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Motivation

B — DWry,
Scalar LQ might explain small deviation: w74 7—
experiment < SM prediction; b — K_l l
Z — bb
LQ’s are present in GUT theories;
(9 —2),

Scalar LQ might modify mass matrices;

LQ intensive searches at LHC.

LHC assumption: one LQ decays into one quark and one lepton of
the same generations:



ATLAS Exotics Searches™ - 95% CL Exclusion

ATLAS Preliminary

Status: April 2014 [L£dt=(1.0-203)fb ! 5=7,8TeV
Model ¢,y Jets ET™ [ram™) Mass limit Reference
ADD Gkk + g/q - 1-2j Yes 4.7 I I I n=2 1210.4491
ADD non-resonant ¢£/yy 2y or2e,u - - 4.7 n =3 HLZNLO 1211.1150
ADD QBH — ¢q 1eu 1j - 20.3 n==6 1311.2006
ADD BH high Ny« 2 u (SS) - - 20.3 n =6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high X p1 >lepu >2j - 20.3 n=6, Mp = 1.5 TeV, non-rot BH | ATLAS-CONF-2014-016
RS1 Gk — € 2e,u - 20.3 k/Mp = 0.1 ATLAS-CONF-2013-017
RS1 Gxx — ZZ — ttqq/ttlt 2ord4e,u 2jor— — 1.0 k/Mp = 0.1 1203.0718
RS1 Gk —» WW — &vly 2e,u - Yes 4.7 k/Mp = 0.1 1208.2880
Bulk RS Gkx — HH — bbbb - 4b . 19.5 Gkk mass 590-710 GeV [l k/Mp =1.0 ATLAS-CONF-2014-005
Bulk RS gk — tt 1e,u =1b,>1J/2) Yes 14.3 gkk mass  0.5-20TeV BR = 0.925 ATLAS-CONF-2013-052
Sl/Z, ED 2e,pu - - 5.0 1209.2535
UED 2y - Yes 4.8 ATLAS-CONF-2012-072
SSM Z’ — ¢¢ 2e,pu - - 20.3 ATLAS-CONF-2013-017
o &L SSMZ -7 27 - - 19.5 ATLAS-CONF-2013-066
= § SSM W’ — v 1eu - Yes 20.3 ATLAS-CONF-2014-017
S8 eeMwW 5 Wz oo 3epu - Yes 203 ATLAS-CONF-2014-015
LRSM W, — tb 1eu 2b,0-1j Yes 143 ATLAS-CONF-2013-050
Cl gqqq - 2j - 4.8 n=+1 1210.1718
. Cl gqtt 2e,pu - - 5.0 = -1 1211.1150
Cl uutt 2e,u(SS) >1b,>1j Yes 14.3 ICl=1 ATLAS-CONF-2013-051
= EFT D5 operator — 1-2j Yes 10.5 at 90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
Q EFT D9 operator - 1d,<1j Yes 20.3 at 90% CL for m(y) < 100 GeV 1309.4017
Scalar LQ 15t gen 2e >2j - 1.0 B=1 1112.4828
. Scalar LQ 2" gen 2pu >2j - 1.0 p=1 1203.3172
Scalar LQ 3" gen 1eu 1t 1b, 1] - 4.7 B=1 1303.0526
o Vector-like quark TT — Ht + X 1eu >2b,>4j Yes 14.3 T in (T,B) doublet ATLAS-CONF-2013-018
%‘E Vector-like quark TT — Wb + X 1epu >1b,>3j Yes 14.3 isospin singlet ATLAS-CONF-2013-060
:c,‘:" g_ Vector-like quark BB — Zb + X 2e,u >2b - 14.3 B in (B,Y) doublet ATLAS-CONF-2013-056
Vector-like quark BB — Wt + X 2e,u(SS) =1b,>1j Yes 14.3 B in (T,B) doublet ATLAS-CONF-2013-051
Excited quark g* — qy 1y 1j - 20.3 only v* and d*, A = m(q*) 1309.3230
Excited quark g* — gg - 2j - 13.0 only v* and d*, A = m(q*) ATLAS-CONF-2012-148
. Excited quark b* — Wit 1or2e,u1b,2jor1j Yes 4.7 left-handed coupling 1301.1583
Excited lepton £* — ¢y 2e,u 1y — — 13.0 A=22TeV 1308.1364
LRSM Majorana v 2e,u 2j - 2.1 m(Wg) = 2 TeV, no mixing 1203.5420
. Type Il Seesaw 2e,u — — 5.8 |V.|=0.055, | V,,|=0.063, | V;|=0 ATLAS-CONF-2013-019
g Higgs triplet H** — £¢ 2 e,u(SS) - - 4.7 DY production, BR(H** — ££)=1 1210.5070
(@) Multi-charged particles - - - 4.4 DY production, |q| = 4e 1301.5272
Magnetic monopoles - - - 2.0 DY production, |g| = 1gp 1207.6411

107!

*Only a selection of the available mass limits on new states or phenomena is shown.

Mass scale [TeV]



LQ1(ej) x2 stopped gluino (cloud)
LQ1(ej)+LQ1(v)) stopped stop (cloud) .
LQ2(ui) x2 HSCP gluino (cloud) Long-Lived
LQ2(i)+LQ2(v) Leptoquarks HSCP stop (cloud) Particles
LQ3(vb) x2 ng/ge :28§
LQS(Tb) x2 g=3e
LQ3(tt) x2 neutralino, ctau=25cm, ECAL time
RS1(yy), k=0.1 j+MET, SI DM=100 GeV, A
RS1(ee,uu), k=0.1 j+MET, SD DM=100 GeV, A
RS1(jj), k=0.1 y+MET, SI DM=100 GeV, A\
RS1(WW—4j), k=0.1 y+MET, SD DM=100 GeV, A
RS1(ZZ—4j), k=0.1 1+MET, €=+1, S| DM=100 GeV, A
bulk RS(ZZ-1ljj), k=0.5 [+MET, &=+1, SD DM=100 GeV, A

[+MET, &=-1, SI DM=100 GeV, A
[+MET, €=-1, SD DM=100 GeV, A

SSM Z'(tT
SSM Z'(ji

) Compositeness
)
SSM Z'(bb)
)
)

dijets, A+ LL/RR
dijets, A- LL/RR

SSM ZieeqZ (uu dimuons, A+ LLIM

SSM W'(j

SSM W'(lv) dimuons, A- LLIM
SSM W' (WZ—-Ivll) smgl:a e, ﬁ :ngm
SSM W'(WZ—4j) . single p, n

inclusive jets, A+

0 1 2 3 4 inclusive jets, A-
Excited
e* (M=/) Fermions ADD (yy), nED=4, MS
u* (M=N) ADD (ee,pp), nED=4, MS
q* (a9) ADD (j+MET), nED=4, MD
a* (qy) ADD (y+MET), nED=4, MD
b* QBH, nED=4, MD=4 TeV Lorge Extra
5 3 4 NR BH, nED=4, MD=4 TeV Dimensions
loron(j) x2 Jet Extinction Scale
co oo i (H
coloron(d) x2 M U ”.IJe.I. String Scale (jj) y ;
gluino(3) x2 Resonances
gluino(jjb) x2

CMS Prellmmory

CMS Exotica Physics Group

Summary — March, 2014



Color triplet candidates

(SU(3), SU(2))y |spin LQ couplings 3B| L
(3,2)1/6 0 |Qur, drL +1]-1
(3,2)7/6 0 |Qfgr, upL +1|—1
(3,1)_y/a 0 |QiT2L%, dpv§, Tpt$

(3,3)_1/3 0 |Qr'irL°

(3,1)a/a 1 |[UrYuvr, QYL +1|-1
(3,3)2/3 1 (QT'A*L +1(—1
(3,2)1/6 1 |TEry,it?LC, Qv +1[—1
(3,2)5/6 1 6’7’“[’%,@2’7‘%’ch +1]|-1

v
v

destabilize proton
ID, SF, NK
1204.0674

~ we do not
consider these

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

states

Q=l; +Y



Experiment — Theory in B —=D(D*) 1v,

In ratios there is no dependence on CKM matrix elements:

Y0 = B = 0.332 £ 0.030
- BaBar: 1205.5442

Repe = gggjg};g; = (0.440 + 0.072 Belle: 0706.4429

combined 3.40
larger than SM

Standard Model

Riy = 0.252(3)
R2Y = 0.296(16)

02 0.4 0.6

R(D)



Standard Model or New Physics?

Can observed effects be explained within SM?
New form-factors show up in B — D<*)7'V7-

How well do we know all form-factors?

Lattice improvements?

Lepton flavor universality violation in B semileptonic decays?

S.F. J.F. Kamenik, I. NiSandzi¢, J. Zupan, 1206.1872

Many proposals of NP:

P. Ko et al.,1212.4607; P. Ko et al.,1212.4607;
A.Celis et al, 1210.8443; A.Celis et al, 1210.8443;
D. Becirevic et al. 1206.4977; D. Becirevic et al. 1206.4977;

A. Crivelin et al., 1206.2634: A. Crivelin et al., 1206.2634,
P. Biancofiore et al.,1302.1042, P. Biancofiore et al.,1302.1042,



One more proposal of NP:

Leptoquark contribution in b — ¢li;

Scalar and vector

LQ leptoquark that trigger
________ b->clu,
/ |. Dorsner, S.F., N. Kosnik,
1306.6493
q
Color triplet bosons (scalars or vectors) ‘Ql — 2/3
with renormalizable Charge

couplings to the SM fermions Q| =1/3



Interactions of A = (3,2,7/6) state - A(2/3)

_ ] A(5/3)
L=0rY A'Q+urZATL + H.c. -

A = ’iTQA*

Fields are in the weak base. We use a basis in which all rotations
are assigned to neutrinos and up-like quarks.
Transition to a mass base:

L£323) = (tpYd) A®®* 4 (up[ZVemns|vr) A%3) + He.
L6 = (CR[YVignlur) AG/3* — (upzep) AG/? + He. .

Requirements:

- to explain deviation of SM prediction in b— cTr;
- no contributions in O — ClVl, [ = e, U



We impose: b couples to T only and ¢ quark to neutrinos

A(2/3) couplings

L) = (LpYdp,) A" + (ag[ZVewns|ve) A + Hee.

00 O 0 0 0
Y=100 0 ) ZVPMNS = 221 <22 <23
0 0 ys3 0 0 0

A(5/3) couplings
LOF) = (Cp[Y Vi Jur) ACD* — (apZer) AG 1 He.
0O 0 O 0O 0 O

T L L - - -
YVCKM — Y33 0 0 0 ) Z = 291 299 293
* * *
ub Veb Vib O 0 0



Effective hamiltonian forb — ¢T 1/ transition induced by LQ transition

29; 1
HE/P) = 3/2379;12% (Trviz)(erbL) + 7 (TRO* viL ) (€ROy b )
A

(Fierz's transformation are used)

SM + NP operators

4G
H = \/; Ven [("—'L’Y#VL)(EL'YubL) + gs(TrvL)(CrbL) + gT(fRU“”VL)(ERUnubL)]

1yazzos V2
4 QmQA GpVCb

gs(ma) = 4gr(ma)

this relation holds on the mass scale of A



10 range

gs(ms) = =037 07

QT(mb) ~ 0.14gs(mb)



The model is constrained by:

e/ — bg ( 7 in the loop)

. (g — 2)'u (c —quark in the loop)

* T electric dipole moment

. T —> WY

|



(500 GeV/my)

722

. 1,20 region allowed by
02! j/ existing data

| o region allowed by
/ existing data

0.0F

N\ \ &2 IT I LL L

|
_ [
| ' :
| [ I ™eouplings remain
| perturbative all the

—0.2; 1 way to the GUT scale

—03f

...............................

¥33 (500 GeV/my)



Can this model be used to induce b — s 7]~ ?

N. Kosnik, 1206.2970;

R. Mohanta 1310.0713 00 O \
The presented model should be Y = 0 Y22 Y23
djusted by introduci li
adjusted by introducing new couplings 00 y33/
b ¢
Y23
|
' Q =2/3



The effective hamiltonian is:

Gra .
HLQ — \/—” Vib ‘A/”/(CNPO() + Cl() Oy)
Y22Y53
8mA2
Consequences:

(g — 2)M is not affected due to -1/3 charge of quarks and 2/3 charge of
the LQ;

7 — bb muon and tau in the loop —negligible modification of the g,
coupling



Cé\fllg can be constrained by

B — K*I[T[~ B — XTI
B — KIT]™
B — X,ItI- ONP

B, — [Tl™

N. KoSnik, 1206.2970:;

R. Mohanta 1310.0713
The LQ parameter space constrained using
BR(Bg — ,Lﬁ,u—)at LHCb and CMS

‘ 923953

23 < 4.8-1077GeV ™7
LN

NP _ ~NP
Co ™ = Cy

NP



(3,2,1/6) LQ

Ly = —y;;daR3e®L7® + hec.,
C R 4 (yVpnins)ijdavi Ry P + h
y = —y;;dge) + (yVpmns)ijdrrvi R, ' + h.c.
N. Ko$nik, 1206.2970; Kognik's for talk for b — s{T1~
R. Mohanta 1310.0713
y22y23 _ C/NP _ __ (/NP
Hrg = SYH(L + v5)bpryu (1 — y5) 9 10

8M 1.



7 — bb

(3,2,1/6) LQ can influence
(9—2)u

7 — bb

6g7 =0.001 £0.001,  d&g% = (0.016 = 0.005) U (—0.17 = 0.005)

(3,2,1/6) can accommodate this value

(g — Z)N down quarks and 2/3 charged LQ give vanishing
contribution!



Experimental searches for LQ

Tevatron (CDF, DO)

ATLAS Search for LQ of only one
s> generation (in majority of models
LQ couples to all three

CMS generations of quarks and leptons)

ATLAS

Scalar LQ 15t gen 2e >2j - 1.0 LQ mass 660 GeV
9 Scalar LQ 2" gen 2pu > 2] - 1.0 LQ mass 685 GeV

Scalar LQ 3" gen teulr 1b1j - 4.7 LQ mass 534 GeV

LQ1(e]) x2
LQ1(e)+LQ1(v)
LQ2 (i) x2
LQ2{u)+LQ2{vi)
LQ3(vb) x2
LQ3(tb) x2
LQ3(tt) x2

Leptoquarks

CMs 5 .




Single LQ production

Usingle(yi: m'LQ) = a(m'LQ)ly'ilg'

Double LQ production

Tpair (Ui, MLQ) = ao(mLq) + az(mrg)|ui|* + as(mrq)|vi|*

Sizable Yukawa couplings of LQ with SM fermions could influence pair production

at LHC.
For small Yukawas LQ production is the same as within QCD



For simplicity we assume only diagonal couplings in the search for LQ at LHC!

| generation couplings: best constraints come from atomic parity violation

Gp _ _ o
Lev = Y (Crgevvseqyug + Coqe* eqyuysq)
g=u.,d

mLQ
- , 2 yu@el?  [[yel < 0.34 (722 )

Cra = CIS}}I—I-OCM 0C1u(d) = 2_;/_ u(dge Vel 1 TeV

. . F 8miq mio

—_ ) < .- ‘
Kj —p~e’ el <036 ($7:5)
Bounds on Il generation LQ BR(KL, — p*e¥) < 4.7 x 1012

Experimental bound:

* — mrLQ 2
yh| < 2.1 %1075 ( )
|YsuYael TV
The LQ of the first generation fully constrained by APV, hence couplings of R,

to a down quark and an electron is very small.
We assume in the further analysis that coupling of s and p to R, is of the order 1.



Cross section (fb) Cross section (fb)

‘}Luded by
APV

| : ' 0.0L==
400 6(!) 800 10001200 140016001800 400 600 800 IO(X) 1200 1400 16001800
myq (GeV) myg (GeV)

If Yukawa couplings are large,
one also needs to take into
consideration a single leptoquark
production and t-channel
leptoquark pair production.

OF . : :
400 600 800 I(XX) 1200 1400 1600 1800
myq (GeV)



3.0¢
25|
20|
15
10f
0.5}

0.0t A
1000 1050 1100 1150 1200

mpq (GeV)

Vs ul

This study shows importance of the t-channel pair production and the single LQ
production through the recast of an existing CMS search at LHC for the LQ
coupling to s and .



Is our low-energy Yukawa ansatz compatible with the idea of GUT?

GUT models contain such a state in an extended SU(5), SO(10).

Georgi-Glashow (1974) proposed SU (5) ——>SU (3) x SU(2) x U(1)

Two problems:

Minimal SU(5) GUT fails!

Mc= My at GUT scale

wfF

Log| p/Mz)



Our assumption: (3,2),,; in 45 of SU(5)

without 45: M= My at GUT scale

with 45 : M= = -3 M at GUT scale

Representation 45 with its vev modifies mass relation for down-like quarks
and charged leptons

We assume that Dg, Ug, Ex are real!

: : this equation should be
rdiag T rdiag (
Mp™Dgp — ERMEp™ = 4UpZvys satisfied at GUT scale!

11 parameters and 9 equations only parameter ¢ can not be fixed!

~

291 - 522 > 523 =0.024 : 0.32 : 1




Proton decay amplitude depends on one

narameter!
T T T T T T T T T
S
(5
&)
S
=
2 / 0+ 0,+ \
= 05Fy .
\‘ { p—> K"V p-Kout
|
\\! [)—>Koe+ poaty
J
0'2_.1....1....1....1....1....1....1._
-15 -10 -05 0.0 0.5 1.0 15
'3

In some part of parameter space p — Vet

. is suppressed in
comparison with p — K v, p— Kt



Summary

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

~

*(3,2,7/6) and (3,2,1/6) can adjust b-> s data;

» 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;

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



Predictions

B. — v,
2 .2
mp. m
B(B. — tv) = - TBCfI%JGFVcbmelQ( - m—éc) 2
fp. = 0.427(6)(2) GeV HPQCD correction due to NP
2
_ mp,
r=bt mr(my + mc)gs
SM:  |B(B, — 7v) = 0.0194(18)
decrease r2 ~ 0.36 gs = —0.37

or increase of SM prediction (7* ~ 84) gs = 1.8+ 0.4z



t— et & DY 5 ¢t

perturbativity

/

) region
allowed by
existing data

Br(D - Te) [1074]

[—

1 2
Br(t - ¢t )z_paie [107°]



scalar and tensor operators have anomalous dimension

contrary to V and A currents

mey, M, << U

gr(mp) ~ 0.14 gs(my) ma = 500 GeV




10{
coupling
nonperturbative

" 6@ " " " 1 L " " l(k'x)
my [GeV]

ma
= 1.57 + 2.86

. accurate within 5%



Lepton electromagnetic current

—ietg(p + q)y" ue(p)

M( )

—ietg(p + q) lF ()" + L= Lio q, + F5(q%) 0"V quys | we(p)

Muon anomalous magnetic moment AG/3) enters loop functions
charm quark in the loop

2m2

Nelooal 'y | B () + QaFa ()

o, = Fiy(¢ = 0) = ——ga,2



