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HERA the rst epcollider

HERA epcollider, E¢ = 27:5GeV
Ep, = 820 (920)GeV till, (after) 98.

360 m

Experiment Hall
NORTH

H1

Protons

171

Electrons

Experiment Hall
Experiment Hall EAST
WEST

HERMES

\ HERA

820 GeV protons x 30 GeV electrons
Ecm = 314 GeV

H-Linac L=1.5-1031 cm2s°1

210 bunches, 29m spaced

Experiment Hall SOUTH

ZEUS
T

|}

Structure of the proton is probed with a point
like electron at high Q?
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Deep Inelastic  Scattering
Inelastic electron proton scattering, ep! eX.

10° 1 10°

— ZEUS NLO QCD fit

[ tot. error + BCDMS
o E665
® ZEUS 96/97 v NMC

Steeprise at small x Bjorken and large QZ.
Yot | X, energy dependencebecomessteefer.
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Parton Distribution Functions

ZEUS
0.8

(-
X
G
0.7 -
i —— ZEUS NLO QCD fit
06 a(M2%) =0.118
[ ] tot. error

0.5 B2 uncorr. error

0.4 N\ xg(X0.05)

Zj xS(X 0.05 o

0:

107 107 107 1

X
2 Parton Distribution Functions are extracted

from DGLAP t to F».

2 Gluon distribution function is related to F»
ewolution in Q2:

2 The rise of F, at small x is driven by the rise
of the gluon distribution function.
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Di®raction
Yais 1 - Yaor » 1:10
Large rapidity gap.

Color singlet exdhange.

°"p scattering and hadron-hadron scattering
analogy

Diffraction diffraction
P(p) Pp)
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Exclusive di®raction

ety EW

vV (9)

p(P) - T p(P)
Why Vector Mesons

VM have the samequantum numbers asthe
photon, ) study exdchangeof color singlet
with quantum numbers of the vacuum,
Pomeron! gluon ladder.

Transition from \Soft" to \Hard"in teraction.

In hard vector mesonproduction
%P VP jxg(x; Q)2

Possibility to improve our understanding of
QCD dynamics

Clean experimental signal.
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Exclusive di®raction

2 Hard process
{ Partonic degreesof freedom.
{ Two gluon exdhangeat LO.

Factorization ) QCD calculations.

Steepenergy dependenceof crosssection
(%2°PF VP 1 jxg(x; Q%)j%).

2 Soft process
{ coheren hadron.
{ Reggephenomenology
\Hadronic" exdhange! Reggetrajectory

Slow rise with energy of crosssection
(Pomeron).
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Vector Meson (VM)
kinema tics.
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Pl
|
2 The photon rst °uctuates into a vector
meson,V, (°a! V).

2 The vector mesonscatters elastically o®the
Incoming proton (Vp ! Vp)

Reggemodel (soft di®raction) predictions :

2 Exchangeof Pomeron, trajectory
®(t) = &0) + &

d¥y(° p! V Y _ -
o d¥%( %t P) | @i bojtj(WZ_WOZ)Z(®(t)| 1)

2 ) b(W) = b+ 2@PIn (W?2=W§).

2 ®Pis a measureof the size of interaction
region.

Experimental obsenations from hadron
scattering:

2 ®(t) = 1.08+ 0:25t (Soft Pomeron)
2 b slope increasewith energy

2 Weak energy dependenceof crosssection
Yal va += 4(®0) %Oi 1) 0:2
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Hard di®raction, pQCD dipole model

[~
. [~
’
' o -
'
' o
Ll o
[
et

the photon °uctuates into a g state,

the g@ pair scatters o®the proton target,

VM is formed (well after the interaction)

R 3
D=0 = Ac(z;1)%eAv (z;1) d?r dz °

Yoo | 5~ @(Q% )X9(%; Q)
q
z=Eq=E-s,r=1= z(1j z)Q?+ m;

g
transversesize of dipole

Arik

Kreisel

Predictions, E®ectsexpected for hard di®raction:

2 A fast increaseof the °“p! Vp crosssection

with energy W

2 Universal exponertial t dependence,
by » 47 5GeV 2

2 p slope has no energy dependence) ®F!
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ZEUS DETECTOR: ep! ep'

Clean experimental signal!

2 Track momertum is measuredby CTD, pion
massis assumed.

2 Scattered electron position is measuredby
SRID, HES and RCAL.

2 Scattered electron energy is obtained from
momertum consenation
Ee= (20Eci E™+ P=(1] co(lko))
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14 event selection in DIS
Scattered electron measuredby calorimeter.
Two good quality track in CTD.

Otherwise clean calorimeter.

14 Invariant massof tracks within 2 mass
resonance,0:65< my,, < 1.2GeV.

Energy momertum consenation,
45< E | P; < 65GeV.

Breit-Wigner
- backgfound ]
“interference
it ’

>
Q
=
o
AN
~~
)
+—
c
()
>
o
Y
o
@)
Z
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Challengesand solutionsin ¥4
analysis.
t reconstruction

Entries
Mean
RMS

0.55 <t < 0.9 (GeV)

1 \‘\\\‘\\\‘\\\‘\\\‘\\\‘H_\’_L\'—M\
-0.8 -0.6 -0.4 02 O 0.2 04

qen rec (Gevz)
t=(pi P)?=((€i ¢i V)’

Steepand changingt distribution. ) Migration,
» 5% of events with badly reconstructedt causes
a huge problem at high t.
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Factors contributing to t resolution

70 -
60 - vertex
50 -
40 -
30 -

L

20 © L
10 -
0 Erur\ﬂrjlfwm T B SRR

15 -1 -05 0O 05 -15 -1 -05 0 05
(GeV) (GeV)

gen rec gen rec

45 ¢
40
350 pOSItIOI’l
30 -
25 ¢
20 -
15 -
100 10 -
50 5

Orrrr\q_}c oo 1 O:rrrrm I I S 1%
-15 -1 -05 O 05 -15 -1 -05 0 0.5

(GeV) (GeV)

450
400
350
300
250
200
150

gen rec gen rec

The t resolution in high t;¢. bin was studied by
looking at ead reconstructed componert
separately were all other componerts are taken at
the generatedlevel. Electron position and vertex
are the main sourceof t resolution.
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Event migration in t is corntained by
Improving scatteredelectron position
reconstruction

Standard reconstruction  Improved reconstruction

[&)]

—
£
O
2
c
)
=)
?\
-
£
(2]
>

4
3
2
1
0

-1

-2

-3

-4

-5

o

PP IR I
2 3 4 5

XsrtdXgen (cm)

Entries 2921 5 Entries
Mean -0.3095 . Mean
RMS | o.2687 g RMS

I r

- 0.55<{,,<0.9 (GeV)

N s T AR RPN AVRTATEN RPR
-0.8 -06 -04 -0.2 O

aen ‘rec taen'trec

Problem Solution
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Challengesand solutionsin ¥4
analysis.
Proton disscciation badkground

Proton disscciation badkground is the largest
badkground in the elastic sample15; 25%.

Proton disscciation badkground is the largest
systematic uncertainty in the elastic analysis.

Accurate subtraction of proton dissaciation
badkground is essethial to measureelastic
b-slope.

Tune model parametersto describe proton
disscciation di®erertial crosssection, for the
tagged sample.

Usethe parameterized MC to estimate the
Proton disscciation badkground in the elastic
sample.
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°inl VY

Data MC comparison, proton disscciation t
distribution in bins of Q2

pdiss. e DATA = MC
— 1600
11400+
1200 ¢
11000+
800 -
| 600"
400f
. i 200 -

\\\\i\\\\i\\\.\i\\p\i O.
05 1 15 O 05 1 15

IR R R U 250;“‘*w“‘w““»‘”‘;

i 3 ? 225 - : s =
1 200"
1 175¢
150 -
1 125+¢
100 —o
75 ¢
50 :
25 -

- 1 1 T - 1 1 1 i
\\\\‘\\\\‘\\\\‘\\\\ ’\\\\‘\\\\‘\\\\‘\\\\’
0 05 1 15 0 05 1 15 2

t] (GeV)
Good data MC agreemen.
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°inl VY
Data MC comparison, proton disscciation W
distribution in bins of Q2

pdiss.a MC e DATA
250

200

150

100

P BT
50 100 150

100 150
W (GeV)

Good data MC agreemen.
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Pr oton-dissocia tion
back gr ound
As a function of t in bins of Q2
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Background has strong t dependence.
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Resul ts
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Ener gy dependence In
photopr oduction (Q? % 0)

(D)

—_—

-
O
S

O

O

)

0

)

O

|-

O

ZEUS
H1

H1, prelim.
fixed target
.
o(yp = Tp)

10 10° W(GeV)

2 Energy dependencebecomessteeper for
heavy VM.

SLAC seminar, Sep 2003 Page 22



Arik Kreisel
ZEUS J=A PHP. (Q?=0)

ZEUS
L L A R R
- = ZEUS 96-97Jy 5 mm
- ¢« ZEUS 99-00Jy 5 e'e

w - —— FMS (CTEQ4L, | =4)
/ MRT (CTEQ5M)
MRT (MRST99)
GBW double Gaussian

50 100 150 200 250 300
W (GeV)
2 pQCD approad describes steepenergy
behavior.

2 M-z provides a hard scaleto apply pQCD.

2 Exact measuremen A! sensitivity to gluon
density within the samemodel (MRT).
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¥4 ap! 1/2|{Q2; W)
ZEUS

- Q*NBeVAN d (Astat.)
0. R 0.16A0.06

Yy S E— 0.12A0.03

3 0.33A0.05
- 25 0.3840.05

- 3D 0.5680.10
- 6.0 0.52A0.09

- 8.3 0.46A0.10

- 13.0
: /?/?/JL,?,?_QSQQJB
- 27.0

 m ZEUS 94
v ZEUS 95
-~ ® ZEUS (Prel.) 96-97r

| | | | | | | | |
0O 25 ©50 75 100 125 150 175 200 225

ot W NBeVN

= 1 ZEUS 94
1FvrZEUS9S
e r ZEUS 96-97 (prel.)
0.8r

) Yal (U2

0.2F

0

15 20 (2)‘53 o
Energy dependencebecomessteeper with

increasing Q?, as
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Ya ap 1/2|L(Q2; W)

ZEUS

Fit with w ¢
FKS (CTEQ4M), normalized to PHP
-- - MRT (CTEQ5M)

y p)(nb)

x

stpj(g p® J/

ZEUS (prel.) DIS 98-00
ZEUS (prel.) BPC 99-00
ZEUS PHP =
H1 DIS 95-97 ' %
H1 PHP

O *+ 1 e

2
10 10

W(GeV)

® ZEUS (prel.) DIS 98-00 O H1DIS 95-97
Wd W ZEUS (prel.) BPC 99-00 +* H1PHP
* ZEUS PHP

Yal (L2

el b e b b
10 125 15 17.5 20

Q’ [GeV]

No visible dependenceon Q? for J=A
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Ener gy dependence In bins of

?)
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2 Regge:

2

t for J=AIn DIS

ZEUS

0.0LB B 0.1 GeV
| ‘ | ‘ |

100 150 200
W (GeV)

\
50

® ZEUS (prel.) 98-00
- LQ*G=6.8 GeV }

0.3LB A 0.9 GeV
\ \

In eadh t bin:

oL
o

100 150 200
W (GeV)

d¥(° p! Vp)
dt

30

25
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5

0

0.1L BB 0.3 GeV
| ‘ | ‘ |

a o
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W (GeV)

% }

0.9L B A 2. GeV

|
50 100 150 200
W (GeV)

| i boiti (W 2=W2)2(@0)i 1)

S (5)*

2 From t in ead bin: ®(t) =
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Pomer on trajector vy fr om
J=A

ZEUS

o ZEUS PHP 96-00
~ a,p(t) = (1.200+ 0.009) + (0.115 0.018 GeV?)'t

® ZEUS (prel.) 98-00 € Q° G= 6.8 GeV)

— a,p(t)=(1.22t0.03)+0.12:0.05 GeV )" t

DL soft

\y‘ T T T ‘ T T \\‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T

\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\
2 175 -15 -125 -1 -075 0.5 025 O
t (GeV?)

Similar Pomeron trajectory from J=A in DIS and
PHP.
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Pomer on trajector

DIS 4

Arik Kreisel

y fr om

A.K. thesis

o 1 Q?=0 GeV? ZEUS 94-95, H1 94,0me

\V? ZEUS 96-97

+ 1 Q%=10 GeV ZEUS 96-97

2 Pomerontrajectory as measuredfor ¥4 is a

function of Q2.
2 ® Decreaseswith Q2.

2 ®p (0) Increaseswith QZ.
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dependencein bins of Q? for elastic 2, t

ZEUS

10° ¢
2 < @F<3(GeV) - 3<Q@<5(GeV)

o O
o o

e T S T S S S T
o o
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o
N

e ZEUS 96-97 (prel.)

5< @ < 10 (GeV) - 10<F< 15 (GeW)

e T S e S
O O o o
N w AN a1
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o
SN

0 025 05 075 1 1 0 025 05 075 1

t| (GeV) t| (GeV)

At low t the crosssectionsdecreaseexponertially
with t. &%/ exp(bt)
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b slope - Elastic ¥¥ and J=A
ZEUS

* ep®@ep Y H1

= ep®ep JY ZEUS

e ep® epr ZEUS
ep® epr H1

10 10°

Q*(GeV?)
Naively b is related to the radii of two
Gaussian-ohects participating in the elastic
scatter. b / réa © rg.

rqg = 1= z(1i 2)Q%+ mg

19 b decreasedo an asymptotic value of
bV, 4:5GeVi ?

J=A: bis constart at a value of b¥% 4:5GeVi ?
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b(W) slope - Elastic ¥4

| AK ‘th‘esis‘ -

+

. r-zEUs®e97

: e Q=3GeV . ®=Q%*=10GeV . ..

Il : Il Il Il Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ]
40 60 80 100 120 140 160
W GeV

®P is measuredfrom T,
(W) = by + 2@PIn (W 2=W¢
No visible Energy dependenceat high Q2.
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b slope - Elastic 2

A.K. thesis
| | - ZEUS 94 PHP |
v ZEUS95BPC

e o ¢ ZEUS 96-7 DIS |
e fromb-slope -

- from trajectory

decreasewith Q2.
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ZEUS

Arik Kreisel

e ZEUS 96-97 (prel.)

B
- t=-0.06 (GeV})
- c’/NDF=0.7

t

L t=-0.22 (GeV)
"~ ¢’)/NDF=0.7

I 1 6 L1 8 \10\ \12\ | \14-\ | \16\ | \18\ | \20

2 Vertex factorization holds

Q° (GeV)

2 crosssectionsratio is Q2 independert !

2 Leadsto measuremeh of proton form factor,

Fo (1)

SLAC seminar, Sep 2003
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A

| g* p center-of-mass frame

P— -
Scatterlng Plan
Production Plane T

Decay Plane

O rest frame

Decay Plane
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Helicity anal ysis

The angular distribution W (cospy; An; ©p) iS
parameterizedby linear corrbinations,rﬁg, of the
4 spin-density matrix elemerts.

Transition amplitudes

No helicity °ip

Too:°L! Y Typ:°7! Y
Single °ip

Tor:°7! Y Tp:°L! Y%
Double °ip

Ty1:°t! 4

Relations to transition amplitudes

04 jTooj+jTo1j°
00 N

rgo / NL(TOOTgl)
21/ (TuTio | TloTi/i 1)

rgo/ i J.T0|\|1j2’
i p\.i(Tllei 1)
N = i jTijjz; i:bl/z;j:>° =
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(Iq—lelicity anal ysis

z(1i 2)Q?+ mg3, z= Eq=E--

°C ) symmetric (z = 0:5)) )

large kt ) small spatial con guration.
°T ) asymmetric (z= 0;1)) )

small kt ) large spatial con guration.

Is 3% a harder processthan %5 ?

Helicity analysis allows measuremen of
R = Zi ) separatemeasuremen of

4]'
Y4 and I .

PQCD predictions

R = % =% increaseswith Q2, % dominates
at high Q2.
Hierarchy at high Q?
jToo) > JT11) > jTo1) > jT10) > Ty 1]
t dependence
{ no helicity °ip: T11/ Tpo constart in t
{ single helicity °ip: To1, T1o / Toopf
{ double helicity °ip: T1;, 1/ Toot.
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helicity anal ysis in bins of Q?
and W (ZEUS °“p! %4

Q°=5.9[GeV]

Q°=3.5[GeV]

H—(‘).5“‘0“‘0.‘5””1 OHH—O,S‘H‘OHHOﬁSHH1
cos(,) cos(;,)

Q’=12[GeV] Q’=27[GeV]

| ‘O.‘5‘ - 1
cos(,)

The coq ) distribution
W (cog(ph)) = F((1i rds) + (3rgs i 1)cos*(ph))

04
R= %A 2 '
Yar 1i

SLAC seminar, Sep 2003 Page 37



Arik Kreisel

R = 3/4,LP! Y2p=3/7p! ¥p

[T~ T
-e ZEUS 96/97 (prelim)
i. ZEUS 94 (PHP) IinerL/sT:(Qle 2)k/X 1
v ZEUS 95 X=2.16+0.05,k=0.74:0.02 |

T H1

L L ‘ L L L L ‘ L L L L i
20 25 30

Q’ [GeV]]

2 R increaseswith Q?, consistent with pQCD
predictions.

2 Experimental T R(Q?) = (Q%=M 2) =»
»= 2:168 0:05,- = 0:748 0:02.
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Yas o 14 Q°)

ZEUS

® ® ZEUS(Prel.) 96-97r
A ZEUS 94

BB ZEUS95
sy 1(A+QIM3)"

Q’@ GeV
® s ® s,
n=1.89+0.03 n=2.720.03
[ R B RN R R [ IR R R N R B

0 5 10 20 25 30

Q° (GeV’)

Separa te measurement of
Y and S
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R(W) for fixed
“Th! Yep

ZEUS 96/97 (prelim.)

A O Q 19[GeV]
Q 12[GeV]f
A Q 7[GeV]
B Q 35[GeV]
v Q 24[GeV]

‘80‘ | 100 120 MO 160
W [GeV]

¥+ and % have similar ener gy
dependence .
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br and b

A.K. thesis

|
}

* b.r. © |cos@ )| <0.4

= b, . © [cos)| > 0.6

Q% GeV*

q
r=1= z(1j z)Q?+ m3, z= Ey=E--

°l) symmetric (z = 0:5)) ) small spatial
con guration.

°T ) asymmetric (z= 0;1)) ) large spatial
con guration.

B, 100> b oo.
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helicity anal ysis In bins

A.K. thesis

040701 02 03 04 05 06 07 08 09 .

It [GeV?]

04+ jTooj’+iTo1j® _
roo % N = 37‘11_ _?VZFOT

jTooj No helicity °ip, jTo1j single °ip amplitude
jTooj? A jTo1j?) Very smallt dependence,as
expected.
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A.K. thesis

e ZEUS 96-97 DIS
gp® rp

>

0101 02 03 04 05 06 07 08 09 _1

It| [GeV]

single °ip
rgo+ 2r3y 1w (TooTgy + 2T0aTiy i 2T10TY, o)
t dependencemeasuredto be proportional to  t .
{ dependenceis due to the Tp; single®ip °t ! %
as expected.
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T

gp®

e ZEUS 96-97 DIS

_O.Siwwwwi\\\\i\\\\i\\\\\\\\\\\\\\\\\\\\\\\

0 0.1 0.2 0.3

0.4 0.5 0.6

double °ip

09
[t] [GeV7]

1

Proportional to t within large errors

rdo ! i IToui” (p t)> (Tor=single °ip)

N

Arik Kreisel

2 riy | 5(TuTy )/ t (Ty 1=double °ip)

2 jTo1j* > (T2 T, 1)) Tor > Ty 1 Hierarchy

SLAC seminar, Sep 2003
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Conclusions

Exclusive Vector Meson production is an
exclusive reaction that can be calculated with
perturbative QCD.

Expected perturbative QCD featureswere
found in data:

Steepincreaseof crosssection with energy
small ®, small b-slope.

J=A production can be described by pQCD
models already at Q% = 0.

14 exhibits smooth transition from soft to
hard di®raction.

1 exhibits hard behavior at Q* 2 M Z_;.

In pQCD region jxg(x; Q?)j? can be studied.

Alternativ ely for a known jxg(x; Q?)j? Vector
Meson wave function could be studied.
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