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27.5 GeV electron — 920 GeV proton



HERA

“Hadron-Electron Ring Anlage”

protons: 920 (820) GeV
electrons/positrons: 27.5 GeV

— cms = 318 (300) GeV

City of Hamburg
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HERA Running Periods
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HERA |: 1994-2000

1994-2000: e*p data ~ 100 pb™ (per experiment)
1998-1999: e p data ~ 15 pb™ (per experiment)

2003-2004: e'p data ~ 60 pb™ (per experiment)
2005: e p data ~ 100 pb™ (per experiment)
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Produced by HERA [pb™]
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HERA 1I: 2003-2006

* new optics higher — luminosity
* longitudinally polarised beams

until HERA end (mid 2007)
expect ~ 600 pb™ (per experiment)
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Overview

* SM processes at HERA
* ook Beyond the SM:

* inclusive final states
* phenomenological searches

* selected specific models

e Summary

André Schoning, ETH Zurich 4 XXXIV IMFP, 2-7 April 2006, El Escorial Madrid, Spain



I HERA Kinematics + SM Processes

« Dominant processes at high p_:

NC DIS: ep — eX CCDIS: ep —vX photoproduction: Yp — ]

e c ¢ v € ©
Q° -
Y > ]

I 2

v.Z Q° WQ
- A N
p—r vi:'x p—> ui:"x D =X

André Schoning, ETH Zurich 5 XXXIV IMFP, 2-7 April 2006, El Escorial Madrid, Spain



SM Differential Cross Sections

HERA
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The Chiral SM

¢ CC pOIarlsed Cross SeCtlon for Charged Current ep Scattering (HERA 1I)

e’p and and ep scattering: r e
5 90 . =
— + 8k ep—>vX -
cc— s ) C i O H1 (prel) -
Ucc <1—Pe O-CC,unpol “F i : " E
o o 70 A ZEUS (prel.) =
P_=longitudinal e* polarisation E & ZE0S :
ooL — SM (MRST) =
502_ e'p—>vX + c
e _ - * H1 3
LCC,L:_Z\/E 0 [WLueYu(l_)’s)V] T hc b a zeus =
STy L — SM (MRST) 2
€ _ 5 30 =
Lo =~ W.ey'(1+y)v] + he TF :
CC,R Z\ﬁsin@w | R, y'(1+y’)v] N3 E
- Q’ > 400 GeV’ -
105_ y<0.9 _E
o extract limit on right-handed m(Wpg): T T
Pe

m(Wg) > 208 GeV (95% CL) results consistent with left-handed CC!

(H1 e*p only)  (Phys. Lett. B 634 (2006) 173)
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The Search Machine HERA

* Directly Probing new physics in lepton quark interactions:

quarks leptons
Q -1/3  2/3 -1

3. family ([_D @ @ (W
2. family (e) W
& @

1. family @ u) 4P

=]

N
f(e) e Iy,
v, 4, W v, L, W
qi qj qi I Q

HERA is probes small cross sections:

limits on — masses ® couplings
André Schoning, ETH Zurich

HERA: unique sensitivity to

new bosonic states

* | eptoquarks
— Lepton Flavor Violation
* R-parity violating Scalar Quarks
* Gravitons
— space time structure (LED)

new fermionionic states:

* quark subtructure

* excited fermions
* anomalous top production
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BSM Topics

e Searches in Inclusive Final States

- Leptoquarks (Deep Inelastic Scattering)
- Lepton Flavor Violation

- Contact Interactions, Extra Dimensions, Substructure

* Phenomenological Searches

- General Search

— Isolated Lepton Events with missing P+

— W production
— Single Top Production

— Multi Lepton Final States — Doubly Charged Higgs
* Other Models
- Excited Fermions

- SUSY
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Leptoquarks at HERA

Properties:

* multiple charges of 1/3
o carry lepton & baryon number, SU(3)_ color

Motivation: light Leptoquarks M < M_ _ predicted
e GUTs: E6, SO(10)
* SUSY, Technicolor, Superstrings

Production at HERA: € eV e~ A, %
Yukawa coupling Kij LQ LQ
(i, = family indices) K” }Lkl
— single production g s-channel q g i A | g
u-channe

Leptoquark Model:

« SU(3), x SU(2) x U(1), symmetry
e 7 scalar / 7 vector (Buchmiiller, Wyler, Riickl)
*F=B+L =0, 2
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BRW model:

fixed LQ decay
branching ratios

André Schoning, ETH Zurich

Leptoquark Types
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F=2| Prod/Decay | 3. | F=0| Prod./Decay | 3.
Scalar Leptoquarks
Sor |egur —eu|1/2| Sijar | efur — etu| 1
— vd | 1/2
Sor |egur — e uw| 1 | Sippr | €fur —etu| 1
Sor | egdr — e d| 1 E?Ed’.,g —etd| 1
Siy | egdr—ed| 1 | Sijar | ehdr— etd| 1
epur —eu|l/2
— vd | 1/2
Vector Leptoquarks
Vipr | egdr — e d | 1 Vor | €fdr—etd] 1
epiy — € U 1 VoL E:Ed. L —etd|1/2
— Du | 1/2
Mo | efdr—ed | 1 | Vor |efugp—etu| 1
ﬁl,-gl L |efup —eu| 1 Vi epur — etu| 1
ehdp — etd | 1/2
— Tu | 1/2
11




Leptoquark Mass Spectra

(ZEUS: Physical Review D 68 (2003))
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search for narrow resonant state: 1 g1y = T 7 pM < 1GeV
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Leptoquark Limits

(ZEUS: Physical Review D 68 (2003))

in total 14 limits: ZEUS
< FF-0scalar LQ limit ] = [ebvectoriome 1 . .
[ zBUS 9100 ¢'p 1 [zeusssmerp 1 high mass region
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side remark: N N
LQ limits hold also for direct RPV Squark (SUSY) decays: SIL,2—>&L Sy—d,
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General LQ Framework

(H1: Phys. Lett. B629 (2005) 9-19)

BRW: fixed branching ratios:

LQ—eq , LQ—vq HERA Limits (H1 publ.):
. | | ! | X |
General. NC VECTOR LQ ]
_ : . -4 0.2
Be = BR(LQ — eq)/BR(LQ — vq) arbitrary = L edo ]
H1 1=0.03 |
1006 194
NC cc . ]
- . . | | . . H12=03 1 0
g 2 ]
Ll
10
| CC e po s e B,
1 250 300 350 400
_— H1e'p H1e'p L
5;~320 GeV 5,,~320 GeV NC SCALERLG ]
" 3 L— = — ' == % eu—LQ—euvd] 0-2
‘q:')' H1NC only |
R S TS I e PO NS 7/ e H1CC only ] 0.4
27 DO limit —:0.6
.Vsenpz?fzolGe.V ' I\wselsz)TZOIGeIV R L | | CC | I , ] B
100 150 200 250 100 150 200 250 200 250 300 350 400 v
M (GeV) M (GeV) M (GeV)
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I Lepton Flavor Violation Leptoquarks

Leptoquark model with LFV coulings:

e >_< n() e~y M@
q T Ny q~ A, q’
s-channel u-channel

similar analysis as for LQ (~DIS signature) but with almost no background here!

L I [ &
- eq—ouq

T | T T T T
e H1 Prelim. ]

T T T T

r

S A S I~ F & & d
| eq—1q e H1 Prelim. ]

-4 )
G 10F i SM E S 10F = sM g
s f [ ]V; 250 GeV ] > F []V. 250 GeV ;
i (arb. norm.)] i (arb. norm.)]
L L T
107 B 107 |'Lr|-[ 3
ot B, % ¢ S 102l —‘J-l — J]P:-' '
0 100 200 300 0 100 200 300
M2 / GeV M-Q/ GeV
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LFV Limits

limits for different scenarios:

eq — LQ —eq
eq —>LQ —eq,uq (50%)
eq—>LQ—eq,tq (50%)

o Lrrrrpr e T T [rrrrrprrrr T Ty o B L
< i H1 Preliminary < i H1 Preliminary

1L Sh — €, A, i 1L Vi—eq, A, .
E"'S1leﬁuq' qu:keq é - ]
10" St et . 107",
1075 ) 3 107
“ """""""" Sirz ]
0-3....|....|....|....|....|.... 1-3_,,,.|..,.|....|....|....|....
100 150 200 250 300 350 100 150 200 250 300 350
M-? / GeV M-?/ GeV
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Contact Interaction

Contraction of a time-like/space-like interaction to a
four fermion point-like Contact Interaction

e [ffective Lagrangian

(considering only vector-type terms)

T . q TR S s 3
LI L Z ”mﬂ(ﬁ;”- .?'l“ €4 j {fﬂ; ,i',u(fh)
a, b= L, R

£ / 2
model: 7, = €(7%)*
' “Tab

e = 41 interference with SM:
A effective mass scale

¢ coupling strength

often set: ¢ = /A7 =~ 3.5 ~ 11e¢

André Schoning, ETH Zurich

)

‘4 Tevatron

—- testing new physics above the collider energy

at high scales, for example (_22

e considering proper LQ couplings
—> access to Leptoquarks
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Contact Interaction Limits

(H1: Phys Lett B568 (2003) 35-47; ZEUS: Physics Letters B 591 (2004) 23-41)

LQ interpretation: /[ ;"',-f\ (= ﬂ/ )

ZEUS
— _— . —_—
.. . 10F 12 — e 7EUS 94-00e’p =
Limits on Effective Mass Scale A : . i_. St MA=083TeV ]
2 13 i T --- St MN=0.52TevV .
| ] 1 1 | L] 1 1 1 : 1 ] 1 1 | I | 1 1 .._Z,_ | .'-_.' 1
H1 i 3 2 [oel——n +
A (TeV) ; A" (TeV) - 10 10 .
LL 1.6 s 2.8 1
LR 1.9 L 3.3 F .
RL 2.0 —— 3.3 [ Limits on Heavy Leptoquarks 1
RR 2.2 —_F'ﬂ' 2.8 = ' — ' ' \
\TAY e b b Q* (GeV?)
AA 4.1 l=l=l=l=l=l=l+=l=l=l=| 2.5 — ZEUS, : —
o ' 10 |- o 98-99 e’p =
) e ——— i .
VA 3.0 : 2.9 S PN N B VL M/A=1.23 TeV
|I;|I__+ iE 3.9 W 3.7 ZE ..... Vh, M/A=0.47 TeV
+ 4.4 e 4.4 =
|||||||||l|||l||i||||||||||||||||| =
5 0 5 _orE”
eA (TeV) 14 o2
Uivitson BesvyLepioguacks. ™~~~ | | ™
i . £ 9w oyaa ]

10° 10* Q (GeV?)

(fits include CI/SM interference)
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Lepton Flavor Violation

ZEUS Collab., DESY-05-016 (1/2005), submitted to EPJ

* high mass Iimit M > s:

C T

eq . lq,

LQ
q q

four fermion contact |IA

* o, generation indices
* [imits set on (1/TeV?):

Ay A

)
MLQ

lq

André Schoning, ETH Zurich

e -1 ZEUS e*p 94-00 F=0
aB Slfﬂ S:ﬁ'ﬂ . Sl,fz %L_ I")-:':lljf %R VIL .
e fi e (i + ) e~ d e d a2 d e fi e~ (V2 + d)
etn etin + ) etd etd etd et et (21 4+ d)
T —r e T — TE T — e T — e T —r fTE T — TE T —r e
11 0.4 02 0.4 0.2 0.2 0.2 0.0
1.8 1.6 3.7 1.T 1.T 1.3 0.6
T = He K — risir T — He Tr— He K — oy
12 5.3 58 = 104 3.2 3.2 1.5 x 104
|1.9| |1.6| 2.9 3.1 | | 2.1 | | 1.6 | 0.8
H =+ rg H —T& A — 18 A — 18 2 —re
13 * 0.3 0.3 0.13 0.13 * .13
3.3 3.3 3.6 3.6 3.6
T Ke H —r i T He T He H —y i
21 8.3 5.8 x 10—+ iz 3z 1.5 x 10—4
|6.0 | |4.1| 6.3 | 2.3 |2.3] | 2.1 | 0.9
r— 3e ™ — Je T — Je ™ — 3e ™ — 3e T — 3e T — 3e
22 b 8 17 a9 a9 3 1.6
10 | 6.6 | 6.5 | 3.4 | |3.4] E.E 3.1
g —+ réX B — réX B —+reX | B —reX 82—+ reX
23 * 14 14 7.2 7.2 * 7.2
H T8 H T8 Tun H % TE Tun
31 * 03 0.3 012 0.13 * .12
T.B 7.3 3.6 3.6 3.6
B —+r1reX B — reX B —reX | B —+r1eX B — reX
32 * 14 14 72 72 » 7.2
11 |10] 43| | |as] |4.3]
™ — Je T — Je ™ — 3e ™ — 3e T — 3e
33 * 8 17 a a * 1.6
156 |14 | 8.1 | | 8.1 8.1
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Extra Dimensions + Substructure

* Large Extra Dimensions:

A
Y—1 _  aAr2 . A2+ é p A
S T re = Mg, = MM HERA | Large Extra Dimensions
/ 3 1 1 IIIIIII 1 1 IIIIIII ] LI 1 1 IIIIIII ] ] IIIIIII
R size of compactified extra dimension [ 4 " °
B - B - | 4
— A compactification mass scale L MsB0Gel  dest L T M=170Gel =
SM M.=610 GeV =1 | M=730GeV i1
e Sog Y > ‘b' 2 = combined limits: — combined limits:
0 2 - M=820GeV  A=+1 A M.=820 GeV  h=+1
S - M_=780 GeV =1 f o M_=780 GeV  h=—1
A €
m e
—— Am=1/R ! .
— | | ; | I
0
10° 10 10° 10
— q Q* (GeV?) Q? (GeV?)
Kaluzza-Klein tower deviation from SM I\/ID > 0.8 TeV similar limit
by ZEUS
HERA I:

* Quark Radius: | |
fit form factor to data  f(Q*) = 1 — +(R*) )* R, <10 CmI
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BSM Topics

e Searches in Inclusive Final States

- Leptoquarks (Deep Inelastic Scattering)
- Lepton Flavor Violation
- Contact Interactions, Extra Dimensions, Substructure

* Phenomenological Searches

— General Search

- Isolated Lepton Events with missing P+

— W production
— Single Top Production

— Multi Lepton Final States — Doubly Charged Higgs
e Other Models
- Excited Fermions

- SUSY
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General Search HERA |

H1 Collab., Phys Lett B602 (2004)14

Evenis

« study of ALL high p_final states 10% 10' 1 10 10® 10° 1o*
in a single coherent analysis ' '

* model independent:
— search for deviations
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* peform a global statistical inter-
pretation — check SM consistency
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General Search HERA |

H1 Collab., Phys Lett B602 (2004)14
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General Search HERA |

H1 Collab., Phys Lett B602 (2004)14

Events
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General Search HERA |

H1 Collab., Phys Lett B602 (2004)14

Interesting €7 777 event observed

—_
=
[

LAr Energy (GeV)

o total invariant mass M = 262 GeV

* SM exp. from higher order QCD is

~ 0.02 events

* Other (rare SM/BSM) explanations:

> (anomalous) top quark production
> WW production, Higgs ?

André Schoning, ETH Zurich
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General Search: Comparision HERA | + ||

HERA | N HERA I Events
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H1 General Search

results consistent but again excess in ¢jv channel even more pronounced
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Statistical Interpretation of General Search

Look in differential distributions with high sensitivity to BSM processes:
@ a1l Invariant mass of all objects

® > pp: scalar sum of tranverse momenta

Quantify possible deviations (deficit or excess)

e new algorithm to find region of largest deviation in distribution:

Pregion — Gsyst(BG) 03y PPoisson(NobS Z NSJM; Nobs = NSI\/I)
Ngysy = number of expected events in region
Nos = number of observed events in region

e significant deviation: pregion K 1
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Statistical Interpretation of General Search

H1 General Search - ¥ P; Distributions
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e L e r | | Region of greatest deviation
0 50 100 150 200 250 300 0

André Schoning, ETH Zurich 28 XXXIV IMFP, 2-7 April 2006, El Escorial Madrid, Spain



Statistical Interpretation of General Search

H1 General Search - X P; Distributions

10"

2| 1T 6] 1] -
o F ::' ] 1 ]
Lﬁ iy r 1w
1I .r 1{}r ; . . .
ol ' ¥ Region of bf largest deviation:
5 M =y Lk i‘"‘” e & TR 5 “| — excess: 3/0.0684-0.029
w' . 10 :> prcgiun e 7'5 s 10—0
w=Jj-v
-E i - H1 Data
S —cde
T g Region
N Event Class Probability
107 | e Whatis the probability /7
- LHILL to observe such a deviation
- | | ﬂj . | I e [ derived from MC
0 50 100 150 200 250 300 [ © o s experiments
)X PT (Gev) |Data . e
¥ o | — SM = for this class: P = 0.001
w L N 3 |:| Region of greatest deviation
£ P, (GeV)
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Event Class Probabilities (HERA 1)

Event Class Probabilities 1/\) derived for all event classes:

H1 General Search - £ P; Scan H1 General Search - M, Scan
w ]
@ —e— H1 Data 2 —e— H1 Data
E 10 —— MC Experiments E —— MC Experiments
O ; 3 :
.E p=]=v .E po=j=v
: 4T 4+ | B
z : T 28%
s 3% | = - i
10 I
O K]
£ E
2 2
102 =
I I L1 1 I 1 | I L I L1 1 I L1 1 1 I L1 1
0 0.5 1 15 2 25 3 2 25 3
-log, ,P -log,,P

—> largest deviation from the SM found in the /1)1 class
—> “isolated lepton events” + missing pp
® excess previously reported by H1 (Phys.Lett.B 561 (2003))
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Isolated Lepton Events

H1 Collab., Phys. Lett. B561 (2003) 241; ZEUS Collab. Phys. Lett. B559 (2003) 153

* Topology:
X
Py
e SM Process: H
W-production (p_“small)  HERA | publ. results by H1/ZEUS
ep N ex W H1 1994-2000 electron muon tau (subm. pubt.) W eff.
NN RV L(e*p)=118 pb obs./exp. obs./exp. obs./exp. e,mu(tau)
_ Full Sample ||11/11.5+1.5[8/2.94+0.51| 6/9.9%>% || 750 (~9%)
® X
BSM Process: p,">25GeV ||5/176+0.29 ~85% (~50%)

2> anomalous single top

production ZLI?US; 1;924(1)—2%010 electron muon tau W eff.
_ ep)= pb’ obs./exp. obs./exp. obs./exp. e,mu(tau)
> RPV SUSY: stop Full Sample | [24/20.6+3.2] 12/11.9=0.6 | 3/0.40 + 0.12 | [~17% (~48%)
predict highp * ! | P'>25GeV |}3/290:046]5/275 021 21020005 ||-s0% (-s0%
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Isolated Tau Events

e Multivariate analysis for tau-id

2

W F T T T T
® ZEUSO9400data []SM !
mum Single Top MG [] Wonly

* % ® ¢ o

.o

::L....: o e _"-I::T.. ma,

-leg(1-D)

ETA PHI

tau candidate, R =39 GeV
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Isolated Lepton Events HERA I

. _ 1+P™ss eyvents at HERA 1994-2004 (e"p, 158 pb’™)
e'p_scattering (H1: 2003-2004) 0
E 10 £ @ H1Data (prelim.) Np.a= 28
- = +
H12003-2004 || _electron muon total S G a Moy = 185226
L(e"p)=53 pb™ obs./exp. obs./exp. obs./exp. w L
Full Sample 9/4.75+0.76 | 1/133+0.19 | [10/6.08 £0.92 10 _=*_
P >25GeV |[5/084+0.19] 0/0.85 £0.13]| 5/1.69+0.28 =7 | —+—
excess for pTX > 25 GeV again : ?: I ‘T‘
: : 1
In positron channel ! : |
1+PMiss events at HERA 1998-2005 (e'p, 121 pb) 0 i T
8102k _ _ 0 10 20 30 40 50 60 70 80
[ = @ H1Data (prelim) Np,,=12 X
S [ == Alswm Ng, =15.8+2.2 P7 (GeV) e andu channels
LI>J - [ signal
105 e p scattering (H1: 2005 + (1998/99))
—T—#jzl H11998-2005 || electron muon total
e | L(ep)=121 pb™ obs./exp. obs./exp. obs./exp.
- Full Sample 11/126+1.8| 1/33+0.5 12/15.8+2.2
- P >25GeV |[75/24205 | 0/2.0 03 || 2/44%07
107 6264050 60 70 80 no excess at high p_X in e
PX (GeV) e andp channels T
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e =47 GeV, Pi*s = 47 GeV

“‘quasi” elastic:

ep — (eN*) W
W — ev
AME e =
P4 = 37 GeV, P = 44 GeV, P73 = 29 GeV
inelastic:
ep —(e) XW
W — ev

_JY
X
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Study of W-production (ZEUS)

electron channel:;

* analysis of early 2003/04 data
e re-analysis of 1999/00 data oo
* aim for high W purity + efficiency

-2
0 02 04 06 08 1 1.2 14 16 18 2
b (rad)

e total luminosity 106 pb™

10

e e : E

Events

1(,'2 10 20 30 40 50 60 70 80 90 100 80 100
P}(GeV) PF (GeV)

102

f W, [y

I: 10
q q
I-s T 1
i f

1o 20 30 40 50 60 70 80 100 120
Pr(GeV) M; (GeV)

only W electron decay channel:

[solated e candidates 12 = Bff ¢ 25 GeV B = 25 QeV
ZEUS (prel.) 99-00 etp (66 pb™") 1/1.044+0.11(57%) | 1/0.92 4+ 0.09(79%)
ZEUS (prel.) 03-04 e*p (40 pb™ ') 0/0.46 4 0.10(64%) 0/0.5810:05(76%)

results are consistent with SM expectation
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Isolated Leptons High p* Summary

H1 electron muon tau
1994-2005 obs./exp. obs./exp. obs./exp.
L(ep)=158pb || 9/23204 | 6/23204 | 00,0
L(ep)=121pb™ || 2/24+05 | 0/2.0 £0.3 * = 118pb”

H1: excess in e'p data only

ZEUS electron muon tau
1994-2004 obs./exp. obs./exp. obs./exp.

L(ep)=106 pb1|| 1/1.5+~0.3

L(e“p)=130 pb” 5/275+02 | 2/0.2+0.05

ZEUS: for W hypothesis excess in tau channel (10x expectation)
inconsistent with electron and muon rates
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Interpretation of Isolated Leptons

RPV SUSY (GMSB): chargino decay RPV SUSY: light sbottom scenario

sk d
i 5

e O
(analysed) v

RPV SUSY: light long-lived neutrino

_I_
€ d
>.t..</ {r
~F s
q X .

(analysed)
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I Anomalous Single Top Production

e Production of single top quarks at HERA via anomalous magnetic coupling -,

o Searchfor: eq — eXt"

/ =
331

/
311 U

— isolated lepton topology (excess at high pf‘ ) / high o1 3-jet events

e Effective Lagrangian:

SCCE , ]
Lett = Z ( T touuq ky pUAY  +

g

_—1 vz uUZH +
2cos Ow Tubz,t

— K~ p 1s the anomalous magnetic coupling

— vy r7 is the anomalous Z boson vector coupling

André Schoning, ETH Zurich 38

sensitive to new physics: e.g. SUSY

Theoretical Model

BR(t — cV)

Standard Model [0~ 1012
Two Higgs Doublet Models ) O [
Supersymmetry 102 = 107 F
Multi Higgs Doublet Models 10~%— 10-°
Singlet Quarks 102
Dynamical EWSB 73
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Top Quark Selections

(H1 Eur.Phys.J.C33 (2004), ZEUS Phys.Lett.B 559 (2003))

H1 Selection

Analysis Methods

e cut based/ multivariate

Variables:

e ¢, 1 decay: p}} My, COS @fy
— 5 events / 1.31£0.22 expected

e hadronic decay: p%, Miets, €OS @W

HADRONIC CHANNEL
n 40 ®» Hi Data
S = All SM processes
---- Top MC
o 30 £ Top e
(normalised to signal =
20 in e+ channels)
QCD
10 background!

0 02 04 06 08 1
D
hadr. channel consistent with SM exp.

André Schoning, ETH Zurich

ZEUS Selection
e, | decay

e isolated leptons p% > 40 GeV
hadronic decay
o pih33) 5 40,25, 24

e V- { masscuts

2
W e , s

e
102 652 < M= 908 Gev

it *’H T
(ARFIRIR AN il

40 '.'-‘l] Bﬂ 90 IDI] 11D 60 80 100 120 140 160 180 2('1] 2N 240
M| (GeV) MY (GeV)

Evenis

1w -

——»
}
Events

14,/17.61?:? consistent with SM expextation
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Anomalous Single Top Production

H1 Collab., Eur. Phys. J. C33 (2004) 9; ZEUS Collab. Physics Letters B 559 (2003) 153

I I I | I I I I | I I I | I I I | I I I | [ [
E\é B Bt — Urnz €Xclusion region ZEUS 94-00
= o _
= 1k |
Top Cross Section Limits C > M, =170 GeV ]
(v/8 = 318 GeV, CL 95%): 0.8 \ \ > M.f..,=1?5 eV

o Hi: cr(ep — €tX) < 0.95 pb S \ k —> :'ﬂtupzi 80 GeV _
e ZEUS:o(ep — etX) < 0.225 pb i \ ]
0.6 —> Excluded by CDF, M =175 GeV —
Conversion to anomalous couplings B 7
(NLO: Belyaev and Kidonakis, m; = 175 GeV) B B}
® Hl: Ky < 0.27 0.4 Bty = UeZ = 0 —
® ZEUS: Kiyny < 0.174 _——N\__H _
o | _
— —> lixcluded by [.3, M =175 GeV -
0.2 _
L > lixcluded by H1, M, =175 GeV |
U_ l l l l l \ l l | l l l | l l l | l |

0 (.2 0.4 0.6 0.8 1
f{-tua-:;

— complementary sensitivities by different colliders
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Anomalous Single Top Production

H1 Collab., Eur. Phys. J. C33 (2004) 9; ZEUS Collab. Physics Letters B 559 (2003) 153

| | | I | I | | I | | | | | | | | | | | | | |
bg K — Yz €xclusion region ZEUS 94-00 -
e 1
— 15 —
Top Cross Section Limits A > M,,,=170 GeV :
(v/s = 318 GeV, CL 95%): 0.8 :\\ > Mm]l=17'5 GeV ]
e Hi:o(ep — etX) < 0.55pb I \ > M, =180 GeV J
e ZEUS: o(ep — etX) < 0.225 pb : \ :
0.6 —> Excluded by CDF, M, =175 GeV —
Conversion to anomalous couplings Bt -
(NLO: Belyaev and Kidonakis, m; = 175 GeV) B “1 ]
o H1:  Kyyy < 0.27 0.4 “l Ktey = UteZ = 0 —
® ZEUS: K¢y < 0.174 _—-‘-‘J'T\“--\ i
B L N -
| HERA I —> Excluded by L3, M ,=175G¢V
0*2 _/v 'l T
: : ll > Excluded by H1, M, =175 GeV :
HERA Il perspective . \1
0 | | : | il | | I | | 1 | 1 | 1 | l | | | l |
0 0.2 0.4 0.6 0.8

1
.H/tuﬁ};
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uue event:

Study events with 2 or 3
Isolated leptons ]

(electron, muon, tau)

eee event:

,}../Zu
q |

c)

“two photon”  “Cabibo-Parisi” “Drell-Yan”
(dominant)
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Multi-Electrons HERA |

H1 Collab., Eur Phys J C31 (2003) 17
1996-2000 €

g 10 ® HiData 115 Ph‘l g 10
g ,g__ Fé‘nRrEE(ﬁ:)luctlon 5 ;_.,.'
H 10 L Te DS (=
A +Compton  2€ 1 ‘ o
(2o -‘_
1 o9 =
-1 Z :_’--_ Z Ti% 10
v
» 10
10 2- 7
R ' 10
10 E G G g
0 50
Full Analysis H
H1(L=115pb™) data SM ZEUS(L=130pb™) SM
ee 108 117.1+8.6 ee 191 2139+39
eee 17 203+2.1 eee 26 3477+0.5
good agreement with SM good agreement with SM
M12>1OO GeV:
H1 (L=163pb™) data SM ZEUS(L=130pb™) data SM
ee 3 0.30 £0.04 ee 2 0.8+0.1
eee 3 0.23 +£0.04 eee 0 0.4 +£0.04

= excess at high invariant mass
André Schoning, ETH Zurich

43

= consistent with SM
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Event 6

3 GeV

=11

L
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HERA Multi-Leptons HERA | + i

H1 Preliminary ~ Multi-lepton analysis (275 pb™1)

cee 210°F el
H1 Preliminary 275 pb™! (1994-2005) L F
Selection | Data SM Pair Production | NC-DIS + Compton = 10
ee 266 | 261 =37 | 217 + 23 44 E 22 :
(i 113 | 112+ 21 112 + 21 — - 1%
el 137 | 136 + 21 83+6.5 53+ 16 F
eee 52 5246 52+ 6 — 10.1_E
e | 63 |67+£105| 67+ 10.5 - L‘-I_‘ :
10 0 ZIO 4I0 6:3 BIO 1£|)0 'EZIO 1;0 16I0 180 0 0 ZIG 4IO GIO BID 1€I30 120 1-';0 ‘IBIO 180
M,, (GeV) M, . (GeV)
N 2
E!O :E eﬂ“
H1 Preliminary 275 pb~! (1994-2005) e 10;
| Selection | Data SM | Pair Production | E Iil H1 Data (prelim.)
- T e - DIS+Compton
=, ¢"pcollisions (156 pb™") 5 | ( > !
ee My, S100GeV [(3 )] 044 =010 | 0.29=£009 E LI Pair Production
e My, >100GeV | 0 | 0.03£002 | 0.03+0.02 i
e'p | o Moy >100GeV | Q| 0294003 | 0294003 wE
eee Mp; >100GeV | f3\] 029+006 | 029006 E
e M, >100GeV || 1 )| 0.042£001 | 0044001 10 5™ 56266050~ 100120 140160 180
eppr M, >100GeV [\ 1 /]| 0.015 +0.007 | 0.015 + 0.007 M., (GeV)
7 ¢~ pcollisions (119 pb~) ) ) .
ee M;; >100GeV | 0 | 042x011 | 023+x006 | = {two more interesting events at high mass
e My, >100GeV | 0 | 0024002 | 0.02+0.02 -
ep |5t Mey >100 GeV | 0 | 024+004 | 024+004 in HERA I
eee My, >100GeV | 0 | 0.18=+005 | 0.18+005 o : +
epp My, >100GeV | 0 | 003001 | 0034001 excess observed Only in e’p data
epp My, >100GeV | 0 | 0.004 £ 0.003 | 0.004 + 0.003 e events not peaked IN mass

André Schoning, ETH Zurich

(resolution 2-5 GeV)
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Tau Pair Production

H1: submitted to Eur. Phys. J. C

=y
o
W
u—y
U

First measurement of tau pair g = et d
. . S TP No-133+40 ) = TP Ne. = 18.6+7.4 )
production at a hadron machine: .l cowe ) - 75040 1ol control N, = 146474
S | o
multivariate ID methods (NN) = [ 4wk
for hadronic tau decays — b T st
i 1
Selection of t—e , T—U, t—hadrons: 10002 04 06 0f1_pmng1 100 ""02 04 08 Ofs_pmng1
HERA I: e*p data L=108 pb"' {.
L:; E H1 Ndata= 30 c)
g N, =27.1+4.1
= T N.. =16.0+34
10 E_’ o - ® H1 Data —e+
1E
107> = e'p— @l T T'p
T ., L U

good agreement with SM!
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Doubly Charged Higgs at HERA

H1: submitting to Phys. Lett. B

Motivation:
* H"" appear in Higgs triplet(s) of
non-zero hypercharge HERA: single production of H**
* occur in extension of the SM - o . o -
¢ e.g. Left-Right symmetries: 1 HE
SU(2), x SUQ2), x U(1),_, _ B g | K f H
e vev might give mass to Majorana P p ) F B ; B b
neutrinos
* chiral couplings to standard leptons unknown:
"L expectation:
hee hHe hre .
h™ =lh h h » 2 equally charged high p_leptons
i S mu T * lepton charge = beam charge
N h h h
| - et put 1t
L,R
e.g. - democratic scenario: h = huu: h_

- one dominant coupling: h >>0orh >>0orh_>>0,others~0

u
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I Doubly Charged Higgs Results

Invariant Masses:

(preselection before charge cuts)
@ : results for tau decay classes: — Final Results (H ERA I)
i preselection Event H*T — eT71 final selection = ey o : ey s
o F CT class || Nobe Nickg Signal fraction e ( ) Hl
eft 0 ]0.27=0.02 6 % = 0.2 a '
eh I [1.66+048 12 % o
cc || 0 [0.14=0.04 7% 0.3 |
[total [ T [2.07=054 ] 25 %
et: one candidate 0.2
26-"36"50""80" 100 120 140 160 180
M, . (GeV) i ,
£ 1w -preselection = il
@
10 0.1 } -
* + 0.09 f
0.08 ++ Ao o
1 0.07 | H"—»ee
‘g preselection 107 008 | /
= 0.05
L 0 20 40 60 80 100 120 140 160 180 ” Hii—;f Ili'il,li
GeV r sl 1, .. 1., .. 1., .., 1, . . 1 .., 1 . ,,.,.1,,
i Ve ( i ) .0 80 90 100 110 120 130 140 150
ee channel final selection: My, (GeV)
2 events/ 2.5 expected
(for M>65 GeV)
626"40""60""50"100 120 140 160 180

M., (GeV)
André Schoning, ETH Zurich

eu channel: no candidate

48
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Doubly Charged Higgs Results

Limits on off-diagonal couplingsh andh :
eu et
o =
e — ; T [ —
0.9 =09k
08 1 (C 08 } (d
0.7 } ( ) I 0.7 f ( ) .
0.6 | 0.6 '
0.5 ¢ 0.5
0.4 0.4
0.3 EXTE[II)HI by Excluded 03 b Ex-ﬂﬁ%ed by
0.2 0.2
01 E BR{I{tt%EiLLi}zlﬂ{]%_ 01 k BR{I‘Iﬂ—}Etrt}zlﬂﬂ@%-_
] | 8 -
80 9 100 110 120 130 140 150 80 90 100 110 120 130 140 150
My, (GeV) M, (GeV)
h =0.3: My> 141 GeV h =0.3: My >112 GeV

€T
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Doubly Charged Higgs Results

Comparison of h__limits:

.-3:] [r—— T T Hill
e g
i (b) ; Exn:]lu:lmil by |
[ = CDF.h
(] [
L Excluded by 2
LEP T
=
F
=
xcluded via Bb abha Scattering
OPAL
-1
10 | e
i BR(H — e"¢")=100% ]
.!
Exchin el by O1F '!|.|
| . 1 I 1 1 1 1

80 90 100 110 120 130 140 150 160
IHH (GeV)

H** interpretation of H1 di-electron excess excluded by OPAL
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BSM Topics

e Searches in Inclusive Final States

- Leptoquarks (Deep Inelastic Scattering)
- Lepton Flavor Violation
- Contact Interactions, Extra Dimensions, Substructure

* Phenomenological Searches

- General Search

— Isolated Lepton Events with missing P+

— W production
— Single Top Production

— Multi Lepton Final States — Doubly Charged Higgs
 Other Models
- Excited Fermions

- SUSY
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Excited Fermions at HERA

e Compositeness of fermions would manifest in excited states [
e Only single production of ¢”. V", ¢* considered at HERA

3 e, € €

i s | \/
v W, Z
~ W, Z q
D T x q TN q

e (De-)excitation described by effective Lagrangian (Hagiwara et al.):
L=+ FL[fSUQw + f ULy + £.5U(3)c]

A\: Compositeness scale
f. f'. f.: gauge group weights

André Schoning, ETH Zurich 52 XXXIV IMFP, 2-7 April 2006, El Escorial Madrid, Spain



Excited Fermions at HERA

Complex final states investigated:

Branching ratios for example couplings

¥ ” .
el ey ol q—™ qY

. . . z 1 _'..l..'..L.l..'..'._!_" RN L B O D [ TR O
—jj e jj e 08 F y (=) v (=)

eV eV - 1Y

- pv e v 06 | "

¢~eZ  V—=vZ  {=qZ 04 | A,
=] =17 et e d
L=ee L~ee >ce 0.2 I Z
[ Vv 0 TR T Sl i |K‘;I A ¢

BTN N i ) mpA fog g ]
40 60 80 100 120 140 160 180 200

m, (GeV)

X LT AR
production cross section: T ‘~-|‘,___~(f ) e (F=17):

fz 0.6 — -
0 o~ 4. JO—

. :...|...|."".“---.~-"'...'“|...|...|...|...|...'
decay 040 60 80 100 120 140 160 180 200

2 m, (GeV)
Ak
I oc mf* — can became large!

A2
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Example: Excited Neutrinos

H1 Preliminary - Search for \_f_-,wrf H1 Preliminary - Search for v‘—wZ_}qq.
2l wn 251
'E 4. ® H1 Data (prelim.) E K e H1 Data (prelim.)
Q [ Al SM Processes (<5} - 1 All'SM Processes
> > 20
bl e'p, 114 pb’ L N ep, 114 pb™
15
2: B
1l photon Wb
1 decay :
=l 5 :_
0. L
IIII -I IIIIIIIIIIIIIII
100 150 200 250 300 350 q.iD 100 150 200 250 300 350
M.. (GeV) M. (GeV)
H1 Preliminary - Search for vi— eW
—qq
wn 40
s = .
C 3E ® H1 Data (prelim.)
g o 7 1 All SMProcesses no peakS!
Lul F e'p, 114 pb’
25 |
20 + Z-decay
15E — combination
b3 of channels
5
:l - I | I | I LA 1 1 I L1 - I { -]
%o 100 150 200 250 300 350

M.. (GeV)
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Selected Excited Fermions Results

Excited neutrinos (HERA [+II)

§H1 Preliminary v* limit 114 pb™ (e p)
f==1

H1 98-99 15 pb™’

e
.

o
-
ur

10° e LEP (L3)

100 120 140 160 180 200 220 240 260

M.. (GeV)

HERA extends beyond LEP
for M>170 GeV

André Schoéning, ETH Zurich 55

(Eur. Phys. J. C17 (2000) 567
[ZEUS: Physics Letters B 549 (2002)] )

Excited quarks (HERA )

v o T f,= 0.1
- 0.01 f§= 0.2
50 100 150 200 250
q Mass (GeV)

Limit on f for A = A (¢™)
—- HERA more sensitive for small f,
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RPV SUSY at HERA

SM SUSY R, = (—1)%"38%25 proken
fermions partners

Rp violating coupling

“' vy — — — k ducti t HERA
g ?'“i'k iDjDk squark production a

o _ electron

= sEuErk_

2 2.

o ijk

=3

(&N

quark

selectron exchange at HERA

- electron
- L L L q
- =3 .
g 2| VL V1, neutralino
2 2 A E :
a o LLE
g_g fjk =1k selectrony 2
o ? ijk

o - S

quark quark
—> SUSY particles singly produced and LSP not stable
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RPV SUSY

mSUGRA GMSB AMSB

800

200

Scenarios with not too heavy scalar quarks
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R Violating SUSY : light stop

~/

production: e d — 1 ZEUS preliminary

ZEUS (prel) 99-00¢'p | <290 GeV for A=0.3
stop
100 GeV < M, < 300 GeV

-300 GeV < U < 300 GeV
tan3=6

A'131 (APV) [

B Excluded in part of SUSY parameters;

=g

100 120 140 160 180 200 220 240 260 280 300
M,,,, (GeV)

many different final states!
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l R,Violating SUSY : light squarks

— limits for all quark flavors interpreted in mSUGRA
(H1 Collab., Eur. Phys. J. C36 (2004) 425)

scalar down,strange,bottom scalar up,charm,top
mSUGRA, ¥’ ,,, =0.3, tanf}=6 mSUGRA, %' .. = 0.3, tanB=6
~180——— 7 ~ 180 —— T L — 7
E 160 _ n<0,A =0 excluded for k=3 _ % 160 _ n<0,A =0 excluded for j=3 |
~— i excluded for k=1,2 ] 9 __q)_) o excluded for j=1,2 ]
2140 |- (b) H1 1 140 1 ]
E R E 120 X H ]
~Gey,
100 o]
80 7
60 N
40 ! DO AT
20 o
0 A .MLSP<MLL |
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
m0 (GCV) mo (GEV)
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I R Violating SUSY : all quark flavors

limits on all squark masses:

;180"'|"II|IIII|||||
o

© 160
2140

120

100

80

- H1 95% CL

I TS T T N Y N S I A B

5 10 15 20 25 30 35 40 45 50
tan 3

for A'=0.3 (coupling of em. strength) values of M=my=m,,
below 100-140 GeV are excluded for a large tan 3 range
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Stop with Bosonic Decay

H1 Collab., A. Aktas et al., Phys Lett B599 (2004) 159-172

e Sbhottom is LSP: Mstop> M +80 GeV

sbottom

t*.q

" [ Excluded

> i
é 200 — [ |Excluded in part of parameter space
| —]

¥

180 A’y =03

@<r ~ 0.6<6.,6.<12 1
M - 400 GeV < 1 < 1000 GeV |
160 M, = 1000 GeV N

- tan =10

R 140 —
B e - . H1 _
0.8 R(T— Pysz,vv;‘f%)' —————— ] 120 E
0.6 M, =100 GeV _| -
A’ =0.1 | :
L _6,=0.6rad 100 I
.0 =12rad | 180 200 220 240 260 280
P21 Nemaen ] M_[GeV]
e T . '260'- - ;80 —> stop mass exclusion li'mits
M. [GeV] up to 260-280 GeV (A 13120'3)
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RPV SUSY

mSUGRA GMSB AMSB

800

200

Scenarios with
light gauginos and scalar leptons
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RPV Gaugino Production at HERA

e MSUGRA: scenario: M >> M ~ ZEUS opreliminary
squark sleptons S 400 M, = 100 GeV
0 N ALEPH fDELPHI
N g 3505— M.. —1TeV |:|excl.@5%(:.L.)
€ Xl 2 X1, 2“»«_\< EN 300;— % 11_1 0 IZEUSWI)
o excl. §5% C.L.)
260} tan = 30
“l RPV mb 5
d,u 11 100
Ve, Ve C
production RPV neutralino decay 50
large BG - uses discrimant %500 400 -300 -200 10D O 10D 200 300 400 50D
: " L (GeV)
eGMSB: M >>M + light gravitino H1 e*p
squark sleptons = R R A A R U S S S AR R
7 }’Y Sh00 GMSB, j=1,2 .
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Xi Xi y
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(H1: Phys. Lett. B616 (2005) 31-42)  clean signature S0 70 80 80 100 110 "

m(x,) (GeV)
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HERA Search Summary

* Many interesting new results and puzzling excesses
* Results often competitive and complementary to LEP/Tevatron
* HERA Il has become a high luminosity machine

* More interesting HERA results expected in near future
>~250pb™ still to come (until mid 2007 when HERA ends)

* Further detailed studies expected exploiting:
> different lepton beam charges and longitudinal polarisation

HERA-= FPolarisation Sat Apr 28 19:37:19 2865
Folari=sation [*%]
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It is the unexpected which makes
greatest surprises

Keep your eyes open!



