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HERA history and outline

15 years of succesful operations ||

Data taking ended last summer:
- 1992-2000 (HERA I) L~120 pb-! (mostly e+p)
- 2002-2007 (HERA II) L~360 pb-! (polarization ~30-40%, e+/e-p balanced)

Many results produced on
searches:

Leptoquarks, LFV, excited fermions,
FCNC, SUSY ,monopoles, contact
interactions, double charged Higgs.....
—> competitive with other colliders or
precise low energy experiments

Status: 1-July-2007
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| summarize recent update, using
full statistics, of some of the
mainstream searches at HERA:

- Leptoquarks

- Contact Interactions

- High-pt leptons

- Single top
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Leptoquarks

- Hypothetical bosons connecting the quark and the lepton sectors.

- Naturally arise in unified models where quarks and leptons are arranged in
common multiplets.

- Carry SU(3) colour, fractional elecric charge and both lepton (L) and baryon
(B) number: fermion number F=3B+L =0,2

At HERA can be resonantly produced in the s-channel for M o<Vs or
exchanged in the u-channel, then can decay to eq or vq

% u-channel %

/i o

s-channel

Signature identical to NC or CC DIS
Analysis look for possible deviations in e-jet or v-jet invariant mass
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Leptoquarks results

Complete H1 data set both e*p and e-p L~0.5 fb-!

Events / 20 GeV

Leptoquark Search, HERA I+l
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Leptoquark Search, HERA I+l
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l Good agreement between data and SM predictions |
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Leptoquarks results

Leptoquark Search, HERA I+1 (449 pb™
T T

Leptoquark Search, HERA I+l (449 pb™
— —— —————

. < 1F H1 Preliminary Jo—— < 1F H1 Preliminary [——
Phenomenological model of I T Z P ——
Buchmuller-Ruckl-Wyler used in | eyl 1l =0 iy |
limit setting: T A L o i e

: it ” - J/’ -'-“§1/2‘L (e+d) - -;:.! ';/ o VD‘L(E‘d’ w
P R T b T LY ey o)
- U(1)y, x SU(2), x SU(3). Ll B SN =
invariance T RGNS T et ]
- lepton and baryon number e T P v
o LQ
conservation ) .
. . Leptoquark Search, HERA I+11 (449 pb™) Leptoquark Search, HERA I+l (449 pb™)
- either left- or right-handed <~ [~ """ < [T
. 1F H1 Preliminary EUUR— 1 H1 Preliminary
coupling to lepton but not both s " e m
(bounds from rare decays) ol e | . @
F 06 7 I E_ 066 /:
— o /=2 i o A P2
| ¢ g o - \71,2 Llew) I v e ,':_-:‘_‘:}:‘f -8y (e:u,vd)
- 7 scalar + 7 vector states T e T o A
- decay to eq or vq with B=0,%,1 | | aplous) e g
100 200 300 400 100 200 300 400
M o/ GeV M, o/ GeV
M < 300 GeV resonant production => stronger limits
For a coupling of EM strength A=0.3, M<291-300 GeV @ 95%CL
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Leptoquarks results

Comparison with other colliders:

Leptoquark Search, HERA I+lI (449 pb™) Leptoquark Search, HERA I+11 (449 pb™)
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MM”’”/////////
10_1 SO,L (e'u,vd) n 10_1
- H1 prelim. single LQ E _
SN . - H1 (94-00) single LQ _| R Y - H1 (94-00) single LQ _
N | DO pair prod. i \ \\ DO pair prod.
102 ¢ \ —— ZEUS prelim. €I || L3 indir. limit E 107; | oPAL indir. mit
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LEP (OPAL, L3): indirect constraints from ee — qq
TEVATRON (DO): pair production via qq annhilation or gg fusion
—> limit independent of A

l HERA extends the excluded domain for masses beyond the TEVATRON limit |
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Contact interactions

Neutral Current (ep — eX)

-
o
w

* Neutral current DIS data: <~ [ | ' ' ]
excellent agreement between g': 102 L H1 * H1HERA I+lle*p (prel) -
data and predictions over 2 & 4 H1HERA I+l e p (prel.)
many orders of magnitude. ~ 10 H1 2000 PDF e"p .

S —— H1 2000 PDF e” p :
+ Precise test for SM and s 'F E
QCD looking at possible o b b

deviations at high Q? due to i
CI induced by virtual effects 102 £
of new physics at much F
higher scale. 10° e y<09

- P.=0
\s = 319 GeV

Q? up to 40000 GeV? g
Resolution = 1/Q ~10-16 cm | 10° ¢
1/1000 of proton radius B

10-6 i | | | | L1 11 | | I | L1 11 | |
3 4
g 10" Q? (GeV?)
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Contact interactions

Possible scenarios:

S _ S
LQ.q
CI modifies eq — eq tree
q level scattering amplitude
BSM LTP
M )
Js << A> HERA
I TEVATRON
Effective lagrangian for vector eeqq
- - coupling (scalar and tensor couplings
constrained beyond HERA sensitivity)
GGG, ... Z v r B eq _ i _
q cr = Z Nag (eav"ea)(q37ua8)
q R o,8=L.R

o.p give the helicity structure of new
interactions (4 for each q flavor)
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Contact interactions results

General models: 2
Couplings related to the mass scale of new physics A by 77,5 = €447/ A" £,,=0,%1

94-06 (prel.) e“p 330 pb™’
O -1/A? best fit value ® +1/A% best fit value
Zeus daTa 1994 2006 / SM pr‘ed'CTlonS —— allowed 11/1\2 range
. . ZEus A (TeV) AY (Tev)
101 12' IR o 'ZEUS 9404 &* p - vw | so0 6.3
% E 14 - W A+- 8.0 Tev ] AA | 67 —— 6.1
5 T 2’ +A += :'f’ IV 1 VA | 32 —_————— 35
= | sl | i —_—
L w % LLLRRLRR | _.-A X1 49 - 47
- X2 | 55 —— 47
1 X3 | 66 —— 5.3
X4 | 54 —p— 49
X5 | 55 —— 45
‘ ‘1‘03 ‘ ' e ‘1|04 X6 3.8 ——— 4.6
Q* (GeV?) U1l | 58 —— 5.4
o : . R R : . —— U2 6.5 - 5.3
1012 e o 'ZEUS 98-06 (prelyep s | 78 B &5
a - —== AA A =6.7TeV . : '
g 1] g2 " U4 | 6o —— 5.1
E [ T et vl ... AA  A'=6.1TeV ]
E L " | 7 8 — + - + B us 6.6 5.0
Y of  LLLRRLRR i ue | 41 —— 5.1
.......... LL 4.7 —— 4.2
L et e s e an g LR | 20 5 37
=5 : < 3
. ] RL | 22 o 36
L Contact Interactions Limits (prel.) i % o
L \ \ L] \ L RR 4o . . i
10 10 Q? (GeVd) -0.2 0 0.2
+1/A% (TeV?)

ZEUS 95%CL limits: A>2.0 - 8.0 TeV
H1 95% CL limits: A>1.6 - 5.5 TeV (HERA I Phys. Lett. B568(2003)35-47)
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Contact interactions results

Large extra dimensions
(Arkani-Ahmed-Dimopulos-Dvali)

If gravity propagates in 4+3 dim.,
effective gravity mass scale M.
can be as low as 1 TeV comparable
to EW interactions

Contribution of gravity exchange
to ep NC DIS via the effective
CI coupling: 1

Where A is the coupling (positive
or negative) and M, the effective
gravity scale

ZEUS

T ‘ T T
® ZEUS 94-04 'p
_— Mg = 0.9 TeV
--- M;=0.88 TeV

Tl T T T
j1'2| T T L B B |

1D3 104

Q? (GeV?)

T T T | T T T T
® ZEUS 98-06 (prel.) e’p

Q? (GeV?)

ZEUS 95% CL limits: M";>0.90 TeV, M, > 0.88 TeV
H1 (HERA I): M ,>0.78TeV, M’ >0.82 TeV
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Contact interactions results

High mass Leptoquarks
M,,>> Js

Virtual production/exchange of
such state results in an effective
CT coupling

A

Ner —~ M

LQ
A LQ Yukawa coupling

Both s- and u- channel important

NINCTEQSD -~
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1p
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3
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I ZEUS 95% CL limits: M /A > 0.29-2.08 TeV |
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Contact interactions results

Quark form factor

If the colliding particles have finite size the SM cross-section is expected
to decrease at large momentum transfer:

do/dQ?/ do/dQ

. p ) :
do do®M : B . R? 02 ’ Elecron term
do2 —  dQz | 6 B 2 not considered

R, is the root mean-sqaure radius of the EW charge distribution of the quark
H1 Quark Radius Limit HERA I+Il (435 pb™)
g ZEUS
g14 - + — ‘ —— ] ‘ ——
5 [ °*¢P T 10 - 12 —— ® ZEUS 94-06 (prel)e’p
12 + g E L N — 1 == R:: (0‘62 .10'16cm)2 ]
S 9 90-0-0_-0.0-0 g . ______O.____ .- é ,,,,,,,,,, l_ __________ = | T L‘.:.'ig‘:;::r‘:‘;:t """ R2=-(0.8 -10'16cm)2
1 T T — = | 09 1 q
- —— Normalisation Uncertain: E 08 - l R
BT EDF Ulncetrtainl:y o 10 10 ]
06 :_ —Rq=0.74»10'15m (95% CL) P —— -L:;:-’L:::.'.:.:_‘_::::%:_‘::!::j;'.'"%""“'"t_
14 [ . e
i °p Quark Radius Limits (prel.)
12 o \ s I SR
N STOSR : " & (oo
g ™~
0.8 . .
A ZEUS 95% CL limit: R, < 0.62 10-16 cm
il . " H1 95% CL limit: R, < 0.74 10-16 cm
3 . .
L t0* & (GeV) (H1 preliminary 07-141 ?or' LP2007)
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Isolated leptons

High-pt leptons + missing Pt

low Background environment, well suited to look for new physics effect

i I e

- - - L L H !1 D

_=“ |

At HERA main SM source of isolated high-pt leptons and missing
transverse momentum is W production via yp interactions with o=1pb

Cross section evaluated at NLO, theoretical uncertainty ~15%

W predominantly produced at low transverse momentum
———> low transverse momentum of the hadronic system (P;X)
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Isolated leptons: HERA I results

Excess over the SM predictions observed by H1 in both electron and muon
channel not confirmed by ZEUS

Electron Muon
1994-2000 e*p obs. /exp. obs. /exp.
(W= contribution) (W= contribution)
Full sample 11 / 11.54 £1.50 (71%) | 8 / 2.94 £0.50 (86%)
H1 pX > 25GeV | 5/1.76 +£0.30 (82%) | 6/ 1.68 & 0.30 (88%)
118.4 pb~! | pX > 40GeV | 3/0.66 £0.13 (80%) | 3/ 0.64 L0.14 (92%)

In the t channel ZEUS observed 2/0.2 + 0.05 (45%) at P X>25 GeV

A lot of interest triggered by these results in
the HEP community

Attempts to explain the possible excess in term of Rp-

violating SUSY models (Eur. Phys. J €51 543 (2007))
d

——> A joint group was created to ensure the compatibility of the analysis
and to produce combined results for HERA II data
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Isolated leptons: H1 HERA I+IT results

N

]

= @® H1Data (prelim.) Np,,= 41
S0k == aiem P N 4514
E F [ signal .

== € P

105 —4—

10‘1 1 1 A 4 W T 1 W U Y U 6 0 1 1

102 @ H1 Data (prelim.) Np,,=18
§ = AllSM Ng, =24.41 3.4
- [ Signal
. e
nES P
=
10‘1 4I'II'III.II4:II':Illlll:llllllllllIIII'II'I’-II

I+P.r|1“5‘S events at HERA I+1I (e+p, 294 pb'1)

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

I+PIss events at HERA I+l (e'p, 184 pb™)

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

P' >10GeV +
57 < ¥ <140°

well isolated from other
jets and tracks

P"™ >12GeV

H1 Preliminary Electron Muon Combined
[+PHiss events at obs./exp. obs./exp. obs./exp.
HERA I+I1 (Signal contribution) | (Signal contribution) | (Signal contribution)
eTp Full Sample 26/273+38(T71%) | 15/72+1.1(85%) | 41/34.5+4.8(74%)
294 pb~! Pff >25GeV | 11/4.7+0.9 (75%) 10/4.2 £ 0.7 (85%) 21/8.9 £ 1.5 (80%)
e p Full Sample 16/19.4 £ 2.7 (65%) 2/5.140.7(78%) 18/24.4 4+ 3.4 (68%)
184 pb~1! P{f > 25 GeV 3/3.8+£0.6(61%) 0/3.14+0.5(74%) 3/6.9 4+ 1.0 (67%)
etp Full Sample 42/46.7+6.5(069%) | 17/12.2 £ 1.8 (82%) | 59/58.9 £ 8.2 (72%)
478 pb~1! P{f >25GeV | 14/8.5+ 1.5 (68%) 10/73£1.2(79%) | 24/15.8 £2.5(73%)

H1 excess observed in HERA I data
confirmed in HERA II e+p data:

e'p excess~30
e’p agreement with SM

L. Bellagamba Search for New Physics at HERA
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Isolated leptons: ZEUS HERA I+II results

Selection very similar to H1 except reduced angular acceptance for
leptons: 15° <% <120° (Combined analysis use this range)

e+ P’T"“"S events at ZEUS (e'p 206 pb™) e, + PT™* events at ZEUS (e"p 286 pb)

m 101 =Et L | rTrT | FTrT | Tt | FTTT | FTTt | rTT | FTTT | FTTT | T IE TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT

t € e ZEUS (prel.) 3 ..g 10 é ZEUS (prel.) =

® 102 [JsMMC o SIS 1

- = 5 > i

0l B\ Prod. MC = T B \W Prod. MC .

1 = :

. | .

10! _E 10 %
10°0700 20 30 40 50 60 70 80 90 100 100750 20 30 40 50 60 70 80 90 100

PX (GeV) PT (GeV)

I[solated Lepton

Candidates

PX <12 GeV

12 < P¥ < 25 GeV

PX > 25 GeV

e~ p 208 pb~!
etp 296 pb~1

9/11.3 + 1.5 (54%)
7/12.6 + 1.7 (68%)

6/5.1 £0.7 (67%)
7/6.24+0.9 (75%)

5/5.5 + 0.8 (75%)
6/7.4+ 1.0 (79%)

e*p 504 pb~1

16/23.9 + 3.1 (61%)

13/11.2 + 1.5 (71%)

11/12.9+ 1.7 (77%)

ZEUS results:

agreement with SM both for e+p and e-p

L. Bellagamba Search for New Physics at HERA



Isolated leptons: comb. HERA I+II results

miss + 1 . °
o:p £F, ~ sventsab HERA 4l 6'p, US0'tb') Both analysis restricted to a common phase
(/)] [
+ | @ H1+ZEUS Data (prelim. :
S [ S Daapeim) g 57 space region
I.3102 E_@ Slgnal NSM = 531 i’ 64
: H1+ZEUS Preliminary Electron Muon Combined
10k [+P™ss events at obs./exp. obs./exp. obs./exp.
E It g HERA I+I1 (Signal contribution) | (Signal contribution) (Signal contribution)
E?//é/%////// - £ 1994-2007 ¢*p | Full Sample | 39/41.3+5.0(70%) | 18/11.8 + 1.6 (85%) | 57/53.1 + 6.4 (73%)
L ///f///////' 7 5
4 / /
///y//////j///j/é;///// 1 ? 0.58fb~" | PX >25GeV | 12/74+1.0(78%) | 11/72+£1.0(85%) | 23/14.6+ 1.9 (81%)
10 0000000 s
I{//;//éj///;;/ /f //// // /é////// = E 1998-2006 ¢~ p | Full Sample | 25/31.6 +4.1 (63%) | 5/8.0+ 1.1 (86%) | 30/39.6 + 5.0 (68%)
[ / A S 4
K /// //;/ /////////4// // o
102 i aianiii ki 1/.§V(./// T 039fb~! | PX >25GeV | 4/60+08(67%) | 2/48+0.787%) | 6/10.6+ 1.4(76%)
0 10 20 30 40 50 60 70 80 90 100
Pfr( (GeV) 1994-2007 e*p | Full Sample | 64/72.9 £8.9 (67%) | 23/19.9 £2.6 (85%) | 87/92.7 £ 11.2 (71%)
miss + 1
e,u+ P " events at HERA I+ll (e"p, 0.58 fb") 097fb~1 | PX >25GeV | 16/133 £ 1.7(73%) | 13/12.0 + 1.6 (86%) | 29/25.3 + 3.2 (79%)
(/)] [
] - 2
c [ ® H1+ZEUS Data (prelim.) N. =57
Q. 2| EEAISM Data .
3 H1 only

LL*

|
H1+ZEUS comb)> 2¢

10"

A NN i
N

HERA Exotics Working Group

4 / 2%

o .,
2 % fa .7./%//. ki .//.%?
0% 50 100 150 200 250
MY (GeV)
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Multi-electrons: comb. HERA I+II results

- Main SM production yy—ee

- QED process theoretically
very well known

- Production falls steeply
with the lepton pt

H1+ZEUS Multi-electron analysis HERA I+II (preliminary)

My >100 GeV
Selection || Data|  SM | Pair Production | NC-DIS + Compton
et p collisions (0.56 th~1)
2e 4 1.97 £0.22 1.10 £ 0.21 0.87 £ 0.18
3e 4 1.10 £ 0.12 1.10 £ 0.12 —
e~ p collisions (0.38 tb~1)
2e 1 1.44 £0.15 0.77 £ 0.10 0.67 £0.12
3e 0 0.75 £ 0.08 0.75 £ 0.08 —
e* collisions (0.94 fb~ 1)
2e 5 3.41 £ 0.37 1.87 +0.25 1.54 + 0.29
3e 4 1.85+0.24 1.85£0.24 —

Few events at large mass in e+p collisions
Overall acceptable agreement with SM
predictions

Di-electrons, HERA I+Il (e'p, 0.94 fb'1)

H1+ZEUS (common phase space)
@ Data (prelim.)

Esm
SM Signal

M,, [GeV]

H1+ZEUS (common phase space)
® Data (prelim.)

E—swm
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Single top

SM cross section at HERA < 1fb

Topology: high pt leptons, high-ptmiss,
large hadronic Pt (differently from direct
W production)

Possible anomalous production due to |
FCNC couplings tuV

Selection:

- Standard high-pt lepton selection + good
lepton charge and top mass reconstruction M,

- Multivariate discriminant based
on M,,. 6(W), P+*

Few events compatible with top,

Events

no large significance |
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Single top results A

New H1 result (HERA I+II L~0.5 fb-!) MM
Charm contribution negleced e v
Vector coupling to ZO neglected ~ Hy,(minary (HERA 1)

upper bound on cross section _1 = > Excluded

at 95%CL: \/

Oepsetx 0.16 pb I /}\ > Excl. by ZEUS

upper bound on the anomalus ! > Excl. by CDF

coupling: i

K< 0.14 g

/ Excl. by L3
HERA limits for \\ Kier = Viez = 0
. m. =175 GeV
k,,, more stringent . Lo

than TEVATRON
and LEP
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Conclusions

HERA ceased data taking after 15 years of honoured activity
Each experiment collected ~ 0.5 fb-! of ep data

HERA valuable legacy:

- A deeper understanding of the proton structure

—> Indispensable input to LHC physics

- Study of short distance eq interactions, unique opportunity to search for
BSM particles and interactions

——> Lot of results spread over the whole spectrum of interests of the
HEP community

——> Many constraints competitive or complementary with other colliders

Activity is ongoing
- Further searches are going to be updated using the whole HERA data
- H1+ZEUS WG is working to produce further combined results
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