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hilling What is the Pomeron?The HERA ep 
ollider
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PETRA� HERA is the �rst and only a

ellerator in whi
h ele
tronsand protons are stored in two 
ounterrotating beams
E =920 GeVpE =27.6 GeVeH1, ZEUS: ep 
ollisions at ps = 320 GeVHERA-B: p-beam on �xed target: CP violation in B0 �B0HERMES: e-beam on polarized target: Spin stru
tureHEP Colloquium, Univ. Heidelberg, 31/10/2000 2/31



F.-P.S
hilling What is the Pomeron?H1 and ZEUS: ep 
ollisions� HERA Run I (1993-2000) just 
ompleted in September� Impressive Performan
e: HERA now performing at designparameters: L = 1:5 � 1031 
m�2s�1� H1 and ZEUS now ea
h have > 100 pb�1 on tape

� Lumi upgrade program (Ma
hine and Experiments) inprogress to in
rease Luminosity by fa
tor 5 !� HERA Run II will start Summer 2001HEP Colloquium, Univ. Heidelberg, 31/10/2000 3/31
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tor at HERA
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F.-P.S
hilling What is the Pomeron?Deep Inelasti
 S
attering (DIS)Candidate from NC sampleQ2 = 25030 GeV2; y = 0:56; M = 211 GeV
e+jet� �

Et/GeV
Deep Inelasti
 S
attering

neutral 
urrent (NC):
, Z0 ex
hange
harged 
urrent (CC):W� ex
hange

�Pp
k Pq = xPpP 0qq = k � k0k0

p
e+ e+
, Z0e�


=Z0,W�
({)e�; �


urrent jet
4-momentum transferQ2 = �q2 = �(k � k0)2parton momentum fra
tionx = Q2=(2p � q)inelasti
ityy = p � q=(p � k)
enter of mass (
ms) energy ps:s = (k + p)2at �xed 
ms energy: y = Q2=xslepton vertex: pointlike parti
le,determined by ele
troweak Standard Model (SM)proton vertex: obje
t with stru
turequark-parton-modell (QPM):elasti
 s
attering on pointlike parton (quark);quark momentum distribution xq(x) inside proton

Burkard Reisert, Max-Plan
k-Institute Muni
h, Lake Louise Winter Institute 2000

Q2 = �q2 = (k� k0)2Photon virtuality,\Resolution power"x = �q22P �q (0 < x < 1)Parton momentumfra
tion in pHERA probes p attwo orders of magnitudehigher Q2 at �xed xthan �xed targetexperiments
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F.-P.S
hilling What is the Pomeron?Proton Stru
ture F2(x;Q2)Niels Tuning, DIS2000 Liverpool, April 2000 0-10F2(x) by ZEUS and H1
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� ZEUS and H1 agree well� Fixed Target : high x: valen
e quark stru
ture� HERA : low x : strong rise of F2 � x��
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F.-P.S
hilling What is the Pomeron?\Large Rapidity Gap" (LRG) Events� 10% of DIS events at low Q2 = 4 : : : 100 GeV2 exhibitlarge gap without hadroni
 a
tivity in outgoing p region
� 
� s
atters o� 
olorless state in p, the \Pomeron"� p (or low-mass ex
itation) es
apes through beampipe

γ( )

e

e � γ( )

{ (MX)X

Y

Q2

p

t

(MY)

W
IP Rapidity gapt = (p� p0)2: (momentum transfer)2 at p vertexMX, MY : Masses of X and YxIP = q�(p�Y )q�p = Q2+M2X�tQ2+W2�M2p! long. momentum fra
tion transferred from p to ex
hange� = �q2q�(p�Y ) = Q2Q2+M2X�t! fra
tion of ex
hange momentum 
arried by q 
oupling to 
HEP Colloquium, Univ. Heidelberg, 31/10/2000 7/31



F.-P.S
hilling What is the Pomeron?Sele
tion of LRG events1. Tagging of p with \Roman Pots" (measure t, but low stat.):
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� 10% of all DIS events have large rapidity gap.H1 selection:� Large rapidity gap between X and Y , no forwardactivity for 3:3 � � � 7:5) MY < 1:6GeV, jtj < 1GeV2HADRON 13, January 1999 5
3. Analysis of �nal state MX system (integr. over MY ; t):
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F.-P.S
hilling What is the Pomeron?Colour singlet ex
hange pro
esses in 
�pintera
tions
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� 
an either 
u
tuate into ve
tor meson ordisso
iate into high-mass system X! Proton p either stays inta
t (elasti
 s
attering) or disso
iatesinto low-mass baryoni
 system YHEP Colloquium, Univ. Heidelberg, 31/10/2000 9/31



F.-P.S
hilling What is the Pomeron?History: The Pomeron in soft Hadron-HadronIntera
tions� 1960's: pre-QCD era� Regge model: Des
ribe soft hadron-hadron intera
tions byex
hange of mesons with appropriate quantum numbers� Observation: Family of mesons with same quantum numbers(ex
ept J) lie on \Traje
tory" in (m2; J) spa
e:
0 2 4 6 8

0

2

4

6 �(t): generalized 
omplex JParameterisation:�(t) = �(0) + �0t� Express elasti
 and total 
ross se
tions in terms of �(t):d�dt � 1s2jT (s; t)j2 = f(t)� ss0�2�(t)�2�tot � 1sIm(T (s; t))j(t=0) = s�(0)�1HEP Colloquium, Univ. Heidelberg, 31/10/2000 10/31



F.-P.S
hilling What is the Pomeron?Can Meson Traje
tories fully des
ribe soft hadroni
 hadrons?
H1 , this analysisZEUSlow-energy data

W
p (GeV)
�
p tot(�b)
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! No! In
rease of �tot at high energies 
an not be des
ribedby known Meson Traje
tories�tot(s) � s�(0)�1 � s�0:5 (�Mesons(0) = 0:5)- New Traje
tory invented, the \Pomeron"- 
arries va
uum quantum numbers�IP (t) = 1:08 + 0:25 tBut today's question:Can we understand the \Pomeron" in terms of QCD ??HEP Colloquium, Univ. Heidelberg, 31/10/2000 11/31



F.-P.S
hilling What is the Pomeron?LRG at HERA: DIS o� the \Pomeron"Most general 
ase: De�ne �ve-fold di�erential 
ross se
tion:d�(ep!eXY )dxIP dt dMY d� dQ2 = 4��2�Q4 �1� y + y22(1+RD(5))� �FD(5)2 (xIP ; t;MY ; �;Q2)RD(5) : Ratio �L=�T ! negle
ted!If Y is not measured, integrate over MY ,td�ep!eXYdxIP d� dQ2 = 4 pi�2�Q4 �1� y + y22 � FD(3)2 (xIP ; �;Q2)In
lusive di�ra
tive DIS:Q2 � 0 GeV 2, small MX, small MY :xIP � 1 (H1: xIP < 0:05)small jtj (H1: jtj < 1 GeV 2)small MY (H1: MY < 1:6 GeV )Fa
torizable Ansatz (Ingelman-S
hlein, \resolved Pomeron"):
γ

pp
IP

IP
q

qγ

pp
IP= xFD(3)2 (xIP ; �;Q2) / fIP=p(xIP) � F IP2 (�;Q2)HEP Colloquium, Univ. Heidelberg, 31/10/2000 12/31



F.-P.S
hilling What is the Pomeron?The di�ra
tive Stru
ture Fun
tion FD(3)2Measurement of FD(3)2 (xIP ; �;Q2) by H1:
H1 1994 Data
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F.-P.S
hilling What is the Pomeron?Regge parametrization of FD(3)2Parametrize long-distan
e physi
s at p vertex using Reggephenomenology:fIP=p(xIP ) = Z tmin(xIP )�1 GeV 2 � 1xIP�2�IP (t)�1 ebIP t dtwith �IP (t) = �IP (0) + �0IP tFD(3)2 (H1 1994): xIP dependen
e varies with �
H1 1994 Data
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! Additional sub-leading ex
hange ne
essary:FD(3)2 = fIP=p(xIP ) F IP2 (�;Q2) + fIR=p(xIP) F IR2 (�;Q2)H1 phenomenologi
al Regge �ts with free parameters:�IP(0); �IR(0); F IP2 (�;Q2); F IR2 (�;Q2)HEP Colloquium, Univ. Heidelberg, 31/10/2000 14/31



F.-P.S
hilling What is the Pomeron?The Pomeron inter
ept �IP (0)Result from the H1 Regge �t:� �IP(0) = 1:203� 0:020� 0:013� 0:035higher than in soft hadron-hadron physi
s (�softIP = 1:08)� �IR(0) = 0:50� 0:11� 0:11� 0:10
onsistent with f; !; �; et
. ex
hange! Di�ra
tive DIS at HERA dominated by IP ex
hange!

Q2 (GeV2)

α IP
(0
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(⇐  Q2= 0)

Does �IP (0) vary with s
ale (Q2) ?HEP Colloquium, Univ. Heidelberg, 31/10/2000 15/31



F.-P.S
hilling What is the Pomeron?ZEUS measurement of FD2 at very low Q2
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atteringHEP Colloquium, Univ. Heidelberg, 31/10/2000 16/31



F.-P.S
hilling What is the Pomeron?QCD Analysis of F IP2 (�;Q2) (H1)H1 observes s
aling violations:
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hange driven by gluons!DGALP QCD analysis of s
aling violations (a la F2(x;Q2)):! Gluons 
arry80 : : : 90% ofIP momentum!! Large un
ertaintyin shape of gluondistribution!HEP Colloquium, Univ. Heidelberg, 31/10/2000 17/31



F.-P.S
hilling What is the Pomeron?Phenom. Models / QCD Cal
ulations\partoni
 Pomeron" model not only way to explain LRG events!Color Dipole / 2-gluon Ex
hange Models:� In proton rest frame: q�q and q�qg 
u
tuations of 
�:
q

g

q

q

q�
�pT;L(x;Q2) � R d2r R 10 d�j	T;L(�; r)j2 �̂(x; r2)2� Simplest 
ase: 2 gluons:� �̂2 � jxIP g(xIP ; �2)j2� Small size, high pT dipole x.se
. should be 
al
. in QCD� Large size, small pT dipole x.se
. sim. to soft ppHEP Colloquium, Univ. Heidelberg, 31/10/2000 18/31



F.-P.S
hilling What is the Pomeron?Dipole models whi
h treat intera
tion by 2-gluon ex
hange:(1) Saturation Model� by Gole
-Biernat, W�ustho�� Ansatz for �Dipole whi
h interpolates between pert.(� 1=Q2) and non-pert. (� 
onst:) parts of F2(x;Q2)� parameters �xed by �t to F2(x;Q2), �D then predi
ted� ipmlemented assuming strong pT ordering pT;g � pT;q�q(1) BJLW Model� by Bartels, Jung, Lotter, W�ustho�� 
al
ulation in low-�, low-xIP limit� for q�qg require high pT of all 3 partons (only for Jets!)i.e. NO soft IP remant!� non pT -ordered 
ontribs in
ludedDipole model with non-perturbative treatment of intera
tion:(3) Semi
lassi
al Model� by Bu
hm�uller, Gehrmann, Hebe
ker� in p rest frame: q�q, q�qg states s
atter o� soft 
olour �eldof large pHEP Colloquium, Univ. Heidelberg, 31/10/2000 19/31



F.-P.S
hilling What is the Pomeron?Soft Colour Intera
tion Model (SCI):
� by Edin, Ingelman, Rathsman� standard DIS plus soft 
olor rearrangements� Version 1: simple, one parameter probability R0 for 
olorrearrangements� Version 2: based on \Generalized Area Law" ansatz, betterdes
ription of FD2 at low Q2� All models (with ex
eption of BJLW, whi
h is tailored to highpT pro
esses) 
an des
ribe FD(3)2 reasonably !
HEP Colloquium, Univ. Heidelberg, 31/10/2000 20/31



F.-P.S
hilling What is the Pomeron?Di�ra
tive Dijet Produ
tionWhy bother with Dijets?� pT of Jets introdu
es another hard s
ale, whi
h may allowperturbation theory to be applied� through O(�s) diagram (see below) dire
t sensitivity togluons!Kinemati
s, viewed in terms of a resolved \Pomeron" model:
}
}

zIPxIP tp
e

p0
e0 XY


�Q2,y JetJet 'Remnant' Gap
zIP � Q2+M212Q2+M2X � (Dijet Mass)2(Total Mass)2! momentum fra
tion of ex
hange entering hard pro
essHEP Colloquium, Univ. Heidelberg, 31/10/2000 21/31



F.-P.S
hilling What is the Pomeron?Data Sele
tion
Run 163023  Event 90665  Class: 3 4 11 15 16 17 18 20 27 Date 29/07/1999
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Jet 1 e0 � �

� DIS Signature: 4 < Q2 < 80 GeV; 0:1 < y < 0:7S
attered ele
tron e0� Di�ra
tive Signature: xIP < 0:05; MY ; t smallRapidity gap in outgoing p0 dire
tion� 2-Jet Signature: NJet � 2; pT > 4 GeVJet-Algorithm in 
p Centre-of-mass frameData from 1996 to 1997: L = 18:0 pb�1N2 Jet � 2:500, N3 Jet � 130HEP Colloquium, Univ. Heidelberg, 31/10/2000 22/31



F.-P.S
hilling What is the Pomeron?Reults for Di�ra
tive Dijets
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�IP CMS)� Correlation Mx vs. M12 (right):- Most events have M12 < MX! In p rest frame: Dominan
e of q�qg over q�q 
 
u
tuations!HEP Colloquium, Univ. Heidelberg, 31/10/2000 23/31



F.-P.S
hilling What is the Pomeron?Interpretation in resolved Pomeron model
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� Jet Cross Se
tions well des
ribed by resolved Pomeronmodel, where IP and IR 
uxes and IP PDF's asobtained from the FD(3)2 analysis are used� \H1 �t 2" in 
lose agreement with data� \H1 �t 3" overestimates 
ross se
tionHEP Colloquium, Univ. Heidelberg, 31/10/2000 24/31
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xIP distribution:� Se
ondary ex
hange 
ontribution (IR ) small� Sensitivity to Pomeron Inter
ept �IP (0) value- not obvious that it should be same as for FD2- 1.2 preferred w.r.t. 1.08 (soft IP ) and 1.4� Expli
it �t of �IP (0) results in:�IP (0) = 1:17 +0:03�0:03 (sta:) +0:06�0:06 (sys:) +0:03�0:04 (mod:)! �IP (0) < 1:32 � 95% C:L:(for experts: Hard Pomeron (Lipatov) �IP (0) = 1:4 : : : 1:5)� distribution:� � range is lower than a

essed by FD2 so far.HEP Colloquium, Univ. Heidelberg, 31/10/2000 25/31
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tion in IP entering hard intera
tion
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- q density is small (see FD2 )- Jets are dire
tly sensitive to shape and norm. of g density!� Parameterisation based on '�t 2' (
at gluon) from in
l.measurement in 
lose agreement with data� '�t 3' (peaked gluon) too high at high z� ACTW (
omb. �t to H1 and ZEUS FD2 and ZEUS 
p jets)fails! Fa
torization in di�. lepton-hadron s
attering!HEP Colloquium, Univ. Heidelberg, 31/10/2000 26/31
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� zIP in Q2 + p2T bins (s
ale):- Fit 3 overshoots data at high z in all bins of Q2 + p2T- Fit 2 in very good agreement� zIP in xIP bins:- Data 
ompatible with Regge Fa
torization- Only little freedom e.g. to 
hange gIP (z; �2) and
ompensate by adjusting �IP (0)HEP Colloquium, Univ. Heidelberg, 31/10/2000 27/31



F.-P.S
hilling What is the Pomeron?
1

10

10 2

4 6 8 10 12 14
0

2

4

6

8

10

20 40 60

1

10

10 2

-2.5 -2.25 -2 -1.75 -1.5
0

100

200

300

400

500

600

700

0 0.2 0.4 0.6 0.8 1

Diffractive Dijets

p
T,jets
*       [GeV]

d
σ 

/ d
p

T
,je

ts
* 

   
   

[p
b

/G
eV

]

(a)

MX [GeV]
d

σ 
/ d

M
X
 [p

b
/G

eV
]

(b)

log10xIP

d
σ 

/ d
 lo

g
10

x IP
 [p

b
]

H1 Data
SCI (original)
SCI (area law)
Semicl. model

(c)

z
IP
 (jets)

d
σ 

/ d
z IP (j

et
s)

 [p
b

]

(d)

� Original Version of SCI:- Too low in normalization by Fa
tor 2 , Shapes � OK� \Generalized area-law" Version of SCI:- Normalization � OK , Shapes not des
ribed� Semi
lassi
al Model:- similar to SCI (original), Shapes OK! Soft Colour Models in present 
annot simultaneouslydes
ribe shape and normalization!HEP Colloquium, Univ. Heidelberg, 31/10/2000 28/31
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hange models
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� q�q alone very tiny !� Saturation model low by fa
tor 2 (strong pT ordering)� BJLW (Bartels et al.): roughly in agreement with 
ut-o�for gluon: pT > 1:5 GeV (no pT ordering!)� pT > 1:0 GeV overshoots� But: also res. IP (
ollinear IP remnant) des
ribes Data!HEP Colloquium, Univ. Heidelberg, 31/10/2000 29/31



F.-P.S
hilling What is the Pomeron?New Results from the Tevatron (CDF)Di�ra
tive dijets in p�p 
ollisions at ps = 1:8 TeV:
Gap Jet+Jet
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tion of di�r. Stru
ture fun
tion of �p and 
omparisionwith results from H1 FD(3)2 :
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- Serious breaking of fa
torization!- \Survival Probability" due to remnant intera
tions, whi
h areabsent in lepton proton s
attering ?!HEP Colloquium, Univ. Heidelberg, 31/10/2000 30/31



F.-P.S
hilling What is the Pomeron?Summary� In
lusive di�ra
tive DIS (FD(3)2 ) well des
ribed byfa
torizable \Pomeron ex
hange" with �IP (0) = 1:2and Pomeron PDF's strongly dominated by gluons� Di�ra
tive Jet-Produ
tion 
on�rms this pi
ture: PDF's fromin
lusive measurement 
an des
ribe ex
lusive pro
ess! Di�ra
tive hard s
attering fa
torization(non-trivial, see proof by Collins; broken at Tevatron)� -Jets are highly sensitive to di�r. gluon distribution, in
ontrast to FD(3)2 (indire
t via s
aling violations)- Best 
onstraint so far on shape of gIP (z) at high z- Compatible with fa
torizing xIP dependen
e with�IP (0) = 1:17! Regge fa
torization� In proton rest frame, q�qg states dominate over q�q� Soft 
olor neutralization models in present form 
annotsimultaneously des
ribe shapes and normalization� - 2-gluon ex
hange 
al
ulations 
an roughly des
ribe shapesof distributions for xIP < 0:01- Normalization either low by fa
tor 2 (saturation model) orfree parameter (via pT 
ut-o� in BJLW)� Di�ra
tive Jets able to dis
riminate between models whi
hall 
an des
ribe in
lusive measurements !HEP Colloquium, Univ. Heidelberg, 31/10/2000 31/31


