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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Overview

e Introduction to Diffraction

e Diffraction in Hadronic Collisions
¢ Inclusive Diffraction in Deep Inelastic Scattering (DIS)
e Jets in Diffractive final states in DIS

e Exclusive Diffraction (VM and DVCS production)

® Summary
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New Trends in High-Energy Physics . Inclusive and Elastic Diffraction at HERA

Introduction to diffraction

Optical diffraction: Hadronic diffraction:

Consider light striking an opaque object: D + target — P + target (elastlc diffraction)
7y + target — 7y + target B

Wave fronts on an absorbing target:

D(SIG)/DT IN MB/GEVa+2

is the wave number where D is the incident proton momentum

and v = Roksinf ~ Ryk# and b = Rj/4
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Hadronic Total cross sections

80 oy T T T 30 — i S R Th .
o ] Smaas | > Regge Theory:
I o
(mb) | ] (mb) [ ™ P 18.635°%+36,025704%
70 |- pBARp: 21.705%%%°+-08.3957045% 281 7' p  13.635°9%127.56g704% -

[ pp:  21.70g%°%%456,08g7040%

80 |-

> Optical Theorem:
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pp/Pp-

(a)

30 Lol el

L L ot 3l L ] [ | TR | 1 L L RS ST T 1 n
610 (00 000 AT I—T: oo where:
Ve (dev) Vs (GeV)

up———————  qp(t) = 14 0.0808 4 0.25¢
1 apt)=1-—04525+1

| b=by+ QOdlln(S/S())

— Shrinkage of elastic peak

24 K p  11.82000842g 3870462 —

(mb) [ | K'P  11.820%%48.155 04

-p 0.677g%%%%..0,129g7046%6

Optical analogy:

increase S — smaller \

diffraction peak steepens, larger
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New Trends in High-Energy Physics . Inclusive and Elastic Diffraction at HERA

Introduction to DIS Diffraction

Inclusive diffraction vs. elastic diffraction:

PR > Double dissociation:
o L _
e / e o= x v* — X (with mass M y)
AN + { | p — Y (prot dissoc., mass My)
i p N
> =¥ (My)
o,/
t > Single dissociation:
v —= X
p—=Y =p

> Elastic scattering:
V= X =VM,ny
p—=Y =p
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Standard DIS Diffractive DIS
e/
C}
gq
p P ]

proton
remnant

the photon virtuality | 4-momentum transfer squared

the fraction of proton’s momentum fraction of the p momentum in /P
carried by the struck parton

fraction of the /° momentum in the

7"p em energy squared quark counling to +*
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New Trends in High-Energy Physics Incli'sive and Elastic Diffraction at HERA

| Introduction to DIS

Standard Deep Inelastic Scattering, DIS: ZEUS+H1
QEE‘NI'G__ ‘ \ Q=15 GeV?
dQO- 4:71_&2 y2 y2 1.4:— + @ ZEUS 96197
= L—y+ ) =2 F r R
drdQ? xQ* =y 2 ) 2 I L2  mew
1:_ ---- MRST9
05
0.65—
2 i
> Atlow x: fo ~ 2~ A and W2 ~ Q 0'4;
0.2f
0
10
' 2
diotiff 47roz2[<1 s 92>FD(4) YD)
dBdQ%dxz pdt — BQA 2 /"2 o L
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

DIS Diffraction

> Bj: A process is Diffractive if, and only if, there is a large rapidity
gap in the produced-particle phase space which is not exponentially
suppressed. A

For the triple Pomeron description: Mz
Lo s = 1=0hp(H)Gp(t) Bap(0) . Poro2
dtavy ~ 6P BIP\ 3P D AP o
+1657 = OBR(DG RRIP () FA1P(0) (57 )epl)=2
For IP: ap(t) ~ 1+ a/pt For R: ap(t) ~ %‘—F a/pt

. _d% o (s 01 /oy\0_1
Hence for /P: AT (M)Q() W7 (e¥) W
So for /P: rapidity: No dependence, flat \/ %: Ml—g dependence
X
. d’o ~ (.8 \-1.1 _ ( —yy 1
And for R: dthX (“@) M;ZE (6 >M)2;

So for R: rapidity: exponentially falling

N
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

DIS Diffraction

> Bj: Hard Diffraction is the set of strong interaction processes which
contain jets in the final state phase space.

> This can be modified: Hard Diffraction at HERA is the set of processes
which has some large scale.

— The interest in studying diffraction at HERA is that if there is a large
scale then QCD should be applicable (in contrast to the situation for
“soft”, long distance, diffraction which cannot be calculated in pQCD).
— At HERA, both long and short distance interactions can be studied
in electroproduction by varying the size (resolving power) of the probe

(Q):

e ()? = 0, photoproduction ~ hadronic regime

e Q2 < 1 GeV?, transition region

e 02 > 1 GeV?, deep inelastic scattering regime

22 - 29 September, 2001 9 Jim Whitmore, PSU/DESY



New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

DIS Diffraction

> What are the possible hard scales in the process?

1. High Q” total cross section ~ Fy
o olf R ATLF, ~ LapA s (W2)Aers
e Remember: o, ~ s¢P(0)~1 = (W2)2r0)-1 a¢ 2= g
2. High Q? inclusive diffraction ~ Fy D4)
3. High P% jets or heavy quarks produced in diffractive events
4. Exclusive production of Vector Mesons and DVCS:
e at high Q>

e for large mass )/{;
e at high ¢
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New Trends in High-Energy Physics : Inclusive and Elastic Diffraction at HERA

Introduction to HERA

>HERA: 27.5 GeV e™ on 920 (820) GeV protons — /5 = 318 (300) GeV

HERA luminosity 1992 — 2000

NA i‘illl‘ T T I4IHI‘ T T T irTTT T T T TTTTTY] T T l**!\} T T K T T \\IH!
> E ) [T | | [ I | I I | T [ |
<) [l Stac 1 ‘o 70 2000 170
S BCDMS 5 .
O 10°: NMC 2 i
- N s @ oF
103L [\ E665 e E 4ol
7 SR E
: @ ZEUS o o ] ;
L H1 8
1021 © 40r
- U’ L
C D L
L - L
i k= 301
10 = L
c 20}
1 =
- 10}
a0 '
10 E / =
E / 3 15.03,
T 6» ol 5; Ll 41 Ll 3| Lol 2| L] 1‘ [EEREN Feb MarAprMayJun Jul Aug Sep OCt NOVDeC
10 10 10 10 10 10 1
X
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA
*

W* dependence of o

ot
o BCDMS
e ZEUSBPT97 x H1ISR (prel) O low W PHP s E665 -~ H1 QCD
m ZEUS SVTXY5 v HISVTX95 ¢ ZELS vp¥%6 (prel) o SLAC — CSST (GVD/CDP)
éZEU-i 96/97 = H1 96/97 # Hivp ¢ NMC  --- ZEUS Regge$7 /; 05 _ P=1.5 GeV? ’; Q=2 GeV? ';' Q=25 GeV? ‘;
. 3 nr 4
% 10 Q*(GeVhH (- * i # ," * ** * . /'I
= ¥ L / I IE S . /
& x2 o ' ’ ¥ /
\9 - 0.00  (x2048) \N 0 F ’# #% ‘ ,\\ »., - | * | | \\ ".I
S 0.085 (x1024) Lo [ '“2 5'0 Vv . [
3‘ 10 5. S % 05 Lk Q*=5Ge 3
o ~ [
>;s (x256) | ol [
6 | . L T
4. [ 2 2 r
10 : x 64) 05 L Q 12 G?V .
£ [ * [ # ®
(x 32) L 3
O . -
{x 16)

- 2
. 0.5 [ @=20CeV* | Q?=25 GeV? [ Q*=35 GeV?
L ¥ L
x 4 L

x 2) L ! ' { L L | L

2 . i - 7 I L | )
l M [ Q=45 Gev? Q*=60 GeV? Q*=90 GeV?
PEAR ¢ o o 4 g 190 < D 05 F ) L b
L M o | |
v % _-—

10 &

[y SEOMOID 0 - - - P - B

H1 Collaboration

350 (x 1) -~ i L : :

7 ~ - [ Q*=120 GeV? Q°=150 GeV? e H196/97
: e _ 450 (1) 0.5 $ L .
N T T - s ] — QCD fit (H1)
1 Lo seoa boaen M 630 w1e of b= QCD fit extrap.
i 4 —2 —4 —2

I S 10 10 10 10

10 E ' IR | . e : Lol . |

107 10° 10° s e )\ independent of = at small x

\ln?z((;evz) .
o Iz, Q%) = C(Q%)a= M@
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

o

172 4
W* dependence of o,

H1 + ZEUS 2\ A —
05 — — NN _ O-ZLOt ~/ <VI/ ) eff ~ <W2>QP<O) 1
- ¥ Hi Inclusive . ¢

% ' 4 ZEUS Inclusive (prel.) _ For IOW QZ: Regge ThGOfy eXpeCtS
< B ) ,

04 J -

0 | M’W ] For high Q*: NLO QCD agrees

02 Y AA* ¥ .

” af _ - ] .
REL - See the transition from “soft” to “hard’
= ' % :

1 soft pomeron ) at Q> ~ 1 GeV?, above which the
—— ZEUS REGGE 97 1 . . . D
- ZEUS QCD 01 (prel) | pomeron intercept increases with Q"‘
Q’(Ge
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Selection of Diffractive Events (1)

> Require a large rapidity gap between pf and X

H1 L.

Observed first in 1993:

1 = g RCAL’ BCAL ‘ FCAL } (b):

i v e ZEUS data
- M_} m <_m . o 25_ Monte Carlo —:

I 10 et

~10% of all DIS events have little or no | o g
activity in the forward (proton) direction B R
No activity — no radiation — color sin- | e
glet exchange Advantage: large statistics
Determine kinematics from My Disadvantage: proton diss.
Integrate over ¢ and My (< few GeV) and non-diffractive included
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Selection of Diffractive Events (2)

Analysis of the mass in the detector: For IP:

W = 60-74 GeV W =110-134 GeV W =164-200 GeV dO- ].

g~ My

=8 GeV*

do
din(M%)
For non-diffractive:

d
o S~ e—ZnM%—

QZ

const.

0°=27 GeV*

Diffractive events correspond to the excess of events above the expo-
nential

Advantage: large statistics and removes some non-diffractive (R)
Disadvantage: proton dissociation included
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Selection of Diffractive Events (3)

> Measure the scattered proton in Roman Pots

y
proton B77 B72  B6T Q305358 B47 Q42 Q303433 Bf:a Boll | Q=15 oy
LT‘ T
Si
g f fractional energy
6000 f—
5000 f—
w0 4-momentum transfer
0
. squared
00 —
- Advantage: no proton
2000 [ -
- , dissoc., measure {
1000 — , ) .
o Eolifbioin b i LLLL, Disadvantage: low
04 05 06 07 0.8 0.9 1 1.1 1.2 accep tan ce
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New Trends in High-Energy Physics : Inclusive and Elastic Diffraction at HERA

Diffractive Structure Functions (1)

¢ distribution from proton spectrometer: Slope vs. T jp:
ZEUS t ° | ® H1(prel.)99-00 A ZEUS 94
R 70 | 5 5 @ 14 | ¥ ZEUS (prel.) 95
2 60 | 4 < Q" <100 GeV 2 W ZEUS (prel) 97
R M > 2 GeV 12 1
= W xpp < 0.03 ol
: t
~w 30 8
5 } f
5 6 # r !
o 20 |
=] 4 * %
2

10 - @ ZEUS (prel.) 97 0 ,

§ I 107 10~ 107

" | l l I XIP

0.1 0.15 0.2 0.25 20-3 Regge expect,s shrinkage:
L t(GeV?) b=by+ 2aln(s/sp)
. . /

b=6.8 £ 0.6(stat.)"5%(syst.) = by + 20 In(1/2p)

Resulis: Data are inconclusive
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

dioP

iy 2 > q
dﬁdQle‘ﬂDdt ﬂé';( y> <B QQ Lps ) % >

B xm
Hard scattering factorization for diffraction (J. Collins, 1997):
D D A Xip 1P
Iy~ 7 ®0 L,
when one of the initial particles is a lepton ,
f D are the diffractive PDFs and obey the usual DGLAP equations P
Assuming Regge factorization:
D(4) 2
Ey ™~z t) - By (B, Q%)
I 2« (t) I 1
The pomeron flux factor, ®(x . ) ~ /g ——
(@prt) ~ () -

> Do NLO DGLAP analysis of F%P in an analogous way to F9 to determine PDFs
1. What is o jp?

2. What is the diffractive partonic content of the proton (/F°)?
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

~ Diffractive Structure Functions (2)

: Z 015 —- 7 015 —5- 7 015 - 7 015 - 5
Measure F) : > Q_'(')sz 7GeV Q_;S(-)-’; 3GeV Q_-5i3 GeV Q——5.3 Gev
- o P=0. 01 [P=0 0q [B=017 0q LP=043
)
o

o 0051 003 \Lﬁk " \}\?}{\ > {\Ll\i\

XIPF

<
O_
=
O_

10~ 10 107 10 10~ 10 10~ 10
0.15 0.15 0.15 0.15
Q%=10 GeVv 2 Q=10 GeV 2 Q%=10 Gev 2 Q%=10 GeVv 2
| B=0.027 | B=0.073

0.1 0.1 0.1

0.05 \\é 003 \ﬁ%}; " \ﬁi W

[ B=0.17 { oy B=013

10 " 10 10 10 10 10 10 10
0.15 0.15 0.15
Q?=31 GeV ? [ Q%=31GeV 2 Q%=31GeV 2
)97 =0.073 L B=0.17 =0.43
® ZEUS(prel)97 | o1 LP o1 LP
O ZEUS %
2
=—0.17GeV" 05 [ 0.05 \1\1‘7 0.05 |
0 ol el 40 0 voml ool 0 covnl el aaa
3 -2 -~ 2 = -2
10 10 10 10 10 10
Xp

Fit the 7 ;p dependence assuming a factorizable /P flux ~ ( ,Lip)‘?o‘fp (t)-1,
Result: au;p(0) = 1.13 + 0.03(stat.) 428 (syst.)
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Diffractive Structure Functions (3)

* H1 (prel. —— Regge fit (IP+IR
° H1 2not f)|tted) ---------- Regge fit sIP) ) H1 preliminary

p=0.01 B=0.4 =0.

0.05 —

,,,,,,,,,,
2222222222222222

Xip

3 2 -4 3,

—

Q2
[GeV?]

6.5

8.5

12

15

20

25

35

45

60

90

120

New measurements from H1:
6.5 < Q% < 120 GeV?

t] < 1 Gev?

0.0001 < zzp < 0.05
0.01 < 3<0.9

Resulis:

> Data are well described by /° and R
exchanges: |

> Good description of the & jp depen-
dence (X2/ndf = 0.95) with

ap(0) = 1.173 + 0.018(8&175.) +
0.017(syst.) 0033 (model)

Fixed: avp(0) = 0.50 £ 0.16

and F[l? =0

AT

22 - 29 September, 2001
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New Trends in High-Energy Physics , Inclusive and Elastic Diffraction at HERA

Diffractive Structure Functions - Scaling Violations

Normal DIS: 7ZEUS+H1 Diffractive DIS:
» — X,p =0.003 H1 preliminary
4l 0 ZEUS 96197 = x=0.0003 , p=0.1
S < H196/97 = HI 94/00 Prel. p 0.05 -
g A NMC, BCDMS, E665 o
=L —— ZEUSNLO QCD Fit x ®
¥»roo v 0~ X=0.0006, p=0.2
0.05 - . :
ket x=0.008 M)”Q//
0
x=0.0012 , p=0.4
0.05 —
W
0 ™ x=0.00195, p=0.65
0.05 -
_{-ﬁ"'” Y. ] &
0 ™x=0.0027, p=0.9
0.05 -
0 lllll | illlll\] | [Ny
10 10°
Q? [GeV?]
s H1 (prel.)
— QCD fit (IP+IR)
~~~~~~~~~ QCD fit (IP)

— gluons at large (3 in diffraction
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

IP PDFs from H1:

HI1 1994
F(a) Q%=4.5GeV? e Gluon. fit 3
T S Gluon, fit 2
0 " - Light Quarks, it 3
hrd Light Quarks. fit2 .-~
05 & _: ----------------------
=: b T T T A A P BANPAR AAA rae o .
r 2 2
3 (b) Q=12 GeV
15 &
.
LB
05 L T T
0 T [ A

I Ll
;\\(c) Q*=75 GeV?

z = fractional momentum of the /P° car-
ried by the struck parton

— Gluon dominated /P (carries 90% at
Q? = 4.5 GeV? and 80% at Q2 = 75 GeV?)

Diffractive Parton Distributions

Proton diffractive PDFs from ACTW:

1

*=4.5GeV?

gluon, quark

R

——

— Proton PDFs have same I depen-

dence as 'normal’ PDFs at small 1

22 - 29 September, 2001
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Energy dependence of inclusive diffraction

ZEUS results:

- ZEUS 1994
® Q°=8GeV? v Q?=27 GeV?
O Q*=14GeV? A Q°=60GeV?
b& 0.06:‘ M, <3 GeV
— C
5 ‘ :
"ab _0.04; (] ] [] [} ]
002 ® 4 © & & o
L v \ 4 v v ) 4 ) 4
0‘_ A IS N A 4
Fee b b b b b by by ay laas
r 3<M, <7.5GeV
0.06 - % % $ i X $
0.04 [ ? 7 % pooe 5
oy Yy
0.02
3% & &
0'uAl...x.‘.[...l.i.l...|,..|.\.1H‘|
0.06 i_ 7.5 <M, <15GeV
0.04
z P
0.02 - § 4
| | ISESTENTAN R W TSR U A SO S G AN AT |

0 -| 11 Lod1
40 60 80 100 120 140 160 180 200 220
W(GeV)

Ratio of diffractive to total is indepen-
dent of W

H1 results:

* H1 preliminary, x, < 0.01

¢ H1 preliminary, x,, > 0.01
D) =0.04 |B=0.1 =02 |B=04 |$=065 [B=09
3 0.048 § B p B B D)
= by | it 1
0.02- T jaf | Gadary | qEE'E }p*;;i Eiiiii
0
0.04 -
¢ ¢ §
02 ¢
0.02 : oqad | TRMnE | dagan jrront Ei%tii
0
0.04-
§
0.02 g §§§§ éé%;i §¢ﬁ§i 3
feun,y% Iﬁi;ii
0
0.04-
¢
0.02— § éégi %§§§§§ 3
posasd §§§5§$
0 . , . ‘ .
10° 10° 10 10 10 10
W [GeV]

8.5

17.5

30

60

At low W and small 3 (large M y),
diffractive cross section falls faster with
W than the total.
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Dipole model

> The ’y* dissociates into a dipole (¢q or ¢qg) well before the collision with the proton

proton rest frame  proton infinite mom frame
@)

. v
. q
Y
W\,\% <> q
q q
p

p’
(b) v*
* d %_b—c.l

Y

VWV I~/ <> ——
9 g
9 p

> When boosted to the proton infinite momentum frame —> resolved /° picture

> The interaction between the dipole and the proton is expressed in terms of the dipole
(process independent) cross section 5_0%]90[ e (33, 7”) where

T is the transverse separation of the ¢, and & represents the PDF in the proton

> (}dipole(wa r) ~ re
> This model (G-BW) is applied to F9 from which the parameters are fixed

o] ~ fdQdez|\If(z, r) |2<A7c2iipole(37> 1) > Remember to look at 2 and 3 jet events!

- /—-\

for small 1 (color transparency); saturates at large
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Energy dependence of diffractive SF

> Compare a7p(0) from [ ~ () op(0)
Mx = 5 GeV My = 11 GeV My = 22 GeV
S 0 ZEUS 94 ---- ZEUS VMDREGGE Fit
% «k ZEUS (prel.) LPS 95 —— GBW (4g+4qg)
= ZEUS (prel.) BPC 96-97

© sk
8
&b Ty

L e e
\;1 0 E (5.76409) ? - {5 :
% - f : 1 ¥
g\ 0L =27 5 T Q=27 —T-r‘i“r"* =27 1 1
S Eoeseson) {1 i } | oa7esos U O P A —
A t i1z

5| =14 Q=14 i +

107 U 9 o
E (x1.86407) {x3.3E+07Y

£ 5 (i Py

=4 R
(%2.06+05)

3:_ =4

5 .
E (x2.2E405) +

1 :Q’=0,Z7 _____________ PRRROrS
E (x2.6E+02) (x8.26+02)
[P 5 BN S I IR BT EN NI B B
0 100 200 0 100 200 0 100 200

> Ratio of diff/incl rises with 1} at small Q°
> Independent at high Q2

> dipole model OK for () >4 GeV*

T
Effective o,,(0)
Inclusive

= H1 DIS 96-97

Diffractive

A H1DIS94 & ZEUS DIS 94

® H1 DIS 97 (prel.) ¥ ZEUS BPC 96-7 (prel.)
© H1yp 94 ZEUS yp 94

;*H-:%

D(3) <1)2<a1p(t)>—2'

Q

%p(0)

1.3

* 4
1.2 .HJ “: i
(d Lol
!
1.1
soft IP
1 1 sraal et gl Lo vl PR ]
-2 -1 2
10 10 1 10 10
2 2
Q" GeV

> growth of effective ap(0) is
slower for diffractive than for the in-
clusive cross section
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Q2 dependence of the diffractive cross section:

P~y

S
~
S

Mg = 11 GeV

My = 22 GeV

@2 dependence of diffraction

9
10 E (5188408}

[ W=210 Gev

%

IIIIIH’ T IIIHIII

do™ 1AM, (ub/GeV)
S

- (x2.0E+06)
= w=190 01

1055“

- (x2.3E+04)
= 82
Ew=160 "m

10°

L /om msa sy
{x2.2E4023

5| w=190

A A ZEUS(prel.) LPS 97

* % ZEUS(prel.) LPS 95

m O ZEUS(prel.) BPC 96-97
e 0 ZEUS 94

(x6.7E+06)
% )

(»7.2E404)
g
W=160 =g

— GBW (qq+4qg)
....... GBW (qq onl.y)

T (x9.5E406)

W=190

N (x2.0E+05)

W=160

2 g
10 E w130 S 3*\? ‘‘‘‘
c AN
0 =
a . \\
- (x2.8E+00) . | (:8.9E+00) T (xB.BE400)
1 = w=100 "®m @) w=100 L W=100
N
10 &
2l | | |
10 L L 1I 1l LR L) SR AR
10 10 1 10

> Change in the ()* depen-
dence from low (2 to DIS

> Dipole model gives a rea-
sonable description for Q% >
2 GeV?

> Dominant qgg component
at large M x (or small (3)
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New Trends in High-Energy Physics - Inclusive and Elastic Diffraction at HERA

Q* and 3 dependence of F?_D

D(3) >,
. ) ) Z . — X,,=0.003 H1 preliminary Q7
> Measure 2 7pFo ' vs, ()7 and [ e prelminary eV
s f D
N
LL
ZEUS 1995-1997 PRELIMINARY o
- 107 x
%N : My= 5 GeV My = 11 GeV >
kE L &)
R 107 /\ 3
AA 1
3| e A =
10 E \lIIVII?' lll}1|l\| 1Ll 1 411111 K}IIKHI! 1\IIHI\| IIA’HIHI g LELiLl
: %
N (G}
-2 N
10 & N
F I
C =z
10'3: ! Sl | | ol "
£ >
o 3]
i (G
2 [o)]
10 = i
E i
.2 =
10 E 1ot ity 11 1111 1 110130 1 1 11t L1 i RAN IR L
E >
o [+3]
N (@]
-2 N
10 °F ©
I
=
10- | L i | il L | | | )
107 107 1 10 107 107 1 19 , 0 , . . )
Q" (GeV) 0 02 04 06 08 1

s H1 (prel.) B
- -~ Dipole model (G-B,W)
— Dipole model w/evol. (G-B,W)

which also show the need for the 7 component at low ()2 and large M/ b%
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Dijet production in Diffractive events

H1 Diffractive Dijets

" (@) Q%p2>60 GeV?

- t DAt it 2
r — res. ]
200 | - res. IP fl-n fitsg

> Use diffractive PDFs to predict diffractive
final states

[pb]
w
S
o

600 () log, X =-1.5..-1.3

e H1 Data
— res.IP (H1fit2
~~~~~ res. IP (H1 fit 3

[pb]
FN
8

do / dz (e
>
o

do / dz et
N
(=]
o

Diffractive dijet production: ¢ o BT
© 100
/ q =
ep — e 11 XY I |
& °
S 100 : R
p L I S I J
14 50
D> 21p ~ fraction of energy of X in dijets o ! . ;
150 [ 60 -
- 100 - L.%‘ 40 i_ i ............
> Sensitive to shape of gluon distribution o= g | PF ikina ;
0 e b b Doy g 0 TN, 4 NS BETAUN RS SR
> Good description by the resolved /PP oo e o0 0k 0e 0l
> Large and flatter gluon component preferred
. . D(3) . .
>« [p(()) consistent with values from F: 9 analysis (as a function of X jp)

> DGLAP evolution holds (as a function of QZ)

> Results from diffractive charm production - similar conclusions

e P
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

(1/M,) dE/d¢*

(1/M,) dE/d¢’

—_

0.8

0.6

0.4

0.8

0.6 |

0.4

0.2

0.2 F

Three Jet production in Diffraction

> Clear structure in the energy flow for 3-jet events

" @ zEUs 98-00
- — RAPGAP—CDM
— -~ SATRAP~CDM

Jet1 Jet2, [

Jet 1 - £<0.4
e

L 0.8<x,<0.9

¢* (radians)

¢” (radians)

> Study of the mean thrust angle and

mean D7:
ZEUS
~ 08 o 3r
) E ® ZEUS97,ep—>eXp | > E
5 07 E RG resolved IP O 25
A 06 ;_* ----- RG qq part only A i
Eos By SATRAP-CDM g 2 F 5 §r_~;;~_~._._..;___:,__$___

> Clear need for the ¢gg component

22 - 29 September, 2001

29 Jim Whitmore, PSU/DESY



New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Three Jet production in Diffraction

In pQCD picture:

) ZEUS
Y an ~ 25
40222 g 5225 f ZEUS 98-00 RAPGAP—CDM
9% g:( g ® - most backward jet
p—@——p 2 - o ‘ most forward jet
At same jet energy, gluon jets are broader e
1.5 F % 09
" E'w > 9 GeV
. . - jet e
Plot jet profiles: T
— 1 0.75
plr) = or os |
Eer(r£ér/2 ol
Ejet PEE TR
1 L1 | 1 i
0 0 O|2 0.4 0.6 0.8 1 1.2 1f4 1.6
¢ (radians)

> Most forward jet broader (g in the IP direction)
> Most backward jet narrower (¢ in the 7* direction)
Agrees with pQCD picture both for resolved /° model and for dipole picure

P o
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Summary of inclusive hard diffraction

Many new results in diffraction at HERA

Diffraction:
> Hard diffraction is very well established in many processes at HERA
> Can fit data to give diffractive parton densities

> Transition to low Q2

regime similar to non-diffractive data

> Diffractive jet data consistent with resolved /° model — gluon dominated /P
> Diffractive 3-jet data suggest a gluon-remnant from the /P

> Diffractive PDFs are dominated by the gluon

> What does the /P trajectory mean?

> HERA - ideal place to study evolution schemes and the transition between “soft” and
“hard” physics
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Elastic Vector Meson Production

> “Elastic” — Exclusive vector meson production

Vector meson production has proven to be

an interesting testing ground for compar-
isons between data and pQCD models and
studies of the transition from soft (non-
perturbative) to hard scattering

The different variables provide scales which can be either soft or hard:

Q? ~* virtuality 0 < Q% < 100 Gev?
4% ~*p em energy 20 < W < 290 Gev

¢ 4-mom. transfer squared 0 < |t| < 20 Gev?

VM Vector meson mass v, 0V, w, b, J/, wl, v

AT
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Photoproduction of Vector mesons

Summary of photoproduction cross sections:

A e Regge expectations:

__ /
Ol 1P) O ~ 4(05[]3(0) — Oé]P/b — 1)
| ~ 4(1.08—0.25/6—1) ~ 0.2

cross section (ub
—
[—]
'M

-y
—]
T

Note:.J /1) is very different

Regge model OK for Q2 = 0 and

10} P light VM where there is no large scale
m ZEUS publ. . g@ﬁ
I 2 ZEIl;lS“;)lrel. 5;} , L WO present
10 -2: * HI1 prel. 5; o
E A fixed target ’ olyp — Jivp) 5
Regge model fails for ()© = ( and
. e w ln]..uwz .
1 . ]& (GeV) heavy VM where the mass of the ./ / w
Fits are to H/’5 : provides the large scale
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PQCD expectations

Calculations are based on the diagram: i ]
— pPQCD in lowest order (for color singlet ex-

_— change) is 2-gluon exchange

o~ [g(z, Q7)) ~ [P,

Y T =
W2
P R , D

Expect:

® steep rise with IV: 0 ~ W5, 0~ 0.8

® atlarge |t|: do/dt o< (—t)"" — weaker dependence than at low ||

® LO BFKL cross section calculations at large It | > few GeV2

® universal b slope for ¢ dependence: e_bQQM,
with bgg ~4-5 GeV“Z, independent of 1/, Oé, = 0; no shrinkage
® approximate restoration of flavor-independence:
+* couples to quarks: p : w:o: J /1) as 9: 1(0.8): 2(1.2): 8(3.5)
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

J /1 production at Q° = 0

- / . . 2
> Measure the 1" dependence of the ./ /1) cross section at different values of ()-:

ZEUS
~ 200 _
<= L
) ) 2 | ® ZEUS (prel.) DIS 96-99 Q%= 0 GeV?
S . fow] _ 1
2180 — ® ZEUS 96-97 Preliminary i1t = L : %Egg gg:g:g Erlg 99-00 (>< )
; > 102 H1DIS9597 g k?‘
° - S initinary e'e ' S5 10 Hipwp o
160 4 ZEUS 99-00 Prelighinary e'e . ? £
L
I ' o
140 - © H1 yl <
AL : :é
120 - * E401 Lok 10 -
100 [« ESI Tt
A0 _.6.8 GeV®
80 — ; T 7 = - 27 (x0.05)
ﬁ ’’’’’’’ g
1 :— z.:%T:"/’
60 — " o2 P 16. GeV?
i L s = (x0.03)
0~ W T MRT (GRV98) I s oo
I MRT (CTEQ5M) 4 } i ’
20 [ ¥ ___ MRT (MRST99) 10 - |+ 4 T o | 7 mrwithw
L ﬁg«”,:' ______ FKS <CTEQ4M> 0 (])1 :“x;l L1 r1|0| Ll \1|5“| /»./ _________ FKS (CTEQ4M)
0 L .’ T I TR SO A S S S T NS T SRS N S S 02 [GeVz] --- MRT (CTEQSM)
0 50 100 150 200 250 300 r - — L

The gluon density x¢g(, QZ) is the cause
of both inclusive I} and the .J /1) elastic
cross section rise with energy

Little variation in § with ()2 for .J /1) pro-
duction — M 5 /), I8 @ hard scale

35
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

J /4 production at Q* = 0

> Slope b of the 7 distribution (do /df ~ ebi):

ZEUS > Can determine the trajectory directly:
T
O5.25- W ZEUS (prel.) 96-97 u*y (Stat. err. only) s [
ST T 316 - O M
5:— @® ZEUS (prel.) 99-00 e*e’ | | W ZEUS (prel) 96-97 s
4.75;— . " | 14 |- A ZEUS(prel)99-00e’¢ .. 1Bl hard
4.5 1 +
4255 { { }
- i -7 DL soft
4t %
375
r 0.8 -
3.5
3250 06 L
3: L i L L 1 i I | L ol by Ly Lo b vy baaay | I
30 40 50 60 70 80 90100 200 300 2 175 15 125 -1 075 05 025 0 025 05
W (GeV) t (GeV?)

> Evi/dence for shrinkage

(1) agp = 0.116 £ 0.024(stat.) 74053 (syst.) gev—2
@ap(0) =12+ 0.008(stat.) T (syst.)

@) ap=0.113+ 0.018(3taf,)f%:%?i(syst.) GeV °
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Rho meson in DIS (1)

> Measure the p cross section vs 1} for different Q*:

ZEUS

- Q¥ GeV? & (+ stat.)
10 4:— 0. - 0.1610.06

0.12+0.03

Oyip—pp 1P

0.3310.05
0.38+0.05

0.56:0.10
0.52+0.09

0.46:0.10

13,0
; . 0.88+0.28

- 27.0

1F
- m ZEUS %

- ¥ ZEUS 95

-1__ ® ZEUS (Prel.) 96-97 p

| ! | t | ! \ | | |
0 25 50 75 100 125 150 175 200 225

W [GeV]

> Transition from soft — hard regime

Fits of 0 ~ 17? yield:

(,012 T T T T e
I B p ZEUS 94
1T+~ o ZEUS 95
I * 0 ZEUS 96-97 (prel.) ®
0.8}
0.6f } } o
' . .
.41 ?
02-
oLl
0 5 10 75 20 25 30

> Energy dependence steep-
ens with )2, reaching a hard-
scale regime, 0 ~ 0.7, as for
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

Rho meson in DIS (2)

> Determine the I trajectory Compare with other VM P° de-
terminations:
. o 2 _
ZEUS A1.4Elast1c VM productfgn Q" =0)
o L B B B AL B e d: ,,,,,,,,,,,,,,,,,, -
T |o =35 GeV? ZEUS(Prel)96-97 p 3 —
o+ @=10.0 GV’ ) L3E"m 7BUS 96-97 (prelim.): JAy — 111"
. A ZEUS 99-00 (prelim.): J/y — e'e’
2 L i ® ZEUS 94-95+H1 94+Omega 82: p’
& L 8 1.2
1.1 - ﬁ ﬂ i i
H 1.1

0p(0) = 1.1440.01(stat.) 5. (syst.)

09 +0.13 ) 1
' =0.0420.07(stat.) , . (syst.) GeV >
Orp 0.04

0.8|||f\x\\\11\4ww||1|||4||\\\
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

t(GeV’) s 1 s

0
t (GeV?)

Green lines are the hard and

soft /P
Conclusion: Intercept larger and slope smaller than for the soft /P
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New Trends in High-Energy Physics B Inclusive and Elastic Diffraction at HERA

()2 dependence of R

> Study the QZ dependence of i — % (obtained from the decay angular distribu-
tions):

= 7 L L L L AL
2 ZEI.JSZEUS(P 1) 96-97 <16 £® ZEUS 96197 (prelim) E
rel.) 96-97 p C . 22
€ oA A ZEUS %4 ¢, [= ZEUS94(PHP)  line:o/o=(Q/M)YE
e b EZm ZEUS9 1l r — — ]
; i *E  an o -y ZEUS 95 E_,—2.16i”0.05, K=0.7410.02 .
6;’033*@.\ o o< 1/(1+Q°/M") 12 o om .
. 10 | .
102
8 b
10 e 6 L
= . r
@ 4 L
1 —
®
2 -
0 L Q%2 GeV?
8 ® o e o, 0 r
n=1.89+0.03 n=2.72+0.03 O N B R S B R
el - 0 5 10 15 20 25 30
0 5 10 15 20 25 30 QZ [G eV2]

Q” (GeV?)
Early pQCD prediction for different Q")‘ dependence for 0 and o — I should in-
crease with Q°
In agreement with the data

22 - 29 September, 2001 39 Jim Whitmore, PSU/DESY
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W dependence of R

> Study the 117 dependence of 13:

GL/GT
[04]
I
>
-
m ]
K
Q-
~J
=
R
Iy
o
=
N’

R=

i
He

I o Q=19 [GeV

2L = ] | = Q’=12 [GeV]H
v v v + Q*=7 [GeVH
m Q°=3.5 [GeV’]

v Q’=2.4 [GeV?]
115_01 ‘ 114;0[ I ‘16!0] I

W [GeV]

1 I L L 1 ‘ L L L I 1 1 1 I 1 1
0 40 60 80 100

There is little 11" dependence for all Q2 values
Is the dipole size independent of the +* polarization?
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Scaling of Vector meson cross sections (1)

> Compare with the naive SU(4) factors:

F0.35]

® ZEUS96-97 (Prelim)o/p ¥ ZEUS96-97 w/p
& [X ZEUS% ¢/p % ZEUS93 wip
f 0.3L® ZEUS94 ¢/p
S LA Hp
0.25¢
N I SN | SSUSUU SO 2/9
0.2- + “
0.15- ﬁ !
S 1/9
AR
F
0.05-
: 1 | L |
0 (I7 5 10 15 20
Q@ (GeV)
ZEUS 96-99 Preliminary
& 1.5
L @ ZEUS 96-99 (Preliminary)
% 1.25 A ZEUS 95
o O HD
~ ZEUS PhP
= ol * ZEUS Phi |
1 8/9
5075k
0.5 % ;
0.25+ ) § EE
&
0 ——‘]k 1 I Il | il Il L 1 Il 1 L
0 20 40 60
Q [GeV)]

> Approach to SU(4) varies with mass of VM

() N §
Look as a function of (()~ + M f?;):

The plot is not here yet

The .J /1) data do not seem to fit in

this pattern?
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Scaling of Vector meson cross sections (2)

. . . 2 N T2 . 7
> Look in more detail - at fixed values of ()% + M i) as a function of 1:

) ZEUS data’ o (@M)(GeV?
5/104— A g 4 A%j'ﬁ 4 0.6 -
- ¥ o
= ® 0, preim.
- [ )
S 0«9 /2, prelim.
N .
0 ¢ @ d @ pe 1.5
0107 -
O
@
B oo gl 4.5
o © * +
102:‘ *ﬁé” e E
| 5 |
107w (GeV)

Light vector mesons track as a function of

Q%+ Mp)

cross section (nb)

cross section (nb)

cross section (nb)
o
N

[®]
N

O

es  ZEUSoprelim.
om0/ kL%
o, L
L% J/(uw)*9/8 *ﬁ*’* _ |
*/lee)a/B o ﬁ*ﬁq f#*a 1
: *’& ] A H :
s ¥ ¥ QP MP=9.6 Gev? ]
. )
2
10 W (GeV)
_ ZEUS prelim. =
L d]§: :?, gi;,
- J/yYx9/8 o
i o ¢ T *
| Q?+M?=12.7 GeV?
I
2
10 W (GeV)
‘ , ‘ L
| ZEUS prelim.
. | -
+ + Q2+M2=25.6 Ge\/Z:
L

7
10 W (GeV)

But the .J /1) do not
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Tests of limiting fragmentation

2- A 2 {
0 die ] AtAM 5 ~ -G

> Expect pdis/ A (g BC ‘“X
dgel/ dt 9y*p g}f}’)

functions. After integrating over ¢, assuming an exponential { dependence:

= f(t, M x ) where the g, G's are vertex

do,qis/dt
ndis > o L 2
> Expect 7= = f1(t)and b.; — bp4;s = [> independent of ()
| ZEUS ZEUS
o 04p 8
N e ZEUS 96-97 (prel.) S ZEUS 96-97 (prel.)
él- 03 cﬂb’ 7L e ep—epp (|t <1 GeV?)
1 - # ; I = | s ep—eYp (t| <2 GeV?)
S M = 6L do/dt = A*exp(-blt])
L 02— . I 6 xp(-bt]
— o1 t=-0.06 (GeV?) sk
- */NDF=0.7 s py
Sg 0.6 ’1 ORI ST SO BTN I Ll L1 T Lo I BRI 4 -_
N :
> - -
T 04 { 3r
% i L
N + ;
T 03 : 2 \¢
T z
02 [ t=-0.22(GeV?) b -
- ’/NDF=0.7 i
01‘.;.|H.|1..|...|.;.1..\|KH|,“|H.|... 0'.;..111.L|H..|H..|‘ e b b e b
02 4 6 8 10 12 14 16 18 20 0 5 10 15 20 25 30 35 40 45 S0
Q" (GeV?) Q" (GeVH)

Data are in excellent agreement with the hypothesis
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Vector mesons at high |t|

> At high ]zf], the proton breaks up — proton dissociation:
ZEUS

%

o0

P —>pY

()
T T

geV
>

(=t

n=~3.31+ 0.02 (stat.) + 0.12 (syst.)

do/dt (nb/
(=3 <
T IN

<

o~ (—t)"
n ~ 3 for both p and ¢
A power law, rather than the expo-

R T N S SRR
100 2 4 6 8 10 12

£ (GeV?) nential observed at low It |

V)
—+O+

Yp—> @Y

b/Ge

<_~ t)n e ZEUS (prel.) 96-97
o ZEUS 1995

[y
=)
»~
T
—toF
=0k

(n

h= 277 i0.07 (stat.)

0.17 (syst.)

dG_/dt
T
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VM cross sections at high |t|

> Several pQCD calculations for ./ /1 cross section:
plot to come S

¢ H1 Preliminary

—  pQCD (&,=0.221)

Large theoretical normalization uncertainty

d"vp/df. [nb GeV"
o

15‘1’X10lll‘15!|”2|0
It [GeV?]

o~ (—t)"withn ~ 1.7for J /9
Shape of data well described by BFKL but large theory normalization uncertainty
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New Trends in High-Energy Physics Inclusive and Elastic Diffraction at HERA

VM cross sections at high |t|

> Several pQCD calculations for J. / 1) cross section:
9 . :
= H1 Preliminary _ S
= \ W dependence at high || is similar
X ® 1<|t|<5GeV
= ) to that at low ||
T102 ® |t|>5GeV | 4(0; (O)"l)
o | LOBFKL:0 oc W™\%P
g |
@)

_%Z_ﬁfgfzi | withap(t) =1+ 4asin?2
- ! } (ig ~ 0.2 gives fair agreement in ||
Ll S /i;%_ﬂ/ 1 and WV

—  Fit W®, 5=0.92 +/- 0.30
—  Fit W®, $=1.15 +/- 0.55
1+ ' o I
60 80 100 120 140 160

W [GeV]
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

t dependence of vector mesons

> Can 11‘] also serve as a large scale?

a 0.5
Qe - Proton dissoc. vs. 1t Elastic vs. Q °
© 04 ® ZEUS96-97 (prel) = HIl
| ® ZEUS 95 ® ZEUS 96-97 (prel.) .
03 - . m ZEUS % Conclusion:
SO — i%gﬁ“% _____________ e Atsmall |t| and Q°: the rise in |t is
ox | £ steeper than for Q2
. “* - .
oL | | | At large |t|, it does appear to ap-
0 > 1 or @2 lEev y proach the SU(4) expectation
Q
©
Bl e 8/9
© - i . 5 ¥
10 —1:_ g p. ! Proton dissoc. vs. —t
F Y. ® ZEUS 96-97 (prel.)
:i m ZEUS 95
10 "2;_ I E,Eagic vs. Q 2
*f ® ZEUS 96-00 (prel.)
=37 l ZEUS 94
10 G
—t or 8 (G2 %7 2
47 Jim Whitmore, PSU/DESY
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Helicity analysis at high |t|

> Study the transitions between v and VM helicity states

H1 p Production

: o .1  ———r—

= @ H1 high t’ (Prelim.) Q%> 2.5 GeV?
1 — A H1 elastic Q%> 2.5 GeV? ~

[ 7 Hip. dissoc. (Prelim) 0> 1.5 GeV?
0.9 Y5 8.0 GeV’ A
Look at helicity amplitudes: TAV MTM : ;
SCHC: expect only v — pp, v, — il T ;
P, transitions 0.7 1 T T % ]
T 7 T T ]

W(cos) oc 1 — ris + (3rJd — il 1 t

2 0.6 B T %% ]
1)cos“f : I :
04 2 2 i i
ro0 o< | Zo1|* + |Tool 05| :
|0 - :
R=2 I 0.4f FIT ® A :(0.68+0.02) .
€ ].—’T’OO Ll ]

TR EES S RS U B o e b e b L ]

0 0204 06 08 1 12 14 16 18 2
t’ (GeV?)

biﬁﬂe[i[dependence

> proton dissociation similar to elastic

— vertex factorization
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New Trends in High-Energy Physics

IncIus.ive and Elastic Diffraction at HERA

Helicity analysis at high ||

W{(cosp) — rgy+ 217y
. do o< TooTeh
rip o< ThodTy + ThoT7 4

SCHC violation observed
The curve is pQCD motivated \/ —1 fit

0

2r

5

11
g
»

(=]
(34}

H1 p Production

LI B B B B

5 - A H1 elastic

| ¥ H1op. dissoc.

[ ® H1 high t (Prelim.)

{Prelim.)

T | I

Q%> 2.5 GeV?
Q%> 2.5 GeV?

Coal BE Y P
S ARV

ilg

|

" |

=

0

[ FIT ® A :(0.25:0.03)Vt /GeV
_01_%,.1...|...1[,.|... A I S B A
"0 02 04 06 08 1 1.2 14 16 1.8 2

t" (GeV?)
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New Trends in High-Energy Physics

Inclusive and Elastic Diffraction at HERA

Helicity analysis at high |t|

W(00512gb) — o 12L 21ty
1 ro0 & —|Zp1|
rip o< 111177 + T11T7_{ — double flip
transition

H1 p Production

o
b
I

ll]l{l|IIIIltll\lll}llllklllll[lll!ll

® H1 high t’ (Prelim.) Q%> 2.5 GeV?

A H1 elastic

Q2> 2.5 GeV?

i B mgh
R

ol
Y N ]
M wdahd

FIT @ A :(-0.1310.05)t / GeV?

0.4 .
SIS R TSNS SR AR ST ST AT AT SR B
0 02 040608 1 12 14 16 1.8 2
t’ (GeV?)
Data are described by pQCD-inspired fits
Jim Whitmore, PSU/DESY
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Helicity analysis at high |t|

ZEUS
W(coszé’) I yp—
o0 o p? ZEUS 1995 « p® ZEUS 96-97 (Prel.) 1-d
TOO X — |T01| 0_2} % s ¢ ZEUS 96-97 (Prel.) 1-d
W(st@cosqﬁ) oF %ir‘ ________ P t
X L
R‘?(TlO) X Re(T11T01) o2ll ot b o]
ol' — pr atafew % y |t] (GeV?)
W (sin*Bcos2¢) = # [ & ZEUS 96.97 (Prel) 2.
4 * o
r21 o Re(Ty T y) g M _____ % [
Double flip tranmsition is non-zero x
1] (GeV")
S.* 02l
e
02l { }* %; ¥ ;
_0_4:.1.1s(..1|...,l.[,li..,,l,.,.l....
0 1 2 3 4 5 6 7
| t](GeV?)

Results for p and ¢ are similar
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Summary of vector meson production

> Exclusive VM production at HERA is an abundant source of pQCD tests of the soft/hard
transition

> Signs of reaching the perturbative regime:

'@ SU(4) expectations approached?
® Strong W dependence for the cross section?
® Little shrinkage of the diffractive peak?

® Power law (—1)"* dependence?

> These seem to be attained when:
® High Q22
® High M}y ie. M7 /,)?
® High 7?

> SCHC violated at large ]f;‘i{

> LO BFKL calculations describe the shape but with a large normalization uncertainty

. P
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