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Theoretical puzzle : Similarity of quarks and leptons

Some underlying symmetry ?
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Theoretical Puzzle : flavor

* WHY three generations of identical particles
* HOW do they get different masses ?

H
r190° Bosor Only the Higgs boson can tell difference between electron,
/ \ \ muon, and tau lepton. Gives them different masses !!
1t ond grd
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Theoretical Puzzle : flavor

* WHY three generations of identical particles
* HOW do they get different masses ?

H

Higgs Boson Only the Higgs boson can tell difference between electron,

/ J: N muon, and tau lepton. Gives them different masses !!
15t ond grd

Yet ... we are unaware of any mechanism for it
to do so (and assign arbitrary Yukawa couplings)

Precise measurements of Higgs couplings do not
elucidate the WHY or HOW

Leptons

New physics needed to tell the difference
€ VS. U VS. T
U Vvs. C Vvs. t
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Experimental puzzles : flavor anomalies in B decays

PRL 127,151801 (2021)
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R(D*) & R(D)

(including latest

LHCb hadronic

tau result)

3.20

PRL 125, 011802 (2020)
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Other ratios between 3 and 2"d generations :
20 R(J/W) : PRL 120, 121801 (2018) (LHCb)

1o R(A*) : PRL 120, 121801 (2018) (LHCb)



https://arxiv.org/abs/1711.05623
https://arxiv.org/abs/1711.05623
https://arxiv.org/abs/2003.04831
https://hflav.web.cern.ch/content/semileptonic-b-decays
https://arxiv.org/abs/2105.14007

BSM explanations ?

New heavy mediators
Lepton flavor universality violation
New left-handed currents
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New heavy mediators
Lepton flavor universality violation
New left-handed currents
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BSM explanations ?

New heavy mediators
Lepton flavor universality violation —

New left-handed currents

~ 3.5

A B-decay-anomaly
LQ coupling Favored region
to third-
generation
particles

Leptoquarks !

LQ mass
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M ~10 TeV



Leptoquarks

Aig
* Scalar or vector boson LQ -------
. q
* Decay into €q
= carry L, B, color /
*Coupling LQ-€-q: A, \LQ, — X \ q ,
1 2 4 2 41.0 xi 2
-—-3>—3»—-3>—3 — 33

* Fractional charge
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Flavor anomalies as explained by LQ

Measured T (B s K(*)MM) Measured_ r (B . D(*)TD)
BKO = T B S Ke) 7T T (B— DO
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SM
>0.25
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Flavor anomalies as explained by LQ

Me;\;ured T (B R K(*)MM) Me;sured_ r (B N D(*)TD) >@
K = < PO T T (B DWin) ~ L

r (B — K(*)ee)

Flavor structure

* Combined explanation of e/ve . T/vs
flavor and angular d/u’ 0 0 —0.02
anomalies = Vg~ s/c 0 +0.02 0.13

» Vector LQ left-handed b/t 0 =015 1

currents arXiv:1706.07808, arXiv:1903.11517
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Flavor anomalies as explained by LQ

Me;\;ured T (B R K(*)MM) Me;sured_ r (B N D(*)TD) >@
K = < PO T T (B DWin) ~ L

r (B — K(*)ee)

Flavor structure

 Combined explanation of e/v y v
P [Ve — 1/Vpu iz LQ ~ LQS
flavor and angular d/u’ 0 0 —0.02
anomalies = Vg~ s/c 0 +0.02 0.13

» Vector LQ left-handed b/t 0 =015 1

currents arXiv:1706.07808, arXiv:1903.11517 signs for destructive interference

with SM in B - Kuu decay 3
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Can we search for leptoquarks
directly ?

Ben Kilminster, LP2023



73 Large QCD production
() Model independent

Single LQ
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3000
Leptoquark mass [GeV]

non-resonant LQ
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T

Lepton-quark
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o X A2

New lepton PDFs!

Resonance, no
combinatorics

1: JHEP, 2005.06477
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https://arxiv.org/abs/2005.06477

CMS-EXO-19-016

CMS search for pair, single, non-resonant LQs

Summary of signal selections

[ml, et;, UT;, T, T, and eu pre-selections (e/u/t;, pr > 50 GeV) ]

Y |

21 jet (pr > 50 GeV) (pr > 50 GeV)
Loose :
l DeepCSV \Q Myis bins Q %
0 b tag ] [ 21 b tag 200-400 400-600 >600
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SMET sensitive to LQ
signal with high P;
objects

X angular variable
sensitive to changes in tt
angular distributions
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https://cds.cern.ch/record/2815309

Reconstruction of 3rd Single-1a production - D
generation LQs

T,, reconstruction

secondary

0
\ 7'\pnmary vertex
V 4

ight jet

ee

30, €L pp
6% 3%
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Comparison of observables

STMET fit in 30 signal regions
(5 Tt modes * 3 years * two b-tag categories)
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x fitin 45 signal regions
(5 Tt modes * 3 years * 3 visible mass categ.)

A

hThs 400<m\,,s<600 GeV
L B B B

- CMS

137 b1 (13 TeV)
L L B BN
¢ Observed LQ, 2000 GeV, A=2.5, p=1, k=1
. [1Z— wr, — Scalar nonres., o = 6275 fb
Preliminary 3 tf and single top ~ --- Vector nonres., o = 435 fb
[ 1j — =, fakes
] Drell-Yan with | — <,
] Diboson

2 Bkg. unc.

18


https://cds.cern.ch/record/2815309

CMS-EXO-19-016

Digesting 75 signal CMS Protminary 1871 (13 TeV)

significance, and show
best fit of S+B

. é 108 = Vector LQ, 2000 GeV, A=2.5 ¢ Observed —

— ' ' Bkg. in =1b -
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An excess is observed : ~¥3.50
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Excess
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Pair-produced leptoquarks excluded below 1.6 — 1.9 TeV

\

Possible signal is more consistent with a LQ with high-mass & high-coupling
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LQ t-channel exchange
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Non-resonant t-channel LQ exchange shows
mass-independent excess, extending to high

Masses
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https://cds.cern.ch/record/2815309

Recent progress investigating
excess before submitting for

publication
 Fake tau model updated
e Some minor backgrounds added

AR\

SO

Excess for benchmark M = 2TeV, A\=2.5
— 2.80

Excess is most prominent :
* non-resonant LQ production
* Probes high mass

— 3.4 —3.70 excess in 0-b category

Not compatible with signal model of
100% LQ=bt

Excess not excluded by ATLAS, such as non-
resonant search EXOT-2022-039, which requires
b-tags in their analysis
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39

CMS-EXO-19-016

Could this be the LQ seen in B anomalies ?

CMS Preliminary

137 b (13 TeV)

95% CL upper limits — Single Nonres.
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Expected limits just on the edge of the
anomaly -favored region

Since LQ pair production excludes
masses < 2 TeV,

the excess points to high mass &
coupling


https://cds.cern.ch/record/2815309

Cross-check ?

* Another CMS analysis (BSM Higgs search JHEP, CMS-HIG-21-001) has also
considered t-channel LQ exchange

e Considers Tt with and without >=1 b-tag

* Different event selection, optimization, & discriminating variables
* Considers interference with SM processes

VLQ BM 1 138 b (13 TeV)
C M S glél%of)ls-eerz/(::iu‘jedé8°/o expected
----Expected 95% expected
C')D 6: T T T T T T T T I T T T T I T T ) u -
5 A 2-Sigma excess is observed across the mass
af _f region

» Additional cross-checks show consistency
with CMIS-EXO-19-016

» Interference found to be less than 10% at
masses above 2 TeV

95% CL preferred region ]

I B B R
01 2 3 4 5

my (TeV)
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https://cds.cern.ch/record/2824118
https://cds.cern.ch/record/2815309

It LQ with high-mass, high-coupling, where
else might it be ?

, \\)\BYM// '
Flavor structure

|
e/ Ve /vy, T/Vr L
d/u’ 0 0 —0.02 Q :
= Vi~ s/c 0 +0.02 0.13 /‘\
Aﬁcu i7

b/t 0 —0.13 1
C
Final state of T+ v is interesting for t-channel leptoquark exchange

14
LQ-c-v coupling is off-diagonal : 10% size of LQ-b-T

24
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JHEP, CMS-EXO-21-009

Search for t-channel LQ exchangein T+ v

138 fb' (13 TeV)

> T T T T 1 1 | T T T
C 10°F cMS my = 1.0 TeV —— Data
= 10° my, =5.0TeV  [] W+jets o CMS Preliminary 138 fb™! (13 TeV)
— - H M D N T T T | T T T | T T T
2 102 Mgy = 5.0 TeV MlSK.j' Th 6 138 fo' (13 TeV) o C 95% CL lower limits, best-fit LH+RH
QC) EFI- tenSOI’ - DY+]€tS 3 10 I; I ' l I I I l I I I l I I l I I I ? [ = Observed
> 10 - Top quark N a CMS 95% CL upper limits U, t-channel, 9,= 1 3 7 T Median expected
L o Mg B Dib © 10° Observed B= Best fit LH - T [ 68% expected
1= — o= 100s0n i - = = Median expected B Best fitLH+RH 3 6 - 95% expected
s . — L b-anomaly-preferred
1 R T = 10* I 68% expected = Democratic - - =
10 ' E 0 95% expected 3 5 C .
1072 S 10°E E aF P
10—3 | - - E E
104 : 102 E 3 -
1075 10 2F :
g’ 1+ l T ' Uncertallinty ' L 1 E 15 E
@QOW*’*#_,__FT_‘.—.&T_.‘__ ........................... l ............ = _15 | | | O: coo Lo 1L b 1 ':
g oM | 10 0 5000 4000 6000 8000 10000 0 2000 4000 6000 8OOOG 1\(/)000
al -1t 1 [ T R 1 ! 1 . ml_Q (GeV) mLQ ( e )
4x10? 100 2x10°

~1 Sigma excess observed

The coupling strengths excluded by searches in the tau+MET (CMS-EXO-21-009) and ditau (CMS-EXO-19-016)
final state are compatible within approximately 5-25% for a vector LQ mass of 2 TeV and coupling benchmarks
that could explain the b-anomalies.
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https://cds.cern.ch/record/2845243

New lepton PDFs open up new search  LlQ=7+o
el epe, =u,d,s, &b
possibilities q

b/t/ O O VbT

Flavor structure Y \
e/Ve /vy, T/Vr 14
/ v + >
d/u 0 0 ur p >
= Vg~ s/c 0 0 Vse p+
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1
13817 (13TeV)  \15-Ex0-22-018
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https://cds.cern.ch/record/2859388
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Flavor structure
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* Considers mixed generational couplings
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https://cds.cern.ch/record/2801793

Summary: Leptoquark searches at CMS

* Third-generation leptoquarks offer explanation of flavor structure
of SM, motivated by B anomalies

e 3G LQ pair production sets coupling-independent mass constraints
below M, of ~2 TeV

* Non-resonant, t-channel LQ exchange allows possibility to probe
high masses & high couplings favored by B anomalies

* CMS sees an intriguing 2.80 excess

 Combined with other searches, favors high-mass (> 2 TeV) and high
coupling
* However, not necessarily 3™ generation LQ
e 3.4—-3.70 excess in T+ non-b jet
* Consider off-diagonal LQs

* Not covered : Many LQ searches in 15t/2"d generation on CMS
physics pages
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What about ATLAS ?

e ATLAS ICHEP 2022 LQ results :

* Search for scalar/vector LQs = to 3" gen. quarks + 15t/2"9 gen. leptons (arLas-conF-2022-
009)

e LQ (pairs) = (t,b) + (e,;,v) with exactly 1e or 1p in the final state
* Considers up-type LQ (charge = 2/3e) and down-type LQ (charge = 1/3e)

 Search for scalar/vector LQLQ — t€ + t€ with € = e, (aTLAS-CONF-2022-052)
* LQpairs = te+te OR tu+tu
* Considers down-type LQ (charge = 1/3e)
* 3 or4leptonsin final state

e Search for scalar LQs in TTb (ATLAS-CONF-2022-037)
 LQLQ withlLQ = 1b
* Considers LQ with charge 4/3e
e For the first time, single LQ production considered

Ben Kilminster, LP2023
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-037/

1 lepton

Searches for LQs with charge 2/3e and 1/3e (arLas-conr-2022-009)

t,b
LQ = t+v, t+e, t+u  and LQ = b+v, b+e, b+u

p LQpix :
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1 lepton

Searches for LQs with charge 2/3e and 1/3e (arLas-conr-2022-009)

t,b
LQ = t+v, t+e, t+u  and LQ = b+v, b+e, b+u LOu
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b+|.l t+e VLlex v, /
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Discriminant : NN No excesses observed

LQ limits on mass range 1.4 —1.95 TeV
Strongest limits : vector LQs with Yang Mills couplings > vector LQs with minimal couplings > Scalar LQs
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3 or 4 |leptons

LQLQ =t +t€ (ATLAS-CONF-2022-052
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3 or 4 leptons

LQLQ =t +t€ (ATLAS-CONF-2022-052
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ATLAS LQ pair and single production

( ATLAS-CONF-2022-037 )

* New single-LQ search combined with LQ pair production
* btt final state targets both
* However, final state not sensitive to non-resonant production
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* No excess observed for M, 2 TeV
* Mass constraints similar to CMS -
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SOme LQ Summary p‘OtS (many more available)

ATL-PHYS-PUB-2022-012 CMS-PAS-EXO-19-016
1 pp — LQ3LQy3, all contours at 95 % confidence level March 2022 CMS Preliminary 137 fb™ (13 TeV)
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