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Theoretical puzzle : Similarity of quarks and leptons

Leptons
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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

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

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

Leptons
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Yet ... we are unaware of any mechanism for it
to do so (and assign arbitrary Yukawa couplings)
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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 125, 011802 (2020)

dB(B; — ¢u*u)ldg? (GeV~c?)

R(D¥)

PRL 127,151801 (2021)

Ben Kilminster, BLV2022, Sept. 2022
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https://arxiv.org/abs/2103.11769
https://arxiv.org/abs/1705.05802
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/2103.11769
https://arxiv.org/abs/2105.14007

BSM explanations ?

New heavy mediators
Lepton flavor universality violation
New left-handed currents
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BSM explanations 7

New heavy mediators
Lepton flavor universality violation
New left-handed currents
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Leptoquarks !



BSM explanations ?

New heavy mediators
Lepton flavor universality violation

New left-handed currents

A ~5-8

LQ coupling
to third-
generation
particles

B-decay-anomaly

Favored region

Leptoquarks |

Ben Kilminster, BLV2022, Sept. 2022

LQ mass

M ~10 TeV
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Leptoquarks

Aig
e 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

Me;\%sured_ T (B s K(*)MM) Measured_ r (B . D(*)TD)
KO = T(B o K®eo) 7T T (B— DO

Ben Kilminster, BLV2022, Sept. 2022

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

e Vector LQ left-handed b/t 0 =013 1

currents arXiv:1706.07808, arXiv:1903.11517

Ben Kilminster, BLV2022, Sept. 2022
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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

e Vector LQ left-handed b/t 0 =013, 1

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

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

Ben Kilminster, BLV2022, Sept. 2022



LQ pairs
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LQ pairs
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Single LQ
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PDF suppression
Wide-resonance at high A
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LQ pairs
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(&) Model independent
() Resonant
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Single LQ

g

©

PDF suppression
Wide-resonance at high A

o X A2

non-resonant LQ

\/
/;\\

L) ox A4
o PDF suppression * 2
«+ No resonance
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LQ pairs
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PDF suppression
Wide-resonance at high A

welght by fractlonal Cross sectlon (A 1)
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No resonance
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New @ ICHEP : CMS-EXO-19-016

CMS search for pair, single, non-resonant LQs

Summary of signal selections

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

Y |

21 jet (pr > 50 GeV) (pr > 50 GeV)
Loose \Q o %
l DeepCSV My bins &
0 b tag [ 21 b tag 200400 400-600 >600
discriminating variable: . discriminating variable:
STET = pot + pr? + pf + MET = ehn
Tt b
g g
ng;f’/<b %—6
_\\ T b ”
E Y
pair b b single T

Ben Kilminster, BLV2022, Sept. 2022

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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CMS-EXO-19-016

Comparison of observables :
x ﬂt Iﬂ 45 Slgﬂa‘ regIOﬂS (5 Tt modes * 3 years * 3 visible mass categ.)
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https://cds.cern.ch/record/2815309

Comparison of observables :
STM ET f|t in 30 Slgﬂa| regiOﬂS (5 Tt modes * 3 years * two b-tag categories)

CMS-EXO-19-016

3 examples showing different background compositions :

Events / GeV
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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, 1=2.5 ¢ Observed —

— ' ' Bkg. in >1b -

reglons g ) - Total signal fit %Bkg. :2 o g
< 1 e . st omaziin

oi S B “Bkg. unc. o ]

, L= e _

Here, we order bins from 2 - .
. o o - _|

all 75 signal regions by M 10°E ~
Increasing signal 102:_ ., E
_|............ |

Obs. / BKkg.
IIIIII|III|III

An excess is observed : ~¥3.50
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https://cds.cern.ch/record/2815309

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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CMS-EXO-19-016

LQ t-channel exchange
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CMS-EXO-19-016

Could this be the LQ seen in B anomalies ?

—k
N

—k
o

Coupling strength A

CMS Preliminary

137 b ' (13 TeV)

95% CL upper limits

—O0

---- Expected

I 68% expected
95% expected
Expected by

B

Vector, =1

bserved

anomalies

20

00 8000 10000
Leptoquark mass [GeV]

00 4000 60

Ben Kilminster, BLV2022, Sept. 2022

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
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Cross-check ?

* Another CMS analysis (BSM Higgs search 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 2 138 fb' (13 TeV)
CM S 95% CL excluded:
[ ]Observed 68% expected
---- Expected 95% expected
> 6T — T T T [ T T T T [ T T T 1
o) i

A 2-Sigma excess is observed across the mass

region

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

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

95% CL preferred region ]
O i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1 2 3 4 5

m, (TeV)
Ben Kilminster, BLV2022, Sept. 2022


https://cds.cern.ch/record/2803739
https://cds.cern.ch/record/2815309

If this signal is real, where else might it be ?

b —_

\\A%T// '
Flavor structure |
e/ Ve /vy, T/Vr L

d/u’ 0 0  —0.02 Q :

— ngN s/c’ 0 +0.02 0.13

b/t \ 0 —0.13 1 /‘\
6 )\/BCV ve
LQ-c-v coupling is off-diagonal : 10% size of LQ-b-7

Final state of T+ v is interesting for t-channel leptoquark exchange

Ben Kilminster, BLV2022, Sept. 2022
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CMS-EXO-21-009

Search for t-channel LQ exchangein T+ v

CMS Preliminary

138 b (13 TeV
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3 CMS Preliminar 138 fb™ (13 TeV)
B | | | | | | | | | | | | | | | I I
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5 -
4 <
3 =
2 =
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O : | | | | | | | | | | | | | | | | | | | :
0 2000 4000 6000 8000 10000

m g (GeV)
~1 Sigma excess observed
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https://cds.cern.ch/record/2815310

CMS-EXO-21-009

Search for t-channel LQ exchangein T+ v

CMS Preliminary 138 fb (1 3 TeV) g° CMS Preliminary 138 fb™' (13 TeV)
: T T D I I I | I I I | I I | | | | | | I I
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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.

30
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https://cds.cern.ch/record/2815310

What about ATLAS ?

e ATLAS has 3 new (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, BLV2022, Sept. 2022
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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-2022-052/
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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Discriminant : NN
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/

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
P mix
b+|.l t+e VLlex v, /
8 :||||||||||||||||||||||||||||||||||||||||||||||||: Lr) IIIIlIIIIlIIIIllIIIllIllllllllllllllllllllllIIII :
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2 [f-1aTV190T  mwies ESGOOD] 3 [ s ratov 190 s mengeion ] LQY nt
c YM - . 2 - \s=13TeV, 139 fb [ W-+jets [llsingle top P
o - vLQ o, B(VLQ — bu)=0.5 ggtt+V  []diboson A c u _ - . ] vLQmix
kT > o - LQ .. B(LQ —>bp)=0  @tt+V [Jdiboson
SR 2 Uncertainty o . b
10* = post-Fit YM, 1.7 TeV E 102 . [Jother 77 Uncertainty | t,
- v VLQ 1 B-0.5 E ; Post-Fit D'—Ql,i“l SI)BTSV ;
- : 7 ATLAS Preliminary \I‘ 13 TeV, 139 fb1
- 3 L L L
'.é 1 (vl_oYM —bw)=05 -
10 10 —_— Expected L|m|t 3
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|Q 101 ] Expected limit + 26
< — Observed Limit 3
S g - — Theory (LO) ]
T 102¢ E
1 1t - E
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0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 05 ot 0% oes 0 055 0 085 05 05 M,.q [GeV]
NNout NNout
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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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-009/

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

E 1 | I I I | I I I | I I I | [ E 104§IIII|IIII|||||||||||||II|IIII|IIII§
9 10* = ATLAS Preliminary ® Data Others _ 9 -~ ATLAS Preliminary ® Data W8 Jetrfake
£ 7 E (s=13TeV, 139 b’ , N Unoste 3 2 [ s=13TeV, 139 1" , oers 7
[ - - o tw Q.5 x10% 3 C 10° = Post-Fit - tw N Uncertainty __|
g - Post-Fit Bl Jet— 1 fake 7 q>) = oSt Two Jet—7 fake == 1LQ_° 157 x10? 5
L 10° = SR, 760 Thag E | = SR, 74T hag ZIly*~>tr+HF n
10° g_.a e E S P =
10
g S
RE b t
= 1.2 =
o [l
5 ;ww\\\\ \i\\\\*i\x%\ \ S AMEEEEEEEEAAR
o VY- ©
D 06 D 05 L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 | | L1 1 | | L1 1 |
400 600 1 OOO 300 400 500 600 700 800 900 1000

S, [GeV] S; [GeV]

Ben Kilminster, BLV2022, Sept. 2022

36


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-037/

102 | T T T T | T T T T |

ATLAS LQ pair and single production = mewme —on

9w  95% CL PN Exp.+ 1o _
( ATLAS-CONF-2022-037 ) S Bp.x2 7
T ----- (S(‘ELQS) + G(LQSLQS) 3
Q ]
* New single-LQ search combined with LQ pair production S ]
* btt final state targets both L i
 However, final state not sensitive to non-resonant production ‘_.Z RE E
E [T | I I I | I I I | I I I | ] < 104 gl T | T T | T T | T T | T T | T T | T Ig g_ 5 - .
D gt ATLAS Preliminary ~ ® Data Others 9 - ATLAS Preliminary ® Data W etsrfake = 0T E
£ 7 E (s=13TeV, 139 fb" , e o 2 [ Vs=13Tev, 139 b , Others 4 - :
cC - . e tw Q. ox10° 3 (e 103 - . | tw NN Uncertainty __| 104 —
g - Post-Fit BB Jet— 1 fake 7] q>) § Post-Fit Two Jet— 1 fake == rLQ;"GATf:) 102 § S R T - TR S S S S -
1] 103 = SR, T 1op T had = 1] E SR, 71047 ha ZIy* > rreHF a 500 1000 1500 2000
10° E_'“ e 3 E Bimim e ; 4T N I AL ] ]
= - - : — < - ATLAS Preliminary 7 ztg Eg(’;)) 3
10 2 ";;%Iev 139 1o L Q+LQLQ, (Obs) -
S LQ+LQLQ, (Exp) ]
8 ]
© 25 ]
= = - ]
1 ---- | I | I | I | I I | I | I | CxU 2:_ _:
_E))' 14 | I 1 8 1 5_I T | T T | T T | T T | T T ﬂl [ | T I_ >3_ E E
= 1.2— = 1.5 o
o [l _ ]
5 ;ww\\\\ \\i\\\\\\ﬁ\\\\ \ T A A AN : ;
© U S = E
D 06 D 05 I | I | I | I | L1 11 | | | | E E
4oo 600 1ooo 300 400 500 600 700 800 900 1000 0.5E E
S, [GeV] S, [GeV] 0500 800 7000 7200 1400 1600 7800
m , [GeV]
* No excess observed for M, 2 TeV *
* Mass constraints similar to CMS -
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SOme LQ Summary p‘OtS (many more available)
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Summary: Leptoquark searches at CMS & ATLAS
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* CMS sees an intriguing 3.50 excess
 Combined with other searches, favors high-mass (> 2

TeV) and high coupling
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