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tive Jet Produ
tion in DISDeep Inelasti
 S
attering (DIS) at HERADeep Inelasti
 S
attering

neutral 
urrent (NC):
, Z0 ex
hange
harged 
urrent (CC):W� ex
hange
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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
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F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISLarge Rapidity Gap (LRG) Events� 10% of DIS events for exhibit large gap without hadroni
a
tivity in outgoing p region
� 
� s
atters o� 
olorless state in p (\Pomeron")� p (or low-mass ex
itation) es
apes through beampipe
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hange momentum 
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F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISReminder: The \Pomeron"� Introdu
ed as pseudo-parti
le to parameterize elasti
 highenergy s
attering at small momentum transfers:
H1 , this analysisZEUSlow-energy data
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tion:d�dt � 1s2jT (s; t)j2 = f(t) � ss0�2�(t)�2�tot � 1sIm(T (s; t))j(t=0) = s�(0)�1) Today: Understand 
olour singlet ex
hange in terms ofQCD (quark and gluon dynami
s)!Fermilab and Wis
onsin, May 2001 5/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISSele
tion of LRG Events1. Tagging of p with \Roman Pots" (measure t, small stat.):
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hilling / DESY Di�ra
tive Jet Produ
tion in DISColour Singlet Ex
hange Pro
esses in 
�pIntera
tions
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F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISDi�ra
tive DIS: Probing IP Stru
tureIn
lusive DIS: Stru
ture fun
tion F2(x;Q2):d2�(in
l:)dx dQ2 = 4��2xQ4  1� y + y22 !F2(x; Q2)
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W
IPDi�ra
tive DIS: Di�ra
tive stru
ture fun
tion FD2 :d5�(ep! eXY )dxIP dt dMY d� dQ2 = 4��2�Q4  1� y + y22 ! �FD(5)2 (xIP ; t;MY ; �; Q2)If Y is not measured, integrate over MY ,t:FD(3)2 (�; Q2; xIP ) = Z MY;maxmP dMY Z t1t2 dt FD(5)2) Large gap between X and Y ,MX,MY ,xIP smallFermilab and Wis
onsin, May 2001 8/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISThe Di�ra
tive Stru
ture Fun
tion FD(3)2H1 Measurement of FD(3)2 (xIP ; �; Q2):xIPFD2 � !
Q2#
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F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISDi�ra
tive Parton Distributions{ In
lusive DIS fa
torization theorem:F2(x;Q2) � Ci 
 pi (+higher twist){ Di�ra
tive DIS [proof by J. Collins in 1998℄:F2(x;Q2; xIP ; t) � Ci 
 pDi (+higher twist)� valid at �xed xIP , t� pDi : `
onditional probabilities', obey DGLAP evolution� determine pDi in in
lusive di�r. s
attering, then predi
tex
lusive pro
esses� same Ci as in in
lusive DIS{ Additional assumption: fa
torizing xIP dependen
e[`Regge fa
torization'℄
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pp
IP= xFD(3)2 (xIP ; �; Q2) = fIP=p(xIP ) � F IP2 (�;Q2)Fermilab and Wis
onsin, May 2001 10/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISDi�ra
tive PDF's from FD(3)2� Observation of (positive!) s
aling violations:FD2 (� = 0:4)
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hange !� DGLAP QCD analysis of FD2 yields di�ra
tive PDF's:Gluons�Quarks[gD indire
tlydetermined froms
al. viol.! large un
ertainty℄Fermilab and Wis
onsin, May 2001 11/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISDi�ra
tive Dijet Produ
tionMotivation:� Dire
t sensitivity to gD through O(�s) pro
ess(boson gluon fusion):� Jet PT provides se
ond hard s
aleKinemati
s:
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

M12{ Invariant mass of two leading jetsz(jets)IP � Q2+M212Q2+M2X{ Momentum fra
tion of ex
h. entering hard s
atteringFermilab and Wis
onsin, May 2001 12/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISProton Rest Frame Pi
ture� Photon 
u
tuates into q �q or q �qg state long beforeintera
tion, then s
atters elasti
ally o� proton at rest
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q �q , di�r. q s
attering (quark parton model)q �qg , di�r. g s
attering (boson gluon fusion)� For large di�ra
tive masses MX or high pT �nal states,q �qg 
on�gurations are expe
ted to dominateFermilab and Wis
onsin, May 2001 13/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISEvent Sele
tion
Run 163023  Event 90665  Class: 3 4 11 15 16 17 18 20 27 Date 29/07/1999

H1 Eve nt Di s pl ay 1. 17/ 04
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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 (3:2 < � < 7:5)� 2-Jet Signature: NJet � 2; pT > 4 GeVCDF 
one jet-algorithm in 
p CMSL = 18:0 pb�1 N2�Jet = 2:500 N3�Jet = 130Fermilab and Wis
onsin, May 2001 14/30
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hilling / DESY Di�ra
tive Jet Produ
tion in DISCross Se
tion Measurement� Corre
tion for dete
tor e�e
ts to `stable' parti
le level� Corre
tion for QED radiative e�e
ts at lepton vertex� Bin-by-bin 
orre
tion pro
edureKinemati
 Range ofHadron Level Cross Se
tions4 < Q2 < 80 GeV20:1 < y < 0:7xIP < 0:05MY < 1:6 GeVjtj < 1:0 GeV2Njets � 2 or Njets = 3p�T;jet > 4 GeV�3 < ��jet < 0Main systemati
 un
ertainties:� Hadroni
 energy s
ales of 
alorimeters� Trigger eÆ
ien
y� Model dependen
e of 
orre
ion� S
attered ele
tron measurement) Systemati
 error dominates (15� 30%)Fermilab and Wis
onsin, May 2001 15/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISResults: General Properties of Dijet Events
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� Signi�
ant energy not 
ontained in dijets,some preferen
e for IP hemisphere� M12 �MX typi
ally) ex
lusive 2-jets (q �q) just small part of 
ross se
tion !Fermilab and Wis
onsin, May 2001 16/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISQCD Fa
torization at WorkPredi
t di�r. dijet 
ross se
tions with PDF's obtained fromin
lusive FD(3)2 measurement:[resolved 
� 
omponent in
luded℄
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onsin, May 2001 17/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISDi�ra
tive Gluon DistributionDijets dire
tly 
onstrain shape and normalization of gD:
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�, IR and quark 
ontributions small℄� H1 �t 2: very good agreement with data� H1 �t 3: overshoots at high zIP� ACTW-D (Alvero, Collins, Terron, Whitmore �ts): too high) Strong support for fully fa
torizable di�r. PDF's in DISwhi
h are gluon-dominated with momentum distr. 
at in zProton rest frame pi
ture: q �qg � q �q statesFermilab and Wis
onsin, May 2001 18/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISFeatures of Di�ra
tive PDF's
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� Data 
onsistent with DGLAP evolution of PDF's withfa
torization s
ale �2 = Q2 + p2T� Also 
ompatible with fa
torization of xIP dependen
e[fIP=P (xIP )� pDi (z; �2)℄No visible variation of �IP (0) with zIPFermilab and Wis
onsin, May 2001 19/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISEnergy Dependen
e �IP (0)� Shape of xIP distribution sensitive to energy dependen
e of
ross se
tion:
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Parameterization used (Regge motivated):fIP=P (xIP ; t) � � 1xIP �2�IP (t)�1 eBt�IP (t) = �IP (0)+�0IP t [B = 4:6 GeV�2, �0IP = 0:26 GeV�2℄Fit Result:�IP (0) = 1:17 +0:03�0:03 (stat:) +0:06�0:06 (syst:) +0:03�0:07 (model)) Consistent with H1-FD(3)2 [Q2 similar℄� � distribution: Jets are small �, 
ompared with FD2Fermilab and Wis
onsin, May 2001 20/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISResolved Virtual Photon ContributionSin
e Q2 > 4 GeV2, p2T > 16 GeV2) Jets 
an \resolve" virtual photon[expe
ted from in
lusive dijet produ
tion℄
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ross se
tion:Improvement at low x(jets)
 if resolved 
ontribution is added� Corresponding improvement at high E
remFermilab and Wis
onsin, May 2001 21/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISSoft Colour Neutralization{ Soft Colour Intera
tions (SCI)[Edin, Ingelman, Rathsman℄
� Standard DIS, add. soft 
olour rearrangemens of �nal statepartons may result in rapidity gap� Two versions:{ Original version: One additional parameter(rearrangement prob), tuned to FD2{ Improved version: \Generalized area law";improved des
ription of FD2 at low Q2{ Semi-
lassi
al model[Bu
hm�uller, Gehrmann, Hebe
ker℄

A A AA1 2 3 n

x

 x + y� q �q, q �qg states s
atter elasti
ally o� large p, treated assuperposition of un
orrelated 
olour �eldsFermilab and Wis
onsin, May 2001 22/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISResults: Soft Colour Neutralization
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0 0.2 0.4 0.6 0.8 1� SCI (orig.) and semi-
lassi
al model give reasonable shapes,but underestimate 2-jet 
ross se
tion by fa
tor 2� SCI (area law) reprodu
es normalization, but fails in shapes) Sensitivity to di�eren
es between models whi
hall (have been tuned to) des
ribe FD(3)2 !Fermilab and Wis
onsin, May 2001 23/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISColour Dipole / 2-gluon Ex
hange Models� Simplest parton level realization of 
olour singlet ex
hange:two gluons with 
an
elling 
olour 
harges
lt lt

α,kt

1-α,-kt
q

p

lt lt

α,kt

q

p� `Dipole pi
ture': q �q,q �qg 
on�gurations form (e�e
tive)
olour dipole s
attering o� protonDi�ra
tive 
ross se
tion:d�
�pT;Ldt ������t=0 � Z d2r Z 10 d�j	T;L(�; r)j2 �̂2(r2; x; :::)Dipole 
ross se
tion may be expressed as:�̂(x; r) � Z d2ltl2t h1� eir�li�s(l2t)F(x; l2t)Where F(x; l2t) is un-integrated gluon density in protonFermilab and Wis
onsin, May 2001 24/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISColour Dipole / 2-gluon Ex
hange Models (II)� Small PT , large size dipoles:similar to soft hadron hadrons
attering� High PT , small size dipoles:perturbation theory may beappli
able q

g

q

q

qSaturation Model:[Gole
-Biernat, W�ustho�℄� Ansatz for �Dipole whi
h interpolates betweenpert. (� 1=Q2) and non-pert. (� 
onst:) partsof in
lusive F2(x;Q2)� parameters �xed by �t to F2(x;Q2), �D then predi
ted� Strong pT ordering assumed: pT;g � pT;q2-gluon ex
hange 
al
ulation by Bartels et al. (BJLW):[Bartels, Jung, Lotter, Kyrieleis, W�ustho�℄� Perturbative 
al
ulation in low-�, low-xIP limit� For q �qg require high pT of all 3 partons (only for jets!)� non-pT ordered 
on�gurations in
luded,need 
ut-o� for pT;gFermilab and Wis
onsin, May 2001 25/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISResults: 2-Gluon Ex
hangexIP < 0:01 ) avoid IR ex
h.; p PDF's g-dominated
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riminate ;-(Fermilab and Wis
onsin, May 2001 26/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DIS3-Jet Produ
tionFeatures:- Limited statisti
s: 130 3-jets for L = 18:0 pb�1- Kinemati
ally for
ed to xIP > 0:01
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� Data above LO QCD predi
tion based on di�r. PDF's ifMEPS is used for higher order approximation� CDM does better job[Di�eren
e MEPS/CDM mu
h smaller for dijets℄� 2-gluon ex
hange (BJLW) lowFermilab and Wis
onsin, May 2001 27/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISComparison with Tevatron ResultsCDF measurement of di�ra
tive dijet produ
tionwith leading anti-proton in p�p 
ollisions:E�e
tive di�r. stru
ture fun
tion �FDJJ(�)
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� Predi
tion based on di�ra
tive PDF's extra
ted at HERAone order of magnitude above measured 
ross se
tion!) Serious breaking of fa
torization!Important to understand to get uni�ed pi
ture!Fermilab and Wis
onsin, May 2001 28/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISSummary� Di�r. dijets tightly 
onstrain di�ra
tive gluon distributiongD (shape and norm.), in 
ontrast to FD(3)2 measurements� Data favour di�r. PDF's, evolving with DGLAP, stronglydominated by gluons with momentum distribution rel. 
atin z (\H1 �t 2")� Consistent pi
ture from FD(3)2 and jet measurements :Con
ept of fa
torizing di�r. PDF's in DIS [Collins℄ works.� Consistent with fa
torizing xIP dependen
e with�IP (0) = 1:17 (\Regge fa
torization")� In P rest frame: q �qg � q �q 
on�gurations� SCI and Semi
lassi
al models not yet able to simultaneouslygive 
orre
t shape and normalizations of jet 
ross se
tions� Improved models 
al
ulations based on 2-gluon ex
hange
an des
ribe part of dijet 
ross se
tionFermilab and Wis
onsin, May 2001 29/30



F.-P.S
hilling / DESY Di�ra
tive Jet Produ
tion in DISCon
lusionMajor step forward in understanding di�ra
tion:� Di�ra
tive jet produ
tion is a powerful tool to illuminateQCD stru
ture of 
olour singlet ex
hange, in parti
ular therole of gluons !� Sensitivity to dis
riminate between models whi
h alldes
ribe in
lusive di�ra
tion (FD2 ) !� 2-gluon ex
hange 
al
ulations in agreement with di�ra
tiveDIS data for the �rst time !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 21/31Results presented here are published by the H1 
ollaboration:H1 Collaboration, C. Adlo� et al., \Di�ra
tive JetProdu
tion in Deep-Inelasti
 e+p Collisions at HERA",DESY 00-174, hep-ex/0012051, a

. by Eur. Phys. J. CFermilab and Wis
onsin, May 2001 30/30


