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Conserved quantities & symmetries in the SM

quantity e __weak | strong

energy time translation
linear momentum spatial translation
angular momentum rotational energy
charge, color, ... gauge transformation
lepton number L
baryon number B
isospin

[ lepton flavor

quark flavor
parity P
charge conjugation C
time reversal T
CP
CPT
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Lepton flavor universality in the SM

assuming M; >>m_, m, m, ~ 0,
e H T
i< _ i< _ i<
ot ut -+t
e H T~
W _ JL< _ JL<
Ve v, 7

— but no fundamental reason why these couplings should be universal !
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DOES NATURE RESPECT LEPTON
FLAVOR UNIVERSALITY ?
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Rare semi-leptonic B decays

(B — K™ up) I'(B — DY r0)
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Test lepton flavor universality

b — clv

b C

B _—" ™ p®
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B anomalies at Belle, BaBar, LHCb
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combined ~ 40 deviation

= lepton flavor universality violated ?

= signs of new physics ?
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HOW CAN WE EXPLAIN THE
ANOMALIES ?



Leptoquarks /

e scalar or vector boson q

« decays into €q
— carries L, B, color LQ —

- fractional charge +:,+2,+5,+2 £1,0 F1,4+2

* coupling A,
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B anomalies according to LQs

T (B N K(*>uu) SM T (B N D(*)Tp) SM
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w vy
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signs for destructive interference
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HOW DO WE FIND LQs ?



LQ production at CMS

g b T
L LA\ I
‘ q
pair 2 LQ |
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q b nonresonant
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LQ production properties

pair nonresonant
(
b T~
g
LQ /< B \3‘/
o LQ |
\\\ ¢ //\
LQ A
! < b rt
q
2 large, g X 12 g o A4
© model independent =t b-PDF suppression o. PDF suppression * 2

« wide resonance

(]
~~
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LQ decay signatures at CMS

purely third-generation LQ; — bt or tv:

T, T, UV T, T, UV
L <
Q// b, b, t LQ /<

AN / b, b, t
N T, UV, V S
LQ < \
b, t, t T, U, UV
bbrT, btryr, ttry brT, bTv, trv
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LQ analyses at the LHC

ordered by final state:

(qq%) (qqéu] (qquyJ
> Jjee, JJpul P JJev, Jauv, 3TV P JJuy
> bbr(7)] > bbyw

> btTr

- tt77, ttuu - ttrvr
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LQ reconstruction

T
3% 6o 3%
>\7'b k - i i )
LQ -----2
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tracker

+ + +,0
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LQ reconstruction

ee
3% €U HH
6% 3%

~

------ impact
parameter

secondary
vertex

I|ghl
o - primary vertex

l|q|1t jet

. J
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LQ reconstruction

10/10/19

35.9 b (13TeV)
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S — Tt T J
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LQ — bt single production

35.9 fb" (13TeV)
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Upper limits on LQ — bz
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More data !

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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AN-19-019
EXO-19-016

Run-2 legacy LQ — bt

« combine 2016 + 2017 + 2018
« combine most important Tt channels:
ThTh: HTh, €Ty, €U

« combine all three production modes ee
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Exclusion in A vs. m g space
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OTHER SEARCHES ?



Explored couplings

| qqt? | | qqlv | (qquv)

> JJee, JJpp P gJer, Jgpy, )ity P jjvy

> bb7(7) > bbyrv
> btTv
> tt77, ttuu > ttry
g b t
vi| v VvV /
uw| v v
T /

1011019 [arXiv:1810.10017] 29



Scalar LQ

Vector LQ

CMS LQ search summary

LQ —

LQ (e ) x 2
LQ(ej)+LQ(vij), =05
Single LQ (e j),A=1
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Single LQ (uj),A=1
LQ(vt)x2
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[credit to Yuta]

1st gen. mostly 2016 data only
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WHAT’S NEXT ?
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HL-LHC LQ — bt

« limit can be further improved with larger dataset, and higher +/s

» some searches will have to contend with increased pileup

CMS Phase-2 Simulation Preliminary (14 TeV)
< 3.0p T
| — stat. + syst.
- - stat. onl
25F Single LyQ, 300 fb! \
[ — Single LQ, 3000 fb
- —— LQ pair, 300 fb’ ( \
20 -_ — LQ pair, 3000 fb \\“"«
- Preferred by \\\
[ JHEP 11 (2017) 044
1.5} \\\ »
1.0F \ \
= ((\ 300 fb1 3000 fb- i
201 6 :
O.Q b .
00 1 OOO 1500 2000
M 4 [GeV]

[CMS-PAS-FTR-18-028 (Pablo & Yuta), CMS-PAS-FTR-18-008]

33



CONCLUSIONS
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Conclusion

third-generational LQs with m o ~ O(TeV) have are
well motivated by the B anomalies

many LQ couplings have been probed at the LHC

so far, no deviations above the SM observed with
m,_q exclusions in the TeV range

analyses have been mostly been statistically limited

looking forward to new results with full Run-2 data,
and including the nonresonant mode

Universitat Zirich, Physik-Institut, Izaak Neutelings 35
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« Grand Unified Theory: larger symmetry group from
which SM'’s SU(3)-xSU(2),xU(1)y emerges

— quarks and leptons unified in one fermion multiplet
= lepton-quark interaction via new gauge bosons

« Compositeness: fermions are composite particles
= bound states may decay into a lepton + quark

« Supersymmetry with R-parity violation:
= sparticles may decay into lepton + quark

= new gauge bosons carrying both lepton and baryon number:
leptoquarks !

Universitat Zirich, 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—q¢dv)=1-p

e.g. purely third-generation LQj: BLQ, — tv,) =1 — 8
3 T) T
T, T, U T,V
L <
Q/, b7 b) t LQ /<
\/\ // bv b? b
N T, UV, UV L L
0 < .
b, t, t T, UV, V

bb7rT, btTv, ttrr brT, brv, trv
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LQ — bt production cross sections

CMS Preliminary (13 Tev
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Obtaining exclusion in A vs. m 4, space

CMS Preliminary (13 TeV)
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RUN-2 LEGACY LQ — bzt



Summary of signal selections

[ baseline €t,, and t,t;, selections ]

.

[ €/t, pr > 50 GeV ]

orthogonal:
loose DeepCSV no jets with p; > 50 GeV

[21 jet pr > 50 GeV, 21 b tag, m,, > 100 GeV ] [ Ny +my| <2.2, Ange < 3 ]

discriminating variable: discriminating variable:
Sy =pr' + pr®+ pd X = e°Min my bins

q < q b T
LQ o . \\*\\ﬁ//»r/’
/// b (%( < LQ |
N + |
Li

b b i T
ingl nonresonant
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2016, 36.5 fb™' (13 TeV)
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Exclusion in A vs. m g space
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OBJECT RECONSTRUCTION



T;, reconstruction

T:t — 7T:t7TOV7-

10/10/19 Universitat Zurich, Physik-Institut,

Tt o
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T, background

H

VAT

e —» 1, fake u— 1, fake
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j — t,, fake
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LQ SEARCHES AT THE LHC



LQ analyses at the LHC

B ~1 B ~0.5 B~0
(qq%J (qqéu] (qquyJ
> Jjee, 77 ik I-* Jjev, Jjpv, JJTv. P 1Jvy
> (bbr(7) > bbyy
> btTv

->[tt7'7'] [tt,u,u] - |ttty
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LQ LQ — jjvy, bbwy, ttvy

existing SUSY searches with jets + MET can be reinterpreted:

t v
.//// 9 ’<::
t C. ~ L
P t].”f ...... X? Q,/ E
’f’ //
\\\ = \\ _
~ < ~ U
= “~a - N
p tl X1 LQ N
g
T t

identical to scalar LQ with m,=0

10t MS Fpreliminary 35.9fb" (13 TeV) CMS rreiiminary 35.9 b (13 TeV) 10t CMS rreiiminary 35.9 b (13 TeV)
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g=1,0.5

LQ LQ — jjee, jjev, with€=eorpu

target 2 jets with either 2 leptons or 1 with MET

CMS reconstructs each LQ, and cuts-and-counts

35.9 fb' (13 TeV)

ko] : :
2 [ CMS v Data ATLAS uses several inputs to BDT:
= e R Z+jets
C 5 " T -. .
1 - tt+jets
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< 10 Other background ) I I I I I I I I I
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g=1,0.5

LQ LQ — jjee, jjev, with€=eorpu
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LQ LQ — bbtr, LQ T — bt
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[CMS, arXiv:1811.00806 (pair) & arXiv:1806.03472 (single)], [ATLAS arXiv:1902.08103]
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LQ LQ — bbtt, LQ T — bzt limits

35.9fb™ (13 TeV)
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LQ LQ — ttzr

CMS
» focuson 1 + 17, + jets

OLq X B [pb]

* define low and high S; region

« fit on top p;
= M q <900 GeV

ATLAS
* recast bbrt search
= M q < 930 GeV
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- Prediction (NLO, B=1) Kramer et al.
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[Phys. Rev. D 71 (2005) 057503]

35.9fb" (13 TeV)
> T T T | T T T | T T T | T T T | T T T | T T T
8 1 §_ CMS —- Data tt, & W+jets _§
~ E i, Single t ]
2 I Zejets e LQ, 400 GeV |
) [ .. ~—LQ,600GeV --: LQ,800GeV
b 107 F ® 8

utytjets, OS high St

1072

107

15F

Data
Prediction
o
(6)] —_
%
)i
T

P TR
1000 1200

p [GeV]
35.9 b (13 TeV)

™ i T
|

(80}
@)
=
Q — Observed

1

N
500

L | L L L
1000 1500
MLOs [GeV]

vary
from O to 1

=== Expected
----- 68% expected

.
.

| L e IR Y
400 600 800 1000

[CMS, arXiv:1803.02864], [ATLAS arXiv:1902.08103]

\ T (T
1200 1400 1600
MLQa [GeV]

'y
o

—_

107

—
o
o

3
A

Cross section upper limit at 95% CL [pb]



LQ LQ — ttuu

21+ jets
= high efficiency
* also combined with
LQ LQ — bbvv
LQ LQ — ttrt

* Mg <1420 GeV for f =1
m,q < 980 GeV for any
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