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' 1 Motivation;

I I Low-energy constraints
I 1 LQ at high energies;

l I Leptoquarks and GUT;

l I Leptoquarks at LHC;

1T Summary.
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4) We need more CP violation to understand baryon b antibaryon
asymmetry in the universe!



ATLAS Exotics Searches* - 95% CL Exclusion " ATLAS Preliminary

Status: July 2015 | L dt = (4.7 - 20.3) fb' * $=7,8TeV
Model Lo Jets ET™° L' Limit Reference
T T — T T T — T T T —T

ADD Gkk + g/q ! "1j Yes 20.3 n=2 1502.01518

ADD non-resonant !! 2e, 1 ! ! 20.3 n=3 HLZ 1407.2410

ADDQBH # !q lep 1j ! 20.3 n=6 1311.2006

ADD QBH ! 2j ! 20.3 n==6 1407.1376

ADD BH high Nirk 21 (SS) ! ! 20.3 n=6,Mp =3 TeV, non-rot BH 1308.4075

ADD BH high = pt "le " 2j ! 20.3 n=6,Mp =3 TeV, non-rot BH 1405.4254

ADD BH high multijet ! " 2j ! 20.3 n=6,Mp =3 TeV, non-rot BH 1503.08988

RS1 Gy # !l 2en ! ! 20.3 kIMp =0.1 1405.4123

RS1 Gk # ™ 2" ! ! 20.3 k/IMp =0.1 1504.05511

Bulk RS Gy # ZZ # qq!! 2e,u 2j/13 ! 20.3 kiMp = 1.0 1409.6190

Bulk RS Gk # WW # qql# lep 2j/1J  Yes 20.3 k/IMp = 1.0 1503.04677

Bulk RS Gk # HH # bBbE ! 4b ! 19.5 | Gkk mass 500-7201GEVA k/Mp =1.0 1506.00285

Bulk RS gkx # tt le,p " 1b" 1J/2) Yes 20.3 BR =0.925 1505.07018
2UED / RPP 2e,u(SS) " 1b," 1 Yes 20.3 1504.04605

SSMz8# Il 2e 1 ! 20.3 1405.4123

©  SsMZ%# $$ 2% ! ! 19.5 1502.07177

S sSMwWS# 1 lep ! Yes 203 1407.7494

S EGM W Wz # 13198 3e ! Yes 203 1406.4456

o EGMWS# WZ # qq!! 2eu 2j/13 ! 20.3 1409.6190
S EGM We# WZ # qqaq ! 23 ! 20.3 1506.00962
T HVTWS# WH # l#bb le,u 2b Yes 203 1503.08089

O RsmMwS# th le,d 2b01j Yes 203 14104103

LRSM WE # tb Oe,p " 1b1J3 ! 20.3 1408.0886
Clqaqq ! 2j ! 17.3 1504.00357

Clqq! 2e,n ! ! 20.3 %=1 1407.2410

Cl uutt 2e,u(SS) " 1b," 1 Yes 20.3 ICul=1 1504.04605

S EFT D5 operator (Dirac) Oe, i " 1j Yes  20.3 at 90% CL for m(&) < 100 GeV 1502.01518

Q EFT D9 operator (Dirac) Oe 1J,%1j Yes 20.3 at 90% CL for m(&) < 100 GeV 1309.4017
Scalar LQ 15t gen 2e " 2j ! 20.3 t=1 Preliminary
Scalar LQ 2" gen 2u " 2j ! 20.3 t=1 Preliminary
Scalar LQ 3" gen le,p "1b"3) Yes 203 '=0 Preliminary
VLQTT # Ht + X le,p " 2b" 3j Yes 203 T in (T,B) doublet 1505.04306

§~%’ VLQYY # Wb+ X le,u " 1b" 3j Yes 203 Y in (B,Y) doublet 1505.04306
8 g VLQBB # Hb+ X le,p " 2b" 3] Yes 20.3 isospin singlet 1505.04306

I S VIQBB# Zb+ X 2"3e,p "2MM1b ! 20.3 Bin (B,Y) doublet 1409.5500
Ts3# Wt le,p " 1b" 5] Yes 203 1503.05425

Excited quark g&# g" " 1j ! 20.3 only utand d& ! = m(q® 1309.3230

Excited quark g&# qg ! 2j ! 20.3 only u¥and d% ! = m(q®) 1407.1376

Excited quark b&# Wt lor2e,ulb 2jorlj Yes 4.7 left-handed coupling 1301.1583

Excited lepton 1&# 1" 2e,u, 1" ! ! 13.0 1 =22 Tev 1308.1364

Excited lepton #4# |W ,#Z 3e,u,$ ! ! 20.3 1 =16 TeV 1411.2921

LSTCar # W" lepy 1" ! Yes 20.3 1407.8150

LRSM Majorana # 2e, 2j ! 20.3 m(WR) = 2.4 TeV, no mixing 1506.06020

. Higgs triplet H* # 11 2e,1(SS) ! ! 20.3 DY production, BR(H[™* # !1)=1 1412.0237

O Higgs triplet H** # 1$ e, $ ! ! 20.3 DY production, BR(H;* # !$)=1 1411.2921

‘6’ Monotop (non-res prod) le,u 1b Yes 20.3 @nont res = 0.2 1410.5404
Multi-charged particles ! ! ! 20.3 DY production, [g| =5e 1504.04188
Magnetic monopoles ! ! ! 7.0 DY production, |g| = 1gp, spin 1/2 Preliminary

ool PR S B A | : : PR

*Only a selection of the available mass limits on new states or phenomena is shown.
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Single LQ1 (A=1)

neutralino, ctau=25¢cm, ECAL time

LQ1 (e]) x2 stopped gluino (cloud)
LQ1(e|)+LO.1 (v)) stopped stop (cloud)
. L;'JZL(S]; (x% 1' k HSCP gluino (cloud)

pjH \J} HSCP stop (cloud)

LQ3(vb) x2 Lep OQUOr S q=2/3e HSCP

LLC(J):%?E(TD; Xg q=3e HSCP
M) X i

LQ3(Y) x2 chargino, ctau>100ns, AMSB

Single LQ2 (A= 1)
4

RS Grovn’rons

RS 1(yy), k=0.1
RS1(ee,up), k=0.1
RS1(jj), k=0.1
RS1(WW—4j), k=0.1

CMS Prel(iminlary

SSM Z'(t1)
SSM Z'(jj) )
SSM Z'(bb)
SSM Z'(ee)+Z'(up)
SSM W'(jj)
SSM W'(lv) .
SSM W'(WZ—Ivll)
SSM W' (WZ—4)) )

Excited
Fermions

e’ (M=A)
o™ (M=A)
q’ (qg)
9 (@v)
b*

TeV
coloron(jj) x2 -
coloron(4j) x2 Mu ”'IJ et
gluino(3j) x2
gluino(jjb) x2

Resonances

TeV j+MET, vector DM=100 GeV, A
J+MET, axial-vector DM=100 GeV, A

j+MET, scalar DM=100 GeV. A

y+MET, vector DM=100 GeV, A
y+MET, axial-vector DM=100 GeV, A
I+MET, &=+1, SI/SD DM=100 GeV. A
I+MET, &=-1, SI/SD DM=100 GeV. A

I+MET, £€=0, SI/SD DM=100 GeV, A

TeV

ADD (y+MET), nED=4, MD
ADD (j+MET), nED=4, MD
ADD (ee.pp). nED=4, MS
ADD (yy), nED=4, MS

ADD (jj), nED=4, MS

QBH, nED=4, MD=4 TeV
NR BH, nED=4, MD=4 TeV
QBH (jj), NED=4, MD=4 TeV
Jet Extinction Scale

String Scale (jj)

TeV

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HhCM
single y, A Hn\CM
inclusive jets, A+
inclusive jets, A-

Long-Lived

Particles

4 TeV

E Dork Matter

2 3 4 5 6 7 8

Lorge Extra
Dimensions

TeV

012345678 910111213141516171819 TeV

— Moriond, 2015
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Some of proposals of Physics beyond Standard Model contain

Color triplet B+/+1/ (scalars or vectors) Q] =2/3
with renormalizable Charge _
couplings to the SM fermions QI=1/3

C:&'d&4/8HE&O(#.&2+-BS(*&*6(1&$(k&2+01a,-#%.&I($2/&m"+22-14"#(
04*68&-)a,-#%.88&I($2/&*6%+-56&*6(&bS_&2#*%4e&U*6(&/H#?(&;+%&E&
$()*+1/&08&<_RI&?#*%4eVE



Leptoquark candidates

(SU(3),SU(2))y |spin LQ couplings 3B| L
(3,2)1/6 0 |Qug, drL 4+1|-1]|v
(3,2)7/6 0 |Qtr, urL 41|=1| vV
(3,1)_1/3 0 |Qit2L€, drv, uply might destabilize
(3,3)_1/3 0 |Q7ir’L® proton
(3,1)a/3 1 [@ryuvr, Qv'L +1[-1f] 2 >n R
(3,3)2/3 1 |QT "L +1(—1
(3:2)1/6 L {Eryir’L, Qi =1 —\(,:v(?ncsl;)dgf:hese
(3,2)5/6 1 |Qy*£%, drit?y,L° +1 —1]] states

Q=l, +Y

(3,2),5and (3,2),,, proper candidates among scalar LQ



Most famous role of leptoquarks: proton destabilization

Experimental bound

I (p! e""% > 13" 10°* years



Low energy constraints on leptoquark couplings

Scalar LQ might explain small

deviation:

Experimental result
A

\ 4
SM prediction

p&Lag&

B! DO,
B! K'I*I'
Z! 18

4 (9" 2)y

H: e
NETh

Rk
B! Iy uve



f Itheoretical cleanliness "

h
B Kee®w K # ¢

dimuon CP asym
B D!&"

B K&# $angular

'Vep' inclxcl
'Vup' Incl%xcl
BS # $

g$2
'%

2 3 4

significance !

%0+?&KFE D@ &'<&LMNO @&'9-BSI#1#&




Experiment © Theory in B> D(D*)!",

In ratios there is no dependence on CKM matrix elements:

R* = B(B—D"Tv)

/¢ = B(B—=D+W)
_ B(B—D

Rrje = BEBiDZZ;

= 0.332 = 0.030
= 0.440 = 0.072

R(D) R(D )
BaBar 0.440 £ 0.058 + 0.042 0.332+ 0.024 £ 0.018
Belle 0.375+ 0.064 + 0.026 0.293 = 0.038 £ 0.015
LHCDb 0.336 £ 0.027 = 0.030
Average 0.391 + 0.050 0.322 £ 0.022
SM expectation 0.300 = 0.010 0.252 + 0.005
Belle I, 50/ab + 0.010 + 0.005




—~ B L S R B R B ]
-kQ [ — BaBar, PRL109,101802(2012) "12=10 A
E:" 0.45 — Belle, arXiv:1507.03233 _
E LHCb, arXiv:1506.08614 ’

N — AveErage -

0.4__ __
0.35— -
0.3= —
0.25H — —

B SM prediction P(1 2) = 55% .

0. 20~ A R B R 7

%.2 0.3 0.4 0.5 0.

R(D)

Standard Model

(0))

combined 3.4#
larger than SM
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Standard _+2($ +%New Physics?
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Low energy constraints and searches for LQ at LHC

What do we achieve obtaining bounds from low energy
phenomenology?

-If leptoquarks are relatively light (mass ~ 1 TeV) one might check
whether unification is possible within SU(5) and SO(10)!

- ATLAS and CMS search for LQ. Are these bounds relevant for their
searches?
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If Yukawa couplings are large,
one also needs to take into
consideration a single leptoquark
production and t-channel
leptoquark pair production.



Summary

¥(3,2,7/6) state introduced to explain R(D) and R(D*);

¥Mscalar with charge 2/3 introduces scalar and tensor operator into effective Lagrangian;
¥charge 5/3 state induces quark and lepton flavor changing processes;

¥constraints from Z — bb, , (g —2),, dr, T =y, p! ey

¥Model with (3,2,7/6) LQ state can be accommodated with SU(5) GUT by adding 45
scalar representation.

¥ (3,2,1/6) can explain R, anomaly.

&
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¥Searches of LQ at LHC do depend on LQ couplings to quark and lepton, for large
Yukawa couplings a single leptoquark production and t-channel leptoquark pair
production are important - IMPORTANCE OF FLAVOUR PHYSICS FOR LHC!



Global fit of NP contributions (S. Decotes-Genot et al.,1307.5683)
47 observables
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Most likely modifications of SM
Wilson coefficients;

confirmed also by Altmannshofer
and Straub 1308.1501,
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