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Introduction: What are they?

e What is a Leptoquark (LQ)? It is a boson (scalar or vector) which couples to a lepton and a
quark.

@ It carries color and electric charge, and possibly also weak charges.
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Introduction: Beyond SM

LQ arise in different models BSM:
@ GUT: based on SU(5), SO(10), larger gauge-groups.
@ SUSY with RPV:

@ Technicolor: Expected to exist at TeV scale in ETC, where LQ are bounds of techni-fermions.

@ Quark and leptons Composite Models: SM fermions are composite states of the same
underlying dynamics.

Additionally, they are possible candidates to account for:

@ B meson decays anomalies and to the muon anomalous magnetic moment.
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LQ types

There is a huge number of LQ considering the many possibilities of flavour and quantum numbers
combination.

Leptoquarks Spin 3B + L SU(3). SU(2)w U(l)y Allowed coupling

SS 0 -2 3 1 1/3  Gilp or agher
S8 0o -2 3 1 4/3 &er

s 0 -2 3 3 1/3 ElL

VIQ 1 —2 3 2 5/6 qiyter or ci%fy-“ﬂ[,
vl 1 -2 3 2 —1/6 WPy,

St 0 0 3 2 7/6  qrer or aglL
Cips 0 0o 3 2 1/6 drly

Vg 1 0 3 1 2/3 qyHly or dgyter
vy 1 0 3 1 5/3 ugyPer

v/ 1 0 3 3 2/3 vy

Figure: LQ classification according to PDG
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Organization of LQ

@ Too many LQ possibilities! How to deal and search for all of them?

@ The goal of this work is to provide a simple organizing principle to search for all possible
leptoquarks.
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Possibles LQ final states: LQ Matrix

@ At the LHC, the decay of a single LQ can give the following traces:

o u,d,c: light-jets j.
o b: b-jet.

o t

o e, u: leptons /.

o T

o vt Ev.

@ The traces of an arbitrary LQ then can be arranged into a 3 x 3 matrix which we call the
"LQ matrix".
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LQ pair-production: symmetric vs asymmetric final states

e Concentrate on LQ pair-production at LHC: pp — LQLQ.

@ Suppose that a LQ couple to two lepton-quark pairs: Ig and I'q’. Then, the final states for
pair-production are

symmetric:  (Iq)(1§) + (I'q')(T'F)
asymmetric . (Ig)(I'g") + (I'q')(/9)

o All the symmetric final states are contained in the LQ matrix, asymmetric are not!.

Observation

All LQ which produce asymmetric final states necessarily also produce symmetric final states
= Symmetric final states is all we need to search for all the possibles LQs!
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LQ double production: leading diagrams

@ Pairs of LQs at LHC are produced with large QCD cross sections:
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LQ double production: scalars vs vectors.
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Figure: LQs pair-production cross section. g’ is a generic coloron predicted in vector LQ models.

@ The red and blue color lines are defined as the fiducial cross sections : o5 and o, .
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Filling up the LQ Matrix

j b t j b t
Vv v Upper limits on LQ
pair-production
cross section availables
g 0 Upper limits not available
[T] No direct search
T T

Figure: Summary of the current status of LQ searches at LHC after Runs 1 and 2.
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Minimal leptoquark model (MLQ)

@ Definition of the MLQ : Each model has one LQ in a single SU(3)c x SU(2). x U(1)y rep.
coupling to only one SM lepton-quark fermion bilinear. One generation of fermion fields is

Q U5, D L ES, N°

where @ and L are the quark and lepton left doublets, and U, D¢, ES and N° are the right
up, down, electron and neutrino.

@ The scalar and vector LQ couple to quark-lepton bilinear in the following way
5(QL) and V#(Qa L) (1)
where Q € Q, U, D and L € L, E°, N°.
o MLQ examples: Q;L>, QsNf, QfTEzc, Q3 L3 singlet, etc.
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Minimal leptoquark model (MLQ): u-factor

@ In some models can be produced multiple LQs. Additionally, a given LQ can decay to
multiple final states.

o(pp — LQLQ — final states) = u x o (2)

where o is the fiducial cross section, and we define the multiplicity factor as:

= Z Br (LQ;LQ; — final state) 3)

where the sum runs over all the LQs in the model which can decay to that final state.

1 may be greater than 1 when multiple LQs are produced and less when branching fractions into
the final state are nontrivial.
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Minimal leptoquark model (MLQ): Scalar LQ Examples

o Example 1: Q:Ef. One LQ component couple to (ve'), and the another one to (de™).
Then, the multiplicity factor for (e*j)(e ™)) is

no= ZBr(LQ,-L’Q,- — (e"j)(e7))) (4)

Br (LQiLQ, — (e¥j)(e7))) + Br (LQLQ, — (e7j)(e7))) =2 (5)

Increasing

o(pp— LQLQ — (e¥)j)(e j)) =px or =2 x 05

o Example 2: QsL;. The possible final states are

% [(e7t)(e"t) + bbE+ + (e t)bE+ + (e E)bE+] (6)

where the 1/4 indicates that each final state has branching fraction 25%. The multiplicity
factor for the final state (e t)(e't) is

uo= Br(LQlL_Ql—>(e7t)(e+f)):% )

Decreasing

o (pp— LQLQ — (e  t)(e't)) = u x or = 0.25 X 0%
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Minimal leptoquark model (MLQ): u-factors table

pp — SS — (Iq)(19) QL triplet QL singlet UL DL QE*

() 125 025 1 1 X
(vb) 0.25 0.25 X 1 X
(vt) 1 X 1 X X
(&), (i), (7)) 1.25 0.25 1 1 2
(eb), (ub), (Th) 1 X X 1 1
(et), (ut), (rt) 0.25 0.25 1 x 1
pp = VV = (Ig)(1g) QTL triplet  QTLsinglet UL DL QFEC
() 125 025 1 1 x
(vb) 1 X X 1 X
(vt) 0.25 0.25 1 X X
(&), (i), () 1.25 0.25 1 1 2
(eb), (ub), (7b) 0.25 0.25 x 1 1
(et), (ut), (rt) 1 x 1 x 1

Figure: p factors. In the column some LQ models, and in the row the channels for scalars and vector LQs.
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Results

@ From now on | will show you constraints on MLQs models from LHC data following some
elements of the LQ-matrix.
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Constraints on MLQs model from LHC data: vj

NN T T

— — Obs. 95% CL upper limit
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Figure: (left) Bounds on scalar and vector MLQs which decay into (vj)(vj) final states. (right)
Corresponding slot in the LQ-matrix.

UL, D°L,U°N“,D°N* QN* QL triplet | QL singlet

S, Oprod x1 x2 x1.25 x0.25
ms, >1TeV >12TeV | >1.1 GeV | > 630 GeV
UL, DL, UCINe, DTN QTN Q'L triplet |Q'L singlet

V,; Oprod x1 x2 x1.25 x0.25
my, > 1.7 TeV (> 1.8 TeV)|(> 1.75 TeV)| > 1.4 TeV

Figure: 95% C.L. lower limit on the mass of scalars (above) and vectors (below) from MLQs.
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Constraints on MLQs model from LHC data: eb and ub

T T T 1072 T T T
E \[ [ATLAS-CONF-2017-036] ] '-g [ATLAS-CONF-2017-036]
3107 4 3
< <
$ 2 2 & 107 2
* 1
g g
° job 4 0°
1 1 L 10-4 1 1 1
1000 1500 2000 1000 1500 2000
myg,, [GeV] my,, [GeV]

Figure: Bounds on scalar and vector MLQs which decay into (eb)(eb) final states (left), (ub)(ub)
(middle). (right) Corresponding slot in the LQ-matrix.
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D°L,D°E®,QE*, (QL triplet)
Sep TPt Xl
ms,, > 1.5 TeV
Spb Tprod x1
ms,, > 1.4 TeV
DL, DB, QT ES|QTL triplet, QL singlet
Vi Tprod x1 x0.25
mv,, (>2.0 TeV) (> 1.8 TeV)
Vi O prod x1 x0.25
my,, (>1.9 TeV) (> 1.7 TeV)

Figure: 95% C.L. limit on the LQs mass for different MLQ models.
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Constraints on MLQs model from LHC data: 7/

Figure: (right) Corresponding slot in the LQ-matrix.

Experimentalists!

We were not able to find a search which allowed us to obtain reliable strong bounds.
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Conclusions

@ We have advocated that LQ pair production searches be organized by the leptoquark matrix:
it leads to 9 distinct final states to be searched for.

@ We have found strong bounds from existing searches (6 of the 9 cases).

@ It is worth to motivate the experimental collaborations to publish bounds on the cross
section times branching fraction as a function of LQ mass for each of these final states.

@ We also note that even in the cases where cross section bounds as a function of mass have
been published it would be useful if the search range could be extended as far as possible in
LQ mass.
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End. Thank you!

Figure: Boston University campus.
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Appendix A: Efficiencies

@ In order to determine the bound on o x Br experimenters need to divide the observed bound
on the signal cross section for events in a signal region by the efficiency of signal events to
pass the signal region cuts.

@ To fairly good precision (better than 10%) the signal efficiency only depends on the mass of
the leptoquark.
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Appendix A: Efficiencies
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Figure: Shape variables for scalar and vector LQ with masses my, = 500 GeV after passing the trigger cuts

from ATLAS.
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Appendix A: Efficiencies
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Figure: Shape variables for scalar and vector LQ with masses my = 1.5 TeV after passing the trigger cuts
from ATLAS.
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Appendix A: Efficiencies

Table: Summary of selection cuts for ATLAS and CMS searches for pair-produced S,;.

ATLAS

CMS

Trigger At least one muon with || < 2.5, pr > 26 GeV At least one muon with
and isolated within AR =10 GeV/pr pr > 45 GeV, |n] < 2.1
or pr > 50 GeV without isolation

Muon pr, ' prpuy. > 40 GeV, PTu1 > 50 GeV,
Ml < 101 or 1.10 < [y 2] < 2.5 nal < 2.1

Jet pr, P12 > 50 GeV, PTii. > 50 GeV,
|77]1.z\ <238 |nj1,z| <24

Isolation ARj i > 0.4, AR; > 0.4, ARyj 0 > 0.3
isolated p's with AR =10 GeV/pr

My > 130 GeV > 50 GeV

St > 600 GeV > 300 GeV
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LQ double production: scalars vs vectors.

S 1?’ pry& Ny Cut —— ATLAS CMS 7
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09kt . . . . . .
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Figure: (left) LQs pair-production cross section. These cross sections are defined as fiducial cross sections
or. (right) Ratios of signal efficiencies es/ey for pair-produced scalar and vector LQs with various masses.

@ The signal efficiencies between scalars and vectors are always less than 10%.
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Appendix B: Notation

@ Qi denote the left-handed quark doublets with i labeling the generation. Example:
Qs = (tL, br)

@ Uf and Df are the charge conjugates of the right-handed quark singlets, again i labeling the
generation. Example, D§ = ioabpg.

Scalar LQ (SU(3),SU(2))y BRW PDG Vector LQ (SU(3),SU(2))y BRW PDG
QL triplet (3,3)_1/3 A Q'L triplet (3,3)_a/3 Us v
QL singlet (3,1)_1/3 5 s Q'L singlet (3,1) /3 U vy
UL (3’2)77/6 Ro Si/z UL (3’ 2)1/6 ‘_/2 ‘_/IT/2
DL (3,2)-1/6 Ry 3;‘/2 DL (3,2) 576 Va ‘/1*/2
QE* (3:2)7/6 Ry S}, QTE* (3:2)s/6 Voo Vi,
U°E* (3,113 I Ut ge (3,1)s/3 o v
DeE*" (3, 1)4/3 Sy 3:2 Dt Ee (3, 1)2/3 Uz VJ
QN*¢ (3:2)1/6 Ry - QIN© (3,2)_1s6 vooo-
U°N*® (3, )23 S - UetNe (3,1)a/3 U -
D°N°© (3,1)1/3 I DetNe (3,1)_1/3 U -

Figure: MLQ classification
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Appendix C: 7/

There are searches for right-handed Wk and right-handed neutrinos using the process
pp — Wr = 7N — 7(7qg). but
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Appendix D: Examples

o Example 1. Scalar LQ32,7/6) with Q1E;: One component couple to (ue'), and the other to
de*t. The multiplicity factor is
_1xos 1 X os

uw= x 1+ x1=2
Os Os

o Example 2. Vector LQ3,1,5/3) with U;TEf: LQ with unique coupling and it decay to te™.
The multiplicity factor for the only final state is

1 s
p==2%1-1
Os

o Example 3. Scalar LQ(3,1,—1/3) with Q3L1. The possible final states is

% [(e”t)(e"t) + bbE+ + (e t)bEr + (e"T)bE+] (8)

where the 1/4 indicates that each final state has branching fraction 25%. The multiplicity
factor for the final state (e t)
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MLQ model upper bounds: v/

@ For each final state, what is needed from experiment is an upper bound on the cross section
times branching fraction as a function of LQ mass.

@ Lower bounds on the mass of an arbitrary leptoquark can then be obtained by calculating
the theoretical cross section times branching fraction into the final states in the LQ matrix
and comparing to the experimental cross section bounds.

@ Searches for pair-produced sclar LQs decaying into these final states are identical to those
for pair-produces squarks (m%‘{ — 0).

b b
P S 7 p by 4.,-* X4
- (mge =0)
P Sup v P by o Yﬁ* b%1
b b

Figure: Diagrams for the process pp — SubSub — (bD)(bv) (left) and the corresponding SUSY

process pp — by by — (bx9)(bX?) (right). For massless neutralinos the final-states and kinematic
distributions of the two processes are identical. Similar identifications can be made for other S, 4 and
squark searches. Here the “1" subscripts are the usual SUSY notation for lightest b-squark and
lightest neutralino.
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MLQ model upper bounds: vb.

107 TN T T g
= —  Obs. 95% CL upper limit ]
s [CMS-PAS-SUS-16-036] |]
<
RSy -2 _
3 1077 ]
< f ]
* [ ]
§ L O O OS—— e N ’
©

10_3; o E

R IR N ]

L A
500 750 1000 1250 1500 1750 2000
myg,, [GeV]

Figure: Bounds on scalar and vector MLQs which decay into (vb)(vb) final states.

DL, QN°, D¢ N¢|(QL triplet), QL singlet DL, QIN®, DN (QTL triplet)
S O prod x1 x0.25 Vi, Oprod x1
ms,, | > 1.18 TeV > 830 GeV my,, (> 1.7 TeV)

Figure: 95% C.L. limit on the mass of scalars (left) and vectors (right) from MLQs.

Bastian Diaz Saez (UTFSM/CCTVal); Martin Schme Leptoquark Hunter Guide: Pair production January 12, 2018



MLQ model upper bounds:

T \ T T T
—  Obs. 95% CL upper limit

) [CMS-PAS-SUS-16-036]
<
< 10721
1
3
o)
o
10—3 | | | -

|
500 750 1000 1250 1500 1750 2000
my,, [GeV]

Figure: Bounds on scalar and vector MLQs which decay into (vt)(vt) final states.

U°L,QN°,U°N*, (QL triplet) UL, QN USTN° | QL triplet, QL singlet
S Oprod x1 Vie Tprod x1 x0.25
" ms,, >1.07 TeV ", (> 1.6 TeV) (> 1.4 TeV)

Figure: 95% C.L. limit on the mass of scalars (left) and vectors (right) from MLQs.
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upper bounds: ¢/ and yy.

T T N T T T AN TN T T
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Figure: (left)Bounds on MLQs models masses which decay into (ef)(ej) (left) and (uj)(1j) (right) final
states. (right) .

UL, D°L,U°E°, D°E° QE° (QL triplet)| (QL singlet)

S Oprod x1 x2 x1.25 x0.25
ms, > 1.13 TeV >12TeV | >1.2TeV | > 930 GeV

S, Oprod x1 x2 x1.25 x0.25
ms,, >1.17 TeV [6] >1.3TeV | > 1.2 TeV | > 950 GeV
UL, DL, Ut Ee, DR  QTE® Q'L triplet | Q'L singlet

V.. Oprod x1 X2 x1.25 x0.25
“ my, (> 1.6 TeV) (> 1.8 TeV)|(> 1.7 TeV)|(> 1.45 TeV)

Vi Oprod x1 x2 x1.25 x0.25
my, (> 1.7 TeV) (> 1.8 TeV)|(> 1.7 TeV)| (> 1.5 TeV)

o .. Q 2 .
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MLQ model upper bounds: eb and ub.

Due to b-tagging one can improve the sensitivity of the searches of jets coming from either b and

(B).

b b
P Syub ut P i ,(L_ ut
TN
P Sy n » i ‘T—w
b b

Figure: Diagrams for pp — S,55,s — (but)(bu~) (left) and pp — Tt — (but)(bu~) (right).

' j ! 10 D°L.D°E",QE", (QL triplet)
g [ATLAS-CONF-2017-036] 3 [ [ATLAS-CONF-2017-036] S.p Tprod x1
= 109k | = ms,, > 1.5 TeV.
9: s: 5., Tvrod x1
& \ ) & 107 2 E " s, > 1.4 TeV
é é DL, DE°, Q' E°|QT L triplet, Q'L singlet
S ol 1 »® Vi, Tvrod x1 %0.25
, ; ‘ 10 ‘ ‘ ‘ my, | (=20 TeV) (> 1.8 TeV)
1000 1500 2000 1000 1500 2000 Vi Oprod x1 x0.25
M, [GeV] me,, [GeV] my,,|  (>19TeV) (> 1.7 TeV)

Figure: Bounds on scalar and vector MLQs which decay into (eb)(eb) final states (left), (ub)(ub)
(middle).(right) 95% C.L. limit on the mass of scalars (above) and vectors (below) from MLQs.
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MLQ model upper bounds: et and put.

@ Decays of LQ into these channels give rise to several different final states depending on the
subsequent top decays:

(Thj)(Thj) [420%]
PP — brjbry — A (77 (0d) + (77 5)(70d) [45.6%]
(7" 3) (7 4) [12.4%]

where subscript h or | of t indicates the top quark decays hadronically or leptonically,
respectively.

@ No dedicated searches for LQ in any of these channels have been performed. However, the
final states feature high jet-multiplicity, multiple electrons and/or muons, large missing
energy, and multiple b quarks.

@ SUSY and exotic searches have featured these final states.
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MLQ model upper bounds: et and put.

@ Focusing on the semi-leptonic case:

J U°L,U°E°,QE*|(QL triplet), (QL singlet)
j 5., Oprod x1 x0.25
b ms,, | =800 GeV > 600 GeV

Oprod x1 x0.25

Sut

ms,, | > 800 GeV > 600 GeV
b UL, UM E®, QTES, (QTL triplet)
et fr+ Vo T -
VQ/V}L/I/T my,, > 1.41TeV

Ve Oprod x
my,, > 1.2 TeV

Figure: (left) Diagram for pp — SutSue — (tiu™)(Esp™). Similar final states and kinematics occur
in RPV SUSY models. (right)
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MLQ model upper bounds: 7j,7b and rt.

7j: We are not aware of any dedicated searches for these final states.

7b: It has been well-covered by LHC searches for LQs by both ATLAS and CMS.

—=— Obs. 95% CL upper limit

D°L,D°E°,QE°, (QL triplet)

[CMS-EXO-16-023]

a (pp > dnd ) [Pb]

Bastian Diaz Saez (UTFSM/CCTVal); Martin Schme
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MLQ model upper bounds: 7j,7b and rt.

o 7t: It has the most complicated final states of the nine types of LQs in the LQ matrix.
o Only the process pp — ¢redpre — (tnr, )(E7"), with t; decaying to e or uu has been covered.
(thmh)(tn7n) [19.1%), (ta7n)(thm) [20.8%), (taTn)(tiTn) [18.4%],
p— d)ﬂ/(gﬂ N (thTh tlT[ [10 0%] (tth tlT}L [10 0%], (tth)(thT[) [5.7%],

(tem) (i) [5.4A%), () (tim)  [48%),  (timn)(tims)  [44%),
(tim)(tm)  [1.3%].

10°

T ]\’ L L
_ — Obs. 95% CL upper limit U°L,U°E*, QE*®|(QL triplet), (QL singlet)
8 [CMS-EX0-14-008] g, Oprod x1 x0.25
— 10-1L | Tt
g ms,, | > 685 GeV > 460 GeV
by . USTL, U E°, QT E®, (QTL triplet)
& ol 4 Vi 7Pred x
ST N N my,, (> 1.0 TeV)
! ° ! ! !
200 400 600 800 1000 1200
mg, [GeV]
Figure:
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Minimal leptoquark model (MLQ): Examples

o Example 1. Scalar LQ(32,7/6): @1Ef. One LQ component couple to (ue™), and the another
one to (de™). Then, the multiplicity factor for (e*j)(e™j) is

T Z Br (LQ;LQ; — final state)
= Br(L@iLQ; — (e7j)(e7))) + Br (LQ:LQ, — (e™j)(e™J))
= 2

o (pp— LQLQ — (e*j)(e™j)) = u x of =2 X o7

o Example 2. Scalar LQ(3,1,—1/3) with QsL;1. The possible final states are

1 _ _ - R —
7 [(e”t)(e"t) + bbE+ + (e t)bEs + (e"T)bE+] (9)
where the 1/4 indicates that each final state has branching fraction 25%. The multiplicity

factor for the final state (e t)(e't) is
po= Br(LQiLQ; — (e”t)(e't))
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