
13 TeV, L=36.1fb""
JHEP 07 (2018) 176

2 2 2
reco reco reco __
2 (mjafafb thCNC) (mjbfcv mtSM) (mfcv mW)

X = + +

2 2 2
O-tFCNC O-tSM O-W

Minimisation gives the most probable value for longitudinal component of the neutrino

momentum.

Combination with minimum x2 chosen and SR further defined by:
- |mrecojzap - 172.5 GeV| < 40 GeV

- |mrecopey - 172.5 GeV| < 40 GeV

- |mreco, - 80.4 GeV| < 30 GeV

Profile likelihood fit to the x2 distribution in the SR, the leading lepton pT for the non-prompt
leptons and ttZ CRs, the transverse mass for the WZ CR and the reconstructed mass of the

four leptons for the ZZ CR

18
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Colour-dipole operator

Stockholm University

e

® ug -> tZ: Oug operator can lead to same tZ/y final state

® Strong bounds in Oyg from previous ATLAS results

Eur. Phys. J. C76 (2016) 55

0.093

%) or |CB3Y) }_0.041 Durieux, Maltoni, Zhang, arXiv: 1412.7166v2

0

07.06.2021
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https://link.springer.com/article/10.1140/epjc/s10052-016-3876-4
https://arxiv.org/pdf/1412.7166.pdf
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Charge asymmetry in tt R

ATLAS-CONF-2019-026

® Resolved topology
4 small-R jets.

BDT to reconstruct tt system (correctly assign individual selected jets to the
corresponding partons from the decaying top quark)

- Variables: reconstructed mass of hadronically-decaying top, semileptonically-
decaying top and W; logarithm of likelihood from the KLFitter; b-tagging
information; light jet from W; AR(b-jet(semi-leptonic),lepton); AR(W light jets),
AR(b-jets); lepton and b-jet pr; N(jets), n(hadronically decaying t).

Remove events that fulfill boosted selection

@ Boosted topology
1 large-R top-tagged jet pr> 350 GeV (hadronically-decaying top quark)

1 small-R jet close to the selected lepton

Mit > 500 GeV
Remove events that fulfill boosted selection

07.06.2021
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Charge asymmetry in tt R

ATLAS-CONF-2019-026

@ Unfolding of Aly| (after final state radiation but before decay)

@ Full Bayesian Unfolding. Systematic uncertainties included as nuisance
parameters

@ Include uncertainties on the response matrix due to limited MC statistics
as well as unfolding bias.

07.06.2021 21
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ttV measurements

® Signature

EFT results from ATLAS

Stockholm University

ttZ & ttW production
13 TeV, L=36.1fb"
Phys. Rev. D 99 (2019) 072009

SR: different signal regions according to the number and sign of leptons. Further split in (b-)jets
multiplicity and/or lepton flavors

® Main backgrounds

Depending on the channel, VV, Z+jets, ttH and fake leptons

® Analysis strategy

The signal strength for ttW and ttZ are extracted simultaneously from a binned likelihood fit in the

dilepton, trilepton and tetralepton signal and control regions

ttZ and ttW SRs and CRs are also fitted separately

EFT limits derived from fit to ttZ regions only

Process tt decay V decay Channel
(Lxvb)(qgb) Qv SS dilepton
ttW
(L=vb)(£=vb) Pxy Trilepton
(qgb)(aagb) L+ OS dilepton
tt/ (£=vb)(qgb) 2+0- Trilepton
(L=vb)(L+vb) R+L- Tetralepton

07.06.2021
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ttV measurements

LA L L L L L I L N L L L L L Y L L

- T
o - B
< 200 ATLAS e Data ttz
@ Vs=13TeV, 36.1 fbo i =Z+2HF
€ 1 Z2-6f y
5 80 2L-Z-6j2b (post-fit) Z+1HF EEZ+O0HF
w 160 [ Other 7/ Uncertainty
140 . ’
M |
120 7 ,

)
o
|l\llllllIllllllllllllllllllllllllllll T
—.—Q\%
. \*—
——
JLJ_JL.III|III|III|III|III|III|IIIIIIIIII

-1 08 06 -04 02 0 02 04 06 08
BDT output

Regions targeting ttZ production
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7/, Uncertainty
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;/%—f»@'/vw/ﬁ/—/A—ﬁ(/—»/////—/f///);-”///%x%—’/%A///—////—/—/fw-/-f/fe;
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Data / Pred.

A R Ao KT 3
CRany P2y 2oy L"°Z~2b4j QCIoN

Regions targeting ttW production

Stockholm University

ttZ & ttW production
13 TeV, L=36.1fb""
Phys. Rev. D 99 (2019) 072009

® Leading uncertainties

Modelling of background and
signal (ttZ)

Modelling of signal and limited
amount of data (ttW)

6, =0.95+0.08,, +0.10

sta syst.

6y = 0.87 +0.13,,, +0.14

sta syst.

[72]

g 3 ?_TLAS .. Q;ta 3vvg E

> - s=13TeV, 36.1fb" [ tt | .

L ~  (post-fit) mm Other B ttH - Coefflicients Cgé /A? Cot /A? Cig/A? Crw | A?
B i Charge-flips y+X N

10% B Fake Leptons /7 Uncertainty Expected limit at 68% CL [-2.1,1.9] [-3.8,27] [-2.9,3.0] [-1.8,19]
s B P ] Expected limit at 95% CL [4.5,3.6] [-23,49] [4.2,43] [-2.6,2.6]
’/i-_i/ % e Observed limit at 68% CL [-1.0,2.7] [-2.0,3.5] [-3.7,35] [-22,2.1]
A ‘/’/ Ao ,/ = Serv 0 U, 4. U, 3. Ay 3. oy L.
0 ¢ {{AF;’ Observed limit at 95% CL [-3.3,4.2] [-25,5.5] [-5.0,5.0] [-2.9,2.9]
1
15 New result:

G R AP A AR AR AL SRANANE Otz = 0.99 & 0.054ac. + 0084y,
S E A f A E A EagEAEAELG L2 2 h E oA g = : :
5985833365448085805:883484; arXiv:2103.12603 (submitted to EPJC)
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