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The HERA ep Collider at DESY

World's only electron proton collider, in operation 1992-2007

HERA-I (1992-2000)
\/E 91 e ~130 pb! per exp., (90% e*p)
HERA-II (2003-07)
e Luminosity upgrade
p (920 GeV) e (27.6 GeV) « Longitudinal e polarization (avg. 30%-40%)
Total integrated luminosity

100 Status: 1-Tuly-2007 ~0.5 fb1 per experiment
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H1 and ZEUS Experiments

Large general purpose collider experiments

m  Asymmetric design

= 4 ncoverage

s Excellent electromagnetic and hadronic
calorimeters
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Deep Inelastic Scattering at HERA

Neutral Current

ep—eX
e
- g : e N\
- : e ” X ;:-I _r’ s« G
3 _:T';Tii-?" ' il P
X
Q? — virtuality of exchange
S Charged Current boson
ZEUS X — Bjorken scaling variable
]_ 28 [ ep —>vX y — Inelasticity
g w*
q ‘ a
0 View p > Xp
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Unpolarized DIS Cross Sections

Neutral Current Electroweak unification
HERA | & Il

(120?;3 271'(.\:2 - - 2 - — T L B R T T R R T T 19
= YiFSFY aF; — g™l | S F E
dxrdQ? r(Q4 - o % HLle'p NC94-07 (prel)
Q 10 = A H1ep NC 94-07 (prel.) E!
2 O ZEUS e'p NC 06-07 (prel) 1
Charged Current 5 E Ve % ° ZRUSepNCOS06 g
- Yo % SM e'p NC (HERAPDF 0.1) J
% 101 /56/7 —— SMep NC (HERAPDF 0.1) _
e L G% M \? &, - [ *—u 9‘ -
——CC = (1+P,) 5| 78 L T E
dxdQ)? ‘ 2ma \ Q% 4+ My, - - =

’ 103 I;— * H1e'p CC03-04 (prel.) —;l N
= A H1ep CC 2005 (prel.) 3

~0 - 1/Q4 at Q2>M 2 L. = ZEUSe'p CC06-07 (prel.) u Zand W
W = ZEUSepCCO4-06 3 Mdominate
5L SMe'p CC (HERAPDF 0.1) —
10 = SM ep CC (HERAPDF 0.1) X3 eXChange

= Excellent agreement between data L y<os W
and SM over large kinematic range F Pem0 | ]
. -7 b—_1 | | L1111 | | | | I I I | | | 4
(many orders of magnitude) 10 10° T T
= Electroweak unification at Q2 = M,,?2 Q" (GeV9)

= Q2 (resolving) power up to 40000 GeV?,
corresponds to spatial resolution 1/Q ~ 10-18m
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Neutral Current Cross Section

A closer look at the neutral current cross section in (x, Q2)
Vi =1+ (1 —y)?

d’o(e*p) s -

dxd()? _ 20> Y, E(IL‘, QQ) F Y_x /g (z, Q?) _ yQFNL(:E, QQ)]

Cross section parametrized using generalized structure functions
related to quark/gluon density distributions in proton

F, Yy exchange dominant contribution, y Z interference
depends on polarization (axial-vector coupling to Z a_ large)

QQ

-
F2 — FQ — (Ue =+ PECLE,)KQQ_'_—A[%

9 2
F;Z -+ (vg + af_j + PeQ“Uea,e)IiQ {ng—wl FQZ

XF; vZ interference / Z exchange,
depends on beam lepton charge (vector coupling to Z v, small)

QQ

St
vF; = —(a. £ Peve)mm

:22 2
)7 + (2a.0. & PJ0? + a2k [— v FY
: Qr Mz
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Measured using

170 pb! of
HERA-II data

Good agreement with
SM (ZEUS-JETS) over
large kinematic range

Dependence on beam
charge apparent:

e’p cross section
larger at high Q2

Cross section
difference gives

interference xF;¥?

Unpolarized NC Cross Sections

ZEUS
Q’=350 GeV

Q?=250 GeV* {

Q?%=20000 GeV?]

Q%=450 GeV* -

Q’=1500 GeV* ]

e ZEUSNC
e p(169.9pb™")
P.=0

1 —SM (ZEUS-JETS)

7 © ZEUSNC

e*p (63.2pb™)

P, =0

Q%=30000 GeV?

ep

e*p

10! 10 10"

10°
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Interference Structure Function xF;¥4

Charge asymmetry observed: vZ interference dominates in
Exploit difference in e p/etp HERA kinematic range:
cross sections to measure xF, Measure “interference structure function”
~ Y+ s ~ et vz n (Q2 + A[%)
vFy=—(0""—0°") v Fy” ~ xFy 5
2 el ()
ZEUS
N 08 —
v ®  ZEUSNC, e'p (233.1pb™%), Q*=5000 GeV'2
X + <O%< ev?2
06k o A GeY = All measurements extrapolated

................ SM (CTEQ6.6)
— — SM (MRST2004)

to Q2=5000 GeV?
s  Measured as function of x

s Result in good agreement with
standard model expectation
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Polarization asymmetries:

Measurement of
yZ interference term in F,

2 o= (Pg) — o=(Py)

A+ = -
Pr— P, o*(FPg)+0%(Fr)
F*
AT ~ :Fﬁ;aﬁ%z ~aV,

s Observation of parity violation in
NC e*p scattering down to 1018m

m Direct measurement of
electroweak SM effects

Combined measurement
increases statistics (prelim.)

U. Schneekloth

Polarized NC Cross Sections: Parity Violation

HERA polarization asymmetries

H1 (prel.)

Hﬂﬁﬁiﬂ 1
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H1 and ZEUS Combined PDF Fit

Unpolarized Charged Current Cross Section

Q=300 GeV* | 1000 GeV? %
= Measured charged current 5 ; E
cross sections for e*p/ep data TSN I j%\
(HERA-I, unpolarized) 5 B g L
. B 1500 GeVZ 3000 GeV?®
= Good agreement with SM over N
large kinematic range I f;\ -
(shown here: HERAPDFO0.1) 04 S
0.2 %
= Sensitive to flavors of partons 03 5000 GeVv 15000 oo £
in proton p ~ (uud) at high x 06 }& B
IR N |f
0.2} : ﬁ =
ob X&\? o=\ | B
e_|_ » o o8l 30000 GeV? 10! 1
—_ — | T = 1 . oy - L X
Tcc = ‘E[u + L] + (1 y) J[d + b] 06 [ ] HERAPDFO.1 (prel)
e — L r CC e™p (prel.)
Jég = 'J.:-'['U- + f-'] + (J_ — y)EJ" [{f + S] 0'45_ CC ep (prel) e+p
0.2 - " -
Wb & ep
107 1
X
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HERA Charged Current e’p Scattering

Polarized Charged Current Cross Section

-k

] . 120 T T T [ T T T T [ T T T T [ T T T T
= Different HERA-II data sets allow & |, &P VX -
measuring CC cross section 9 _““»,5\ o H12005 (prel) -
as function of polarization © 1001 \, * Hi 98-99 —
= P, positive, negative and zero E , A ZEUS 98-06 -
TN o7 :
B - * H199-04 N
A2 SP G2 Mz N\, | ""'}% A ZEUS 06-07 (prel)
=(1+ P o _ \, i _
drxdQ? ( ) 2mx (Q2 + ﬂf{qv) cc 60— "'-..1 * ZEUS 99-00 _
. CTEGeD N P
" - MRST 2004 . ]
directly visible: i 1—**""“#"‘ il
= Only L(R)-handed (anti)particles ol _ N
interact weakly i o Q? > 400 GeV? -
- '.",.r"""-". y < u-g . —
- .-"T.‘.-'l [ | I 1 | 1 1 | | 1 | | I | | 1 I' J

€ V. 2 -0.5 0 0.5
~ E A > / P
*
W Right-handed currents forbidden in SM.

At P =-1 (extrapolated): MR > 208 GeV (H1)
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‘i Combined Electroweak-QCD Fits

ZEUS ZEUS
— T O (T T T T T T ERS I
:- > r ] Q*= 10 GeV?
ZEUS-poI-\r“-vd-au-ad-PDF (prel.) ] I ZEUS-pol-v -va-a-PDF (prel.) |
I total uncert. 1 r I total uncert. 1 o
1 uncorr. uncert. 1 1 uncorr. uncert. - . — ’-}-:l-"'P‘“;P"'-'
1 | 1 ' o M =l 1180
mEm H1 prel. (HERA I+l 94-05) | ~ B H1prel. (HERA I+ 94-05) ‘ x,
| | total uncert.
) @ _
4 [ == ZEUS-JETS
0
- 4 xg (= D05)
-0.5 B
* SM 2
— CDF )
68% CL LEP X8 (x 0.05)
& Ll ! Ll | | | | : ' | -
-1 -0.5 0 0.5 1 N
-1 -0.5 0 0.5 1 a 10+ 10’ 10 10
au d X

= All these measurements are used to extract 5 PDFs (g,u,u,d,d) and
weak couplings to Z° (a,,ag4,v,,V4) Simultaneously

= NC: y Z interference / Z exchange sensitive to a,,a
and can resolve signs of couplings

m CC: flavor sensitivity helps to disentangle u, d-quarks
= Precision competitive with LEP and Tevatron results
= Most precise value for u-coupling to Z comes from HERA
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Isolated Lepton Events with Missing p—

E+

Motivation:

= Main Standard Model process for high P isolated
lepton with missing P is single W production

s Other SM process have smaller cross sections ' T Y

> Measure single W production (0~1.3pb)  »

- Search for physics beyond the Standard Model

Experimental signature:

Isolated Electron == <

Isolated Muon |

-

S - g
\ i ?
o w Neutrino ? == H?? D

—= H - E
Hadrnmc Jet, X . o =

& = I'radrunlc Jet, X

i .
e + P,/ Miss event in H1 u + P Miss event in ZEUS
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Isolated Lepton Events with Missing p—

Look for events with isolated, high-P lepton (e, n), missing P; and
hadronic system (P.%)

Preliminary
% - eip e HI+ZEUS (098 1b") H1+ZEUS prel. e*p Data SM prediction
= sM
@ 10°F 77} SM Signa e+ total 81 87.8+10.6
: p*>25GeV 29 24.043.2

1077
= rd
e
£

= In general, good agreement with SM
Pt prediction

A kL A i AP d¥s i Ny
100 1o 20 30 40 50 60 70 80 90 100

P} [GeV]
H1+ZEUS prel. e'p Data SM prediction
Preliminary
g2 f N . H1sZEUS (059167 e+ total 53 49.8+6.2
g .l €°P = sM p*>25GeV 23 14.0+1.9
w10 |77 SM Signal
L X
o s Excess of H1 etp data at large P;*,
% small SM expectation
N: | = Not confirmed by ZEUS analysis
s Excess remains in common phase space
A of combined analysis (1.90)

LA LA 1 i A i L i
1070 10 20 30 40 50 60 70 80 90 100
PX [GeV]
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Single W Production Cross Section

‘E ﬁn:_"'“""“'"“r’ s H1+ZEUS (D.98 fb™)
i ll s = High purity of ~75% of W production
o I » Clear Jacobian peak
3 / = Strong evidence for W production
sl
10 / .
F = /=,=l L Single W Production at HERA (Preliminary)

0 20 40 B0 1DIJ 120 14D1EIJ 1B-'I:IEDD
ML [GeV] e  H1+ZEUS (0.98 fb")

SM Signal

2
I

do,,/dP) [fb/GeV]

mw

s Cross section measurement in
common (H1,ZEUS) phase space

= W branching ratio of leptonic
decays used to calculate full i
Cross section }

s Measurement done differentially
as function of hadronic
transverse momentum

+

010 20 30 40 50 60 70 80 90 100
PX [GeV]
- Inclusive single W production o = 1.07 + 0.16(stat.) £ 0.08(sys.) pb

In good agreement with SM prediction 1.26 + 0.19 pb (EPVEC at NLO)
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Multi-Lepton Production

Motivation

= Main Standard Model process with multi-lepton is yy process
s QED cross section well known, modelled using GRAPE
= Any deviation, indication of new phenomena
Signature

= Events with 2 or more isolated high-P; leptons (e or p)

Results ..._
= H1 and ZEUS combined results (0.94 fb1) — I I

= In general, observed number of events in good
agreement with SM expectation

+p ® H1+ZEUS (0.56 fio)
-SM
7 221 sM Pair Prod.

® H1+ZEUS (0.38 b
E=sm
221 sMm pair Prod.

e

IT[,_FFI'I
CDI

] ©

10°

Events

102

2 Pr>100 GeV:
s e'pdata:

10 &

// I // 7 0bs/1.94+0.17 exp
10" E excess of 2.6 0
10? 0 20 40 60 80 1060 180 /// ( )

10%9""20 40 60 80 100 120 140 160 180 o ep data:

2 P;[GeV] x P, [GeV] 0 obs/1.19+0.12 exp

17



Measurement of y» — "I Cross Section

= Two-photon channels used to measure the H1 + ZEUS
weighted average cross section for e and u pair production

Multi-Leptons at HERA

— . 101 .
> @ H1+ZEUS (0.94 ™) 5‘ ® H1+ZEUS (0.94 b
8 1 SM Pair Prod. 8 SM Pair Prod.
':a 10° ep —ed X '-a
o i > ;ﬁ]fk'-\-"_l!'?;.: > 5QeV S 1 02
—a— 20° < #4:%2 < 150°

:-_,:-' - -2 £y 82 = ’ f"’

10 Doy =05 o
% —— 3 <082, <1GeV %
© B 10°
T 107 : ©

(a)
10* 10
10 15 20 25 30 35 4{0 45 50 20 30 40 50 60 70 80 90 100
1
P, [GeV] M, [GeV]

= Differential cross sections measured as function of P; of leading
lepton and invariant mass of lepton pair

= Total visible cross section 0.66+0.03(stat.)+0.03(sys.) pb in
good agreement with SM prediction 0.69+0.02 pb (GRAPE)
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‘* Search for Single-top Production

Motivation
Strongly suppressed within Standard Model (< 1fb
GIM mechanism).
Any observation clear indication of new physics.

= Single-top production through flavor-changing
neutral current (FCNC)

s Several theories beyond the SM predict FCNC

= Most sensitive to tuV (charm PDF of proton small
at high x)

s Effective anomalous coupling at t-u-y or t-u-Z vertex

- ZG q g -
AL —eet—(:)uA“+ t ul” + h.c.
& A 2¢0s6, 7@

magnetic vector coupling
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Search for Single-top Production

Decay modes:

= Standard Model
= |eptonic (BR 32%): t=>bW, W>Iv isol.lepton, jet, pymss
= hadronic (BR 68%): t>bW, W->q q 3 jets, my, My,

= Flavor Changing Neutral Currents
n K t>uy n-jets (+lepton pairs)

tuy

| vtuZ t%uzo

Limits on Single Top Quark Production via FCNC

Search for Single Top Quarks at HERA (474 pb:’} L 1 : i
@ o T N U excluded domain H1
= B < ‘
[1}] | Top Preselection e H1Data Z s (474 pb‘)
lﬁ 15 - without cut on lepton charge = Al SM 0.8 _— XEUS : A =My, =170 GeV
B 1 ANOTOP 7 %
102— 0.6— A =my, = 175 GeV
B : E Ktw = Vlcz =0
5_— | :
- . 04 : '3 new ZEUS prel
0 75 150 '_ 300 Z i : e Ktu7< 0.13
M [Gev] 0.2 i s -E--“I:';"""-"““-"::::;-‘:-‘:‘-"E
No significant excess in the signal [ N B i
. . . ] -l B 1 1 1 R 1 1
region, upper limits are set on 0g 0.2 0.4 0.6
anomalous coupling «,,, LN




Are Quarks Elementary?

Quark substructure can be detected by measuring spatial
distribution of quark charge.

= If quark has finite radius, cross section will decrease as probe
penetrates into it.

R, is rms of electroweak charge

2
do do™ R’
= 1-—-0°
dQ* dQZ( 6Q] ‘ ZEUS —
.. ) 10 £ L1 Ty T T ® ZEUS (prel.) e'p 0.44 fb™
u lelt on quark Size (950/0CL), g | 105 B RCZ‘: (0.63 -10™°cm)? .
. . . z | 1 ML‘!.“'_,E"S*:W ..... 2 _ 116 2
assuming point-like electron = . Ao Rg=-(0.57 -107"cm)
= ZEUS: R, < 0.62 108m |09
« Hl: R,<07410¥m |
1 —;—*-*M-.*.N.‘-.H."Q*"-QM*O-H-H-.H—P—&J—P_:fia%_'i:i?_;:i:’. “*“-~~;
= Use similar fit for limits on [ Quark Radius Limits (prel.)
contact interactions and 10° 10° 0 (Gev)

large extra dimensions
ZEUS prel.: A > 3.8 — 8.9 TeV (95%C.L.)
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Excited Fermions

. Excited fermions would be signature of compositeness
« Compositeness could explain 3 families and mass hierarchy
. Excitation/de-excitation described by effective Lagrangian:

]' RES v Ta a / !Y Aa a
Lam = Srbpo” !ngWW +9 1 5B+ 955 G| L
[f, f and f_ are the couplings to the SM gauge groups]
Search for e* at HERA (475 pb™)

H1 @ H1 Data

— AlISM
» i1 e* signal

______

20
18
16
14

Example: production and decay of e*

Events

e* —evyela.)

(2)

M

ey

II|LJJ_]_]_]_ d|I|hi|'—.III|IIII
50 100 150 200 250 300 350

e* Mass [GeV]
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Excited Fermions

f1A[GeVT
3

A 2

2 2

H1: all possible decay channels studied. No deviation from SM
expectation = limits set on f/A (@ 95% CL)

Search for e at HERA (475 pb™)

Search for v* at HERA (e'p, 184 pb"}

-

f=-1

E s E
E f=+1 s =
- H1 > EH1
L o B
(— [ -
L fIA =1/M <10E
E — —
B - T “ L
- = CLEP (indirect) /. -
[ Tevatron (202 pb') i w3k
* _
B o 10 E
= T LEP (direct) e E
B b be b b brnn b bvna b v Lhaslivalay
00 120 140 160 180 200 220 240 260 280 300 100 120 140

e* Mass [GeV]

f/A limits can be translated into

mass limits assuming f/A = 1/M,,

160 180 200 220 240 260 280 300 320
v* Mass [GeV]

f1A[GeV

101IIII|

DELPHI

4L BR(g"—qy)=1

I IIIIIII| I I!_‘bIIIII|| I IIIIIII| T TTTTI

Search for q* at HERA (475 pb™)

f=f,f =0
5

150

=]
[=]

M.* >272 GeV
M,” >213 GeV

11 111
200

250500550
q* Mass [GeV]

= M7 >252 GeV (assuming f,=0)



:h Leptoquarks

Leptoquarks appear in many SM extensions

Couple to both electrons and quarks and carry SU(3) color, fractional
electric charge, baryon (B) and lepton (L) humber

- Fermion number: F= 3B+L =0, 2

LQs model are explored in Buchmdller-Ruckl-Wyler (BRW) framework
(14 different LQ types, which couple to electron)

We search for LQ decaying into e-jet or v-jet:

& 5 q
AY,
c LQ
) q > eav
q

hc'
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Leptoquarks

.. > 10*F 3k
Full statistics analyzed by & ¢ H1 107 H1
H1 (prel. results) ] 10 ep @a9ppY | Q2 &P (428 pb7)
2 10%F -
Search for all 14 LQ types 5 Al 10
NO deVIatIOI’l from SM - ' ? ’:Ioc—Hll\lngt:a (prelim.) E (—:Oc—Hl Data (prelim.)
. . B 1 = . 1 ? e .
limits set on coupling at ;“_‘gm‘u‘nger‘ta‘im‘y‘ o o Uncenainty
95% CL 100 150 200 250 300 100 150 200 250 300

Leptoquark Search, HERA |+l

M/ GeV

Leptoquark Search, HERA I+l

M/ GeV

Example: Exclusion limits on scalar F=0 and F=2 LQs

Leptoquark Search, HERA I+l (449 pb™)

§1f2_|_ (e'd) —
- H1 prelim. single LQ ]
[ H1 (94-00) single LQ |

Leptoquark Search, HERA I+Il (449 pb™)

S, (e'u,vd) |
- H1 prelim. single LQ .
[ H1 (94-00) single LQ

D DO pair prod. D DO pair prod.
|| oPAL indir. limit 10% | L3 indir. timit _
| I250' - I300I - .350I - I400 200 250 300 350 400
M, ./ GeV M ./ GeV

HERA limits are
complementary to
LEP and Tevatron
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General Searches

H1 General Search at HERA {e'p, 285 pb™

= H1 performed a model independent, (e e e
eneric search in final states with >2 E—
igh-P; objects: ovE———

e,M,Jets,y,v ===l

T E ; : ; .
P; > 20GeV mE=
10° < B < 140° M=

= Classified by final state S

= Standard model predictions for all NS
HERA processes considered: NC and e
CC DIS, photoproduction, lepton pair e
production, W-production, QEDC e

Good agreement of event yields with SM ==

expectation. All deviations compatible iy =———c B

with statistical fluctuations. A e -

=g

® HiData i e-e| [ e-e ?}::i E:j; H1
— v i B om
B g itvaion | F | R ==l M
10-';- 10";- \;IIJIJIJI = ; i i ; i

ZPT [GeV] IM;" [GeV] | 102 107 1 10 10% 10° 10" 10°

Events

26



Summary

Full HERA data (1994-2007) being analyzed
Recently, combined analysis in order to improve errors/sensitivity
= Study of deep inelastic scattering processes
s NC/CC cross sections
= Precision of tests of Standard Model
= Observation of electroweak effects
= Combined QCD and EW fits performed
= Rare electroweak processes investigated
= Single W production cross section
= Lepton-pair production cross section
= Search for new physics

m Single top production Overall good agreement with the SM:

= Quark radius = Exclusion limits set, competitive to
= Excited fermions LEI.D and TI.EVATRON . .

= Stringent limits on excited fermions,
= Leptoquarks anomalous productions
= General searches
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