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HUNTING LOW-x DYNAMICS SIGNATURES IN DATAA. De Roe
kCERN 1211, Geneva 23, Switzerland(Re
eived May 19, 2003)Dedi
ated to Jan Kwie
i«ski in honour of his 65th birthdayAbout 10 years ago HERA has opened a new �eld of studies, namelythat of low-x in QCD, initially via stru
ture fun
tion measurements, andlater with dedi
ated measurements of the hadroni
 �nal state. Theoreti
alguidan
e has turned out to be very important for these studies. The huntfor low-x e�e
ts in data has been a 
onstant interplay between experimentand theory. This paper gives a personal a

ount of a few examples whi
hare dire
tly related to the work of Jan Kwie
i«ski and his 
ollaborators.PACS numbers: 12.38.Qk, 13.60.Hb1. Introdu
tionThe year of 1990 was very exiting: HERA and the H1 and ZEUS dete
-tors were nearing their 
ompletion. HERA, the ele
tron�proton 
ollider with
entre of mass system (CMS) energy of about 300 GeV, was programmed tobe a ma
hine that entered the un
harted new area of low-x physi
s, rea
h-ing values of x down to 10�4 � 10�5 in the deep inelasti
 s
attering (DIS)regime. In fa
t at the start, before the arrival of the �rst data, HERA wasnot really fully appre
iated as a low-x ma
hine. The H1 experiment for ex-ample had only a rather simple dete
tor for measuring ele
trons s
atteredunder a small angle, 
overing the region of Q2 < 100 GeV2. It 
onsistedof a lead s
intillator 
alorimeter with medium granularity to measure theenergy of ele
tro�magneti
 showers and a simple multi-wire proportional
hamber to distinguish photons from ele
trons. Around 1990, however, theHERA 
ommunity started to realize that there 
ould be an interesting op-portunity to explore this new low-x region. Mu
h of the enthusiasm was gen-erated through a workshop held at DESY in May 1990 on �low-x� physi
s [1℄.It appeared that the parton density at low-x was essentially un
onstrainedby the available data, and 
ould show interesting phenomena su
h as partonsaturation e�e
ts or hotspots. As shown in Fig. 1, the theoreti
al tools at(2929)
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khand were the so 
alled Altarelli�Parisi or DGLAP equations [2℄, and theat the time mu
h less studied BFKL equation [3℄. While the former per-form an evolution in Q2, the latter performs one in x and allows to predi
tthe behavior of low-x phenomena. The interesting question at the time waswhether the HERA data would be in the BFKL regime and show e�e
ts ofso 
alled BFKL dynami
s. Later a 
ombined equation (CCFM) [4℄ has beenproposed whi
h has the two other equations as it limits.

Fig. 1. The kinemati
 plane for DIS, with the QCD evolution equations and a line(GLR) where non-linear e�e
ts be
ome important, leading eventually to the satu-ration regime.Jan Kwie
i«ski, who already had a good judgment on the expe
ted in-terest in the HERA data and this physi
s, parti
ipated in this workshoptalking about possible shadowing e�e
ts in future low-x data. Around thattime he would join for
es with the Durham group of Alan Martin and formwhat was to be
ome the strong Durham�Kraków axis on studies of BFKLe�e
ts in the HERA data. It has 
ertainly been a blessing to have peoplelike Jan working in this �eld to fa
ilitate the useful but absolutely essential
ross talk between experiments and theorists in exploring the low-x regime,�rst at HERA, and then in other experimental environments. In this paperwe give a few examples of the interplay between theory and experiment, andthe progress in the last 10 years in this �eld.



Hunting Low-x Dynami
s Signatures in Data 29312. Stru
ture fun
tionsThe �rst and simplest measurable quantity in ep s
attering is the in
lu-sive stru
ture fun
tion F2. In the one-photon-ex
hange approximation, thedi�erential ele
troprodu
tion 
ross se
tion is related to the stru
ture fun
tionF2(x;Q2) and the ratio R(x;Q2) of the 
ross se
tions for the longitudinallyand transversally polarized virtual photons byd2�(x;Q2)dQ2dx = 4��2Q4x 241�y�Mxy2E +�1� 2m2Q2 � y2 �1+ 4M2x2Q2 �2(1 +R) 35F2(x;Q2) ;(1)where M and m are the mass of the proton and the ele
tron respe
tively,and E is the in
ident lepton energy. For the HERA kinemati
s by negle
tingM and m this expression redu
es to:d2�dxdQ2 = 4��2Q4x �1� y + y22(1 +R)�F2(x;Q2): (2)HERA delivered the �rst 
ollisions to the experiments H1 and ZEUS inthe summer of '92. In Mar
h 1993 at a workshop in Durham [5℄, whi
h wasthe �rst one of a series that would later trigger the so 
alled DIS 
onferen
es,I had the honour of showing for the �rst time to the world the F2 measure-ment of the H1 experiment in the low-x range, namely for x down to 10�3.The ex
iting news was that F2 seemed to rise strongly with de
reasing x,whi
h 
ame somewhat as a surprise. The �le with the original plot of thepreliminary data shown at the time has been lost in the mist of time, buta s
anned version 
an be found in the Durham database and is shown inFig. 2.A few months before these data were revealed, namely in De
ember1992, Askew, Kwie
i«ski, Martin and Sutton (AKMS) [7℄ submitted a paperwhere they a
tually predi
ted that F2 would rise strongly in the low-x HERAregime by assuming that the dynami
s is governed by the BFKL evolutionequation. Be it that some 
ut-o� parameters needed to be 
hosen, the agree-ment between data and 
al
ulations is very good, as is shown in 
omparisonwith published H1 and ZEUS data [8℄ in Fig. 3, taken from [9℄. Although it
ame only a few months before the data was shown publi
ally, they 
ould notpossibly have known that the data would a
tually show a rise. The simplereason was that we, the experimentalists, did not know it ourselves at thattime. That period several groups in H1, lead by Max Klein, Witek Krasnyand myself, were still working feverishly to get the data analysis �nished.I believe the situation was similar in ZEUS.
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Fig. 2. The original preliminary data of the �rst stru
ture fun
tion F2(x;Q2) mea-surement at HERA, shown at the Durham93 workshop. Data are shown as fun
tionof x for di�erent kinemati
al re
onstru
tion methods and for two bins in Q2. PDFswhi
h were popular at the time are overlayed. Taken from [6℄.Fig. 3 shows also the su

ess of e.g. the GRV predi
tions [10℄, whi
hwere based on the more 
lassi
al DGLAP evolution equations, taking thesomewhat, at the time, unusual 
hoi
e for starting the evolution (in Q2) ata very low value of Q20, namely around 0.3 GeV2. This opened a strongdebate, that started in earnest at this Durham Workshop, on whether ornot the BFKL 
ould be identi�ed via F2 measurements. Finally, after someyears, there was a 
onsensus that F2 is probably a too in
lusive measurementto study BFKL.In the early fall of 1993 Alan Martin and Jan Kwie
i«ski visited DESYfor a month. There is a story that they found it di�
ult to have breakfaston the site and neighborhood during weekends, but there was one parti
-ular moment that they a
tually in�uen
ed the HERA operation indire
tly.
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Fig. 3. Comparison of early HERA data from H1 and ZEUS with the 
al
ulationsof AKMS and GRV.One afternoon we were looking together at plots of the stru
ture fun
tionand various predi
tions. Data, available at the time, rea
hed Q2 values downto about 8.5 GeV2. This 
ould perhaps be extended down to 5 GeV2 in fu-ture, but the dete
tor a

eptan
e was 
ertainly preventive to go any lower.Jan and Alan 
onvin
ed us that it would be extremely important to try tomeasure down to lower values and to see if, how and when the rise woulddiminish.This set for us the 
hallenge to try to measure F2 in that region. Theidea was to shift the intera
tion point forward by roughly a meter, su
h thatwe would be able to see smaller s
attering angles in the ele
tron dete
tor.Together with G. Rädel, and the support of J. Feltesse we 
ould 
onvin
efriend and foe that this might work. In order to give it a try su
h anexer
ise was �nally allo
ated a generous two ma
hine shifts at the veryend of the 1993 run period in O
tober. It worked surprisingly well andwith only 2.5 nb�1 we 
ould make a measurement. The Q2 rea
h 
ould belowered from 8.5 to 4.5 GeV2. Repeating the shifted vertex exer
ise for dataruns in subsequent years allowed to rea
h values down to 1.5 GeV2 (1994)and (with an upgraded dete
tor) even down to 0.35 GeV2 (1995). TheZEUS 
ollaboration has installed around that time a beam-pipe 
alorimeterand 
ould measure later down to even smaller values in Q2. The 1994 H1data (shifted and nominal low Q2) are shown in Fig. 4. The message fromthe data is that below Q2 = 5 GeV2 the rise of F2 with de
reasing x issmoothly redu
ed, approa
hing for the lowest rea
hable values the almost�at expe
tation of Q2 = 0.
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xFig. 4. Stru
ture fun
tion data from 94, with uni�ed BFKL+DGLAP 
al
ulationsoverlaid [13℄.Generally models that attempt to des
ribe this region of the data haveexperien
ed di�
ulties to a

ount for all detailed aspe
ts of these data.Kwie
i«ski together with Badelek proposed a model [11℄ whi
h has a me
h-anism that allows for a smooth transition of the ve
tor dominan
e regimeto the perturbative QCD regime. This model des
ribes the data rather wellas dis
ussed in e.g. [12℄.The Durham�Kraków group has 
ontinued on the line of proposingdes
riptions for the F2 data, based either on the CCFM equations or witha uni�ed DGLAP and BFKL des
ription. An example of the latter is shownby the 
urves in Fig. 4; details are given in [13℄. Generally the �ts of su
h(rather 
ompli
ated) uni�ed formulae gave a somewhat better results thanpure DGLAP �ts, but the di�eren
es were not very large, illustrating thatF2 is indeed too in
lusive to see BFKL e�e
ts 
learly.
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s Signatures in Data 2935More sensitivity to BFKL or leading ln 1=x terms 
an be rea
hed bystudying the stru
ture fun
tion g1 in polarized ep s
attering. Kwie
i«skiand Ziaja [14℄ have 
al
ulated predi
tions from g1 in the framework of theworkshop on polarized ep s
attering at HERA [15℄. The reason that thee�e
t is larger in polarized s
attering is be
ause here the stru
ture fun
tionsdepend on double logarithmi
 ln2 1=x terms instead of single ones. Thepredi
tion is shown in Fig. 5: The upper dotted line is the DGLAP predi
tionwhile the solid line is a BFKL+DGLAP solution. For x < 10�4 the di�eren
ebetween both predi
tions is larger than a fa
tor two. Unfortunately it doesnot look that HERA will be polarized in future, but another proje
t EIC,adding a ele
tron lina
 or ring to RHIC, maybe be realized by 2010�2012and 
ould make a determinative measurement, if these predi
tions will notbe spoiled by higher order 
orre
tions. A sadly missed 
han
e for HERA,but one 
an look forward to su
h ex
iting measurements at BNL in future.
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tions for the polarized stru
ture fun
tion g1 at low-x, as explained inthe text. 3. Final statesThe sear
h for less in
lusive variables to study low-x e�e
ts naturallyled to the study of hadroni
 �nal states in DIS. In 1992 Kwie
i«ski, Martinand Sutton produ
ed a paper dis
ussing on how one 
ould possibly isolatethe �Lipatov x��� behavior in deep inelasti
 s
attering [16℄. In LO thevalue of � is expe
ted to be around 0.5 for �s = 0:2. In fa
t at the sametime Bartels, Loewe and myself have published a similar 
al
ulation [17℄,and both results were found to be in agreement. The idea is based onthe Mueller�Navelet [18℄ pro
ess in hadron�hadron s
attering, where twojets with medium to high ET are tagged at a large rapidity distan
e, andthe QCD evolution between the jets should behave a

ording to the BFKL
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kpomeron. In DIS the 
orresponding pro
ess is an event with a jet 
lose tothe outgoing proton dire
tion and with an ET 
lose to the Q2 value of theevent. The idea is pi
tured in Fig. 6. Sin
e in the HERA jargon the protonsgo �forward� these events are 
alled �forward jet DIS events�.
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pFig. 6. Parton evolution in the ladder approximation. The kinemati
s of forwardjets in DIS events are indi
ated.It took until 1995 before a �rst measurement of the 
ross se
tion of theseevents was published [19℄. Typi
al sele
tion 
uts for su
h forward jets DISevents are xjet > 0:035, 0:5 < p2jet=Q2 < 2, 7Æ < �jet < 20Æ and pjet > 3:5GeV in the kinemati
 range E0e > 11 GeV, 160Æ < �e < 173Æ and y > 0:1.In H1 these measurements were made by three postdo
s: J. Kurzhoefer,G. Contreras, and E. Lobodzinska. The latter worked for the Kraków groupand was, therefore, 
lose to the Kwie
i«ski team. This was very useful forthe interpretation of the measurements. The measurement is parti
ularlydi�
ult sin
e jets have to be resolved 
lose to the edge of the dete
tor, andproton remnant debris must be avoided.Already the early measurements showed that models based on LO matrixelements and parton showers 
ould not a

ount for the forward jet rate.More sophisti
ated data were published by both H1 and ZEUS in [20℄ and
ompared to the 
al
ulations of Kwie
i«ski et al., see e.g. Fig. 7 [21℄. Theresults are generally in good agreement with the data but 
ontain someparameters that must be tuned.The data show a 
lear disagreement with �xed order 
al
ulations but
an be des
ribed by BFKL based 
al
ulations. The 
al
ulations from theDurham�Kraków group in
lude the so 
alled 
onsisten
y 
onstraint. In 1998,after many years of very tedious 
al
ulations it was realized that the NLO
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ross se
tion as a fun
tion of x. BFKL 
al
ulations in
lud-ing the 
onsisten
y 
onstraint are overlaid.
orre
tion [22℄ to the BFKL kernel was quite large. However, a large partof this 
orre
tion is kinemati
s whi
h Jan 
ould in
lude in the 
al
ulationsby applying this 
onsisten
y 
onstraint. This 
onstraint tames the Lipatovexponent to values in the range of 0.2�0.3 rather than 0.5 as in LO.Kwie
i«ski and 
ollaborators went also a step further and 
al
ulated
ross se
tions for events with two forward jets and 
ross se
tions for forwardsingle parti
les. In parti
ular �0's have the advantage that their showersin the 
alorimeter are less spread out and, therefore, somewhat easier tomeasure than jets in the forward region. A result of H1 published in 1999,derived by T. Wengler, is shown in Fig. 8 together with 
al
ulations ofKwie
i«ski et al. Having these data one 
ould use the forward jet and thesingle parti
le data simultaneously, i.e. �xing parameters to des
ribe theforward jet data and having, therefore, more rigid predi
tions for the singleparti
le 
ross se
tions. The Durham�Kraków team followed that prin
ipleand the resulting 
al
ulations give a good des
ription of the single parti
ledata, as shown in the �gure.
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lusive �0 meson produ
tion 
ross se
tions as a fun
tion of x for di�erentQ2 regions.What have we learned so far from these and other �nal state measure-ments? The �nal state measurements tailored for BFKL studies, su
h asforward jets and parti
les all show a similar feature: The data show thatsomething extra on top of the �xed order matrix elements plus parton show-ers is needed. Adding a resolved photon 
omponent in the 
al
ulation, asproposed in [23℄, does not seem to be su�
ient, as shown in Fig. 8 by theRAPGAP 
al
ulation.However, one problem with HERA in general is that the ladder as shownin Fig. 6 may not be long enough. Bo Anderson [24℄ and 
ollaborators
al
ulated that the number of gluons emitted with pt > 1:5 GeV s
ales asln(xjet=x)=2, hen
e in the phase spa
e available we typi
ally have ladderswith only 3�4 hard gluons whi
h is a bit low for asymptoti
 BFKL formulaeto be applied with 
on�den
e.Hen
e the future of this �eld may lay in ep at HERA with an in
reasedforward a

eptan
e (i.e. a

epting jets and parti
les to down to at least1 degree away from the proton beam), or ep at in
reased energy su
h asTHERA [25℄. The �rst 
ould be studied at the so 
alled HERA-III phase, butits 
han
es of being realized are still un
lear. The latter is at bestway in thefuture, beyond 2015. Closer to us is the LHC whi
h thanks to its high energy
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overage of dete
tors (at least 10 and perhaps 14 units in rapidity[26℄) may be
ome the pla
e where new insight in low-x 
an be gained beforethe end of the de
ade. LHC is presently expe
ted to start up in 2007.4. BFKL in e+ e� 
ollidersIn 1996 J. Bartels realized that the ideal environment for the study ofBFKL would be the �pointlike� 
�
� s
attering where both photons are o�mass shell (say Q2 ' 10 GeV2). Su
h 
ollisions 
an be realized in ee! eeXs
attering e.g. at a future linear 
ollider for whi
h the �rst 
al
ulations wereperformed [27℄. Su
h a 
ollider is still rather far away in the future, hen
ewe and others also studied the 
ase for LEP [27, 28℄. The disadvantage atLEP is that the maximum possible rea
h in W
�
� , the hadroni
 invariantmass of the virtual photon system, is rather low, namely below 100 GeV.Hen
e the allowed phase spa
e for BFKL evolution su�ers in the same wayas for HERA: the ladder is pretty short. However, even at LEP the originalLO e�e
ts were predi
ted to be very large, the 
ross se
tion in
luding BFKLto be ten times larger than the one not in
luding it and, therefore, we setout to try to measure this at LEP anyway.As we were in the pro
ess of measuring this pro
esses the �NLO BFKL�
risis 
ame as mentioned earlier: the �Lipatov exponent� 
ollapsed when theNLO 
al
ulations were 
ompleted. It did not stop M. Przyby
ien in OPALto �nalize the measurement we had started [29℄. Also the L3 
ollaborationhas put up an interesting result [30℄. The experimental result of the 
�
�
ross se
tion, as measured by the OPAL 
ollaboration, is shown in Fig. 9.
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kThe measurement does not show the strong rise as expe
ted by the (bythen disfavored) LO 
al
ulations, but in parti
ular the L3 data suggests thatthere may be something more that the DGLAP NLO a the large values ofY = lnW=Q1Q2. The results of Kwie
i«ski and 
ollaborators [31℄ whi
hin
lude the 
onsisten
y 
onstraint to partially emulate the BFKL higherorder 
orre
tions, show a good agreement with the data.Jan has also been 
losely 
onne
ted to the QCD study group for the linear
ollider. Apart from produ
ing in
lusive 
�
� s
attering predi
tions, weprodu
ed our only 
ommon paper together, with L. Motyka, in the 
ontextof these studies (apart from some working group summary papers), namelya study of the pro
ess 

 ! J= J . This pro
ess [32℄, shown in Fig. 10 hasthe same 
hara
teristi
s as the in
lusive 
�
� pro
ess, i.e. a strong rising
ross se
tion with W

 as shown in Fig. 10. The mass of the heavy ve
tormesons takes over the role of the Q2, hen
e this pro
ess 
an be studied withreal photons. We predi
t that an experiment at a 500 GeV e+e� linear
ollider should be able to measure the BFKL e�e
t in this pro
ess providedmuons 
an be measured down to at least 20mrad.
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s Signatures in Data 29415. SummaryWherever we look we see some deviations from DGLAP type of 
al
u-lations: Something more seems to be needed at small x. BFKL 
al
ula-tions 
an often a

ommodate for this e�e
t, as we have seen in this smalloverview1. However, it often works, depending on the authors, due to spe-
ial 
hoi
es, using phenomenologi
al approa
hes to the subleading terms,
hoosing �xed �s, et
. Jan Kwie
i«ski and his 
o-workers have establisheda framework of the 
onsisten
y 
onstraints whi
h seems to perform a goodjob for all di�erent BFKL signals studied. But in general the jury is still outon the question whether or not BFKL e�e
ts have a
tually been observedin the data.It is obvious from this short a

ount that Jan Kwie
i«ski has playeda pivotal part in the hunt for the BFKL in the last 10 years. It is a blessingfor experimentalists to have a person su
h as Jan to rely upon for the theorydis
ussion of the data. I hope Jan will pursue this e�ort in parti
ular whenthe LHC turns on in less than 4 years from now as we all hope. Apart fromhopefully settling the question on the ele
troweak symmetry breaking andpossible dis
overing new physi
s beyond the standard model, parti
ularly inthe �rst days LHC will be mainly a QCD ma
hine, allowing e.g. to studythe Mueller�Navelet jets phenomena at high energies and large rapidity dis-tan
es. Maybe �nally the BFKL ladders will be long enough at this 
olliderto settle the question on to BFKL or not to BFKL. Good theory guidan
ewill be imperative for su
h a proje
t.REFERENCES[1℄ Pro
eedings of the DESY Topi
al Meeting on small-x, DESY, Hamburg,Eds. A. Ali; J. Bartels, Nu
l. Phys. B, 18C (1990).[2℄ V.N. Gribov, L.N. Lipatov, Sov. J. Nu
l. Phys. 15, 438 (1972); G. Altarelli,G. Parisi, Nu
l. Phys. B126, 298 (1977); Yu.L. Dokshitzer, Sov. Phys. JETP46, 641 (1977).[3℄ E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys. JETP 44, 443 (1976); Sov.Phys. JETP 45, 199 (1977); I.I. Balitsky, L.N. Lipatov, Sov. J. Nu
l. Phys.28, 822 (1978).[4℄ M. Ciafaloni, Nu
l. Phys. B296, 49 (1988); S. Catani, F. Fiorani, G. Mar
h-esini, Phys. Lett. B234, 339 (1990); Nu
l. Phys. B336, 18 (1990); G. Mar
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