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Electron-Proton Scattering at HERA

Data samples
HERA | (1992-2000) HERA 1l (2002-2005)
e ep:L=15pb’ e ep:L=130pb’

e e*p:L =105 pb! e e*p:L=50pb

] T T first results
e presented
here!

2005: highest delivered
luminosity ever

et (27.6 GeV)\\

P (8201920 GeV) - |
> 2003 longitudinally
polarised lepton beam

The HERA collider

* e*p scattering at E__=300/320 GeV 2002/03: HERA |l start up

JF-..-'d

[ES—

 Two colliding experiments: H1/ZEUS
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Dominant Processes at High P-

Neutral Current (NC) DIS  Charged Current (CC) DIS  Photoproduction (yP)

ep—ej ep—vj YP — ]
-~
Q%> 4 GeV Q%> 4 GeV
[ [ & L’
W
Q2 Q2
v/Z' q W \“; q
P P
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Searches at HERA

Model-dependent searches

Model-independent searches

Test models, verify predicted
signatures and phase space Compare data versus SM, reveal

« Leptoquarks and LFV anomalies above small SM contribution

 Excited Fermions
o Multi Lepton Producti
» Single Top Production / ulti Lepton Froauction

° | h
e Doubly Charged Higgs / General Searc

e Supersymmetry

 Isolated Leptons and Missing P+

A

Searches in inclusive DIS

Precision measurements allow for stringent
constraints on new physics

e NC: Quark Radius, Cl, Extra-Dimensions
e CC: Polarization Dependence (HERA II)

Topics in in red covered in this talk
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Leptoquarks

Motivation
PP
« Symmetry of quark and lepton generations q LQ
raises the question of direct interactions
— Connection: Leptoquarks Fgﬁ
e LQs appear in many extensions of the SM q LQ

« Scalar or vector bosons with Lepton (L) and LQ at HERA: single production
Baryon (B) number and fractional em. charge Production and Decay

» Define Fermion number F =3B + L * M <E_,: resonant production is
dominant (s-channel)

* M, o> E_,: u-channel contributes,

’ e,V ,T
ev(wn e Ay (.0) transition to contact interactions

LA e Only 18t generation present in both
U q q A q production and decay
s-channel u-channel —> |nterference with SM DIS

» Lepton flavour violating (LFV) process

Yi': Yukawa coupling, family indices i | for muon or tau in final state (k1)

J
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Leptoquark Limits

H1 Coll., Phys. Lett. B629 (2005) 9; ZEUS Coll., Phys. Rev. D 68, 052004 (2003)

Search for 1st generation LQs

e H1 and ZEUS HERA | (94-00)
e*p (~100 pb™), ep (~15 pb™)
F=0 F=2

e Lumi:
e LQ:

e Largely complementary data set

* Processes:

Topology SM Background
ot Neutral Current DIS
e+ie — exploit angular dist. of LQ decay
v + jet Charged Current DIS

— No evidence for signal by both experiments

SLMADLEARRARE RARE ALY RS LA RARE RRRERARF

ZEUS (94-00) e*p

I'1'31 -
L at an, z
w L R 1 67 lepton
E e ZEUS04-00ep—eX ¢' Lex i scattering
[ — sSM HIT? 1 -
! E O ZEUS 9400 €'p (cosd < 0.4 : angle in l-jet
AF ---- SMLicesd” < 0.4) CM frame
ll:l v b b b s b Bown b oaa by -L_I_

60 80 100 120 140 160 180 200 :1EI --I[ 260 230
M, (GeV)

SCALAR LEPTGQUARKS WITH F=o | 11 (94-00) e'p

’ /
Cl
Q\) H1
\\
;'_}.f
SiiaL
1 H1 single prod.
10 .
777] OPAL indir. limit -
DO palr pmd
200 250 GUEI 350 400
M (GeV)

» Limits set on 14 types of LQ described by
the BRW model (notation: J-R

» For couplings of em. strength (A ~ 0.3):
mass exclusion ~ 280 GeV

e Similar limits obtained by ZEUS
 HERA sensitivity at high M and high A

Isospin)
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LFV Leptoquarks

ZEUS Caoll.,
Search for LFV LQ decays

Look for ep — u + jet and ep — t + jet

Eur. Phys. J. C44 (2005) 463

Low background, high sensitivity

ZEUS (94-00)

2 ZEUS
ﬂmg...,. L B B e
c F .
T » ZEUSep 0400
w B mm Background MC
nweEe LFV © M =240 GeV
=

130 pb 1

Nobserved / Nbackground
{EEEEgy ° sLeEVJeSeleétcigﬁ "
ep — u+jet 0/0.87 £0.15
ep — 1 + jet T—>e/u+ Pmss 0/0.43 £0.08
T — had+ P, miss 0/11x05

No evidence for signal found

Limits on LFV LQ decays

For M, o < E,, limits on A, x VB

L4 1
ut, q

For M o> E,, limits on A, A ./ M? o

— Compare searches for LFV B decays, e.g:

—23

fpl|

e
Br(B,—eu) < 1.7 107 H

Belle, PRD68 (2003) 11101 LQ

—11

>LQ<
e d b

T |||||I|'| T T 1110

1 IIIII“I 1 IEIIIuI Ll LIl

-
[ PP

LQ selection .[,. ., [—= .

AD < 20° 0
|

A® Azimuthal angle between t-jet and P,™sS vector

100 1200 140 160

Limits on Ay, A iq 5/ M? qin units of TeV-

B — pe B — pe
ed — ub 13 * 0.4 0.4
1.8 1.9
B — 7EX B—T1eX
32 * 14 14
eb — ts
11 I 10

— Several examples where DIS

constraints are competitive with
those from rare B decays

H
b
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Isolated Leptons and Missing P

Event Topology: ep — | + P{™S (+ jet)

High P isolated lepton (e, u, )
Large missing P+
P- of hadronic system X

= €

1 ' isolated lepton P/

SM Process: ep — e W= (—lv) X Backgrounds:

* Real W production with leptonic decay « NC DIS: real lepton and fake P Miss
e Usually soft hadronic system « CC DIS: real P;Mss and fake lepton

e Total cross section ~ 1 pb « Pair Production: real lepton and fake P miss

David South - DESY Searches for New Physics at HERA — Moriond EW 2006 Page 8



“Anomalous” W production

H1 Coll., Phys. Lett. B561 (2003) 241; ZEUS Coll., Phys. Lett. B559 (2003) 153, Phys. Lett. B583 (2004) 41

HERA I: ZEUS PLB 583 (2004)
P.X>25GeV| combinede&u| £ [ ,® | T o ]
« H1: excess of observed events at [~ 17 9400 / g 1re * 0 :
high P.X (e,u); T channel agrees 11gpp’ | 11734208 | ¢ B W :
. X h | < B -
« ZEUS: e,u channels agree with PZTEJSZS f(?(}’ rchanne g
2/0.2+01 B ]
SM, but 2 spectacular t events at| 130 pb- 02x0 10 e A )
high P-X e
H1/HERA II:
iss - * -1 . . . .
o e reneaTERATPABERTERR)  « Events still show up in HERA Il with higher rate
t ® H1Data (prelim) Np,.,=40 compared to the SM prediction
© 10" == ansm N, =34.3+4.38
IJ=J' - Signal P-X>25 GeV e channel u channel combined e & u
N '421799";'8? 11/47+09 | 6/43%07 | 17/9.0%1.5
10 ZEUS©99-04| .o o, | ZEUS previous search: 7/5.7 (e,u)
106 pb ! =0 (HERA 1, 130 pb™', W 45%)

ZEUS/HERA 1 revised:

 New ZEUS analysis closer to H1 cuts

aaaaa

10" L * Events still not observed in ZEUS data

0 10 20 30 40 50 60 70 80
X
PT (GeV) e andu channels « ZEUS and H1 SM expectations agree
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Isolated Leptons: Prospects

The lepton beam charge dependence

+
H1 e*p data
|+P.'|."iss events at HERA 1994-2004 (e'p, 158 pb-1)
10 @ HiData (prelim) Npy=28
= == AllSM N, =18.5+2.6
- [ signal
10

S+

T Illllll

0 10 20 30 40 50 60 70 80
PX (GeV) e andpu channels

H1 ep data
I+PP'ss events at HERA 1998-2005 (e'p, 121 pb™)
10° :
E @ HiData(prelim.) Np,=12
r == AlISM Ny, =15.8+22
- [ signal
10 5

T 1 IIIIIII

o b by b b g Lea o iy

0 10 20 30 40 50 60 70 80

PX (GeV) e andpu channels

P.X> 25 GeV e channel wchannel | combined e & u

H19909¢'0 | 9/23204 | 6/23204 | 15/46208
158 pb

H19805ep | 9/24205| 0/20+03 | 2/44207
121 pb-!

* H1 excess only appears in e*p data

 Asymmetry or statistical fluctuation (3.4 o0)?

Extrapolation for e+p data

Significance (in sigmas)

Assume upward / downward
fluctuation for H1 / ZEUS

Take average rate from H1
and ZEUS in e-channel: 4
events per 100 pb-!

Take same rate for u channel

5

- ———  20pb-1/month
A 15 pb-1/ month
4.5 10 pb-1/ month

- Based on H1 and ZEUS numbers

I rate of & evts per 100 pb-1
r Hland ZEUS

o

~_~H1& ZEUS,

Avemg;e rate

3.5

2557 |
July 1st, 2006 January 1s{, 2007

..I...I\|/..I...I...I\|/..i...I...

0 2 4 6 & 10 12 14 16
Months

A 4 - 5 o effect might be seen
with the full HERA |l data set
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Anomalous Single Top Production

H1 Coll., Eur. Phys. J. C33 (2004) 9; ZEUS Coll., Phys. Lett. B559 (2003) 153

H1 excess of events with isolated high P lepton (e,u)
and large P;™s at high P*

T | II T T I T T T | T T T | T T T I
ey — Vg CxClusion rogion ZELUS 94-00 7

ey 7

1 5
* High P.X improbable for W production i |

. . . —> M, =170 GeV i
» But typical signature of top decay t — bW ol > V=175 GeY 7

L W ijmﬂ Gey

e Tiny SM top prod. cross section < 1 fb

—= lxchudend by CDIE, MNIP:I?E GeY —

—>Anomalous top production via FCNC ? 0.6r
(but could not explain e*p / e’p difference) 0.4k fiti = ez = N
—> Exchuded by 1.3, M =175 GeV :
: : 0.2 : —
Koy - Anomalous magnetic coupling L B 5, e ]
V, 7 - Anomalous Z vector coupling L |\u | J : -
. % : 0.4 0.6 0.8 1}{_
v/Z lepton & jet VEY
channels

q/l; considered H1 /HERA | (1 18 pb_1): 5/1.31 +£0.22 top-like events
e o(ep — etX) < 0.55 pb (95% CL)

ZEUS / HERA | (130 pb™'): no evidence HERA e
. o(ep — etX) < 0.225 pb (95% CL) compeE
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Multi Lepton Production

H1 Coll., Eur. Phys. J. C31 (2003) 17
Motivation: If anomalous I-v production, what about I-I final states?

— Search for events with at least 2 isolated high P leptons (e, u)

2
(P =2.7 GeV)

H1 euu event

ZEUS Preliminary

102 _ * IEUS (prel) 5400 |
— GRAPE+NC+QEDC]
O NC+QEDC
— QEDC

e 2
(Pr=64GeV) - “

l g:ﬂL lH ||| \ 10 4
. ut . 0
J_l_L

|

3 3
K1 _
(P =62 GeV) g I | I P B
|:|L[ i 8 10 0 20 40 60 80 100 1201]41]
M, (GeV)
. M, > 100 GeV 2e channel 3e channel
Dominant SM process: 11 94-00
e e : : 9 3/0.30+0.04 | 3/0.23 +0.04
* Two-photon interaction 115 pb
\\S’IH'_‘:_ ! HERA | Zﬁgf 9;‘_'100 2/0.77£0.08 | 0/0.37 = 0.04
) Backgrounds: P
7 S CE— .. . .
/Ji‘\ '« Misidentified hadrons, « H1 excess of 2e and 3e events at high
q q photons from NC DIS M., (mass of two highest P electrons)

and QED Compton
 No such excess seen in the ZEUS data
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Multi Lepton Production

® H1 Data (prelim.)
DIS+Compton

H1/HERA I H1 Preliminary (275 pb) Pair Production
* Analysis extended to 2003-05 data %103 e'pand e p
O il
« Consideration of other 2 lepton and 3 lepton L 107k . 243 leptons
topologies (now ee, uu, eu, eee, euu) i ; —
10 i
* No new 2e/3e event at high M., i
.
* Onenew euu eventat M, > 100 GeV E ‘
107 :
* One new euu event at M, > 100 GeV E“ i
10 Hm;u. EEARIR AR S 1 ]
0 20 40 60 80 100 120 140 160 180
o gy Py (GeV)
S E e P (£ =156 pb~') E P, € P L=119ph") . .
il 243 leptons | 340°¢ i 23 eptons | Scale of Multi Lepton Production
N 0 « =P, =scalar sum of transverse momenta
} 1 « Altogether at 5P, > 100 GeV
10's 1
L e " Nopoowoi= 4/ Ngy=1.1£0.2
1-:1“‘0 20 40 60 80 100 120 140 160 18 107 Extelivouil ol bl bo b ion of o1l o idiicd

0 20 40 60 80 100 120 140 160 180

2 P; (GeV) S P, (GeV)

» Highest ZP; events appear in e*p collisions
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A General Search for New Phenomena

H1 Coll.,, Phys. Lett. B602 (2004) 14
Motivation « Study all high P, final states in a single and coherent analysis

« Search for deviations from the SM in a model-independent way Events
Events -2 -1 2 3 4 &
10% 10" 1 10 10° 10° 10* 10°10° 1 10 10° 10° 10" 10
i-i Hﬂ—l—l—l—Hﬁl-'—H—l—H—+H-'—H+H+H1 —HH HH HHH . . — T
o e T o | dentify isolated H
b - g : s i . . e =
v - = R particles at high P-: - 3
s € 1, v, jetv e-l-:: s kLS :
U : e o : : :
iy [ - - — e-e = —-
o ! ep £ 3
N e Unique phase space: "j‘" = »
e P, >20 GeV o E
L-i-. [E T ey [}
i * 10°< 6 <140° L= &
cov B bl =+
en- eu-ei il I-H = 1
B-l -l L . . e'l-l - i
A= L o Classification of v £ 14
M — o events into exclusive  “% E———— |
e, | | | | Classes it =3 H1THERAI
IR —— 5 : ¥ E '
T = HI 1’1E'E'gf‘ I« Overall good HES==5 | o100 Groim)
= Pb agreement eH E Sw (e
iR [ vDaa Hbv E T+
NN ==— — == g e Some deviations FHA E -+
i | T eHH E
i--.-i-i fOUﬂd

H1 General Search (Hera-Il)

H1 General Search
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A General Search for New Phenomena

H1 Coll., Phys. Lett. B602 (2004) 14

Interesting Event
* e-jjj-jclass:1/0.03 +0.01 (M. =262 GeV)
e At high mass NC DIS prediction only ~10-3 fb

LAr Energy (GeV)

» Rare SM processes might contribute, e.g. ep — eWWX

Statistical quantification

H1 General Search - £ P; Scan

 Systematic scan for deviations in M, /2P spectra

nv h E
of all event classes using dedicated statistical P H1/HERA T ~5 L e
algorithm 5 “’; | o
s [ .
» P quantifies significance of deviations found g 'E -"-_T_ -+
Q
* Lepton-jet-P,Mss anomaly reappeared: | p-j-v émg— L;lll_l_L
General Search ideally suited to discover unexpected zwzé— [—1
manifestations of new physics (watchdog) S N D P T I N
0 05 1 1.5 2 25 3 -
-log, P

Requirement: precise knowledge of overall detector performance
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Summary

 Much activity and a lot of progress in BSM physics at HERA
promoted by better understanding of the data, improved
analysis techniques and new ideas

* Results often competitive and complementary to other colliders

 Some puzzling fluctuations which will need final clarification
with most precise analysis

« HERA Il - large part of the lumi still to come!

— More interesting results from HERA
expected in near future
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