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Standard Model’s many symmetries...

Quantity — | Weak | Strong _

Energy Time translation
Linear momentum Spatial translation
Angular momentum Rotations
Center-of-mass Lorentz boosts
Charge, color, ... Gauge transformation
Lepton number L
Baryon number B
Isospin
[ Lepton flavor not fundamental !
Quark flavor
Parity P

Charge conjugation C

Time reversal T
CP
CPT

SINSN NSNS KIS NS X
NS> X X > %XISI>* SN XXX
SRINS KIS SIS XKXN
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Flavor universality in the SM

« SM gauge couplings cannot differentiate leptons

 only the Higgs can via Yukawa coupling
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but by what mechanism ?
why three generations ?

= hopefully new physics
can explain



B anomalies at Belle, BaBar, LHCb
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R(D™) combined 3.10 deviation

= signs of new physics violating lepton flavor universality?
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https://arxiv.org/pdf/2103.11769.pdf

Leptoquarks /

A
Foyu—
e scalar or vector boson q
» decays into €q
= carries L, B, color LQ —

- fractional charge  +1 12 44 45 +10 71 +2

* coupling A,

24/05/21 Universitat Zarich, Physik-Institut, Izaak Neutelings



B anomalies according to LQs

SM
<1
o
B " ™ KW
combined explanation with
vector leptoquark: e/ve
d/u’ 0
= )\gq ~ s/c 0
b/t’ 0
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m/vp /vy
0 —0.02

+0.02  0.13

—0.13 1

LQ ~ LQj;

signs for destructive interference
with SM in B — Kuu decay

[Isidori group: arXiv:1706.07808, arXiv:1903.11517]



https://arxiv.org/abs/1706.07808
https://arxiv.org/abs/1903.11517

Muon anomalous moment

BNL g-2 : >
FNAL g-2 4 o
" 1 < 420 >
@ t @
+ Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
auX‘IO -1165900

SM theory: 116 591 810 (43) X 10~ (460 ppb)
Experiment: 116 592 061 (41) X 10-11 (350 ppb)

BNL & FNAL combined 4.2 deviation

24/05/21 BNL: arXiv:hep-ex/0602035, FNAL: arXiv:2104.03281, theory WP: arXiv:2006.04822 8
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LQ production at CMS

pair single
b
g A
®
-+t
L J
A
g
% large, @ o A? @ oxA*
@ model independent = b-PDF suppression o. PDF suppression * 2
& resonant . width oc A2 .+ wide resonance
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Exclusion in A vs. mass space

use the fact that single production has a ~ A2,
and nonresonant tt production a ~ A4
to exclude higher masses & couplings 4

m nonresonant rt Vector ’ o
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https://arxiv.org/abs/1810.10017
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LQ; models & signatures

« scalar LQg (S = 0), vector LQy (S=1)

decays into {q
= carries L, B, color
= fractional charge

coupling Ay,

simplified models restrict to up or down type:

() == (%)

branching parameter

LQ5 — tv, br, Q=+
LQS — t7, by, Q= —

Wl Wi

B(LQ — g¥) =8
BLQ—q¢v)=1-p

typical benchmarks g =0, 0.5, 1
Lngg — tvty, tvbr, brbr
LQITQ; — trtr, trby, buby
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arXiv:1909.03460

LQ;LQ; — bvbyv, tvtv B =0, 137 fb-"

reinterpret stop & sbottom searches with 22 jets + MET:

b b
N / g
> Pi"' Ly LQs
-- = I v
s§~~ ~0 N\
p - \5 o« o o * Xl AN V
b, .\ d s
) ) rQ; <
b _
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t t
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p tl",f j(v(l) LQ; s,
:’ — /// D
p ;§~s~ .--'56(1) \\ v
tl u \\
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(1) (2)
Moy = min max ( My 7, My
_,miss,l —»miSS,2 —1Miss
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https://arxiv.org/abs/1909.03460

arXiv:1909.03460

LQ,LQ; — bvbv, tvtv £=0,137 fo-

* select events with 22 jets, large py™iss, Hr > 250 GeV
* cluster visible objects into 2 large pseudo-jets
« decompose pt™ss to minimize

Mo = min {max (Mé”, MéQ))}

_,miss,l —»miSS,Q_—’miSS
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https://arxiv.org/abs/1909.03460

arXiv:1909.03460

LQ,;LQ; — bvbv, tvtv strategy § =0, 137 o

 select 2 jets, veto charged lepton, 7,
« fit M, in many bins of #jets, b tags, Hr
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5 . Pre-fit background 575 < H_ < 1200 GeV ¢ Data
m —
E’ ” 23 1 23 1 23 46 i 46 . 4-6] | 2-6] i 7-9] . 7-9] | 7-9] :7-9 el
o108 0b b | 2b ob b ! 2 '=23b ! 0b ! b ! 2b !3b Bl Lost lepton

[] Multijet

10*

17-9j 1=10j ,=10j,>10j :231:1: -1
1z4b10b 11b 12b 1™ 1 ®

108 !

10° B

10

g E
o E
S E
a E
oB v vy e e L gl s R
Mry = min [max (]Wél),]bfg))} MT2 [GeV]
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https://arxiv.org/abs/1909.03460

LQ;LQ; — bvbv, tvtv results

arXiv:1909.03460
£ =0, 137 fo-’
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non-minimal coupling k¥ = 1 (Yang-Mills), O (minimal)
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https://arxiv.org/abs/1909.03460

LQ; — bt reconstruction

24/05/21

—3 tracks

T, reconstruction

tracker

™+ = ptv, = 77%, J

b jet

b hadron
impact
parameter
secondary
vertex

do

\ 70\Mmary vertex
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. . arXiv1806.03472
LQ; — bt single production scalar, 2 = 1, 35.9 b

35.9 b (13TeV)

. . ) — 77—
35.9 b (13TeV) require 1b Jet + 17T t fFcms ur —e— Observed
_‘g T CMS, —r— 7 Lﬁ10 h — Scalar LQ 700 GeV
T, T —e— Observed .
DO 403 h*h 1] ” 4
210 — Soaler LG 00 Gov fit “scalar sum pr 16° . k
A=1,p= [ Single top quar
, Ctt 1 2 [ Electroweak
10 @ Single top quark T T°. ) 102 [ QCD multijet
[ Electroweak ST = pTVIS —|— pTVIS —|— p‘?I‘
10

[ Jet—>r, fakes

\ 1
d_ T T T 3
e x -]
Q_ 1 1 1 1 E :
X2 | E R e i S .
~ Y T ]
1 - AR s e i e e b ) i s i S S e S — O " " 2 1 2 2 2 2 1 2 2 2 2 1 2 2 2 2 1 M
§ ’*"ﬂ+ f 0 500 7000 7500 2000
0 500 7000 1500 5000 S; (GeV)

S, (GeV)

35.9 b (13TeV)

35.9 fb" (13TeV)

" —— : " —— ——
S 10° Fr CMS €U —e— Observed o 10* = CMS et, —e— Observed
Lﬁ —— Scalar LQ 700 GeV u>J —— Scalar LQ 700 GeV
10° G=1p=1 -
3 [ Single top quark ee [ Single top quark
10 [ Electroweak 107 [ Electroweak
, [ QCD multijet 30/0 eﬂ ”ﬂ ] QCD multijet
® 6% 3%
10 e o o 2 22 o o 2 o x X x x x x X

Q‘_ T T T -:
L ]
=~ P *+_ ............................. =
é ° m# # % ] T
0 ‘500 1000 1500 2000 1500 2000
S, (GeV) 1g

S, (GeV)
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LQ; — bt upper limits

single production becomes
* more important at high
couplings: a(7LQ) ~ A2
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https://arxiv.org/abs/1806.03472
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arXiv:2012.04178

LQ;LQ; — tvbt / trbv f=05,137 o'

t7 50% tr 50%
~
arXiv:1706.07808 arXiv:1808.02063
t t
g g
LQS 7/ LQV
/// 7-+ 1%
. = pair final state o
LQs tvbr LQy
g g
% -
t t
g g
LQS d LQV
7 single final state
Tt g T
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b Y gluon b T~
\_ y splitting L _J
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LQ; — tr reconstruction

-
tracker
tr s
LQ% _______ \ ™+ = ptv, = 77%, J
N
t t —> bW — bjj
b b
b
W — qq W= %W%qq
resolved partially merged fully merged
\ boosted )
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LQ;LQ; — tvbt / trbv strategy

24/05/21

reconstruct t lepton in fully
hadronic final state

reconstruct top in fully hadronic
final state:

1. resolved: 3 AK4 jets
2. boosted, partially merged
3. boosted, fully merged

four categories:
— two b jet categories: 1b, 22b
— resolved or boosted top

fit scalar sum pt

miss

St :ptT‘Fp%h + D1

single + pair is one signal

resolved top

t — bW — bjj

b

B

\'

W — qq

b

W — qq

boosted top

arXiv:2012.04178
B =0.5, 137 fb-
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LQ,;LQ; — tvbt / trbv results

. 137 b (13 TeV)
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CMS LQ summary
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(Thanks to F. Romeo)
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(Thanks to F. Romeo)

CMS LQ; summary
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Summary

+ third-generation LQs are well motivated by theory and
recent experimental results, like the B anomalies

« CMS has performed searches for several scenarios and
resonant signatures

— scalar, vector

— single, pair production

— LQ — tv, b, or tz, bv

— new results with 137 fb~" probe in the 1.5-2 TeV region

* looking forward to new Run-2 results
— vector LQ - bt (£ =1)

— including nonresonant tt production (LQ t-channel)

24/05/21 Universitat Zarich, Physik-Institut, Izaak Neutelings
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LQ decay signatures at CMS

analyses often use a parameter g:

B(LQ —qf) =p

typical benchmarks g =0, 0.5, 1
BLQ—qdv)=1-p4

e.g. purely third-generation LQj: B(LQ, — tr,) = 1 — 3
3 T) T
T, T, UV T, T, V
L <
Q,/ b7 ba t LQ /<
/ b, b, t
N T, UV, UV L {
LQ < \\
b, t, t T, UV, V

bb7rT, btTv, ttrr brT, brv, trv
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Third-generation LQ searches

0

0.5

g

LQ — bt coupling strength 1
non-minimal coupling x (vector)

f=B(LQ—-ql)=1-B(LQ— qv)

LQ — tv
scalar pair (2016, arXiv:1902.08103)
scalar/vector pair (2016, SUS-19-005)

LQ — bv
scalar/vector pair (2016, SUS-19-005)

LQ — tz, bv
scalar single+pair (Run 2, EXO-19-015)
scalar pair (Run 2, ATLAS-CONF-2020-029)

LQ — tv, bt
scalar pair (2016, arXiv:1902.08103)
vector single+pair (Run 2, EXO-19-015)

LQ — bt

scalar pair (2016, EXO-17-016)
scalar single (2016, EXO-17-029)
scalar pair (2016, arXiv:1902.08103)

LQ -t
scalar pair (2016, B2G-16-028)
scalar pair (Run 2, ATLAS-CONF-2020-029)
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Single production yield & efficiency

two competing effects when A is increased:

« cross section a(7LQ) ~ A2 at Breit-Wigner peak

 width increases, degrading efficiency

« pole at low mass of highly off-shell events increases yield,

but degrades efficiency
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