YAl AS

EXPERIMENT

Searches tor Leptoquarks with the ATLAS detector

Christian Appelt, on behalf of the ATLAS collaboration
22.Aug 2023




Whny Leptoquarks’:

N anutshell

® Many extensions to the SM predict particles known
as Leptoquarks (LQ)*.

® Qs provide a connection between the lepton and
quark sectors.

® Qs can be scalar (spin 0) or vector (spin 1) bosons.
® | Qs carry colour and a fractional electric charge.

® Qs potentially explain hints of violations of lepton
universality in flavour experiments (recent results
from BaBar, Belle, and LHCb in B-meson decays).

® 4.2 o deviation to the SM in the anomalous
magnetic moment measurement could be caused
by LO contributions to the magnetic moment.

*[Phys Rev. D 10 (1 19/4) 275, Phvs Rev lett 37 (8 19/4) 438, Nuclear Physics B 155 (19/9) 23/, Nuclear Phvsics B 168 (1980) 69,
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Why Leptoquarks”

N anutshell

Scalar LO3summary plots
Discussed in this talk + one more analysis!

’ Scalar leptoquark pair production, all contours at 95% CL March 2023 ’ Scalar leptoquark pair production, all contours at 95% CL March 2023
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Outline

Both in \/E = 13 TeV pp collisions with L = 139 fo~!

Search for pair production of third-
generation leptoquarks
decaying into a bottom quark and

7-lepton with the ATLAS detector.
[arXiv:2303.01294]
Submitted to: EPJC
March 2023

b Search for leptoquarks decaying
into the bt final state with the ATLAS
detector.
[arXiv:2305.15962]
t Submitted to: JHEP
May 2023
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Both in \/E = 13 TeV pp collisions with L = 139 fo~!
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Search for pair production of third-
generation leptoquarks
decaying into a bottom quark and

7-lepton with the ATLAS detector.
[arXiv:2303.01294]
Submitted to: EPJC
March 2023

Search for leptoquarks decaying
into the bt final state with the ATLAS
detector.
[arXiv:2305.15962]
Submitted to: JHEP
May 2023

7 decays either hadronically or leptonically:

4V, U,

q,e,l
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Aﬂa\ygig Sig Natyres What we reconstruct in the detector:

Th0dThag CHANNE T5,,4 Channel

Tlep

jet (b-tagged)

jet (b-tagged)
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Aﬁa\ygig Sig Natyres What we reconstruct in the detector:

Th0dThag CHANNE T5,,4 Channel

Tlep

jet (b-tagged) jet (b-tagged)

jet (b-tagged)

Thad—vis
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Analysis signatures
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\What we reconstruct in the detector:

Th0dThag CHANNE

jet (b-tagged)

Tlep

T5,,4 Channel

jet (b-tagged)
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1) LQ pair production analysis details

Selection

Tlep Thad Channel Thad Thad channel

=1 ‘signal’ e or u No ‘veto’ e or u
e /u selection pt > 25,27GeV
p’T‘ > 21,27 GeV

= 1 Thad-vis = 2 Thad-vis
pr > 100GeV pt > 100, 140, 180 (20) GeV
> 2 jets
Jet selection pr' > 45 (20) GeV
1 or 2 b-jets

Thad-vis Selection

Opposite charge e, u, Thag and Thag
/nl?\_/livlc ¢ 40 — 150 GeV
EXSS > 100 GeV
st > 600 GeV

Additional selection
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The search is optimised to probe high m;, values.
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1) LQ pair production analysis details

O
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Acceptance x Efficiency

The search is optimised to probe high m;, values.
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Tlep Thad channel Thad Thad Channel

=1 ‘signal’ e or u No ‘veto’ e or u
. : e
e /u selection pt > 25,27GeV

ph > 21,27 GeV

= 1 Thad-vis = 2 Thad-vis

Thad_ VIS SCICCtiOn

Jet selection

pL>100GeV  pI > 100,140, 180 (20) GeV

> 2 jets
pr' > 45 (20) GeV
1 or 2 b-jets

Opposite charge e, u, Thag and Thag

Additional selection

ATLAS Simulation
Vs =13 TeV

ThadPhad

—e— Scalar LQ
—a—— Vector LQ, Minimal Coupl.

—a— Vector LQ, Yang-Mills

500 1500 2000
m o [GeV]

ATLAS

mMMC ¢ 40 — 150 GeV
E™S > 100 GeV
st > 600 GeV

Variable

Thad-vis ]7%

ST

Nb—jcts

m(T,jet)o,

m({, jet), m(Thadg, jet)
AR (7, jet)

A(b([, Erlll:llSS)

ET™ ¢ centrality

TlepThad Channel

v
v
v

Thad Thad Channel

arXiv.2303.01294

NN

parameterised
neural network

in terms of my
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1) LQ pair production analysis details

Selection

TlepThad Channel Thad Thad Channel

e/ u selection pT > 25,27GeV
p# > 21,27 GeV
= 1 Thad-vis = 2 Thad-vis
pr > 100GeV  p1 > 100, 140, 180 (20) GeV
> 2 jets

Jet selection pJ;;’t > 45 (20) GeV
1 or 2 b-jets

Thad-vis Selection

Opposite charge e, i, Thag and Thag
mMMC ¢ 40 — 150 GeV
Efrniss > 100 GeV
st > 600 GeV

Additional selection

=
o
o
O

ATLAS Simulation
Vs =13 TeV

ThadThad

=
o
—h
o

Acceptance x Efficiency

—e— Scalar LQ

—a—— Vector LQ, Minimal Coupl.

—a— Vector LQ, Yang-Mills

500 1500 2000

My q [GeV] and is used in both channels.

The search is optimised to probe high m;, values.
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Variable TlepThad Channel  ThadThad channel

Here s, is the scalar sum of
transverse momenta

((light lepton) + 7;,,;_,;c + two
leading jets + E5).

st is a powerful discriminator

arXiv2303.01294]

PN\

y parameterised
/ neural network
/

L (
Thad-vis P+

iz et in terms of my o

m (€, jet), m(Thag, jet)
AR(t,jet)

A(b([, EFIll“]ISS“)

ET™ ¢ centrality

Data
ATLAS Scalar LQ (1.4 TeV) x50

s =13 TeV, 139 fo” Fake 1, , (Multi-jet)
tt
Thad hac Fake T, 4 (top)
Post-fit Single top
Z — 11 + (bb,bc,cc)
Other
Uncertainty

Events / 100 GeV

Data/Pred.

600 700 800 900 1000 1100 1200 1300 1400 1500
s; [GeV]
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1) LQ pair production analysis details

=
o
o
O
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ThadThad
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Acceptance x Efficiency

500

e/ u selection

Thad-vis Selection

Jet selection

Additional selection

ATLAS Simulation

—e— Scalar LQ

Selection

TlepThad Channel Thad Thad Channel

No ‘veto’ e or u

= 2 Thad-vis
pt > 100,140,180 (20) GeV
2 2 jets
pE' > 45 (20) GeV
1 or 2 b-jets

=1 ‘signal’ e or u
Pt > 25,27 GeV
p? > 21,27 GeV

= 1 Thad-vis
p% > 100 GeV

Opposite charge e, i, Thag and Thag
mMMC ¢ 40 — 150 GeV
Efrniss > 100 GeV
st > 600 GeV

—a—— Vector LQ, Minimal Coupl.

—a— Vector LQ, Yang-Mills

1500

2000

m o [GeV]

The search is optimised to probe high m;, values.
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Invariant mass of 7, ... and leading jet.

Events / 150 GeV

arXiv2303.01294]

PN\

Variable TlepThad Channel  ThadThad channel .

- parameterised
Thad-vis P v
A / neural network
N/)—jcls v

(e 00 in terms of my o

m(<, jet), m(Thaq, j€t)
AR(7, jet)

A(b([, EFIll“]ISS“)

ET™ ¢ centrality

—e— Data
ATLAS Scalar LQ (1.4 TeV) x 130
{s =13 TeV, 139 b Fake T, (Multi-jet)
tt
Thadhad Fake T, (top)
Post-fit Single top
Z — 11 + (bb,bc,cc)
I Other
] Uncertainty

—e— Data
ATLAS Scalar LQ (1.4 TeV) x 50
s =13 TeV, 139 fb™ Fake T, (Multi-jet)
tt
Thadhad Fake T, (top)
Post-fit Single top
Z — 11 + (bb,bc,cc)
I Other
] Uncertainty

Events/ 0.5

Data/Pred.
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AR between leading 7;,,,_,.. and mass paired jet.
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. Xiv: 230301294
1) Final PNN scores . |

-> PNN binning is optimised for each LQ mass point.

-> A simultaneous binned maximume-likelihood fit is performed on the PNN score distributions for each LQ hypothesis.

b
TlepThdd Ch anm @‘

T
= c
O —e— Data o) —e— Data
= ATLAS Scalar LQ (1.4 TeV)'x 5 = ATLAS Scalar LQ (1.4 TeV) x 5
42 s =13 TeV, 139 fb™ tt % \s =13 TeV, 139 fb™ thake 7,4 (Multi-jet)

Fake t,__ (to
T L% Yep thad Single?gdp( " 2 hadhad g?kel Fhad (top)
Post-fit Z — 1t + (bb,bc,cc) L Post-fit z”E :1; ?,p(bb be,cc)
e . Other Other T
b e ~—...J Uncertainty 1] Uncertainty

3 3
o o
& e
© = 0.
- 6 7 - 6 7
PNN (mLQ = 1400 GeV) score bin PNN (mLQ = 1400 GeV) score bin
At high values of the PNN score, top Slight deficit of data relative to the background
backgrounds dominate in the 7,7, channel. prediction in the highest PNN score bin for the

Thd%haq Channel.

Christian Appelt TLAS
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. L |arXiv2303.01294]
/‘ > Reg U ‘J[S No S|gn|f|Cant excess [ATL-PHYS-PUB-2023-006]

a bOVG th e S M p red ICtI on ’ Scalar leptoquark pair production, all contours at 95% CL March 2023

is observed | ATLAS Preliminary
g (s=13 TeV, 139 fb

-> The improvement in the observed limit

b compared with the expectation
is driven by the data deficit in the highest \ -
T PNN bin for the 7, ,7,,;, channel. ‘ expected
brbr
. . . [arXiv:2303.01294]
+ larger at high m; ;, because the signal , brtv
T becomes more localised at a high PNN | _ DAl T
score ' | [EPJC 80 (2020) 737]
600 800 1000 1200 1400 1600 1800 2000 2200 2400
b m(LQ)) [GeV]
-> Extend the full Run 2 ATLAS reach for third-generation up-type LQs by around 200 GeV in all -> Improvement of 450 GeV
three models compared with the LQ LQ — fvfv decay mode (see summary plot). compared to 36 fb~! result.

ATLAS 9E. ATLAS : 9E. ATLAS

(s =13 TeV, 139 fb” (s =13 TeV, 139 fb" (s =13TeV, 139 fb”
Vector LQ, Minimal Coupl. : Vector LQ, Yang-Mills ' Scalar LQ

95% C.L. 7E 95%C.L. 7E 95%C.L.

Obs. limit _ Obs. limit

. - —— Obs. limit
Exp. limit Exp. limit

1000 1100 1200 1300 1400 1500 1600 1700 1200 1300 1400 1500 1600 1700 1800 1900 200 800 700 800 900 1000 1100 1200 1300 1400 1500
m, o [GeV] m o [GeV] m, o [GeV]
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2) Singly produced LQs analysis details

b

Christian Appelt obo ATLAS

arXiv,2300. 1596/ ]

Signal Regions Selection

Preselection { (trigger, 1solated), Thad-vis (medium 1p,4-ID), ¢(€) X g(Thad-vis) < O,
AG(€, E™SS) < 1.5, myis (€, Thadovis) > 100 GeV, St > 300 GeV,
at least one b-jet

High b-jet pt SR Leading b-jet pt > 200 GeV

‘4\.\, .

Signal Regions Selection

Preselection Thad.1 (trigger, medium th,4-ID). 75 (loose thag-ID), g(71) X g(12) < 0, my;s(71, 72) > 100 GeV,
St > 300 GeV ,|at least one b-jet
High b-jet pT SR Leading b-jet pt > 200 GeV

*tables shortened, full list of CR selections in [arXiv:2305.15962]

18
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2) Singly produced LQs analysis details

b

lop-CR

Satisfy SR except

® AP(l, ES) > 2.5

® no S;and leading b-jet py,
requirement

-> Ensure the background is
accurately modelled

Christian Appelt ATLAS

arXiv,2300. 1596/ ]

Signal Regions Selection

Preselection { (trigger, isolated), Thad-vis (medium 7p,4-ID), ¢(€) X g(Thad-vis) < O,
AG(€, E™SS) < 1.5, myis (€, Thadovis) > 100 GeV, St > 300 GeV,
at least one b-jet

High b-jet pt SR Leading b-jet pt > 200 GeV

Signal Regions Selection

Preselection
St > 300 GeV,|at least one b-jet
High b-jet pT SR Leading b-jet pt > 200 GeV

..... *tables shortened, full list of CR selections in [arXiv:2305 15962]

.
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3
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3

"""""" Current simulations of tf

ATLAS . ATLAS
s=13 TeV, 139 fb" i processes ove restimate the (s=13 TeV, 139 fb i

Pre-Fit, 7, 7 W

tep Thad Pre-Fit, 7, 7t W

BB Jot—>7 fake upper tail of the top—quarka Top-CR corrected B Jet>1 fake
Others spectrum. [1908.0/35] Others

XX Uncertainty XXX Uncertainty

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ apply correction

(N, data— — non—Top) (S T)
N Top(S T)

SFr,,(S) =

— —
. .

Top

oo

[LERTIR———

¥ _YkT """

Data - Non-Top
Data/Pred.

800 1000
S; [GeV]
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arXivi2305.15967]

2) Discriminating variable

-> A simultaneous binned maximum-likelihood fit is performed on the S distributions for each LQ hypothesis.

b
b " .
-> more sensitive due to larger signal/
background ratio in the last S; bin
r TiepThag CNANNEL R @ T, Thag CNENNEL - e 40

ATLAS e Data Others
Vs=13 TeV, 139 fb i N Uncertainty

. . A=1.0
High b-jet p; SR Two Jet— fake = UMM (°7) x10

Z/y*(—>77)+HF == UV (lf:(fv)xm
BB Jet— 1 fake

ATLAS e Data N\ Uncertainty
Vs=13 TeV, 139 b’ i aim S 00T

. 111=1.0
Post-Fit, Tiep Thad W w UM (5T %10

High b-jet o SR

A=1.0

Bl Jet— 1 fake == UMN (°7%Y) %10
T =10

1 m-n-nmmnm
1.5

I\ AN
D

300 400 500 600 700/ 800 900 1000
S; [GeV]

Data/Pred.
Data/Pred.

0

Keep this in mind for the next (next) slide.
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2)What | need to say betfore the next slide. ..

Christian Appelt obo ATLAS

[arXiv 2305.15967]
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2)What | need to say betfore the next slide. ..

\/T
LQ
T
b
b
8

Christian Appelt obo ATLAS

[arXiv 2305.15967]
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2)What | need to say betfore the next slide. ..

b
\/T
LQ
T
b
b
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[arXiv 2305.15967]

L Q pair production

b
8
/' T
g /LQ
\%Cz T
8
b
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2> R@SU ‘J[S no significant excess Vector LQs, Yang-Mills model
above the SM prediction ' T
. b d < ATLAS -H-HHH angle + Non-res. (Obs.lllm.|t * 1o0)
b IS OpServe o) s=13 TeV. 139 fb-1 Single + Non-res. (Exp.limit * 1)
= : ’ Total (Obs.limit + 1o)
g_ asM/° CLd i b | - Total (Exp.limit + 1o) |
b o 1 Mmodel, Hig jet pT only Preferred by B anomalies
O Interference with SM neglected Excluded region
T
1000 2000 2500 3000
mUTM [GeV]
Measurement excludes part of the A(my, ) Scalar LQs

space that is preferred by B anomalies!

[Eur. PhyS J C 83 (2023) 153] ATLAS H'H{'HH Single + Non-res. (Obs.limit + 1o)

s=13 TeV. 139 fb-1 Single + Non-res. (Exp.limit + 1o)
95% CL Total (Obs.limit + 1o)

S, model, High b-jet p_only . Total (Exp.limit + o)
Interference with SM neglected Excluded region

Coupling A

total := single + non-resonant + pair LQ

800 1000 1200 1400 1600 1800 2000 2200
m; [GeV]
1

Christian Appelt TLAS

arXivi2305.15967]

Vector LQs, Minimal coupling model

ATLAS HH-H-H Single + Non-res. (Obs.limit £ 1o)
s=13 TeV, 139 fo”

93?ﬁ’ CL meim Total (Exp.limit + 1o)
U™ model, High b-jet pT only Preferred by B anomalies

Interference with SM neglected Excluded region

Single + Non-res. (Exp.limit + 1o)

Total (Obs.limit £ 1o)

Coupling A

1000 1500 2000 2500 3000
mU|1v||N [G eV]

First ATLAS result for the search of singly produced
LQs in the btz final state.

The observed limits obtained are less stringent than
the expected limits, which is mainly driven by the
higher data yields relative to the predicted yields in

the highest Sy bin in the 7, ,7;,,, channel.
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~inal slide - Other results - Leaving the world of third-gen-only coupling

March 2023

ATLAS Preliminary : O __ s limi
(s=13 TeV, 139 b . B v tou,

Obs.t 1o

theory

observed . <A
expected X : cc...::::.;;;';’;;, ATLAS
. Vs =13 TeV, 139 b
bebe A BR(LQ — bv) = 1 - BR(LQ —> te)
—— bubu X e 95% CL limits
[JHEP 10 (2020) 112]

tvbe .
— tvbu o 1%00 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

arXiv:2210.04517 :
[ ] . Mg [GeV]

oOO 800 1000 12IOO 1400 1600 1800 2000 2290 2400 :
m(LQ ) [GeV] g June 2023 arXiv:2306.17642

+event display on the next slide

Scalar leptoquark pair production, all contours at 95% CL March 2023

ATLAS Preliminary

s=13 TeV, 139 fb™
ATLAS

Vs =13 TeV, 139 fb™
vLQ™ — tv/bu

—vLQY — tv/be
—vLQT" — tv/bp
—vLQ™" - tv/be
—LQ - tv/bp
—LQ — tvibe
Lanix — tuw/bv

—LQ°% - te/bv

observed
expected

tete (2¢)

— iy (27)
[JHEP 10 (2020) 112]

tete (3¢ + 47)

— {utu (3¢ + 47)
[ATLAS-CONF-2022-052]
tebv

— [ubv
[arXiv:2210.04517]

— Observed Limit
----Expected Limit

600 800 1000 1200 1400 1600 1800 2000 2200 2400
m(LQ® ) [GeV]

mix

1500 2000

October 2022 arXiv:2210.04517
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2500

m q [GeV]

25


https://arxiv.org/abs/2306.17642
https://arxiv.org/abs/2210.04517
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-006/

Event display from Leptoquarks Physics Briefing
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BSACKUP

Tlepthad

Acceptance x Efficiency

ATLAS Simulation
Vs = 13 TeV

—e—— Scalar LQ

—a—— Vector LQ, Minimal Coupl.

IIIIIIIlIIIIIIIIIIIIIIIIII

—a— Vector LQ, Yang-Mills

N —
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Data
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] Uncertainty
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PNN (mLQ =500 GeV) score bin
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Process

Tlep Thad

tt 764 + 82

Single top 65 35
Jet— 1 fake 215 +79
Two jet— 1 fake —
Z(— tr)+HFjets 55+ 04
Others 97+ 1.0

Total 1059 +351
Data 1053

TLAS

Thad Thad

9.9 2.6
3.9 1.0
3.9 1.0
1.34 + 0.27
46 = 1.1
1.75+ 0.30

254 + 49
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Signal Regions

Preselection

High b-jet pp SR
Low b-jet pt SR

Control/Validation
Regions

Multijet-CR

Top-CR
SS-CR

High b-jet pT VR
Low b-jet pt VR

b-tag Z-CR

Thad®had

Signal Regions
Preselection
High b-jet pT SR
Low b-jet pt SR

Control/Validation
Regions

DJ-CR

CR-1
SS-VR

Z+light flavour jets VR Satisfy SR except: 0 b-jets, A¢(71, 1) > 0.25,

Selection

Ap(€, ETSS) < 1.5, myis (€, Thad-vis) > 100 GeV, St > 300 GeV,
at least one b-jet

Leading b-jet pp > 200 GeV

Leading b-jet pp < 200 GeV

Selection

¢ (trigger, pass/fail offline isolation), m (¢, E‘Tni“) < 30GeV,
one b-jet, Thag-ID score < 0.01, EF™® < 50 GeV

Satisfy SR except: Ag(¢, E%liss) > 2.5, no ST and lead. b-jet p req.

Satisfy SR except: ¢(€) X q(Thad-vis) > 0, no A¢ (¢, E‘TniSS),
and St req.

Satisfy high b-jet pr SR except: 1.5 < A¢(£, EMISS) < 2.5,
300 GeV < ST < 600 GeV

Satisfy low b-jet pr SR except: 1.5 < Ag(£, EX"%) < 2.5,
300 GeV < ST < 600 GeV

Satisfy SR except: 45 GeV < myis (€, Thad-vis) < 80 GeV,
pr(6)/pr(b-jet) > 0.8, |A¢(L, Thad-vis)| > 2.4, no St req.

Selection

Purpose

Measure lepton

fake-factor

Derive top correction

Measure jet— 7 background
scale factor

Background modelling validation

Background modelling validation

Z+ heavy-flavour jets
normalisation factor

Thad,1 (trigger, medium 7p,q-ID), 70 (loose Thag-ID), g(71) X g(12) < 0, myis(71, 12) > 100 GeV,

St > 300 GeV, at least one b-jet
Leading b-jet p1 > 200 GeV
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myis(T1,72) < 100 GeV, EISS > 60 GeV

More info on this analysis: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/
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Process Generator PDF set Tune Normalisation
ME PS ME PS

LQ— bt MadGraphS_aMC@NLO PytHiA 8.244 NNPDF3.0nnLo NNPDF23Lo Al4 LO
Scalar LQLQ— btbr MadGraphS_aMC@NLO PytHia 8.230 NNPDF3.0nnLo NNPDF2.3Lo Al4 NNLO + NNLL
Vector LQLQ— btbr MadGraphS_aMC@NLO PytHia 8.244 NNPDF3.0nnLo NNPDFEF2.3Lo Al4 LO

tt PowHEG Box v2 PytHiA 8.230 NNPDF3.0nnLo NNPDF2.3Lo Al4 NNLO + NNLL
Single top PowHEG Box v2 PyTtHia 8.230 NNPDF3.0nnLo NNPDF23Lo Al4 NLO

Z|y* PowHEG Box vl PyTHiA 8.186 CTIONLO CTEQG6LI AZNLO NLO

W+jets SHERPA 2.2.1 NNPDF3.0nNLO SHErRPA  NNLO

Diboson SHERPA 2.2.1/SHERPA 2.2.2 NNPDF3.0nNLO SHERPA  NLO
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CMS results (submitted to JHEP)
https://cms-results.web.cern.ch/cms-results/
public-results/publications/EXO-19-016/
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