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FUTURE OF SMALL-x AND DIFFRACTIONAFTER 2006 (EXCEPT LHC)�Allen C. CaldwellColumbia UniversityP.O.Box 133, New York, NY 10027, USA(Re
eived July 29, 2002)The initial phase of HERA running has produ
ed ex
iting and funda-mental results on the nature of strong intera
tions. These results are sum-marized, and the 
ase is made for a new round of pre
ision measurementson low-x and di�ra
tive physi
s.PACS numbers: 13.60.�r 1. Introdu
tionThe HERA a

elerator has provided a wealth of results on proton andphoton stru
ture, di�ra
tive and ex
lusive produ
tion of di�erent states, jetand parti
le produ
tion, �S measurements, limits on exoti
 parti
le produ
-tion, et
. [1℄. The most important results to date are the measurement of thesteep rise of the stru
ture fun
tion F2 at small-x [2℄, and the measurementof a large di�ra
tive 
ross se
tion [3℄. These measurements are of fundamen-tal importan
e and have generated intense a
tivity in trying to understandtheir physi
al origin.A further round of experiments designed with this physi
s in mind, at theEIC, with HERA-III, or with a 
ombination of TESLA and HERA (THERA)
ould lead us to a mu
h better understanding of the physi
s opened up bythe HERA data. The possibility of 
olliding leptons on nu
lei, as well as po-larized lepton on polarized nu
leon (nu
leus) would add valuable informationbeyond standard unpolarized lepton-nu
leon s
attering. As this workshopmakes 
lear, we are still struggling to �nd the best approa
h to understand-ing the strong intera
tions. Theoreti
al breakthroughs are needed, and newmeasurements 
ould show the way.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3599)
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s goals of HERA 
olliding beam experimentsThe original physi
s goals for the HERA experiments 
an be summarizedwith a few quotes from ZEUS Te
hni
al Proposal (Mar
h 1986):� �HERA [is℄ �rst and foremost an ele
tron quark 
ollider ...�.� �The measurement of the proton stru
ture fun
tions gives a

ess tothree domains of physi
s: ele
tron and quark substru
ture; propertiesof the ele
troweak 
urrent; QCD intera
tions�.under QCD intera
tions, we �nd:� �Measurements of the quark and gluon stru
ture fun
tions and theirlogarithmi
 dependen
e with Q2 should allow a pre
ise measurementof the strong intera
tion parameter, �S�.� In addition, we �nd some 
omments on the sear
h for exoti
 parti
lesand photoprodu
tion experiments.There is no mention at this time of low-x physi
s or di�ra
tion. Small-xphysi
s, due to kinemati
s, is small-Q2 physi
s, and small Q2 implies pri-marily small ele
tron s
attering angles. The granularity, a

eptan
e andresolution of the dete
tors were not optimized in this region. Both H1 andZEUS upgraded their dete
tors in this `rear' dire
tion, with signi�
ant im-provements in position and energy resolution, and in
reased kinemati
 
ov-erage, but a new dete
tor 
ould o�er mu
h improved measurements.Di�ra
tive physi
s, eP ! ePX, requires an outgoing s
attered proton.ZEUS and H1 equipped the forward region with proton spe
trometers, butthese have small a

eptan
es limiting their usefulness for di�ra
tive measure-ments. In fa
t, the large di�ra
tive 
ross se
tion at HERA was dis
overedby seeing a rapidity gap in the main dete
tors in the proton dire
tion. Anew dete
tor with strong emphasis on di�ra
tive measurements 
ould havegreat impa
t on our understanding of this physi
s.3. Stru
ture fun
tion measurementsAn extra
t of early HERA data is shown in Fig. 1.The HERA data demonstrated the now well-known rise of F2 with de-
reasing x. The rise in F2 depends strongly on Q2. An early question was`how low in Q2 does this rise persist'? The H1 and ZEUS dete
tors em-ployed upgrades to address this question. A summary of the the rise of F2at small-x is made by �tting F2 to the form Ax��e� for x < 0:01 for �xedQ2, and is shown in Fig. 2. The H1 
ollaboration has shown new resultsat this 
onferen
e (presentation by T. La²tovi£ka) in the Q2 range around
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1Fig. 1. Some of the early HERA data on the proton stru
ture fun
tion F2.

0

0.1

0.2

0.3

0.4

0.5

1 10 10
2

Q2 (GeV2)

λ ef
f

ZEUS

ZEUS BPT97
ZEUS SVTX95

ZEUS 96/97
E665

NMC

BCDMS
SLAC

x < 0.01

ZEUS REGGE 97

ZEUS QCD 01 (prel.)

x


<3
.3

35
E

-0
6>

<6
.3

48
3E

-0
6>

<5
.6

94
9E

-0
5>

<0
.0

00
24

80
17

>
<0

.0
00

79
19

45
>

<0
.0

00
29

34
72

>
<0

.0
02

98
90

2>

<0
.0

04
85

61
4>

<0
.0

05
68

27
7>

<0
.0

05
59

21
7>

<0
.0

03
64

12
5>

<0
.0

03
09

42
5>

<0
.0

00
36

07
26

>

<0
.0

01
62

30
6>

<0
.0

00
95

16
5>

<0
.0

02
27

31
8>

<0
.0

01
44

82
>

<0
.0

03
04

13
6>

<0
.0

02
99

97
5>

<0
.0

04
51

12
4>

<0
.0

04
10

00
2>

<0
.0

04
59

74
3>

<0
.0

04
95

00
6>

<0
.0

05
06

94
8>

<0
.0

05
29

22
9>

<0
.0

05
50

92
8>

<0
.0

05
80

03
3>

<0
.0

06
24

56
>

<0
.0

06
52

87
8>

ZEUS slope fit 2001 (prel.)

F2 ~ x-λeff

Fig. 2. E�e
tive power of F2 at small-1=x versus Q2.1 GeV2, showing that the behavior of �e� / lnQ2 extends down to these Q2values. These data, in 
onjun
tion with the ZEUS BPC/BPT data indi
atea transition in �e� around Q2 � 0:5 GeV2.



3602 A.C. CaldwellAn important question raised by the HERA data is whether this tran-sition 
an be understood within QCD. Note that the region around Q2 �1 GeV2 is not measured very pre
isely at HERA, sin
e the main dete
torshave limited a

eptan
e at this Q2, and spe
ial dete
tors installed later mea-sure at lower Q2. Spe
ial runs, su
h as the `shifted vertex' runs used by H1help, but typi
ally do not yield the same pre
ision results as standard data.4. Gluon densityThe behavior of F2 is shown versus Q2 at �xed x in Fig. 3.
H

1 
C

ol
la

bo
ra

tio
n

H
1 

C
ol

la
bo

ra
tio

n

Fig. 3. Proton stru
ture fun
tion F2 plotted versus Q2 at �xed x.At large-x, the gluon density is small, and dF2=d lnQ2 is used to extra
t�S. At small-x, s
aling violations are dominated by the gluon density, andin LO pQCD, dF2=d lnQ2 / �Sxg(x;Q2). The gluon density from a fullNLO DGLAP �t is shown in Fig. 4. At smaller Q2, it is observed that the�ts yield a vanishing NLO gluon density at small-x, while the quark densityis still rising. These results are non-intuitive, and may signal the presen
e ofs
reening or other types of 
orre
tions. More pre
ise data from ZEUS werepresented at this 
onferen
e by E. Tassi, showing the 
ontrasting behavior ofthe gluon and sea densities even more strongly than previous analyses. TheZEUS �ts additionally show that FL has a tenden
y to be
ome negative atsmall Q2 (less than about 1 GeV2) and small-x, whi
h is of 
ourse physi
allyimpossible. These results are indi
ations that NLO DGLAP evolution is notsu�
ient to des
ribe the data in this kinemati
 regime. Similar 
on
lusionswere rea
hed by D. Haidt and the R. Thorne (representing the MRST group)at this workshop.
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ision data around Q2 � 1 GeV2 would be very useful inelu
idating the breakdown of DGLAP in this region. Clearly, a pre
isionmeasurement of FL 
ould play a big role in understanding the behavior ofthe gluon density and be a fundamental test of our understanding of thestrong intera
tions. 5. Di�ra
tion in DISThe di�ra
tive events were initially seen in the HERA data as ex
essevents with large rapidity gaps � i.e., events with no hadroni
 a
tivity inthe dire
tion of the proton beam. Events were later analyzed where theoutgoing proton was tra
ked, allowing a measurement of the t-dependen
eof the di�ra
tive 
ross se
tion. However, the bulk of the physi
s results stemfrom data integrated over t, e.g., as shown in Fig. 5. These data have highpre
ision and yield a wealth of information, but events where the protonhas disso
iated 
annot be 
learly separated, and models must be used toperform a subtra
tion leading to substantial systemati
 un
ertainties.A striking observation is that the di�ra
tive and DIS 
ross se
tions havevery similar energy dependen
es. This is seen in Fig. 6. This is a non-trivialobservation whi
h has generated 
onsiderable theoreti
al a
tivity, su
h as the



3604 A.C. Caldwell
0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

0

0.05

10
-4

10
-3

10
-2

10
-4

10
-3

10
-2

10
-4

10
-3

10
-2

10
-4

10
-3

10
-2

10
-4

10
-3

10
-2

10
-4

10
-3

10
-2

10
-4

10
-3

10
-2

x IP
 F

2D
(3

)

β=0.01 β=0.04 β=0.1 β=0.2 β=0.4 β=0.65 β=0.9
6.5

Q2

[GeV2]

8.5

12

15

20

25

35

45

60

90

xIP

120

H1 (prel.)
H1 (not fitted)

Regge fit (IP+IR)
Regge fit (IP) H1 preliminary

Fig. 5. The di�ra
tive stru
ture fun
tion FD(3)2 at HERA.
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tive to total 
�P 
ross se
tions as a fun
tion of the
�P 
enter-of-mass energy for di�erent Q2 and masses of the di�ra
tive �nal state.development of the Gole
-Biernat & Wüstho� model of small-x DIS [4℄. Afull understanding of di�ra
tion will undoubtedly require the measurementof the full 4-dimensional di�ra
tive 
ross se
tion, whi
h would require higha

eptan
e forward proton spe
trometers.6. Future optionsI have given a brief outline of the main HERA results in small-x physi
sin the pre
eding se
tion. Here, I list some of the possible future experi-ments/a

elerators whi
h 
ould yield further insight into the physi
s ques-tions dis
ussed above. 6.1. EICThe Ele
tron Ion Collider (EIC) is a fa
ility 
urrently under dis
ussionat BNL [5℄ for 
olliding RHIC ions with a future ele
tron beam. Severalpossibilities are under dis
ussion for the ele
tron beam, with typi
al ele
tron



3606 A.C. Caldwellenergies of 3�10 GeV 
onsidered. The physi
ally allowed values of 1=x andQ2 are one order of magnitude lower than HERA. However, the EIC would bedesigned for high luminosity (1033 ! 1034/s/
m2). It would also naturallyallow s
attering on very heavy ions su
h as gold, and also s
attering onlongitudinally polarized protons.S
attering on heavy ions provides a 
omplementary approa
h to thephysi
s of high parton densities. At HERA, high gluon densities are a
hievedby probing at very small-x, where the gluon density is rising qui
kly withde
reasing x. On the other hand, an in
oming lepton beam would see alarge density of partons (in the transverse plane) from overlapping nu
leonswhen 
rossing a heavy nu
leus, at not su
h small-x. Comparison of the datafrom these two kinemati
 regions are expe
ted to provide insight into thebehavior of QCD in a novel regime of high densities and small 
oupling [6℄.This data is likely to play a 
ru
ial role in understanding the formation of aquark-gluon plasma.The s
attering of polarized ele
trons on polarized protons will addressthe issue of the spin 
ontent of the proton 
arried by small-x partons. Here,the high luminosity planned for the EIC will be 
ru
ial sin
e spin stru
turefun
tions are measured as di�eren
es of 
ross se
tions.Referen
e [5℄ should be 
onsulted for a more 
omplete list of measure-ments possible at the EIC. 6.2. HERA-IIIThe �rst phase of HERA running ended in 2000 and in
luded the dis
ov-eries of the rise of the parton densities at small-x and the large di�ra
tive DIS
ross se
tions. HERA is now entering a se
ond phase of running whi
h willbring 
onsiderably larger luminosities as well as the possibility of longitudi-nally polarized leptons for the H1 and ZEUS experiments. This HERA-IIphase has as a goal 1 fb�1 per experiment distributed among e�L;R as deter-mined by the experiments. This high luminosity and polarization will openup the era of large-x and large Q2 measurements at HERA, and will allowtests of the ele
troweak se
tor of the Standard Model. The HERA-II phaseis expe
ted to extend until the end of 2006.There are many reasons to 
onsider further running of HERA beyondthe HERA-II phase. For example, one 
ould 
onsider:� Ele
tron-deuteron s
attering, to study the partoni
 stru
ture of theneutron at low-x, and to unfold individual parton densities at high-x.� Pre
ision di�ra
tive and non-di�ra
tive measurements, to study thetransition seen in HERA data around 1 GeV2, to measure longitudinalstru
ture fun
tions and 4-dimensional di�ra
tive 
ross se
tion. Thesewill severely 
onstrain models and hopefully guide us in our under-standing of small-x physi
s.
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tron-nu
leus s
attering, to understand the parton distributions inheavier nu
lei, and for another approa
h to the saturation of partondensities (A1=3 in
rease in parton density at given Q2).� Polarized stru
ture fun
tion measurements to understand the natureof spin in a nu
leon.These di�erent physi
s topi
s would 
learly pla
e di�erent 
onstraints onHERA, and would in some 
ases require the 
onstru
tion of a new dete
tor.6.3. THERAOne 
ould also 
onsider the s
attering of high energy ele
trons fromTESLA with HERA protons. This option has been studied in some detail,and is summarized in the TESLA te
hni
al proposal [7℄. Separate small-xand high-Q2 s
enarios have been 
onsidered. Clearly, this approa
h wouldbe the most straighforward extension of the small-x physi
s and 
ould be anex
iting su

essor of the EIC or HERA-III.7. Con
lusionsHERA has generated a very interesting and important dis
ussion on thephysi
s underlying small-x 
ross se
tions. At the heart of this dis
ussionis the understanding of what happens in dense systems of virtual parti
les.These 
louds of virtual parti
les 
an be probed at HERA with varying reso-lutions, thus giving a handle to understanding how they are formed. These
louds are universal, in the sense that they exist at the heart of any parti
le.They therefore represent a fundamental aspe
t of nature, and 
ertainly war-rant deeper study. Possibilities for su
h future measurements whi
h havebeen dis
ussed are the Ele
tron�Ion Collider at BNL, and HERA-III andTHERA at DESY. These fa
ilities would present largely 
omplementary ap-proa
hes to the question of the behavior of large parton densities, and shouldall be 
onsidered seriously. REFERENCES[1℄ H. Abramowi
z, A. Caldwell, Rev. Mod. Phys. 71, 1275 (1999).[2℄ H1 Collab., I. Abt et al., Nu
l. Phys. B396, 3 (1993); ZEUS Collab.,M. Derri
k et al., Phys. Lett. B316, 412 (1993).[3℄ ZEUS Collab., M. Derri
k et al., Phys. Lett. B315, 481 (1993); H1 Collab.,T. Ahmed et al., Phys. Lett. B348, 681 (1995).[4℄ K. Gole
-Biernat, M. Wüstho�, Phys. Rev. D60, 114023 (1999).
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