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HERA collider at DESY

HERA:

p (920 GeV) e (27.6 GeV)
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Available data sets

HERA dellverad
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.g_ LER /MER
= HERA Il &*
HERA: £ 500 [
. 7
* end of operation on 9
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= N
* collected ~0.5 fb™ - HER 1] &
per experiment 2
. @ 300 -
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between lepton =
charges and 200 -
polarizations
100 - HERA Il &
I ! I I I I
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H1 detector

Liquid Argon calorimeter
Silicon vertex

detector

Tail Catcher

IS===

e

HERA: % .
Tracking detector (jet chamber) Solenoidal magnet

p (920 GeV) (27.6 GeV)
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Z.eus detector

Muon system

Depleted uranium
calorimeter

Solenoidal magnet

Tracking detector
(jet chamber)

Vertex detector
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Neutral current scattering

H1 REun 122145 FEvent 69506 Date 19/09/1995

|Q? = 25030 GeV?, y =0.56, M = 211 GeV

Experimental signatures:
 Scattered electron and hadron jet(s)
» Transverse momentum balance
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Charged current scattering

neutrino

Experimental signatures:
* Hadron jet(s)
* Missing transverse momentum ofP) x

W)
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Kinematics of ep interactions:

Four momentum transfer:

. Q% =~ = —(k — k')
* , V., (€%) Bjorken x: (in LO the fraction of the

ot
Kk
proton momentum carried by the
parton)
2
T = @
2P.q

Inelasticity: (in the proton rest frame
the fraction of the electron energy
loss)

~ Pgq
P P, YT Pk
At fixed center of mass energy only Q? = szy

two of them are independent:
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Kinematic range of HERA

o]

Z 10 5—
318, GeV NQ
p (920 GeV) e (27.6Gey) 10 = 7ES
[] Fixed Target Experiments: y
) 10 3_ CCFR, NMC, BCDMS,
Q — sxy f E665, SLAC
» kinematic range
determined by |
available CMS
energy //”
» sufficient to observe -
EW effects in both
NC and CC :
scattering! E. full ol il a0l sl 1l
10° 107 10t w7 10w? 10 1
X
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NC: parametrization of cross section

e(k) e(k’)

Described by y or Z
exchange (or their Z° (D)
interference) :

Yi=1£(1-y) p(P)

d20 oma’
NC _ 2
Trd )~ 4[Y+FQ¥Y[EF3—y FL]

i Q ZEQ In quarK-parton model:
/ T T Forox Z lq + ]
dominant high Q2  highy
contribution

xFg rv Zeqaq[q —q]

FL =0
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CC: parametrization of cross section

e

neutrino

Described by the
exchange of W~
bosons:
W(Q)
Yy =14(1-y)
X
dQUoo G% My I " )
dzdQ?  drx | M2, + (2 W F Yoallly =y
LW

In quarK-parton model:

o~ al@+3) + (1 — )% (d+ )]

0 ~ al(u+c) + (1 — y)* (d + )
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NC/CC at high Q>

NC/CC cross sections are similar above Q2 equal to W mass!

HERA HERA I data

+ — E ' T T T T 3
dggfvg 271-052 = S # H1 e+chg4-oc|)
9 4 f(pdf) % 10 £ 4 H1epNC 5
dIdQ Q =) s o ZEUS e*p NC 99-00 s
‘C 1 L © ZEUS ep NC 9899 ]
< = \ - SMe&*p NC (CTEQSD)
o aF e SM e'p NC (CTEQ6D) .
2o5P G [ M2 1° " ’
o~ T | fedf) T
dzdQ? Admz |[M2, + Q2 :
10 & ]
=~ H1e'p CC 9400
. 10 4 s HiepceC ]
* Low Q2 : very different, = . ZEUS e*p CC 99-00
: -5 s ZEUS ep CC 9899 7
d1fferent propagators 107L " Gpen oC (CTEGED) E
* High Q2: still some oS — SMePCC(CTEGSD) ]
difference b <09

* NC and CC are sensitive to L
different combinations of ? Q% (GeV?)

pdf's M3, = 80.4*°GeV*?
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NC and lepton charge assymetry at high Q32

4
2 e*tp
d O N 27T Cx

dxdQ?  xQ4

2

Neutral Current (ep — eX)

o~ ’YZ 2 7z 01-‘103 T T T T T I R I B
xl3s = —aexzxly ™ 4+ 2vcacxzxF3 3 H1 .
g 102 & ® H1 HERA I+ll e™p (prel.)
$ ﬁ - s H1HERA I+l & p (prel.)
o 10 H1 2000 PDF e*p
Dominant Suppressed g —— H12000 PDF e"p
g '
_ ! Q” _ 10" —
XZ_sm220WM%—|—Q2 v F3 NQxZ[q—q] E
102 £
3L 0.9
Lepton charge asymmetry dueto ' F  7=™
y-Z interference term is clearly 0 g e
visible ! 10° |
10-5 i [ I I \| I S S B |

3 4
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Longitudinal polarization at HERA

~ Longitudinal
Polarimeter

Longitudinal polarization of
lepton beam: new at HERA II.
e The transverse
polarization builds up
naturally (Sokolov-Ternov
effect)
 Typical build-up time ~40
min
 Spin rotators flip the
polarization to
longitudinal just before the
interaction regions Nrn — Np,

* Typical level of P — ~ N
polarization — 30 — 40 % »+ Np

Level of polarization P is defined as:

Ng, N, -number of 1h (rh) leptons in beam
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Polarized CC cross section I.

L R
° ° G 1 -
Polarization affects CC cross c . c .

section in particularly clean way: ) / X /v
* In SM only left handed = ¢ .

particles (right handed
antiparticles) interact via CC

P f”\f'm)

7 O=w)
dQUCC G4 M2 K

d[IJdQQ ll T P] 47T£U + QQ lY-I-WQ + Y—xWE’) - yQWL]

Expect linear dependence of CC cross section
on P!
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do/dQ’ (pb/GeV?)

do/ds (pb)

do/dy (pb)

Polarized CC cross section II.
e p ep

ZEUS ZEUS
2 (2 N i
10 4 & 107 =
- = = 3
10 ZEUS CC = C R 3
- ® 04 ¢ p (12.3pb™) ey E E|
+. -1 = —
10 - = 04 e p(11.5pb ) T 10¢ [ = ZEUSCC (prel)<p (78.8 pbh B
10 3 2 : = F © ZEUS CC (prel) €p (427 pb™) E
10 10 105 L ! . S
2 2 10° 10°
Q~ (GeV?) Q> (GeVH
— 10
3 T T T _: _______________
2 0 B T e
10 (b) = 10 - e
102 g !
= ~.
10 10
— SM (ZEUS-JETS) P, = +0.32
1 — - SM (ZEUS-JETS) P,=—041 -~ . o E 777 SM(ZEUS-S) P, = -0.27
10 ! e SN 15 — SM(ZEUS-S)P, = +0.33
107 107" 1 ' E— o
x 102 107 1
X
—_ 250 . -
I T 3 = $ =
150 [ pm = 3
L1 © & 200 -
— = -
100 _ __g 150 ? » E
i $ 1 100 —
50 [~ - H T T e 7
— 50 T —
-5 ¥ 8 =
o R P B o S . e e S A o . , , , , , , , =
0 01 02 03 04 05 06 07 08 09 o 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

Y ¥

Differential cross sections with different polarizations
have the same shape, the normalization is different

Juraj Bracinik, Hadron Structure, Modra, September 2007 16



Polarized CC cross section III.

* Data are in good agreement
with SM prediction
* Fit by straight line

Extrapolation to P_=+1 = limits on RH o

o.(ep) [pb] extrapolated to P, = +1

H1 (prel.)

-0.9 il—‘?stati"-‘;systiz-gpcl

ZEUS (prel.)

0.8+3.1, 5.0

Charged Current e'p Scattering

syst+pol

occ(e*p) [pb] extrapolated to P, = -1

H1 (pub.)
ZEUS (pub))

_3'9i2'35tatio'7systio'8pol

7-4%£3.9 51 '25y5t+ pol

Convert to 95% CL on heavy W, boson
(assuming g, =g and v is light):
* M,,r > 208 GeV (H1, e+p)

* M,r > 186 GeV (H1, e-p)
* M, > 180 GeV (ZEUS, e-p)

3 120 i T T T T T [ T T T T [ T 1 ]
& . ep—->vX |
9 L ¢ H1 2005 (prel.}
© 100— © H1 98-99 —
- 4 ZEUS 04-05 (prel.}-
i 4 ZEUS 98-99 ]
80 — o e'p > VX ]
- CPpP $ ® H1 99-04 -
- A ZEUS 06-07 (prel.)-
60 @ A ZEUS 99-00
_ — CTEQ6D i
ol T MRST 2004 ; 1
i + PN 1
e p i
201 & Q%> 400 GeVZ ™ |
- y<0.9 1
_--"T T T R I | T:
04 0.5 0 0.5 1

Data are in good agreement with SM!
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Polarized NC cross section I.

dQO'NC B 2T’
dedQ)?  zQ4

Generalized structure functions depend on polarization:

[Y+ﬁ2 —+ Y_ﬂfﬁg — yQFL]

oFy = —(ae £ eve)XZ:cF;/Z + (2veae £ P (v +a ))XQZxF?)Z

.CEF ~ —QeX 7 CE‘F;/Z To first order does not depend on P, allows to
measure unpolarized x'F3

Fy = Fy — (Ve £ Poae)xzF)7 + (02 4 a? £ 2P.veac )\ 2 FY

F’ ~ F5 + P.a Y F*yZ To first order the same magnitude and opposite sign
’ ? cheAZ S for two lepton beam charges 0 = 05
e —  VU.

ve ~ —0.04
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Polarized NC cross section II.

plotting charge dependent
polarisation asymmetry A:

Ve

2

o (PR) — o T(Pp)

~ Pr— P oE(Pg) — o (Py)

+ asymmetries well described

by SM predictions (using H1

and ZEUS pdf's)
+ observation of parity

violation at distances down to

10" m

-

H1 (prel.)

. A+ ]
A —
— H12000 PDF |
IIIII| 1 1 IIIIII| 1 11

100 10
Q’ (GeV)

08
0.6
04
02

02
04
06
08 [

ZEUS (prel.)

PDF

H1+ZEUS Combined (prel.)

— H12000 PDF
..... ZEUS-JETS PDF

3
10
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XF3 from NC cross section I.
ZEUS

H1 Preliminary

Q% =1500 GeV® Q%?=5000 GeV* Q%=12000 GeV?

b% 1E - H1 PDF 2000 - e co'p 2003-04
' L — °P O e 2005
F = [ mme ep N - 7
0-755_ E_ ﬁ\\ 3 i . T
o o 3, o .
0'5: C q . 9.‘ )
2 2 © o : I T
0'25: r n }&g\e OF - \—
0 -_ |||||-_ L |||||||| L |||||||-_ L |||||||| L1 111111 [ ] T
-1 -1
1 10 1 10 x1 - Q% =3000GeV2| T Q2 =5000GeV? | GP=8000GeV:
) ) , ) ) ! iiiiii i iiiiiiii HHH
Q" =1500 GeV Q" =5000 GeV Q° =12000 GeV | 1 & ZEUS NC (prel.)
NThiS i i i 0.2 1 e*p (185 pb™
> 0.2 ~ ® HIHERAI+I [ - I |~ SM (ZEUS-JETS)
- = H1 PDF 2000 B
i i C c 0.17
0.1 N { N B
| N S A N AL N
i i i = i 1 ]
0 - 3
i | i | 7T | = | @7 =12000 GeV? | @ =20000GeV’ | GF = 30000 GeV?
— 1"0.1I III“"1 ""';"0-1' III“"1 I "";"0-1""""1 |||||| | | ||||||| IIIII| | | IIIIII| IIIII| | | IIIIII|
-1 -1 -1
. 10 1 10 1 10 1

X

data corrected for (small) polarization effects, difference in " p
and e p cross sections gives xF,
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XF3 from NC cross section II.

measured xF 1s used to extract
3 HERA

y-Z interference term: vl
* H1 and ZEUS data adjusted *
to common Q*=1500 GeV” 08 | Q=1500 GeV?
» take out kinematic terms ? — H12000 PDF
» common result obtained as o | ° i
weighted average of H1 '
and ZEUS result

direct measurement of
valence quark distributions

H1+ZEUS Combined (prel.) -

-- ZEUS-JETS PDF 1

down to (rather) low x
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The EW/QCD analysis of NC/CC data

Precise data sets allow combined EW+QCD analysis:
» Use several data sets (NC, CC, jets in p (ZEUS))
 Fit QCD parameters (pdf)
 EW parameters at the same time

Recent EW+QCD fits:
e H1 HERA I (Phys.Lett.B632(2006)35) (94-00)
« H1 HERA I+II (preliminary) (94-05)
« ZEUS HERA I+1I (preliminary) (94-06)

CC i1s sensitive to M :

t
dgacé) B G% [ MEV

2
= Yo Wo FY_a2Wy — y° W

NC is sensitive to quark axial and vector couplings to Z:

ﬁ? = Fy — (@e T Peae)XZF;Z(aiavi) + (Ug + ag + QPBUBGB)XZZFQZ(a% vi)

22
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Gy () e (D) Gy (ph) Gy (Pb)

e (Pb)

0s L

0.5

0.5

0.5

The EW/QCD analysis: pdf's

ZEUS

QP=200 GeV®  + CF=280 GeV® Gf-300 GeV® o 1 T T T T T L R T
o Q* =10 GeV?
0.8 ZEUS-pol (prel.}
N FHHHH 4 0,5(M, )=0.1180
Q=500 Gev® OF=650 GeV® T OF=800 GeV® ] [ 1 total uncert.
] 1 AN N ZEUS-JETS
FHHH—HHH M 4
G*=1200 GeV® GF=1500 GeV® T GF=2000 GeV®
0.4
- QP=5000 GeV? CP=B000 GeV® |—  CP=12000 Ge\."z—: 0.2
I ¢ ]
IIIII| 1 11 IIIIIII| 1 IIIII| 11 0 1 1 I\IIII| 1 1 ||||||| 1 1 ||||||| 1 1 I ]
07 | 10* i 107 i 10° 102 10
* H12005epRH
© H12005eplLH
— H1 v +a +v 8 +POF fit(prel), P =+37%
== H1 v +a v 8 +POF fit (pral ), P =—27%

more details in talk of A. Cooper-Sarkar!
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The extraction of quark couplings to Z 1.

* No sign
ambiguity
(interference
terms)

* Sensitive both to
v and a, different
Q2 dependence

+ Polarization helps
with v

In QPM:

F;Z — 2z Z 6?;@?;[(]’?; + @}

Fi=z) (o} +ai)la+ @)

0.5

-0.5

H1 preliminary (HERA 1+l 94-05)
[ T

H1v -a -v-a,-PDF (prel.} -

H1 preliminary (HERA I+1l 94-05)
[ T ot
H1v -a,-v,-a,-PDF (prel.} N

W
\

[ * Standard Model
— —— LEP —

68% CL

I 68% CL \ 1
i * Standard Model E
— — LEP -
1 1 | 1 1 | 1 | 1 | 1 1 | ﬁ CI[aFI 1 1 1 | 1 1
-1 -0.5 0 0.5 1

ay

_ITIC\DlFllll\Il\lllll\ll‘ll

-1 -0.5 0 0.5 1

xF;Z = 2x Zeiai[q?; — G

;'CFSZ — 2z Z V0 [q,&- — @}
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ZEUS

ZEUS—poI-ad-vd-PDF (prel.)
El total uncert.
Uncorr. uncert.

B H1 prel. (HERA I+l 95-05)

N\

— CDF
— LEP

68% CL

* SM

-1 -0.5 0 0.5

=

>

Fit results with either u or d quark couplings fixed to SM values:

ZEUS

The extraction of quark couplings to Z 1I.

ZEUS-pol-a -v,-PDF (prel.)

Hl total uncert.
uncorr. uncert.

B H1 prel. (HERA I+1l 95-05)

\

68% CL

* SM

— CDF
— LEP

-1 -0.5 0 0.5

d, a,
for u quarks best available measurement!
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EW/QCD analysis: Right handed isospin

ZEUS
Introduce rieht handed n oF [T T T T T[T T T[T T T [TTTT[TT]
iS0SD] h g]db . 1:_ ZEUS—poI—TiH-Tiﬂ-PDF(preI.) _:
pin, snou € Zero 1n " B total uncert. .
SM: B uncorr. uncert. _
0-5__ > SM __
3 3 - ]
_ 73 3 . 9 0.5 -
Vg = Tq,L — Tq’R — 2eqs1n Oy : :
{— 68%CL N
TiL,sinQQWﬁxedtOSMvalues T bvr b b b b

-1 -0.5 0 0.5 1
T,
In agreement with SM
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EW/QCD analysis: propagator mass

The mass of the propagator can be Fit simultaneously G and M

determined from the Q2 dependence of prop’
the CC cross section: e
- ) 4~ 0.125 —————
dzacc B G-, Mﬁr op - E - Hi oh,__OF
dzd(Q)? 477{17 p?“op 4 Q2 e o - W_PDF(G=5,)

012 - -
68% CL

G fixed to world average: |
1 Mgy = 287418000 K model) GV 0 N

[~ * World Average

ZEUS:Mpmp:79.1&0.77(%‘\'111]001")iO.gg(COI’.SySt.) Gev L

L[]

. M., (GeV)
In good agreement with on-shell mass of W
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Physics Beyond Standard Model:
Introduction

HERA is one of energy frontier machines:
- energy (318 GeV) between LEP (up to about 200 GeV) and

TEVATRON(up to about 2 TeV)
= “cleanliness” of ep also between ee and pp

Two possible ways of searches:
» Look for deviations from the SM in tails of distributions
» investigate all possible high P_ topologies

- great generality, minimize probability to miss something
+ Look for predicted signatures of BSM models
» adapt an analysis for each exotic prediction
- Larger sensitivity
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BSM: Generic search I

Events
General, model independent search for 107 10" 110 10 10° 10° 10°
deviations from SM: HE -
g N
. : . =
- find isolated high P_ particles: e, 7, W, W E ————————% .
- evE &
jet, v,... oo *
» common phase space: e ¥
s P >20 GeV TE—3 @
T e ———
* 10° <6 < 140° e
» isolation: An* + A¢* > 1 0~ | S ——— ]
v E s s . I

» classify events into exclusive o —

channels (>= 2 particles), for example — vvgF—/——+ =
e-jet, jet-jet, jet-v, ... HYE 3% | «Hi1 Data (prefim)
SE ¥ == o
eiH | 3

number of events in each channel in good #HivEF— ¥+

: . w7 | | | |
agreement with SM prediction H1 General Search, HERA Il e'p (178 pb™)
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BSM: Generic search II

10 H1 General Search, HERA Il ep (159 pb™)
m - - 0 —
= l-1 o F T P, Scan _
7] i & H1 Data(prelim.)
Q 10° o) —— MG Experiments
= 107 O 10g
Ll 10 § -
-I| HLE 1 ‘l‘
10 O E
11 7 RN || B Y g f
0 100 200 300 == Lj
L P; (GeV) S ST PO P VO Y
0 0.5 1 1.5 2 25 |0§ B
Look for deviations in spectra: _ H1General Search, HERA Il e'p (178 pb')
> find regions of spectrum with ; TSR paraim)
.« e L — Xperiments
largest deviation from SM 2
» use many generated SM MC z
samples to determine what : U—V—]
deviations we expect from E
statistical fluctuations “

-Iog10 P

No very significant deviation found, most deviating channel is l—v—j in
e+p data
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BSM: Isolated leptons I.

s, Isolated Muon Isolated Electron
r&\
........ | T ¢ Neutrino

‘ Hadronic Jet: )(.,%.j

ol
LT

-
vé'

H1 HERA I e + P,™° event

H1 HERAI u + P;{"° event

Events (DIS or yp) with: 5 2
* hlgh PT miss ’

« isolated high P_lepton (e or p)

‘ Neutrino, P miss

Xy I
‘ Isol. Lepton, P} ‘

« hadronic final state PTX

Main SM process: photoproduction of W
(low P %)
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BSM: Isolated leptons II.

l+P™ss avents at HERA I+1 (e"p, 294 pb™)

I+PMss avents at HERA 1411 (e'p, 184 pb™)

7 " -
o=t e
® H1 Data (prelim.) Np..=41 10°~ @ H1 Data (prelim)) Np,,=18
5 10° g= AlSM i ; Nzh: =345+4.8 5 E &= AlISM (P ) NE:: =244+ 34
I.I=J. [ Signal I.I=j - [ Signal
etp data - e'p data
10 10 =
1 1
10'1IIIIIIIII|!IJIIIIIIIIIII|IIJIIIIlI|IIII! 10.1||||I|||||J|||I||||I|||||||||I||l|
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
P}‘ (GeV) e andu channels P¥ (GeV) e andpu channels
H1 HERA I+II e channel u channel e and u channels
PTx > 25 GeV obs. / exp. (signal) obs. / exp. (signal) obs. / exp. (signal)
e*p data (294 pb1) 11/47£09 (75%)| 10/4.2 0.7 (85%) | 21/ 8.9 £ 1.5 (80%)
ep data (184 pb!) 3/3.8x0.6(61%) 0/3.1 0.5 74%) 3/6.9 £ 1.0 (67%)

Excess of events at high P_* for e+p observed (~3 o)
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BSM: Isolated leptons III.

ZEUS in agreement with SM:

e, i + PT** events at ZEUS (e’p 286 pb)

e,p + P7* events at ZEUS (e'p 206 pb”)

ep data (0.39 fb'1)

4 /6.0 £ 0.8 (67%)

2 /4.8 0.7 (87%)

6/ 10.6 + 1.4 (76%)

For combined analysis excess drops (~2 G )

a 10 — e ZEUS (prel.) o'
S [1SMMC = e ZEUS (prel.)
T 20909090 2= B W Prod. MC @ 10 [ 1sM MC
1 w MW Prod. MC
1 L I
10!
107!
1079770 20 30 40 50 60 70 S0 9% 100 .
PX (GeV) 0% 10 20 30 40 50 60 70 80 % 100
PT (GeV)
Combined (H1+ZEUYS) analysis:
H1+4ZEUS HERA I+II e channel u channel e and u channels
PTK > 25 GeV obs. / exp. (signal) obs. / exp. (signal) obs. / exp. (signal)
e*p data (0.58 fb1) 12/74£1.0@ow) | 11/7.2 £ 1.0 (85%) 23/ 14.6 £ 1.9 (81%)
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BSM: Leptoquarks I.

Leptoquarks: Leptoquark Search, HERA I+l
» bosons coupling to lepton-quark E | H1
: 10°E
palrs : . & : ep (170 pbY)
» naturally appear in various @ 102F
unifying theories BSM g sl
L - NC
) I —e H1 Data (prelim.) +
© £ 15 oy |
i SM Uncentainty
3 y LQ 100 150 200 250 300
5 — . )\tq-
. ’ M,/ GeV
“ s-channel % =
//..
» Low mass LQ: look for peak in . o s i
: : : z ralim. singla .
M_ _distribution () preim. he'e B9 3
LQ — H1 (94-048) singla LO
» confidence limits on M and Do pair prod l
LQ 107 % L inglr. limit E
Yukava coupling A 200 250 300 350 400

M, ./ GeV
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oo
N
=

U —

% y-channel %

» High mass LQ: search for
deviation of cross section
from SM at high Q’
(contact term)

» determine limits on MLQ/?\

Leptoquarks II.

ZEUS
T T | T T T T T | T T T T T
10 b 1.2 | ® ZEUS 94-04 e*p 7
3 — sb, M/7=0.88 TeV .
¥ 1 --- Vi, M=046Tev .-
Z -~
2 0.8 M = .
10° 10°* -
1 H}‘l:_? persifrezerieees
Limits on Heavy Leptoquarks (prel.)
| | | 1 | | 1 | | | |

3 4
10 10 Q2 (GEVE)
10 | 124 ' e ZEUS 9805 (prel)ep
S e VL M/2=1.91 TeV ]
B ) R S St M/.=0.74 TeV
=
E 0.8 | II
10° 10*
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BSM: Quark (and lepton) radius
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Conclusions and Outlook

* HERA experiments collected large data sets with lepton
polarization for both lepton beam charges

» Rich electroweak physics at high Q* and P_

» Measurement of EW parameters from combined
EW+QCD fits

» competitive limits on BSM physics

more of precision results from full HERA I+II data set still to come!
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