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- HERA and Experiments

before LHC

e e
LEP

HERA

p TeVatron E

4 A
The energy frontier

HERA at DESY, Hamburg
» Was the world's only ep collider

Upto /s = 320GeV

HERA T

- 1993-2007

e

Two General Purpose ep Experiments H1 and ZEUS

 Full 47T coverage to measure missing energy
» Excellent lepton id
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'HERA Data

Two running periods: 318 GeV

HERA-l (1994-00) |
~130 pb” per exp., (90% evp) P (920 GeV) e (27.6 GeV)
(e*and e)
HERA-I (2003-07)

. . Status: 1-July-2007
e Luminosity upgrade T . -
« Long. e polarisation (up to 50%) & — claiious L
b —— positrons
] = —— low E
~0.5 fb™! per experiment S
g oy ep
Processes with small cross section g (~1pb) - e'p
and/or o(q ), o(P) in reach of available data E
-
= £ 200 -
= é 13x increase in

ep statistics

100 -

I A
0 S00 1000 1500

Days of running
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Single Top Production at HERA in the SM

uc

Charged Current Charged Current Neutral Current
W coupling to light involving b-quark FCNC at loop level
down-type quark (“penguin”)

. \/g at HERA sufficient for single top production
» Production in SM possible but strongly suppressed
» Cross section ~1 fb
(About 1 fop event was produced at HERA in the SM)

Not observable
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‘Anomalous Single Top Production at HERA

* If single top production is observed at HERA, it is a signal for new physics
» Template process: Anomalous single top production via FCNC
 Effective Lagrangian used:

FONC Z ECy
eff a 2:'1

lU=u.r

) n-h:z APU U

g 7 5 1 /
+ — t vz — ey’ WU ZH - — ki zo . 2P0 U + h.c..
2 cos By [ (V2 wz7’) oN AT ] '

+

Could be

* Dynamical Symmetry Breaking
* Multi-Higgs Doublets
* RPV SUSY

» Exotic quarks...

ANOTOP
- Highest sensitivity to «, MC generator based on
. “Y : LO matrix element
« Coupling to v_, suppressed due to high m, of complete process
« Production at high X, because of large M, e+q > e+t D e+b+W > e+b+f+f

— coupling k. suppressed (set = 0) due to low c-density (& Perez)
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Final States of Single Top Production

e’ o e* scattered e (visible in ~30% of events: inelastic scattering)
=
= , high P_ b-jet
| Channels
g [+ E™ss « Electron
g . .Or e Muon
— 2 jets with M =m,, « Tau (hadronic decay)
* Jets

Event with ¢ + P;*° in HERA 1I ¢*p data
P: = 37 GeV, P}** = 44 GeV, P7 = 20 GeV

Anomalous single top production?
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Background: W Production in the SM

Typical Signature expected by e -+ scattered e (visible in ~25%
: =il f events — DIS
Standard Model W-Production T of events - DIS)

9 Hadr. System X, low P_*

I_w-'-

T v Missing Energy

Xp " Isolated Lepton

(o ~ 1 pb, with ~40% efficiency expect
~ 400 events in 1 fb")

MC: EPVEC framework
(15% theo. error after reweighting to NLO)

L}

P

Event with e + P7"** in HERA II " p data

. - P X is main difference
P = 47 GeV, P = 47 GeV

between W- and top-
production

w 7000 F
=

§amn E_u.-d—quark (W prod.)

| | W 5000 F b-quark (top)

| | a000 f-
= ‘ . 3000
| ! I 2000 |
| ! |
,‘ » ol N

e’ 0 0% a0 o0 80
F"'THE’,r1 (GeV)

= =

__fR
Z

Y
Elastic W-Production? X‘J
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Backgrounds: Deep Inelastic Scattering

« Mostly suppressed by selecting high lepton P and missing P

Neutral Current Charged Current

e v,
W Emiss (v)

Jet
P =
P
» Back-to-back topology * No isolated leptons
» Missing energy due to (unless from misid'ed
mismeasurement only hadrons or non-ep)

Further
background
processes:

 Lepton Pair Production
« Photoproduction
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Events with Isolated Leptons and Missing P-.

To search for top and W production and possible other processes:

Signature Search for
Events with Isolated Leptons and Missing Transverse Momentum
done by H1 and ZEUS

 Lepton ID phase space:

P.>10 GeV

5° < 0<140°
« P Vs> 12 GeV
* Lepton isolation elity
« Event balance and X

other topological

variables O B

By

My
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Isolated Leptons Results from H1

l+PM=2 gvents at HERA 1+11 (e'p, 294 pb™)

m =
- .
@ H1 Data (prelim.) Npg.=41
5 10° All SM ® ) Noo =345+ 4.8
Lﬁ = Signal

e'p

10

—$—
70

P

Events

10

-

107

0 10 20 30 40 50 60 70 &80

PX (GeV) e andpchannels

l+P™** gy ents at HERA 1+l (¢'p, 184 pb™)

10°

All SM
Signal

_+_

® H1 Data (prelim.)

Npaa= 18
SM

ep

.

=24.4+34

=

I T-TF

0 10 20 30
PX (GeV) e andp channels

40 50

60 70 80

H1prelim-07-063

« Excess at high P_*> 25 GeV in e'p
data (~ 3 sigma) — single top?

H1 Preliminary

[+PI"= events at

Electron
obs./exp.

{Signal contribution)

Muon
obs.fexp.

{Signal contribution)

Combined
obs.Jexp.

{Signal contribution)

26/273L£38(71%)

15/72 £ 1.1 (85%)

410345 £ 4.8 (74%)

11 /47 £ 0.9(75%)

10742+ 0.7 (85%)

21789 4 1.5 (B0%)

16/19.4 + 2.7 (65%)

2051 £ 0.7 (78%)

18/24.4 4+ 3.4 (68%)

IIBL0661%)

0731 £05074%)

369 £ 10(6T5%)

42 /46.7 £+ 6.5 (69%)

177122 + 1.8 (B2%)

5975894 B2{72%)

HERA I+II
» e'p / ep Asymmetry — not expected
from single top production e'p | Full Sample
» Overall good agreement with SM: 204pb~" | P = 25GeV
e p Full 5ample
59 obs. / 58.9+8.2 exp. :
184 ph~! | P = 25GeV
» ~70% contribution from SM W etp Full Sample
production 478pb=" | PX = 25Gev

14 /85 + 1.5(68%)

10734+ 1.2(79%)

240158 £ 2.5(73%)
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Isolated Leptons Results: H1+ZEUS Combination

« Both experiments reanalysed and combined isolated leptons in common phasespace

P.>10 GeV
15° < 0<120° _£_U-S
P M > 12 GeV —
» Good agreement with SM H1prelim-07-162
ZEUS-prel- 07-029

e+ F':-'mrants.at HERA I+l {&¥p, 0.87 fb") e, + F™ eventsat HERA I+l (efp, 0.7 fb)
T
'E - . :1'43-?;5'-5 Diata (prelim. | N, = &7 -E [ @ HI+ZEUS Data (prelim.) No. = &7
_— [ e AllS A
W07 k] Sigral Ny =927£11.2 2 N,,= 927+ 11.2

W07 L] Sigral

i A
1";". 7 13 v

= = s + ;

i = : N " i

3 1 et :

: B § : 5|8

1075"70°20 30 40 50 60 70 80 %0 100 10 "'ﬁh"I%dd"iﬁln"'ﬂmn"zﬁlni
PT (GeV) M My (GeV)

Hadronic P, Transverse Mass
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Search for Anomalous top Production

Strategy:

In Isolated Leptons Sample ...

» Reconstruct neutrino and top

* Preselect fop-like events

* Form top/W-Discriminator using MVA

« Extract number of top events using a max. likelihood fit
» Convert to cross section limit at 95% confidence level

« Convert to limit on coupling Ky
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Neutrino Reconstruction

Exploit missing energy measurement and kinematic constraints

(. Scattered electron in detector h
Complete kinematics can be reconstructed
v M8 S
Pv = Pr
G J
"« Scattered electron escapes in beam pipe A
Solve quadratic equation after constraining kinematics using m,,
My, = P2 1 P24 2P, ~ J2PiP, = My = 8042 GeV
* Possible cases:
« Two Solutions — choose by lepton polar angle (MC)
« Single Solution
« Complex Solution
* No Solution
. J

From MC:

~25% of all W events,

~30% of all anomalous
top events
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Top Reconstruction and Preselection

Define Variables to discriminate top and W production

« Reconstructed fop-Mass M,_re=M

top Ivb
» b-Jet Candidate Transverse Momentum b-Jet = sum of all hadronic jets
 W-decay angle cos 0'

W rest frame

Require good reconstruction of top quark

*o(qe) > —2.0 in 6 =20..160deg. Charge Requirement

+ 0 < P <100GeV, 80 < My, < 260GeV, cos by, < 1.
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Single Top Preselection Results

Good agreement with SM — no evidence for single top production

ELECTRON CHANNEL

o . o 8 o - 478 pb
= H1 Data (prelim.) e S 6F P
S F £= Al sm S > F
W gk Z W 6f £ 5F -4 o
85 W MC x -
ad i...iTopMC - N e
°Y 1f ] e S
B — N oo :
/ % . o
- Ry 2 aa : :;I
2 1 s 1 //%/ et 'EL / //
% :! ..... L =l ..... . Aﬁ ﬁ
Og 20 — a0 60 8o o 0 =400 150 == 250 0 0.5 0 05
P°/ GeV M, / GeV cos 6|,
MUON CHANNEL
2 sF 2 95F o 4AF
T | w ofF Sl & w3 z— —o )
- - - 2£9- —»-
g . t it | L
1 == -—.— 05 / | 1 = m; ;"_‘: ...... Bd
17 R T e ELL T
o 240 60 80 0™*00 150 200 250 0 05 0 0.5
H1prelim-07-163 P; / GeV M,/ GeV cos 6},
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' MVA Discriminator Distributions

Events
= 8

Evenis
D o~ om

* Combine these W/top Variables into single discriminator D

» Use TMVA to choose MVA methods with most favorable properties
(monotony of discriminators, competitive performance)

» Chosen: Range-Search based Phase Space Density Estimator

ELECTRON CHANNEL

«  H1 Data (pralim.)

= Al sMm
Ewwe

ﬂ-:l'. : l-- :

I-

MUON CHANNEL

ELECTRON CHANNEL MUON CHANNEL
+ H1 Data (prelim.) -
18M

Eventis

e o

1:1";; #;%%fg ';f;{;% =

i 02 0.8 1

ia -
W-like top-like W-like top-like
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' Cross Section from Maximum Likelihood Fit

ELECTRON CHANNEL

MUON CHANNEL Nbin n
'E H1 Data (pralim.) -E L o e_uk l’Lk
E 10 B T AlSM E — '
“TE EEwac | !

- TopMC e

aaaaa

shape of Top MC

* Fit number of signal events S using a Bayesian maximum likelihood estimator
assuming Poisson-distributed background

» Convert to signal cross section

S
€top * BR - »Ctot

o —=

» Determine Upper Limit at 95% Confidence Level
« Convert to limit on coupling Ky
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Results: Limits on Coupling and Cross Section

Y

H1 Preliminary (HERA I+ll)
* New H1 upper bound on
cross section at 95% CL:
o(ep — etX) < 0.16 pb

- |vm;3|

» Excluded

» Excl. by ZEUS
* Upper bound on the

anomalous coupling

_» Excl. by CDF

< 0. CDF Note 9202
Ktuy 0.14 Br(t->2q) < 3.7%
« Most stringent limit on «, = \_.. Excl. by L3
coupling comes from HERA 107
i Kiey = Viez = 0
i m_= 175 GeV
1 L1 1 I ] 1 1 1 1 L1 1 I
-1
10 1 %,
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A look at the Tau Channel

- Lepton-Universality in SM: Search for isolated tau leptons at HERA

Tau appears like e/
pp H Look for Tau-Leptons decaying hadronically

 Tau Channel favoured in many BSM models (1-prong) in events with missing transverse
(heaviest lepton assumed to couple strongest) momentum

. PT > 7 GeV
» Experience from HERA: *R<0.12
» Exactly one track

. .. e
Efficiency about ~10% of that of e/u channels <+ + P events at HERA | + Il {¢'p, 471 pb)

« Difficult to suppress CC background overall ..E @® H1Data (prelim.) Npys= 20
o 102 — AllsSM Ngy = 195+ 3.2
: s Signal

« Athigh P_.X> 25 GeV: LI

10bs./ 1+ 0.13 exp. 10

(~60% W contribution to expectation)

N ant S

« Tau channel has little impact on search S

for anomalous single top production 10"

b T

0 10 20 30 40 50 60 70 80 90 100
H1prelim-07-064 P')r( ! GeV
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' A look at the Hadronic Channel

« HERA-1: Select 3 Jets (P.'*° > 40, 30, 15 GeV), E_, > 110 GeV
« Reconstruction: ( P.", Mjets, cos 69, ) - MVA
 Lower Efficiency than e/u channels expected (HERA-I: 37% e/u, 30% hadrons)

» Adds sensitivity to search for single top production

HADRONIC CHANNEL - TOP PRESELECTION

0 ] 25 - v
E 20 E :Iilgl'u'llpmnassas
= L - 20 | SMuncertainty
w 15 L L NC DIS (G7>4 GeV?)
; 15
10 |
: 10 HADRONIC CHANNEL
5t 5 n 40 ® H1 Data
T ——  All SM prme'éLEaRAl
0 1 05 0 05 “.; a0 F#~ - TopMC
P} (GeV) cos 6 w L]l = Top ';!ced anals |
. ) 10 ¢ | (qormateed o siona
E E : Top selection 20 | i
o o9 L g % E - :
2 £ S - 10 F
[ 4 F ==F=1 ' - e
10 - -l : I SR :
I + 2 :_____+ F_-----. “ -rl_l ] I 1 1L 1 I L1 | L1 1 I L 1
Ju=is - - e B e 0 02 04 06 08 1
100 150 200 160 180 200
M., (GeV) M, (GeV) Eur. Phys. J. C33 (2004) 9 D
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Summary & Outlook

« Events with isolated leptons and missing energy analysed by H1 and ZEUS
using full HERA data: ~1 fb™’

» Overall excellent agreement with SM
(H1: excess in e*p at high P~ at 3o level)

» H1 searched for anomalous single top production in ~0.5 fb™’
o(ep—etX) < 0.16 pb
k. < 0.14
Yy

tu

Limit extends the reach of previous analyses.

C Outlook A

* Finalise electron + muon channels based on final isolated
leptons analysis

* Include hadronic channel

. Set limiton v, ,

. Combine results from both HERA experiments D,
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‘backup
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Another Handle? W-Polarisation Fractions

» Reconstruct W — Measure W Cross Section — good agreement with SM

» Determine W Polarisation Fractions from Fit — Parametrise angular distribution

« W Polarisation Fractions from SM W Prod. and anomalous single top Production
differ — compatible within 1o

Lepton momentum 4 J*

in W rest (rame H1 HERA I+II Data SM
. ’ Copep, | 0-24£0.05 (star) £ 0.05 (sys)[ 0.26 +0.04 (th.sys)
) w oW 1.23 +0.25 (stat) & 0.22 (sys)| 1.31 +=0.20(th.sys)
W momentui

in lab frame

W Polarisations at HERA

\11 LL i H1 Preliminary
W Polarisations at HERA — 2 L
g3 H1 oror 5 ® HERA I+I| Data
;-:; re Imlnary ‘a' L FD — 1 i v SM
m -
§ ® HERA I+ll Data 8 2 ___F.=1 y N \A ® Single Top
_ - /
S --- SM ) il 1o
© © 1 Vv - o
1 © i
——
- n
—
1 1 1 | - 0 1 1 | 1 I 1 1 | |
04 05 0 0.5 1 1 0 0.5 1
H1prelim-07-161  9gos(®) cos(6*) Fo
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‘More Isolated Leptons Results

D &

= + a
au+ F':" evantsat HERA I+l {e" p, O.58 fb7) ap+ F':'"mntsat HERA I+Il{a+|:l. 0,58 fb%)

-E [ ® HI4ZELS Dafa(peim) y  _ e -E @ HI+ZELS Data (prei
. ot = [ +Z alpetim) y =57
Emz rljg::a?: Ny = 53.1+ 6.4 E.mz ,Eg:{!ﬁ:‘ Ny = 53.1 £ 6.4
1+P™=* events at HERA 1+11 (e"p, 478 pb’™) 10 10F

o) u E | |
# - ) ~ ﬂ -. g E
— [ @ H1 Data (prelim.) Npu.=59 M | H 1f v
Sy H - =
y j L | All SM N,, =58.9+8.2 %777 = 7z =
= . 05000 150 200 250 1“”2:- R I R 10%

M (GeV) PX (GeV)

/ =
= —
,, +-
f e+ P evertsat HERA I+l (¢ p, 0.39 fb) e+ F™" evertsat HERA I+/l(&p, 0.39 ')
* 'E @ HI4ZEUS Dafa (prelim.) N =30 -E F @ H14ZEUS Data (prefim.)
i L ek =S N mE4+50 . . Now = 30
1 & i §|:|Signal = lu1 ErDSigmJ N,,=306+50

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

——

107

HERA Exotics Wo rking Group

..'.I....'.rl'.:.I..'...In..".
07 50 100 150 200 250
My (GeV)
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‘More Isolated Lepton Events (H1)

P = 51 GeV, PP = 39 GeV, P = 48 GeV

clity

N ny ety

_ IR ¥
A
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Isolated Leptons: ZEUS Results

R P'rT'“i?’5 events at ZEUS (e’p 286 pb™)

I\I\‘\IH‘HH‘HH‘\IH‘I\I\|\I\\‘I\H‘HH‘HH
810 e ZEUS (prel.) =& &
S [JSM MC - §
LI>J . I \V Prod. MC ; T

10 =

2
10% 10 20 30 40 50 60 70

e, + PT"° events at ZEUS (e'p 206 pb”)

2
0% 10 20 30

102 §\|\|\\\\‘\\I\‘\\I\‘\\I\‘\\I\‘\\\\‘\\I\‘I\\\‘I\\E
- e ZEUS (prel.)
10 [ ISM MC

B W Prod. MC
| |

80 90 100 50 60 70 80 100
P} (GeV) PT (GeV)
Isolated e Candidates Pyt < 12 GeV 12 < P <25 GeV | P >25 GeV
ZEUS (prel.) e p 206 pb~' | 9/11.3£2.0 (55%) | 5/3.4+0.8 (62%) | 3/3.2+0.6 (69%) gggg779
ZEUS (prel.) etp 286 pb™' | 7/12.3+ 1.9 (66%) | 5/4.14+0.7 (67%) | 3/3.9+0.6 (76%)
ZEUS (prel.) etp 492 pb=' | 16/23.6 £ 3.8 (60%) | 10/7.5 + 1.4 (65%) | 6/7.1 £ 1.1 (73%)
P > 10 GeV Isolated ;1 Candidates 12 < Pi¥ <25 GeV | P¥ > 25 GeV
. 1;0 <8< 120° ZEUS (prel.) e p 206 pb~' | 1/1.7+0.3 (77%) | 2/2.4+ 0.4 (85%)
. P Mss > 12 GeV ZEUS (prel.) e™p 286 pb~! | 3/2.34+0.3 (82%) | 3/3.6 £0.5 (81%)
! ZEUS (prel.) e=p 492 pb=* | 4/4.1£0.6 (80%) | 5/6.0 £0.8 (82%)
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Tau Channel: Cuts and Event Display

Inclusive CC

PEalo - 19 Gev
phad - 19 Gev
PSS - 12 GeV
r‘]‘n'll.‘i.‘i = :EI {_‘]EV
Vip/V, <05

(< 0.15 if PSS = 25 GeV)

Narrow Jets

wa et . -
N = ] max(Peek) = 5 GeV
fl ]

Pt = 7 GeV
20 < {7t = 120

Rt < ()12

H1

T 4+ P%iss candidate with large P?r[

tracks =
Isolation Dhppjer = 1.0
Acoplanarity | Ap(r. X) < 170if P¥ > 5 GeV A |
1-Prong Jets N = i
Final Selection NEtraee<03 — 4 T
-_1-
Priss — 59 GeV
H1 Preliminary H1 Data | SM Expectation | SM Signal | Other SM
T+Ppss events at HERA I+11 Processes >
T
etp Full Sample 10 10.8 + 1.8 1.64+03 | 92+ 1.6
287 pb! | P = 25GeV 0 0.534+0.07 || 0.38 +0.06 | 0.15 & 0.01
e p Full Sample 10 8.6+ 1.5 1.0+02 | 7.6+ 1.4
184 pb~! | P¥ > 25GeV | 047 +0.07 || 0.25+0.04 | 0.22 + 0.03
ZEUS HERAI
etp Full Sample 20 19.5 + 3.2 27404 | 168 +2.8
471 pb~' | P¥ = 25GeV | 099 +0.13 || 0.62+0.10 | 0.37 & 0.03 SM processes.

2 events observed and 0.2 * 0.05 expected from
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'HERA | Anomalous Single Top Results

DESY-03-188

VtuZ

> M
—> M
— M

ITH

(i

(i

=170 GeV
=175 GeV

=180 GeV

1

t vz exclusion region

ZEUS 94-00

0.6 —> Excluded by CDF, M, =175 GeV —
0.4+ Kter = Yoz = 0 .
'_—‘---\\“ -
. . .
- —> Exclnded by L3, wa=175 eV -
0.2 —
2 Excluded by HI, M, =175 GeV |
" | ] | 1 I . 1 | | I 1 1 1 | | 1

0 0.2 0.4 (.6 0.8 1

Rtury
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