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A@)S Q: Lepton Interactions

EXPERIMENT

»  Known unknowns:

Origin of neutrino masses and why they are so small?

Just an extra Dirac vp with tiny Yukawa couplings or more complex scenarios (e.g. seesaw
models and extra heavy leptons)?

Origin of magnitude and pattern of Yukawa interactions?
Off-diagonal (LFV) or CP-violating terms”?

»  Hints of something unknown:

Growing evidence of lepton flavour universality (LFU) violation in B-meson decays and
other anomalies, e.g. (g — 2)ﬂ

»  Knowns:

SM predictions confirmed by countless experiments at low- and high-energy
No evidence of new particles/interactions at the STeV scale

In SM, LFU only broken by Yukawa interactions (lepton-mass effects) and lepton
flavour conservation is an accidental symmetry

D. Zanzi



A@)S Q: Lepton Interactions

EXPERIMENT

»  No clear indication of a common explanation to all open questions within
current experimental data, but maybe a pattern is emerging...

»  ATLAS has a broad physics program to gather more experimental inputs
and probe these anomalies at high energy

»  QOutline:
» - Summary”® of anomalies and their potential explanations

»  Recent ATLAS results on searches for new lepton interactions
Search for new phenomena in ete™/u*u~ + 0/1 b final state
Search for type-lll seesaw heavy leptons
Search for 3rd-generation vector or scalar leptoquarks
Search for lepton-flavour-violating (LFV) Z — £ decays

(*) Selected summary of the anomalies, but there are more. Vast
literature on the topic, references here are examples

D. Zanzi



9

ATLAS

EXPERIMENT

»  Hints of LFU violation in b — sZ¢ transitions
(neutral current)

» R(K) and R(K*):
Ratio of decay branching fractions very clean
observable (QCD effects cancel out)
Rsv=1 (LFU), but new physics can break universality

R(K): 3.10 deficit wrt SM [arXiv:2103.11769]

y B(B, = up): 2.10 deficit wrt SM

»  Similar discrepancies in absolute branching
fractions and in angular distributions (although
less “clean” measurements)

Loop-suppressed
(Non-resonant decay at Iow—qz)

u > U

BB — KOu*tu~)

) w+ K+  R(K®) =
b 5 BB - KHete)
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https://arxiv.org/abs/1705.05802
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-049/

i Xe  Anomalies in B decays

EXPERIMENT

»  Model-independent EFT fit of b — s£€¢ data arXiv:2103.16558
Addition of left-handed 4-fermion contact interactions AR AR BARRNRRRRR'Y  JARE
provide better fit to data than SM L\ o, Ry
Considering look-elsewhere effects, interpretation of data with L5 “\ .
new physics has a significance of 3.9¢ [arXiv:2104.05631] [ N2 4 -

. . . . . . 1.0_— . y —

» Resolving this contact interactions in direct searches N V.

at the LHC may be challenging as A/g* =~ 30 TeV !
[arXiv:1805.11402] 0'5:‘ Bp, st N
Small effect which competes with SM loop process [ ]
0.0 - . |
» TeV-scale leptoquarks provide promising UV ; M )
completion of SM compatible with EFT fit Y TR R s
Tree-level g€ transition which breaks flavour symmetry R _O'choo v
Loop-suppressed a _ —
(Non-resonant decay at Iow—qz) Tree-level @g = —(SL}/ﬂbL)(/xl}/’u//t)
Uu > u u 477:
Bt{ Wt Kt KT a _
b s @/ilo = 4—E(SL}’,417L)(,M}’” Ysi)
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i Xe  Anomalies in B decays

EXPERIMENT

» Hints of LFU violation also in charged current
b — cCv transitions

> R(D) and R(D*) arXiv:/1909.12524
' o [ & L e e
Clean SM prediction < o _m Ay’ =10 contours 3
Combined 3.1 discrepancy from SM - LHCHD o -
035 =y —
»  EFT fit points to similar operators, but at a lower F | Lot ]
X A~ 03 = i < 5
scale A/g* =~ 2 TeV ; .. :
Large effect that competes with SM tree-level process 025 S, L F i 7 Bellel5 =
»  Leptoquarks may explain both B anomalies 02 avenaertpsiion. K0 0o
[arXiv:2103.16558] T -
ANP ~ feW Tev 0.2 0.3 04 0.5 R(D)
Couplings with flavour structure .
. . "y BB — DOv)
Tree-level semileptonic transition, but no 4-£ or 4-q R(DY) = p—
interactions BB — DOy,)

(Z=e,p)

b— >
B- { } D) B- { LQ } D)
U < U U < U
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Muon g-2

EXPERIMENT

»  Chirality-changing observable that vanishes y
INn massless limit and possibly connected to
| FU violation Phys. Rev. Lett. 126, 141801 (2021)
»  Theoretical prediction and measurements BNLg2 ——@
are very challenging Loz B
»  Discrepancy may be explained by { or )
LQs (at least two) [arXiv:2008.02643,
. —_— O A+
arXIV2 1 04 : 05730] Standard Model Experiment
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https://arxiv.org/abs/2008.02643
https://arxiv.org/abs/2104.05730
https://arxiv.org/abs/1712.09360
https://arxiv.org/abs/2104.03228
https://arxiv.org/abs/2104.03281
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-019/

ATE NS Search Programme

EXPERIMENT

»  Anomalies provide additional motivations and guidance, but b A
clearly more experimental inputs are needed to solve the A2
puzzles around lepton interactions

»  ATLAS programme of searches and measurements is broad and
ambitious, as attested by results presented today

s t

»  Search for new phenomenainete /u™u~ + 0/1 b events
Sensitive to bsZ¢ contact interactions indicated by b — s£¢ anomalies

»  Search for new heavy particles
Simplified models of UV-completions of SM
Search for type-lll seesaw heavy leptons
Similar pheno as Vector-Like Leptons possibly connected to g-2
Search for leptoquarks
Possibly connected to B anomalies

»  Search for LFV Z — £t decays
Model-independent test of accidental SM symmetry

D. Zanzl 8
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ATLAS

EXPERIMENT

» Sensitivities of searches driven by size of
recorded data set

»  Searches enabled by:

Outstanding performance of LHC and ATLAS
detector during Run-2 with 139 fb-1 of good pp data

aty/s = 13 TeV (DQ efficiency of 95.6%)

Highly-efficient event/object reconstruction (next
slide)

D. Zanzi
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ATLAS

EXPERIMENT

Credit: CMS
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tracks charged
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Light-flavor jets rejection

heavy-flavour
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~
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~
<

jet

Ratio to MV2 (2018)

Extensive use of particle-flow
reconstruction and ML identification
of hadronic signatures

b-jet tagging with multi-class deep
neural network with inputs from
tracks and vertices inside jet

Hadronic 7 decay identified with
recurrent neural network based on
properties of tracks and clusters
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Search for new phenomena
neTe /uTu=+0/1b
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@) Search for new phenomena in
ATLAS eTe /uTu=+0/1b

EXPERIMENT

- b g QLI
v/Z* - &
A g2
- %4 W - A3 o+
+! b K +! b K
B{u > u}K+B{u > u}K+§

(a) (b) (©)
»  Analysis is sensitive to a variety of models ‘

»  Benchmark model: bsZ¢ contact interaction
motivated by B anomalies

»  Dominant backgrounds:
Off-shell Z/y*+jets events
Top events (¢1, tW, tt V) .

mmin
»  Challenges: 24
Estimations of background tails 5 ;
In-situ determination of background normalisations Region SR ZCR ETOIOCR
Mitigation of statistical uncertainties with extrapolations #bjets 0/1 0/1 2
Reconstruction of high-p objects et B
Dedicated “high-pt” muon reconstruction to improve Mgg  |>400+n100;130-230; >130
momentum resolution [arxiv:2012.00578] [GeV]

D. Zanzi [arXiv:2105.13847] 12
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Search for new phenomena in

ATLAS

EXPERIMENT

eTe /uTu=+0/1b
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Relative syst uncertainties for m,, > 2000(1500) GeV for SRs without(with) 1bjet

[arXiv:2105.13847]
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ATLAS

EXPERIMENT
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Search for new phenomena in
eTe /uTu=+0/1b
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ATLAS

Search for new phenomena in

EXPERIMENT

Cumulative distributions
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Search for new phenomena in

ATLAS

EXPERIMENT

eTe /uTu=+0/1b
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A@ Search for Heavy Leptons

EXPERIMENT

v

Search for heavy leptons in events with 3/4 leptons

»  Benchmark model:

Type-lll seesaw model which provides a heavy Majorana
neutrino that could explain small neutrino mass

Extra fermionic SU(2); triplet coupled to W,Z,H bosons

Heavy leptons (NO, Li) degenerate in mass and produced in
pairs with cross section dependent on heavy lepton mass

RB,=RB, =B, =1/3and 2%y =~ 2B, >~ By, ~ 1/2

»  Phenomenology similar to other models with heavy
leptons, like Vector-Like Lepton triplets that could be
inked to g-2 anomaly

»  Dominant backgrounds: WZ, ZZ (diboson), “rare top”
oroduction (ttV, ttH, tWZ) and fake non-prompt SR
leptons (FNP) / \

D. Zanzi ATLAS-CONF-2021-023
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ATLAS

EXPERIMENT

Search for Heavy Leptons

37 Events:

Table 2: Summary of the selection criteria used to define relevant regigns in the three-lepton analysis.

/

ZL ZLveto JNLow
Fake-VR CR DB-VR RT-VR SR SR VR SR
pr(l1) > 40 GeV
pr(h) > 40 GeV
pr(lz) > 15 GeV
S(ET™) <5 >5
N(jet) > 2 >2 <1
N(bjet) - o | =1 -
my(OSSF) [GeV] 80 — 100 > 115 > 80
Hr + EX"S [GeV] > 600
myy [GeV] - > 300 > 300
mjj [GeV] < 300
Hy(SS) [GeV] > 300
Hy(1l1) [GeV] > 230
mr (1) [GeV] > 200 < 240 > 240
my(h) [GeV] <200 > 200 > 150
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4¢ Events:

""" S L B I I L L I
30~ ATLAS Preliminary ¢ Data

n

‘ [ Diboson

€ [ (s=13TeV,139f" 4 TotalSM [1JFNP

L 251 QO SR [ Rare top
Other

—m(\°,L*) = 600 GeV
—m(N°,L*) = 800 GeV
—m(N°,L*) = 1000 GeV

IIIIIIIIEII'IIII'III

Table 3: Summary of the selection criteria used to define relevant regions in the foug<lepton analysis. Nz is the 5
. . o A } :
number of leptonically reconstructed Z, using opposite sign same flavour leptons. . g obm S g
T 1.5F4
Qo Q2 % 1o
£ 05
©
DB-VR RISV DB-CR RT-CR BR VR SR O 500 600 700 800 900 10001100120013001400
| 2 gel 0 2 Hy + E™ [GeV]
Np_jet 1 1 0 22 % 20 ATLAS bré|}rﬁiﬁa{ry'_1' "4 Data  [IDiboson
myy; [GeV] 170 — 300 | 300 — 500 | 170 — 300 < 500 > 300 < 200 > 300 G 18F S sTev. 139l Teasm B
16 or 3
OR 142— —m(NZ,Lj)=6OOOEQeV =
Hr + E™SS[GeV] > 400 > 300 <300 > 300 12 ) 1000 0ev
10 =
Nz 1 8- -
aE =
p 2;— 1 —
& 7S -
S 05
o
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CR VR SR

R~ [ o S »  Statistical uncertainties dominant in SRs
3 Vs=13TeV, 139 fb" -4 Total SM| 7] Diboson
10° [ Rare top
Other . . ' . .
L , »  Results combined with similar search in
n . (1
0 o I L * 2-lepton events [Eur. Phys. J. C 81 (2021) 218]
1
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5 20 b eyt T e fomalsaton T S Is =13 TeV, 139 fo ---Exp. limit 2 + 3 + 4 lep
() . - ] — .. imi
o : : """"" : O 102 = Limits at 95% CL — (E))t()s ||||:nn||tt§ :Ii- 3+4lep =
15 --- —= Q = p.imit = 1o 3
- T S— - N — Exp. limit = 20 -
N N L, _-_1 _|_|___ _: h [ _Type-|||seesaw _]
T 7700 =0 FoppgERontE = 8 B B(NO1 L*—eu1)=13 B
5 - i | . — _! ............................. e TOETE b E .._....._._: B —
e e e S BT
0P o R Rivon ek 02 S0 DB A Y RIS 0B o e S 2S00 S s - -
(o — —
h Z - T
N m 1
\ N\ — —]

o b b o o ooy b o by o by oy oy by
400 500 600 700 800 900 1000 1100 1200
m(N,L*) [GeV]

D. Zanzi ATLAS-CONF-2021-023 21



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-33/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-023/

EEEEEEEEEE

Search for LQ

D. Zanzi



@ Search for LQ

tb

P ) /
Qi .

»  Leptoquarks (LQ) are scalar or vector bosons with non-zero .
baryon and lepton quantum numbers, charged under all SM \

L(TQE\ v, T
gauge groups p ’ \

. . . . t,b
»  Can violate LFU and explain flavour anomalies, if they have -
cross-generational couplings ’
p /
o N N d
»  Minimal Buchmiuller-Ruckl-Wyler (BRW) model L(?i, Yy T
[Phys.Lett.B 191 (1987) 442-448, Phys.Lett.B 448 (1999) 320-320 (erratum)] _
Yukawa-type couplings to g¢ or gu LQg‘\ v, T
p
bt
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» Scalar 3rd-generation leptoquarks [phys. Rev. D 93, 035018 (2016)]
LQ% — tw/bz(|q| = 2/3) and Lng — bu/tt (|g| = 1/3)

tb

» Vector 3rd-generation leptoquarks LQ; * [EurPhys.J. C79 (2019) 4, 334]

p
Same charge and decay mode as LQ3 : LQé‘,/ v, T

Minimal-coupling (MC): LQj couples SM gauge bosons through -

-~

covariant derivative LQg\\ v, T
Yang-Mills (YM): LQ‘3’ IS massive gauge boson with additional Y

couplings to SM gauge bosons t,b
b, t
»  Model parameters: m(LQ) and Z(LQ — q7¢) , /
LQj v,

»  Pair-production cross section depends only on m(LQ) -7
oym(LQY) ~ 503c(LQ}) ~ 206(LQYY) at m(LQ) = 1.5 TeV

Lle \ U, T
p
» For B(LQ — qr) ~ 0.5, most events have 1 7, 2 b-jets and bt
large E7"*°

(*) Additional vector states needed for a realistic extension of the SM (colour
singlet Z" and colour octet G'), but these are not included in the model
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600 700 800

ZmT(bl’z)
_______________ [GeV]

my(7) = \/ 2pr(DEMSS(1 — cos Ad(z, EF®)) > 150 GeV 150/

/

mr(7)
[GeV]

sy = pr(7) + pr(jety) + pr(jety) > 600 GeV 600 |

500 [ ===
tt(1real 7)

Single top

»  SRs:
EI™SS trigger, offline EM$5>280 GeV, 1 7,4y = 2 b-jet, no leptons
one-bin SR for model-independent fit
multi-bin SR for model-dependent fit

»  Dominant 77 (1 real 7) and single-top backgrounds estimated from dedicated
CRs and extrapolated to SRs via MC predictions
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EXPERIME

»  Normalisation corrections wrt predictions: R CR sinale-t
single-to
. tf (1 real 7): 0.84102] ! o

017 > 90 T AR RERAR RSN KRR RRACS > ‘ T T
& 5 ATLAs Prellmlnary ;ga(l:a . ﬁgct’;a' S & 140 ATLAS Prellmlnary ;:a:a . é\TIO‘a'tSM -
S I n g |e to p O 1 8 +8 %2 E 70 \;xn (:e:e:i\)/ 139 for [ V+ets [] single top é é 120 \(;si:glseliv 139 fb []singletop [ Other .
_ E Single-tau channel E 100 Single-tau channel {
- due to modelling of interference with ¢t " + E
- alternative diagram removal scheme yields %
normalisation corrections larger than 1 ‘:
- CR->SR extrapolations are compatible i ,  op————
@ Qe o E
P g 1 ¥ ( :
: : : S o o 0_5E ------------------------------------------- E
} Larg eSt SyStematlc Uncertalntles On ° 500 510 520 530 540 550 560 570 580 590 600 ° 0 5 10 15 20 25 30 35 40 45 50
\ . — s; [GeV] my(t) [GeV]
background normalisations and on 7t and
. J . , VR 1t VR single-top
single-top theoretical modelling - 200 o o
§ 180 ATLAS Prellmlnary ;‘[:a:areal ) g&:‘t:"" § 160 ATLAS Prellmlnary ; :a:areal ) gxz‘t:"" E
8 160 Is = B 13 TeV, 139 o [ Other [ Singletop _7 g Vs = ) 13 TeV, 139 fo” [[] single top [ Other ]
> VR tt (1 real 1) < 140 VR single-top —
140 Single-tau channel — .‘é’ Single-tau channel ]
. . . .1 120 E 0
Systematic uncertainty ~ Single-tau one-bin SR Single-tau multi-bin SR 100
Total 17 % 17 %
Jet-related 4.2 % 3.9%
Tau-related 5.5% 4.3 %
Other experimental 1.0 % 0.8 % =
Theoretical modelling 17 % 19 % s
MC StatiStiCS 75 070 44 070 6(;0 860 1060 1260 14:00 1600 1800 ° 50 éO 76 86 96 160 11‘0 1é0 150 140 150
Normalisation factors 15 % 16 % s, [GeV] my(r) [GeV]
Luminosity 0.5 % 0.4 %
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» Analysis includes also di-tau event
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| {s=13TeV, 139 b
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] Other
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f — bvi( —» ©G) pair production

Entries / 200 GeV

18 rl- | T T T | T T T | T T T | T T T T T T | T T T | T T T | T T T | T T T | -It
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Scalar up-type

LQ; LQ; production, LQ] — bt/ tv,

g 1: T T I T T T | T T T I‘I—l I.I L T T I T T T I T T T I T T I: E\
Y= ATLAS Preliminary 3 0
5 = Vs=13 TeV, 139 fb™ 1 3
< 08 All limits at 95% CL 4 =
m - . [as]
- - - - Expected limit (t10,,,) 3
07 E_ —— Observed limit (+1 cmeory)_f
. . . 0.6 ;_ ATLAS 13 TeV, 36.1 fb™ _;
»  Strongest limits on pair- - g
produced 3rd-generation  os- 3
0.3 —
scalar LQs for N3 E
u/d F -
HBLQ" = qr) ~ 0.5 o .
o0 |6(|)0| ' 'scl)o' ' '1o|oo' ' '12|oo' ' '14|oo' ' I16IOOI ' |18|00| 2000
. . . m(LQ)) [GeV]
»  For first time in ATLAS, :
interpretation for vector Vector MC
LQ,LQj production (minimal-coupling scenario), LQ;—>br /tv,
LQS E 1:I T T I T T T I T T T I T T T I T T T I“I I“I I T T T T T I: g
' oob ATLAS Preliminary = 1
>o  E Vs=13TeV, 139 fb™, All limits at 95% CL 1 -0
(¢} c - (¢}
= 0.8— - =
0 E ---- Expected limit (+10,,) = -
0.7 4
C  ——_ Observed limit (+1 O reory) 3
06 T =
0sE- E
04f- & =
03 66 =
02f- E
0.12— —;
foo '6c|)o' ' 'stl)ol ' '10166"-:-;-2160' ' '14|oo' ' '16|00' ' |18|00| 2000

m(LQ;) [GeV]
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Scalar down-type

LQg LQ§ production, LQS — tt /by,

1 T T [T ~~l~ T LA L I L Y LB L B L I B
C ATLAS Preliminary 3
0.9 4 -
= Vs=13 TeV, 139 fb 3
0.8 All limits at 95% CL —
E - - - Expected limit (+10,,;) E
0.7 3
- ——— Observed limit (+1 Glheory) —
0.6 o ATLAS 13 TeV, 36.1 fo™' "o
05 :_ (observed) _:
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0.3 —
0.2 —
0.1F =
: 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 :
200 600 800 1000 1200 1400 1600 1800 2000
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LQ;LQ; production (Yang-Mills scenario), LQ;—bt / tv.
1 T T T I T T T I T T T I T T T I T T T I T T T T I‘I T “I T T ]
0gE_ ATLAS Preliminary ‘ E=
TE Vs=13TeV, 139 fb”, All limits at 95% CL =
0.8 —
E  ---- Expectedlimit (=10, 3
0.7— 4
= —— Observed limit (+1 Ooory) =
0.6— 77 —
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0.9

B (LQ; — b1)

pp — LQ;LQy3, all contours at 95 % confidence level

Scalar up-type

June 2021

III'|IIII

ATLAS Preliminary
V/s=13TeV,139fb"

observed

expected

brtv
[ATLAS-CONF-2021-008]
stop-07

[EPJC 80 (2020) 737]

ATLAS, 36.1 fb" (obs.)
[JHEP 06 (2019) 144]
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[arXiv:2101.11582]
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[arXiv:2101.12527]
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[JHEP 06 (2019) 144]
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»  Summary of ATLAS exclusion limits for scalar 3rd-generation LQs

»  More on other LQ searches in seminar by Tamara Vazquez Schroeder (link)
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ATLAS Exotics Summary

ATLAS EXxotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: March 2021 fL dt = (36 _ 139) o1 \/_ =8,13TeV
Model ¢,y Jetsi ET™ [rdt[fb™] Limit Reference
T T LI | I T T T T LI | I T T T T T T LI ) I T T T T
@ ADD Gkk +&/q Oe,pyt,y  1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
S ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
2  ADDQBH - 2] - 37.0 M, 89TeV n=6 1703.09127
() ADD BH multijet - >3j - 3.6 Mg 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
£ RS1Gkk >y 2y - - 139 | Gkk mass 4.5 TeV k/Mp =01 2102.13405
© Bulk RS Gy —» WW/ZZ multi-channel 36.1 Ggk mass 2.3 TeV k/Mp; = 1.0 1808.02380
8 BukRS Gyx —» WV - fvqq Tew  2j/1J  Yes 139 | Gyxmass 2.0 TeV K/ Mo = 1.0 2004.14636
Lﬁ Bulk RS gkk — tt 1e,u >1b,>1J/2) Yes 36.1 gkk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP lep >22b,>3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD) - tt) =1 1803.09678
SSM Z’ — ¢t 2e,pu - - 139 | Z"mass 5.1 TeV 1903.06248
* SSMZ’ —» 1t 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
< Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z" — tt Oe,u >1b,>2J Yes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
S  ssMwW ¢y 1epu - Yes 139 | W’ mass 6.0 TeV 1906.05609
q, SSM W’ — tv 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
g> HVT W - WZ — tvgqgmodel B 1e,u 2j/1d Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
%] HVT Z’ — ZH model B 0-2epu 1-2b Yes 139 Z’ mass 3.2TeV gv =3 ATLAS-CONF-2020-043
G} HVT W’ — WH model B Oe,nu >1b,>2J 139 W’ mass 3.2 TeV gv =3 2007.05293
LRSM Wg — tb multi-channel 36.1 | Wg mass 3.25 TeV 180710473
LRSM Wgr — ;lNR 2[1 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, gL = gr 1904.12679
Cl gqqq - 2] - 37.0 A 21.8TeV 7, 1703.09127
5 Cl ttqq 2e,pu — — 139 A 358TeV. 1, 2006.12946
Cl eebs 2e 1b - 139 g=1 —AFLAS-GONF-202+-042- e
oo D I OSSR anXiv:2105.13847
Cl tttt >lepu 21b21] Yes 36.1 A 2.57 TeV |Cat| = 4n 1811.02305
Axial-vector med. (Dirac DM) Oeu, 1,y 1-4j Yes 139 Myed 2.1 TeV 4=0.25, g,=1, m(y)=1 GeV 2102.10874
s Pseudo-scalar med. (DiracDM) Oe,u, 7,y 1-4j Yes 139 Mmed 376 GeV gq=1, g,=1, m(y)=1 GeV 2102.10874
QO  Vectormed. Z’-2HDM (DiracDM) O e, u 2b Yes 139 | Mmed 3.1 TeV tanB=1, g7=0.8, m(x)=100 GeV | ATLAS-CONF-2021-006
Pseudo-scalar med. 2HDM+a Oeu 2b Yes 139 | Mmed 520 GeV tanp=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-006
Scalar reson. ¢ — ty (DiracDM) 0O-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y=0.4, 1=0.2, m(y)=10 GeV 1812.09743
Scalar LQ 1t gen 2e >2j Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2" gen 2u >2j Yes 139 | LQmass 1.7 TeV B=1 2006.05872 . )
QO ScalarLQ 3 gen 17 2b Yes 139 BLQY — br) =1 ATLAS-CONF-2021-008 + VecCtor Interpretation
= Scalar LQ 3" gen Oe,u  >2j,>22b Yes 139 4 mass 1.24 TeV B(LY -»tv)=1 2004.14060
Scalar LQ 3 gen >2e,u,21r21j,>1b - 139 | LQgmass 1.43 TeV BLQY - tr) =1 2101.11582
Scalar LQ 3" gen Oe,u,>217 0-2j,2b Yes 139 LQ3 mass 1.26 TeV B(LQY - bv) =1 2101.12527
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
gs_g VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
® 5 VLQ T53Tsp3|Ts3 > W+ X 2(SS)/>3epu>1b>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 = Wt)=1, c(Ts;3Wt)=1 1807.11883
;',‘:’ g_ VLQY - Wb+ X lepu 21b>21 Yes 36.1 Y mass 1.85 TeV B(Y — Wb)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oep  >2b,>1j Yes 79.8 B mass 1.21 TeV singlet, kg= 0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq lepu > 4] Yes  20.3 1509.04261
S g Excited quark ¢* — qg - 2] - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
L S Excitedquark ¢° — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
:‘2 £ Excited quark b* — bg - 1b,1]j - 36.1 b* mass 2.6 TeV 1805.09299
i :q:) Excited lepton ¢* 3e,u - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* e, T - - 20.3 AN=1.6TeV 1411.2921
Type lll Seesaw 1eu >2j Yes 139 20008.07949  + ATLAS-CONF-2021-023
LRSM Majorana v 2u 2] - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g, = gr 1809.11105
S Higgs triplet H** — ¢¢ 234eu(SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
= Higgs triplet H** — ¢ 3eurt - - 20.3 DY production, B(H;* — (1) =1 1411.2921
6 Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - — - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
v-=13Tev V-=13Tev 1 L1l | 1 1 L L L 1 L1l | 1 L L L 1 Ll 1l I 1 L L L
partial data full data 10 1 10 Mass scale [TeV]

“Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).
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EXPERIMENT

»  Lepton flavour conservation is an accidental symmetry in SM

»  Violation of lepton flavour conservation (LFV) not forbidden
by any fundamental symmetry
- Only “broken” by neutrino oscillations (massive neutrinos)

In SM, LFV processes with charged leptons can occur via v-oscillation
at B(Z — £1) ~ 107>

»  Prime place to look for new phenomena in lepton
interactions. Any observation is a clear indication of NP!

»  Search for Z — £t complementary to low-energy searches,
eg T — yu,3u (sensitive to eff vertices at higher energies)

. Challenge: look for tiny signal (Z — £7) < 107> (LEP

limits) in huge background
RB(Z — 1( > C1)1) =2.4 % 1072

»  Due to excellent LHC and ATLAS performance in Run-2, we
can analyse 8 X 10” Z decays!

D. Zanzi
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Search for Z — ¢r

EXPERIMENT

. SearchforZ = £7(¢ = e, ) Signal Z— 17T W(—2v)+]
decays in events with Thadvis Thadouts et (= Tygeurd)
hadronic 7 decays '

%(T — Thad—ViSU) = 65 %

(Nature Physics (2021))

leptonic 7 decays

RB(t— Cvv) =35%
(2105.12491 submitted to PRL)

T = Thad—visV

»  Key feature:

event classification based on
decay kinematic properties of final
state particles and £

=AY,

precise determination of
background

D. Zanzl 33
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EXPERIMENT

»  Deep neural networks with full kinematic information (4-momentum
components) of particles

»  Inputs:

- Removal of physical symmetries via rotation and Lorentz-boost. Reduction from 12 to
6 independent momentum components, hence reduced set of NN inputs (smaller
network, good given limited statistics for training)

- Addition of high-level variables (eg masses) to aid training

Variable Description

p.(0) z-component of the light lepton’s momentum.

E0) Energy of the light lepton.

Do (Thad-vis) x-component of the 7y,,4.vis candidate’s momentum. In transformed d

P2 (Thad-vis) z-component of the 7,,4.,is candidate’s momentum. frame miss

E(Thad-vis) Energy of the 7,,4.is candidate. ET

s The missing transverse momentum. ;

Meyis (0, T) The visible mass: the invariant mass of the f-7,,4.,is System. Pr

Meon (4, T) The collinear mass: the invariant mass of the £-7,,4 ;s system, where the v is assumed
to have a momentum that is equal in the transverse plane to the measured Ep " and A >
collinear in 7 with the 7,,4.,is candidate. * 7

m(¢, T track) The invariant mass of the light lepton and the track associated with the 7y, 4.is candidate
(only used by the Z — ¢¢ classifier).

Aa A kinematic discriminant sensitive to the different fractions of 7-lepton four-momentum Tha d—vis
carried by neutrinos in signal and background [7]. y f

Similar set for leptonic channel

D. Zanzi Nat. Phys. (2021), arXiv:2105.12491 34
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EXPERIMENT

thS Rev D 98 (2018) 092010

» Ong binary NN cllassn‘ler trained o W+ i 2 o, Slgnal é
against each main background z: L

Had channel: Z — 77, W+,
7> ¢t y

Lep channel: Z — 77, tt, VV | NN

» NN outputs combined exploiting

— 2
different correlations of these for combined NN output = 1 — \/Zb wp X (1 — NN, output)

. 2b Wh
different processes
LR L |“”|”N|”“w'“w'”w”'
»  Different source of backgrounds g Tamas 1 eom
. S —\F 13 TeV, 139 fb -Jz—m“d -
separated from signal but also g SR, ur 1P -grhgrs
among ’[hemse|ves > Totaluncertamty

- Z—ut (B=5x%10 )'

»  Shape fit of full combined NN
output spectrum able to better
constrain each individual
background contribution, hence
better sensitivity

Data / pred.

0%1 0.2 03 04 05 06 07 08 0.9

D_ Zar]ZI arXiv:2010.02566, arXiv:2105.12491 Combined NN output 35
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ATLAS

EXPERIMENT

Search for Z — ¢r

Eur. Phys. J. C 80 (2020) 616

»  Modelling of Z production: T 0% amas o« om
8 T EVs=13TeV, 36.1 fb” ?RZZ:Z?—l:iIfIEOjetNNLO+N3LL
Signal (Pythia) and Z — 77 (Sherpa) events reweighed to %o.oeg— Pouneg Py A2N.0 une
fiducial Z production cross section measurement by ATLAS ¥ ">
to reduce theory uncertainties L 0.03:
0.02F
»  Common normalisation factor on signal and 00t e
Z — 17 determines 0, X A(Z7) from data and R
: : C Pl 51 e et L o N - o N 8
reduces experimental systematics uncertainties O e B 1 == ==L s g
095_— ..............................................................................................
} Events With mis_identified ObjeCtS O % Thad—ViS 085(;_ ......... é1|0 ....... 1|5 ..... 2|0 ....... 2|530 ....................... 1,00 300 900
py[GeV]

fakes and non-prompt electrons and muons)
modelled from data

Hadronic channel

Leptonic channel

Uncertainty in 8(Z — 1) [x107°]

Uncertainty on B(Z — £1) [x107°]

Source of uncertainty er uT
Statistical +3.5 +2.8
Systematic +2.3 +1.6
T-leptons +1.9 +1.5
Energy calibration +1.3 +1.4
Jet rejection +0.3 +0.3
Electron rejection +1.3
Light leptons +0.4 +0.1
ES jets and flavour tagging +0.6 +0.5
Z-boson modelling +0.7 +0.3
Luminosity and other minor backgrounds +0.8 +0.3
Total +4.1 +3.2

Source of uncertainty et uT
Statistical +3.5 +3.9
Fake leptons (statistical) +0.1 +0.1
Systematic +2.7 +3.4
Light leptons +0.4 +0.4
E%niss, jets and flavor tagging +2.1 +2.4
ET"™ +0.4 +0.8
Jets +1.9 +2.2
Flavor tagging +0.5 +0.9
Z-boson modeling <0.1 +0.1
Z — up yield - +0.8
Other backgrounds +0.1 +0.6
Fake leptons (systematic) +0.4 +0.9
Total +4.4 +5.2

D. Zanzi
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: Bulk of Z — 77 events fitted in separate Z-CRs o
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EXPERIMENT

»  Limits on B(Z — £7) for unpolarised and T — LU

maximally polarised 7 leptons S ———e— T
: I «-- unpolarized -
0.014 E 0.01
4 D t . | 't | ' 't 0.012 = 0.008f}- !
ue 10 SpIn correlations, same polarisation ool E  otarised
. . 0.0085— - 0.006- o unpolarised—:
has opposite effects on the energy fraction o ER | ) :
.o ) . 0.00af. Pha=-0-142£0003 E : " = .0.145+0.002 ]
of the visible decay products in leptonic E Plm000030002
. 0 ....................................... | ISR AT > 0 .................................................
and had ron IC decays . 120- 0.1 02 03 04 05 06 0.7 O'BX‘_ZSE%)/E(T_) ) 0 0.1 02 03 04 05 06 0.7 0.31.2=2(.3)1E(T-;1
;\7 .1 MM...M‘"”*"‘”*H#{ T g 1|Mm,owm i
B} WMW,
- Combined results are almost S — SR ——
- . - = (@ T—1Ivyvy (b) T— mv,
independent of polarisation hypothesis
P P yp Acta Phys.Polon.B 45 (2014) 10, 1921-1946
HThaq—vis (1Prong) HThad—vis (3Prong) Uz, (low-pt e) Uz, (high-pt ¢)
T} L L B L o SO 101 = e B B B B B Lo140‘74‘”w‘H‘\H‘wHH\HH\HH\HH\HH_F‘ 9 L B B B B B LI B B
S 300 ATLAS Simulation S [ ATLAS Simulation 1 S | ATLAS Simulation 17 3 6% ATLAS Simulation
% E Vs=13TeV, 1391’ 5 go Vs=13TeV, 139" % 1205 s=13Tev, 139 1" =t S . s=13TeV, 13910
E 250 SR, ur 1P E [ SR, ur3P g 100 Low-p_ SR, ut, — E 50? High-p_ SR, ur,
W 540l 7 polarisation = W gol~ 7 polarisation _ e L 7 polarization ] W 40 7 polarization
C Unpolarised ] ~ Unpolarised 80? Unpolarized - C Unpolarized
i Lgﬁ-handed 7: r Lgﬁ-handed r Lgft-handed ] 30— Lgft-handed
150: — Right-handed ] 40 — Right-handed B 60 — Right-handed - = — Right-handed
1000 = - pros -
50; B 20: B 20; ] i
oF 8% ' ?'
2 14 2 ko) g ko) F
3 12 g 5 15 5 15
1= £
E 0.6W 3 0'5§ E ’ ; E
01 02 03 04 05 06 07 08 09 02 03 04 05 06 07 08 09 001 02 03 04 05 06 07 08 09 001 02 03 04 05 06 07 08 09
Combined NN output Combined NN output Combined NN output Combined NN output
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Search for Z — ¢r

Observed (expected) upper limit on B(Z — £1) [x107%]

Final state, polarization assumption et ut

{Thaq Run 1 + Run 2, unpolarized 8.1(8.1) 9.5(6.1)
{Thad Run 2, left-handed 7 8.2 (8.6) 9.5(6.7)
{Thaq Run 2, right-handed 7 7.8 (7.6) 10 (5.8)
{7 Run 2, unpolarized v 7.0 (8.9) 7.2 (10)
{71y Run 2, left-handed 7 5.9 (7.5) 5.7 (8.5)
{7 Run 2, right-handed 7 8.4 (11) 9.2 (13)
Combined ¢ Run 1 + Run 2, unpolarized @6.0) (6.5 ﬂ5.3)
Combined {7 Run 2, left-handed 7 4.5(5.7) 5.6 (5.3)
Combined ¢t Run 2, right-handed 5.4(6.2) 7.7 (5.3)

LEP OPAL, unpolarised 7 [10]
LEP DELPHI, unpolarised 7 [11]

(9.8)

A

»  Best-fit;

. B(Z — er) = (—1.4 +2.5(stat) + 1.8(sys)) x 1076
- B(Z — ur) = (+1.7 £2.2(stat) + 1.6(sys)) x 107°

»  World-best upper limits, 2x improvement on limits

by LEP!

D. Zanzi
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ARTICLES

p YSICS https://doi.org/10.1038/541567-021-01225-z

M) Check for updates

Séafch for charged-lepton-flavour violation in

Z-boson decays with the ATLAS detector

ATLAS Collaboration*

Nat. Phys. (2021), arXiv:2105.12491 39
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summary

EXPERIMENT

h
TN b e+
U U l//> 7\ - g—i N
\ ; M?f ! Nm* _ ] v
- {b L'Q'Ci c} ’ ‘
B~ D)
LQ;LQ; production (Yang-Mills scenario), LQ;—>br /tv,
' ' . " L L L R L L L B
»  Many open gquestions on lepton interactions g ATLAS Prokminary E
5 g s=13 TeV, 139 fb™, All limits at 95% CL g
. . . . . = 08 -
» Growing evidence for LFU violation in B decays * f === Beecedimicio, E
difficult to explain all anomalies at once without oo T E
contradicting current experimental data 05E E
0.4 —
» New experimental data needed from 03~ E
complementary frontiers, not only from B-decays - E
, , g..|...|...|...|_-—-:;'—"-—“.".:‘|...|..g
»  ATLAS is pushing the search for new phenomena foo e oo e o0 0”0 000
in lepton interactions on several fronts e

Milestone reached by overtaking longstanding LEP 18QaCY . s mmmemt = e Sen

{Thaq Run 2, left-handed 7 8.2 (8.6) 9.5(6.7)

{Thad Run 2, right-handed 7 7.8 (7.6) 10 (5.8)

> Searches largely limited by stat uncertainties, (o e e s

also for high-background searches like Z = €7 o e o | R AT S0 o

Combined 7 Run 2, left-handed T 4.5(5.7) 5.6 (5.3)

Combined ¢7 Run 2, right-handed 7 5.4 (6.2) 7.7 (5.3)

»  High expectation on what we can learn in Run-3+ LEP OPAL wpolaet 10 o 7

D. Zanzi
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EXPERIMENT

The U, simplified model C. Cornella (LHCP'21)

The vector leptoquark is the only single mediator solution:

v no tree-level contribution to b — sv, protected from proton decay
! does not come alone: additional massive vectors ( Z’, G'), vector-like fermions

Stick to simplified model:

z 52y B @D + B e +h.c. Ui~ (3,1,2/3)

2

Good description of all low-energy data with a “natural” flavor structure:

> b — st [tree]

il By, =1
O dT —_— Q
| el [T B~ 0(1)
q] T S ST
| —» T — uX [loop] L gL ~ 06(0.1
0 Pop| Por o 000
& = + many other effects L ﬁL ~ 0(0.01)
R < »Rp  [EPWO,LFUints.] Fewlde '

D. Zanzi
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pop | eptoquarks Models

EXPERIMENT

arxXiv:2103.16558

4-0_ IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII i 4-0_1 LI | LI | IIIIIIII | L | LI | LI | | LI B |
I i I = M i
L | |
i e L ]
35 & = — 3.5F é =z & -
B f £ ; E %&Q)
L o i = N
3.0 o ] 3.0 S ey & ]
L ﬁ i 3 * 4
i ot ol QO/X\ ) DH QQ
250 S| & O b 25 5 ? -
L b S fb(ie' T
— '\ Q
2.0 = T P \ 2.0 S )
- ] L A ]
gU 1 & 'Q“Q gU o %,&\0 )
I S ) [ 0‘5@ )
1.5 - 1.5F 17 ]
i : i o ‘
i - i
- 'b \ -
]_0_— r &XgTe\]?)a — 10_— —
i PP ) [ )
0.5 - 0.5p .
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My [Te\/] M, [TeV]

» Reach of LHC constraints for vector LQ models compared to the compared
to the M/ g scale indicated by the B-anomalies

D. Zanzi
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