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e [ntroduction
e Direct Searches at Tevatron, LEP and HERA
e Limits from Contact Interaction

e Future Leptoquark Searches (LHC, Tesla)
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Leptons and Quarks

e “Mat(t)er view” of the SM:
guarks leptons
Q -3 23 -1 0 Several links between leptons and quarks:
_ — electric charges are multiples of 1/3
3. family @ @ @ @ — same number of generations: 1, = 7y

2. family Q QH@ @ (SM renormalizable)

1. family @ @ @ — mixing between generations (SuperK)
link?
— Compositeness - why should (unstable) SM particles be fundamental?

— Several Models: Rishons, Haplons, Preons, etc.
— Problem: underlying dynamics unknown

— Leptoquarks
— carry multiple charges of Q = 1/3
— carry lepton number, baryon number, SU(S)C color
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Motivation

Theory:
e many GUT models predict new bosons carrying Lepton and Baryon number

e Models with light Leptoquarks m o < mgur = 101° GeV:
- "Fourth Color” model (Pati, Salam)
- E6, SO(10) (if couplings are non-SU(5) symmetric)
- Supersymmetry, Technicolor, Superstrings

— Leptoquark masses might be of electroweak scale 100 — 1000 GeV

Experimental Hints?
e slight APV in Cesium of 2.3 ¢ (Bennett, Wieman)
= interpretationas 1.1 — 1.3 TeV Leptoquark (Barger, Kingman Cheung)
e Muon anomalous magnetic moment Aa,, = (42.6 £ 16.5) X 10~ 19 (E821)
—>- 2.6 o deviation interpretated as 0.7 — 2.2 TeV Leptoquark (Kingman Cheung)
e EXxcess of high Q2 events observed at early HERA in 1997 by H1 and ZEUS? = update
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Leptoquark Couplings

e Yukawa Couplings:
Leptoquarks are color triplets and carry B, L. = 0:

i b Aij, Akl = Yukawa (fermion) couplings
Aij LY Akl :
fermion number F' = L + 38 = 0and F' = £2
scalar (favoured by GUT models) and vector LQs
4 Ak decay width: I'g(yy = )\ M < 1Gev

16(24)7T2

e Buchm uller-R uckl-Wyler (BRW) model:
couplings respect SU (3). @ SU(2)p, @ U(1)y symmetry =
- Leptoquark classified: QJ;:’R
by spin J = S, V/, chiral coupling L, I, weak isospin / and electic charge ()
- in total 12 different states (5 multiplets) of scalar and vector Leptoquark

- fixed decay branching ratios 100, 50, 0% into £q and/or v/q
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Leptoquark Constraints

e Limits from low energy experiments:

e proton decay e Quark-lepton universality
e (Leptonic) pion decay e Atomic Parity Violation
e rare decays (K, 7, i, 30) e Limits from FCNC
—> no diquark couplings = chiral LQs: A Agr =~ 0
mrLq mrLq . .
= = 2 1Tev = 2> 1—100Tev fori # j

e Limits from collider experiments (high energies): this talk!
e direct searches for LQ resonances:

= limits on m g o LEP

e four-fermion contact interactions: lL

HERA = 8 o - = (Z42)”

e

mLQ
A )

1
2

—> limits on

9 Tevatron 9
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A. Direct Production of Leptoquarks at Colliders

Pair production of LQs in pp(p) collisions:

q LQ g LQ g A LQ

e LQ generations: all produced
e QCD uncertainties: factorisation/renormalisation scale
e LQ types: almost independent = not sensitive

e Yukawa couplings: contribution highly suppressed (— see third diagram)

Single production of LQs in pp(p) collisions:
e High background: = no sensitivity
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Search for Leptoquarks at Tevatron |

First generation Vector Leptoquarks:

e Consider LQ with BR(LQ) — eq)=1/2
i.e. _Q/SVOL, _2/3V1L (BRW model):

e combination of €€ 7, evj7 and vvjJ channels

® expected cross section shown for:
- minimal cross section
- minimal vector couplings (kg = 1, A\g = 0)
- Yang Mills couplings (kg = Ag = 0)

e exclusion limits > 230 GeV depending on
vector couplings
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Search for Leptoquarks at Tevatron Il

< =

Second generation Vector Leptoquarks:

Branching Ratio to qu

< =

o
. BARORRRXORRARCERRX LR
IR,
e Allow for arbitrary branching ratios: 0.6 ”“"“%t"“‘““”‘?)‘é%‘"
BR(LQ — pq, vq) = 0 — 1 (general model) o3 ‘Q“"‘“‘ \ 6’““““/‘/"““"
| w:o:o:o‘o‘o‘o‘o‘oto:e:;( )

!
(L -
o combir.led I.im.its for BR(11q) + BR(vq) =1 :3 "‘:’:’:“‘(‘ "“\‘:tt”“, Z/::Jets
e exclusion limits ~~ 270 — 320 GeV for ;,’y""“‘” 5

e search for ()9, pvyy and vvj) ) ' “‘ ““2"”’)" “/ i
Sl
g

Y.M. couplings depending on branching ratio

0
222222
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Search for Leptoquarks at Tevatron lll

1 T T
= 1 D@ .
3 097 Excluded $-
. &
3:0.8—: 6‘;. E
% 0.7 SYoN
: : m U7 ~ 05 1
First generation Scalar Leptoquarks: Lo -
T = Q]
i O) -
e Allow for arbitrary branching ratios: 0.5 g E
BR(L(Q — eq, vq) = 0 — 1 (general model) 041 .\_f g
o g 031 $1 3
e searchforee)y, evy) and vv)) : -
0.2+ i
e combined limits for BR(eq) + BR(vq) = 1 : 1
. 0.1- PRELIMINARY —
e exclusion limits = 90 — 220 GeV o v+ets (1994-96) -
depending on branching ratio 0 50 100 150 200 ,.250
Mo (GeV/cY)
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B. Direct Production of Leptoquarks at Colliders

+

Production of LQs in ¢ "¢ collisions:
e LQ e A LQ e e
LQ
-
. 1 q
e ‘LQ e A ___E_Q y q

Pair production:
e LQ types: test specific electroweak coulings
e Yukawa couplings: contribution negligible

e sensitivity: myo < /s/2 (handicap for LEP)

Single production:
e Process: photoproduction testing first generation LQs up to 1m.7,¢ S \/E

e Yukawa couplings: dependent
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Search for Leptoquarks at LEP
LEP I:

e Leptoquarks (all generations) excluded up to 45 GeV

LEP I

e pair production limits with charged lepton o b

final states do not compete with Tevatron: 03 ¢
0.25 E

imi - .\'-..1/3 A 3
mrqQ(limits) > w/SLEP/2 O?ié _sepem S1/2 \%\/351 :

e however, vJ 7 channels of scalar LQs 0L | == §y(1/3)a* 23" gen)
o5 e

only excluded up to ~ 90 — 100 GeV by DO I T T N S D D B B s
e pair production studied at /s = 183 GeV g 1

09 F

e limits on () — ¢ set by OPAL for 08 | V2
all generations up to 85 GeV (for 2/35) iy - ;‘?gegn
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C. Direct Production of Leptoquarks at Colliders

Production of LQs in eip collisions:

S-channel u-channel

€ q e A\ e
>LQ_< LQ
q q

Pair production:

e negligible: direct or resolved process

K
> —
K

Single production:
e Yukawa couplings: directly testing eq fermion coupling — high sensitivity on A

e LQ types: couplings tested by exploiting
- beam charge et
- longitudinal polarisation (HERA II)
- angular distributions
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Leptoquark Search at HERA |

Search for eq resonances:

e full data set of HERA | analysed £ ~ 15 pb~! of e "pand ~ 115 pb~! of e p scattering
SCALAR LEPTOQUARKS

VECTOR LEPTOQUARKS

=
o
IS

c P T T L R I I I P ] T L B L L B BB I
o - O Hldata,y>0.1 e Hldata,y>y_, 0 103 O Hldata,y>0.1 e Hildata,y>y_, .
o [©7iSM,y > 0.1 E= SM with uncertainty] ) FTiSM, y > 0.1 E= SM with uncertainty]
o 103k Y > Yy - OPtimized | o Y >y, Optimized |
*2 ——E,DE___ for Scalar LQ E *2 I for Vector LQ
g i g 102: e
Ty - ) g
lOzg
10 | .
10
1 i E
H1 PRELIMINARY H1 PRELIMINARY
+ + L - -
ep-eX | ep-e X
-1 -1
10 oo b b b b b b b b 10 o b b e b b b e b b b Ly
75 100 125 150 175 200 225 250 275 75 100 125 150 175 200 225 250 275
M, (GeV) M, (GeV)

e excess of events at m ~ 200 GeV not confirmed by H1

e similar results were obtained by ZEUS
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Leptoquark Search at HERA | (cont’'d)

ZEUS
Single Production of Scalar Leptoquarks: R R
e set limits on Yukawa coupling as function of mass = jﬁzii)d) |r=e
4 T 4ar )
e u-channel sensitive to LQs above collider energy: 10 | E

Vs =~ 314 GeV

e for A = e LQs excluded up to HERAs cms energy

SCALAR LEPTOQUARK e u - LQ - e X,vX

N DO Run | - Hle p
S
(b)]
| H1
200 250 300
Mio (GeV)
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| F=0scalar LQ limit

ZEUS (prel ) 1994-2000 e P, lleb
10 L L

'
w

175 200 225 250 275 300 325 350 375 400
LQ(GeV)
e search for eq and vq final states

e combined limits set on BR(L() — €q)
assuming BR(eq)+BR(rq)=1

- @ so0 obtained limit almost independent
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Contact Interactions

e Effective Lagrangian

(considering only vector-type terms)

e LEP e
Ly = > 0% (eav"eq) (@by.ap) ) 1
a.b=1L. R HERA = X Az
i
q q
Tevatron
model: 7, = e(Aqu)2

¢ — +1 interference with SM: —> testing new physics above the collider energy

. high scales, for example Q2
A effective mass scale at high scales, for example ()

g coupling strength

often set: ¢ = V4m ~ 3.5 ~ 1le e considering proper LQ couplings
—> access to Leptoquarks
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Contact Interactions at HERA

® measure Q2 distribution of NC events and fit

. ZEUS
LQ hypothesis 10 | 1™ e ZzEUS (prel.) 94-00 p
B [ ee2ele o A St, M/A=0.91 Tev
e limits set on the ratio M /A (= A/g) Er s wnosspey
z e :
. . . E 103 104 ®
e LQ exclusion limits up to 0.3-1.4 TeV set
1
ZEUS (prel.) 1994-2000 etp | Limits on Heavy Leptoquarks
Coupling structure 95% CL [TeV] e ‘ T
ed ed ed ed eu eu eu eu 10 10 2 2
Model @rr A%k 9rL 9rr %L %%Lr %grL %RR Mrq/ALq Q" [GeVT]
Sy +1 0.75 .
Sy +i 0.69 : oS “&ﬁ' '—)0998i9$ P
Sy +3 0.31 2 iz MA=0.91Te
s, —3 0.91 5
51/2 —% —% 0.69 >
St —1 0.50
St +1 +1 0.55 P PSPPI S ST g T
Vi ~1 0.69 : f
VOR —1 0.58 | Limits on Heavy Leptoquarks
"}'OR _1 103 I \1\03 I I I T 1\04 L
Vi, +1 0.49 Q* [GeV?]
v, +1 +1 1.15
Vi, +1 1.26
vy ~1 —9 1.42
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Contact Interactions at LEP

HH — e Limits on effective compositeness scales
- | | from 2-fermion final states
- — e LQ interpretation can be derived

I for qq final states
aq S e g = V4 fixed
_ e e results comparable with those from HERA
uu
dd =
. ==

15 10 5 0 5 1O(TeV)15

mm|| =smRR =R mRL COVV mAA mLLRR OLRRL m 0,
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Leptoquark Constraints from Direct Searches

Constraints on Scalar Leptoquarks

<
1
1 i
10 E
ZEUS limit
(e” p, Prelim.)
10 —— LEP indir. limit _
TEVATRON limit]
< \\H}\HH}HH\}\H
1 3
............... ’:
L H1Cl
10 'V Q E
B H1limit ’
2 (e p, Prelim.)
10 Ll HA limit .
(e"'p,94-97)
[T AR R A AR RN B R

175 200 225 250 275 300 325 350 375 400

Mo (GeV)
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Experimental Summary
e Tevatron limits independent of A

e HERA testing LQ fermion couplings
in the range 0.01-0.1 ey,

e constraints for m = 300 GeV from
contact interactions (LEP, HERA)
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Prospects in Leptoquark Searches at HERA

Future Sensitivity on Scalar Leptoquarks
T T T T T T ]

U 1 : T ‘ T T T T ‘ ‘:
SIS ' 1
T .
O o8 TEVATRON : ¥o! -
—l B 1 OQ- — ':H
- - L=15fb N
0.7 | ol o] ‘o ]
< ol & is
2 o5 5 8is
Dc:» 05 g g .
< 04l o B .
O B ]
S 03] : HERA : |
S A =0.025 |
0.2 ;T A= UL
o ed-LQ |
— A =0.05 -
oal /i == .
- eu-LQ ;
0 =t T R T R R
100 150 200 250 300 350
Kuze et al. (hep-ex/0007282) M LQ (GeV)
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e Anticipate 2 years (4OOpb_1) or
4 years (800 pb~1) of HERA II.

e For not too small couplings A and
branching ratios into eq < 100%
HERA has a large potential to discover

Leptoquarks
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Prospects in Leptoquark Searches at LHC

Simulation study performed for CMS

4

2 10 2 103
> >
() ()
10 10
10 1
500 1000 1500 2000 2500 500 1000 1500 2000 2500
2 2
M;; (GeVic?) M;; (GeVic?)
b 2
> >
(5] o
500 1000 1500 2000 2500 500 1000 1500 2000 2500
2 2
My (GeV/c?) My (GeVic?)

S.Abdullin, F.Charles (hep-ex/9905396)
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B Abdulling A.Mikitenka

e discovery potential up to 1.5 TeV
e (experimental) mass resolution 30-40 GeV

e not high discriminative power
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Prospects in Leptoquark Searches at Tesla

Leptoquark analysis exploiting differential distributions

Example:
'6'0'25 R
N e events (20) e generated S /2 Leptoquark
~< | evjj events (20)
. —  e() events (20) o Mo = 350 GeV
0.2 — global fit (1 and 20)

-4 -h o \p =0.15¢, A\, =0

R - - LHC 100 fb* (95%CL)

0.15
e determination of LQ chiralities using

i likelihood fits
0.1
i —> couplings measurable on a few percent level

! ® narrow mass peaks
0.05 |

— different LQ types can be disentangled

F.Zarnecki (hep-ex/0102043)
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Summary

e Leptoquark searches at pp(p), e™

are complementary — in the past and in the (near) future

e and ep colliders

— Tevatron and LHC have highest mass reach

= HERA and e e~ colliders able to resolve states and couplings

e However, no real sign for common lepton-quark states

—> One of the key questions of the SM
on the “nature” of quarks and leptons still puzzling
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