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BSM searches in the top-quark sector

@ The Standard Model is the best theory we
have for explaining the universe so far.

@ The “recent” discovery of the Higgs boson
closes this chapter but several
fundamental questions are left
unanswered.

@ We know that there is physics beyond the
Standard Model (BSM).

@ The top-quark is one of the touchstones
that we can use to probe BSM theories.

(© 2023 Craiyon LLC. All rights reserved.
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the top quark decay.

e With close to 100% of the branching
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AT = 1 weak neutral current (T1) modes

ratio, t — Wh.

lo Zq(g=u,c) TI [b< 5 x10—% 095%
Ty Hu T1 < 19 x 10—% 95%
ry, He 1 < 73 x 10~ 05% 11 Hc Flavour changing neutral currents.
T, 799 (g=d.s.b; g=u,c) T1I < 16 %10~ 95%
Lepton Family number (LF) violating modes
My etpfc LF < 89 %107
Mg e uFu LF < 7 x10-8

[a] This limit is for I'(t — ~vq)/T(t = Wb).
[b] This limit is for [(t — Zq)/T(t — Wb).
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@ Some updates from ATLAS regarding:

ut7Fq Charged-lepton-flavour violation.
1o Hu Flavour changing neutral currents.
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e PDG (link) dated from last year regarding

» [ and N3 with H — vy and H — VV*
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Charged-lepton-flavour violation arKiv:2403.06742

Search for urqt, with g = u, c.

This interaction might happen in the production or
decay of the top quark.

Analysis targets events containing:
» Two muons with the same electric charge.
» One hadronically decaying tau lepton.
» Exactly one jet that is b-tagged.
» > 0 jets without b-tags.

@ The observed data is interpreted:

» within the effective field theory (EFT) framework.
> to test a leptoquark (LQ) hypothesis.
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Charged-lepton-flavour violation arKiv:2403.06742

e The Wilson coefficients (c¢) weight the EFT operators (O) of the effective Lagrangian,
which assumes a mass scale of new physics, A much larger than achieved at LHC.
> In backup, EFT operator basis and degrees of freedom.
> £:£sM+£effZ£SM—|—;%Ox+...

- m m,\4 (k3 . .

D = 6690 = g () (e P + e P + 41
ijk3 1(ijk3 3(ijk3

+4)cl )|2+2|Cle(c;{1 )|2+96|C|e(<;ﬂ )|2} ’

@ For the LQ interpretation, a scalar leptoquark, S is introduced and may couple to
multiple generations of charged leptons and up-type quarks.
» A flavour hierarchy in the coupling strengths assumed with the magnitude in the quark and
lepton generations as a constant ratio: R=0.1 where \;. is the strongest coupling.

Air Aer Aur 10 1 0.1
i € |y ey Aup|=AR| 1 01 001
die Ace Aue 0.1 0.01 0.001

o EFT-optimized analysis strategy expected to give weaker limits on couplings in LQ
interpretation.
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Charged-lepton-flavour violation
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e Control region (CR) built with u=uT events to estimate the fake-7 contribution.
» Scale factor extracted standalone.

CR with tt(— ep) events with additional non-prompt (NP) u to estimate the NP
background in the signal region (SR).

Hr (= )", |pr¥|) distributions from CRtt/ and SR used in a binned profile-likelihood fit.

» x = { lepton,jets }

Statistical dominated analysis.

Leading systematic uncertainties stem from ttX and diboson processes modelling.

Mario José Sousa (INFN-GE)

Searches for BSM in top final states in ATLAS

June 5th, 2024

6/16


https://arxiv.org/abs/2403.06742

Charged-lepton-flavour violation
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Upper limits of the ALQ scalar set
ranging from 1.3 to 3.7 for masses
between 0.5 and 2 TeV.
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Flavour-changing neutral-currents

@ SM states that FCNC processes, due to the GIM mechanism, are:

» forbidden at tree level.
» very much suppressed at the one-loop level and higher orders.

@ FCNC decays of the top quark are extremely rare in the SM (Phys. Rev. D 100 (2019) 015003):
» B(t — cH) = 4.2 x 10715,
» B(t — uH) =3.7 x 10717,
» Observations of such processes would constitute a clear signal of BSM physics.
@ Previous ATLAS limits are:
Publication | sHEepos (2023) 155 JHEPO7 (2023) 199 JHEPO6 (2014) 008
H decay H— 77~ H — bb H — v~y
B(t—cH) | <94x107% | <120x107* | < 7.8 x 1073
B(t—uH) | <69x107%| <77x107% [ <7.8x1073
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Flavour-changing neutral-currents: update
b

JHEP 12 (2023) 195 arXiv:2404.02123 [hep-ex]
w+ -

@ Search for tqH coupling with diverse Higgs boson decays.

@ Search in H — ~~ split primarily based on the decay of the W boson:
had 0 charged lepton and at least 3 jets.
lep 1 charged lepton and at least 1 jet.

@ Search with Higgs boson decaying into multilepton final states:
2LSS 2 same charged leptons.
3L 3 charged leptons with | > q(4;)] = 1.
@ Both analyses search for FCNC in production and decay of the top quark.
@ The observed data is interpreted within the EFT framework.
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Flavour-changing neutral-currents

@ The EFT Lagrangian (Lgpr) for the tqH process can be written:
qt th
u¢ Oql M¢ Olq

Lerr = Lsm + Z

g=u,c

» with 4 FCNC operators contributing at tree level associated to 4 Wilson coefficients.
» Notation can be found in backup.

@ The top quarks are produced unpolarized in tt and the Higgs boson is a scalar particle:
» no kinematic differences expected between OZ‘;) and OZ;.
@ In the phase space considered for the single-top production, results from simulation also
showed negligible differences.
@ The average of the two Wilson coefficients is taken per g = u, c:
ct ¢—i— Cu¢

tq, qt
C 2
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Flavour-changing neutral-currents t — qH(— )
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JHEP 12 (2023) 195

FCNC decay top: my,; € [152,190] GeV.
SM decay top: my; € [120,220] GeV.
c, ¢ jet from FCNC top pass/don’t pass charm-tagging.

To improve the sensitivity these categories are fed to a
boosted decision tree (BDT).

@ Specific region targeting the pp — tH production.

@ Profile likelihood used to fit B in the m,, distribution,

assuming a single coupling: either tcH or tuH.

@ Main systematics result from the non-resonant
background from the Higgs boson m,., side-band.

Searches for BSM in top final states in ATLAS
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Flavour-changing neutral-currents t — qH(— )
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<58x107*

<4.0x10"*
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FCNC t — QH with H muItiIepton decay arXiv:2404.02123 [hep-ex]

@ In both lepton final states, the H — WW decay dominates.

@ This analysis also splits between decay/production based on Njcs: 4 SR.
@ 4 CRs to constrain the background from fake leptons (heavy flavour).
@ 3 CRs to constrain the background from ttV.
@ Neutral network (NN) used to separate signal from background.
@ Heavy flavour background modelling dominates the systematic uncertainty.
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FCNC t — uH with H multilepton decay
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https://arxiv.org/abs/2404.02123

FCNC summary plots as of April 2024
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Summary

Top quark touchstone

@ The top quark touchstone gives us already good Top  Higgs cLFV  FCNC  SUSY Xtra-Dim
Standard Model measurements.

\f

o Additionally, collisions in the ATLAS detector are P

trying to understand it can probe physics beyond it. e

@ Today, a selection of this last year's analysis: [

» Charged-lepton-flavour violation: March 11"
arXiv:2403.06742 [hep-ex]

» FCNC t — gH with H — y7: September 2274
JHEP 12 (2023) 195

» FCNC t — gH with multilepton H decay: April 24
arXiv:2404.02123 [hep-ex]

@ An exciting time awaits as we
anticipate what Run-3 of LHC
data collection might reveal
about the top-quark sector.

@ Full list of ATLAS Collaboration publications: link.
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Backup: cLFV EFT operator and degrees of freedom

Table 1: EFT operator basis and degrees of freedom. In the convention used, | and q are the left-handed lepton
and quark doublets, respectively, while u and e are the right-handed up-type quark and charged-lepton singlets,
respectively. The indices i, j = {1, 2, 3} represent the lepton flavour generations and &, = {1, 2, 3} represent the
quark flavour generations, respectively. The Pauli matrices are denoted by o/, & = io? is the antisymmetric SU(2)
tensor and o = %[y" ,v”] and y* are the Dirac matrices.

Operator ‘ Interaction Lorentz Structure
0|14(ijkl) (Tﬂ“'j) (Qxyu) Vector
Osq(ijkl) (ey* o) (Gryporq)  Vector
0" | @ir'ep)@yua)  Vector
Olﬁ.jkl) (Tiy* 1) (Ury ) Vector
O | (8y¥e)) (Tryuw) Vector
Ollegj L e;)e(qrur) Scalar
O|3e(C]iL{kl) (lio#e;)e(qrouyu;)  Tensor
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Backup: cLFV event selection and systematic

Pre-fit impact on p: Ap

0=0+00 0=0n0 43-2-10 1234 0.
Preselection: Post flt impact on A
Number of leptons Ny =3, pr>10GeV, |n| <2.5 g gAé ATI:AS 1
. — Nuis. Param. Pull Vs=13Tev, 140 b
Leading muon / electron pt pr > 27 GeV ' )
Trigger matching > 1 trigger-matched muon / electron Signal (p) parton shower
Sum of lepton charges >gi==l1 ttW cross-section
y (SR bin 2)
WZ cross-section
— tiW QCD generator
SR | CRr | CRiip iz Ps
wz pR/pF
Lepton flavour 241 Thag 2ule (63 =p) {7 ISR
Niets >1 >2 >1 Tau RNN ID eff. syst
Nb—tags 1 1 <2 Tau eBDT True Had Tau eff.
Thad PT >20GeV | > 20 GeV o (eR
Muon pt > 15GeV | > 15 GeV > 10 GeV {TH cross-section
Higher pt muon Tight Tight Tight Muon isolation eff. (syst)
Lower pr muon Tight Tight Loose o Ty, 4
Muon identification eff. (syst)
Muon charges SS OS - v (SR bin 1)
mgﬁ - - >15 GeV Luminosity
ImQs — Mz| - <10 GeV >10 GeV k(NPY) | =
3ph + X m - - < 400 GeV uHps L

-2-15-1-050 05 1 15 2
(0-6,)/00
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Backup: FCNC EFT operator

The FCNC interactions are introduced using an effective field theory (EFT) framework, which is used for
indirect searches for new physics [29]. Here the SM is regarded as a low-energy approximation of an
ultraviolet complete theory containing new particles, whose masses are characterised by an energy scale
A = 1TeV. The new physics contributions are parameterised in terms of operators with mass dimension
greater than four containing only the SM fields, scaled by dimensionless Wilson coefficients and inverse
powers of A. In the case where only the tHu and tHc interactions are considered, the relevant operators
are

0% = (61~ 2) L1 0, = (416 -"2) Granri 1
uep 2 qL R¢ up ~ ¢¢ D) (ILqR)¢s ()

where g corresponds to an up or charm quark, depending on the FCNC coupling. The index u is the
coupling to any up-type quark, ¢ is the top-quark, ¢ denotes the Higgs boson field with v corresponding to
the absolute value of its vacuum expectation value. The two left-handed quark doublet fields are ¢, and
fr, with gg and tg being the corresponding right-handed singlets. The operators are scaled with Wilson
coefficients C;’; and C'? , and 1/A? to give the relevant Lagrangian:

ug’®
CCl’ qu
[ ¢
Lgpr = Ly + Z XZ Og; + [:2 0;‘{,) . (2)
g=u,c
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Backup: Event selection and systematic

Hadronic selection

no

[ Top! : 152 Gev

no|

< my; <190 GeV

Top2 : 120 GeV < m; <220 GeV

[ Top2 : 120 GeV < myy <220 GeV |

yes no
‘ Jo c-tagged ‘ ‘_/’(y c-tagged ‘
yes no yes no

‘Pass BDT‘ ‘Pass BDT‘

Pass BD'[" ‘Pass BDT‘

Pass BDTiigir
no

[had-tHL| ‘had-yt;T‘

uncertainty for H — ~~ analysis

Leptonic selection

1 lepton, > 1 jet

no

no|

[ Top! : 152 GeV < myy < 190 GeV
yes

[ Top2 : 130 GeV < ms; <210 GeV |

Top2 : 130 GeV < myy <210 GeV |

‘had-tt,c‘ ‘had-n,¢ ‘had-tx,c ‘had-tx,¢‘
Source relative impact (%)
Experimental
Photon energy resolution 1.5
Photon identification 0.4
Luminosity, pile-up modelling 0.3
Jet energy scale and resolution, flavour tagging <02
Theoretical
Normalisation (o (pp — ti,tH), B(H — yy)) 1.1
Parton showering model 0.8
m; value, NLO generator for pp — tH 0.5
Resonant background 0.5
Non-resonant background 2.3
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Backup: Event selection for ML analysis

Preselection

Signal region

SR2{Dec  SR2(Prod SR3{Dec SR3(Prod

Niets >4 <3 >3 <2
Nb.-tags =1 =1 =1 =1
pr(6) >12GeV 2 16GeV  >20GeV > 20GeV
pr(t2) - - >16GeV > 16GeV

Im(e,e) —mz| >10GeV > 10GeV - -

Preselection
Niets > 1
Nh»lags >1

pr(jet) > 20GeV
pr(f) > 10GeV
pr(t) > 28 GeV

Control region HF

CR2(HFe CR2(HFu CR3(HFe CR3(HFu

Niets <3 <3 >1 >1
Np.-tags >1 > 1 =1 =1
{o flavour U " - -
1 flavour e " - -
pr(t) <16GeV  <16GeV >20GeV > 20GeV
¢, flavour - - e u
pi(t2) - - <16GeV < 16GeV

Ny =2 =3
Yq(t) =+2e¢ ==le

Control region ttV

CR2(1tV  CR3(titW  CR3(t1Z
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Niets >4 >2 >2
Np-tags =2 =2 =2
{p flavour u - -
pr(6) > 18GeV  >20GeV > 20GeV
pr(t2) - >16GeV > 16GeV
lm(t*,¢7) —mz| - >10GeV < 10GeV
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Backup: List of NN variables for ML analysis: SR3/

Variable Description
m(Los. Css,1) Invariant mass of the opposite-charge and the ing-pr sa ‘harge lepton
m(los. lssp)  Invariant mass of the opposite-charge and the leading-pr harge lepton

m(6.br)

Niew

Hy(jets)
m(tsm, H)
AR(fss 0. €ss.1)
m(Cr,0. Cra,1)
m(b-jet, {ss o)

AR(l;, by)

prltsm)
pr(b-jet)
n(lss.1)
pr(lssy)

m(H, lss1)
AR(tswm. Cos)
AR(H, los)

AR(Los.tss,)

Invariant mass of the b-tagged jet and the lepton assigned to the top-quark decay
Number of jets

Scalar sum of the pr of all jets

Invariant mass of the RIR top quark decaying via 1 — Wb and the Higgs boson
Angular separation between the leading and subleading-pr same-charge lepton
Invariant mass of the two leptons assigned to the Higgs-boson decay

Invariant mass of the b-tagged jet and the leading-pr same-charge lepton

Angular separation between the b-tagged jet and the lepton assigned to the
top-quark decay

Transverse momentum of the RIR top quark decaying via 1 — Wb

Transverse momentum of the b-tagged jet

; idity of the ing-pr same-charge lepton

Transverse of the ing-pr st

charge lepton

Invariant mass of the RIR Higgs boson and the subleading-py same-charge
lepton

Angular separation between the RIR top quark decaying via t — Wb and the
opposite-charge lepton

Angular separation between the RIR Higgs boson and the opposite-charge lepton

Angular
charge lepton

between the opposite-charge and the pT same-

1 Production
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Decay —

Variable Description
m(los. Css)  Invariant mass of the opposite-charge and the ing-pr same-charge lepton
m(los, fss0)  Invariant mass of the opposite-charge and the leading-pr same-charge lepton

NICE m(6;, by)

H (jets)
m(b-jet, lss0)

m(tsm. H)
m(C .0, Cr,1)

m(H, €ss.1)

AR(b-jet, tsm)

m(Lo, tsm)
pritsm)

m(tsm, Css.1)

AR(los, €ss.0)

pr(los)
m(b-jet, fos)
m(b-jet, H)
pr(62)

(o)

m(Wy)

m(ly, by)

Invariant mass of the b-tagged jet and the lepton assigned to the top-quark decay
with a fulfilled NICE Reco condition

Scalar sum of the pr of all jets
Invariant mass of the b-tagged jet and the leading-pt same-charge lepton

Invariant mass of the RIR top quark decaying via 7 — Wb and the RIR Higgs
boson

Invariant mass of the two leptons assigned to the Higgs-boson decay

Invariant mass of the RIR Higgs boson and the subleading-pr same-charge
lepton

Angular separation between the b-tagged jet and the RJR top quark decaying
viat — Wb

Invariant mass of the leading-pr lepton and the RIR top quark decaying via
Wb

Transverse momentum of the RIR top quark decaying via r — Wb

Invariant mass of the RIR top quark decaying via 7 — Wb and the subleading-pr
same-charge lepton

Angular separation between the opposite-charg
lepton

and the leading-pr same-cha

Transverse momentum of the opposite-charge lepton

Tnvariant mass of the b-tagged jet and the opposite-charge lepton
Invariant mass of the b-tagged jet and the RJIR Higgs boson
Transverse momentum of the third-leading-pr lepton
Pseudorapidity of the leading-pr lepton

Mass of the RIR W boson from the top-quark decay

Invariant mass of the b-tagged jet and the lepton assigned to the top-quark decay
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Backup:

List of NN variables for ML analysis: SR2/SS

Variable Description
m(er. H) Invariant mass of the subleading-pr lepton and the RJR Higgs boson
Niets Number of jets
m(b-jet, rsy1)  Invariant mass of the b-tagged jet and the RIR top quark decaying via t — Wb
m(H, b-jet)  Invariant mass of the RIR Higgs boson and the b-tagged jet
PT(Whaa) Transverse momentum of the hadronically decaying RJIR W boson
AR(f;.H)  Angular separation between the subleading-pr lepton and the RIR Higgs boson
m(Whaa) Mass of the hadronically decaying RIR W boson
pr(6) Transverse momentum of the subleading-pr lepton
n(t) Pseudorapidity of the subleading-pr lepton
AR(H.W,)  ‘nsular scparation between the RIR Higes boson and the RIR W boson from the
HW)op-quark decay
AR(fo,6;)  Angular separation between leading and subleading-pr lepton
m(£y,b-jet)  Invariant mass of the subleading-pr lepton and the b-tagged jet
n(b-jet) Pseudorapidity of the b-tagged jet
Angular separation between the leading-pr lepton and the RIR top quark decaying
AR tsm) 2w
Emis Missing transverse momentum
f1.(6o) Flavour of the leading-pr lepton
(ko) Pseudorapidity of the leading-pr lepton
pr(to) Transverse momentum of the leading-pr lepton
Angular separation between the subleading-pr lepton and the RIR top quark decaying
ARG ts) T
Invariant mass of the RIR Higgs boson and the RIR W boson from the top-quark
mH W) gl
AR, W,y Aneular scparation between the subleading-pr lepton and the RIR W boson from the
R top-quark decay
m(Co, H) Invariant mass of the leading-pr lepton and the RIR Higgs boson

pr(b-ien)

Transverse momentum of the b-tagged jet

1 Production
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Decay —

Variable Description

H(jets) Scalar sum of the pr of all jets

m(lo. b-jet) Invariant mass of the leading-pr lepton and the b-tagged jet

AR(61, H) Angular separation between the subleading-pr lepton and the RIR Higgs boson
pr(t) Transverse momentum of the subleading-pr lepton

m(jetsyinar)
m(tsw, l-jety)
n(e)

AR(lo. I-jety)

m(€y, lety)
m({y, I-jety)

AR((o, I-jety)
AR(Ly, I-jety)
m(trencs I-jety)
m(€y, l-jet;)
m(ty, trenc)
m(Wi, Whaa)
AR(ly, I-jety)

m(ty, b-jet)
Niets

m(H, b-jet)
Hr (b, &)
pr(to)

m(W;. trene)

Invariant mass of the two non-b-tagged jets with the smallest AR

Invariant mass of the RIR top quark decaying via r — Wb and the leading-pr
non-b-tagged jet

Pseudorapidity of the subleading-pr lepton

Angular separation between the leading-pr lepton and the subleading-pr non-b-
tagged jet

Invariant mass of the subleading-pr lepton and the leading-pr non-b-tagged jet
Invariant mass of the leading-pr lepton and the leading-pr non-b-tagged jet

Angular separation between the leadi
tagged jet

pr lepton and the third-leading-pr non-b-

Angular separation between the
b-tagged jet

pr lepton and the third-leading-pr non-

Invariant mass of the RIR top quark decaying via t — Hg and the leading-pr
non-b-tagged jet

Invariant mass of the subleading-pr lepton and the subleading-pr non-b-tagged jet

Invariant mas
1 Hg

s of the subleading-pr lepton and the RIR top quark decaying via

Invariant mass of the RIR W boson from the top-quark decay and the hadronically
decaying RIR W boson

Angular separation between the leading-pr lepton and the leading-pr non-b-tagged
je

Invariant mass of the subleading-pr lepton and the b-tagged jet
Number of jets

Tnvariant mass of the RIR Higgs boson and the b-tagged jet
Scalar sum of the pr of all leptons

Transverse momentum of the leading-pr lepton

Invariant mass of the RIR W boson from the top-quark decay and the RIR top quark
decaying via 1 — Hq
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Backup: Leading systematics uncertainties for ML analysis

Pre-fit impact on p:
[16=0+00 | |0=0-00
Post-fit impact on p:
Mo ="0+00 o =0-A0
—— Nuis. Param. Pull

p HF-decay p

B HF-decay e

Muon Isolation (syst.)
1T pleld

JES Flavor Response
LF/c-dec. Norm.

p tiz

y-conv. Norm.

tiZ MG+HwW7

b-tag B O
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tHu fit
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Pre-fit impact on p:
[10=0+00 | 10=0-00
Post-fit impact on p:
mo="0+00 o =0-A0

—— Nuis. Param. Pull

B HF-decay p
 HF-decay e

1t Ph+Hw7

ptfz

Muon Isolation (syst.)
y-conv. Norm.

LF/c-dec. Norm.

fttw

tW Ph+Py8 vs. Ph+Hw7
ttZ MG+Hw7
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