c
O

-

-

N

Introduct




HERA: a 6.3km circumference
accelerator of electrons and
protons. Two experiments observed
the collisions (H1, ZEUS) + two fixed
target experiments (HERMES - eN,
HERA-B - pN). Ended running
31/6/07.
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E.=27.5 GeV
E-=920 GeV
s=(k+P)? = (320 GeV)?

Transverse distance scale:

b~ hc _ 0.2 fm
Q Q(GeV)

October 24, 2009

Aufgeloster Abstand [m]

Proton

—h

o
N
'S

® Rutherford

-

(=]
LN
)

|III|II| I ||I|III| I II|IIII| I IIIIIIII I IIIIIII|

® Hofstadter

107'° B
e FNAL ;

107 ® CERN T
-18 L
10 HERA ® |
] L 1 | 1 1 1 1 1 1 | 1 1 1 | 1 g
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Is there substructure to quarks ?

Assuming R2Q%<<1

do d()’SM R,

dQ®  dQ”

R?,

HERA Neutral Current

T T

-
o

do/dQ? (pb/GeV?)
T

10 L
100

10 £

© A H1e'p94-00
10 - _ © ZEUS (prel.) e'p 99-00
E  — SMe'p(CTEQSD)

10"

10" L
E y<0.9

T

A Hlep ;
o ZEUS e'p 98-99
-~ SMe'p (CTEQSD)

10

October 24, 2009

ZEUS 1994-2006:

ZEUS
10| 12 ® ZEUS 94-06 (prel.)e’p
g | V| el RZ = (0.62 107%cm)*
S ‘ u...“'.‘.' .f:'.__ . R‘?.:'(O.B 10.1g,cm];-
E 09 |
z 0s 3 <
10 10
. 25 & BT ET TOTTENL TUREE™ SEEREE SERERES I3 S "
Quark Radius Limits {prel.)
0 " Q* (GeV?)
R, <0.62-10"cm
‘point-like’
A. Mueller Fest 4



Proton with No sign of
three valence e further
quarks substructure
— quarks are
. as point-like
%, as electrons

October 24, 2009 A. Mueller Fest 5



Structure Functions

Electron

Electron

d’c  2ma’ v I T ‘ t\t e
dde2 - XQ4 [(1 + (1- y)z)Fz — y2FL + .XF3] strucuure tunctions

Q°=-qg°=-(k-k')* Transverse resolution
What we measure
O<sx=<1 Parton momentum
O<sy=<l Inelasticity

October 24, 2009 A. Mueller Fest 6



f\/ew QesuH‘s ‘" Dcep Ine.\as"\"q
SmHe.er {row\ the ZEUS ColfaLorqi(;‘m

Presewkol 197 A. Caldwe.(l/ 13/s/43

1. Imﬁa; Q(L.Lc;(‘\'om
SOMQ ex Ped MQW‘L@“ asfe.c_"“s

Meosur&meu\{‘ of f. Cxa&z) —

Hod rence. en =y £ lew

< B O H

A vaws <loss of evgw(\s Lo

October 24, 2009 A. Mueller Fest




F2

<30 nb!

H1

October 24-2009

2.5

1.5

0.5

i ZEVS Peelim.|
T MRSDO
- MRSD—
N Q* =15
11 lllllll 1Lt Illltli Pl it
16% 15° 102 10
X

2.5

1.5

0.5

T T T ‘ T T T T

I T T T T [ T T T T | T T T T ]

2EVUS Prc\;‘m:nqy‘

Q* = 30
HI Pfg_l{M'mal‘y

! |||Illl[ 1 l!llllll .t 1y

10

4

16° 102

A. Mueller Fest
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X

1

The search for
BFKL wason'!



Observation of
large rapidity
gap events:
diffraction at
large Q2

October 24, 2009

Distribubon  of for the
coloameter dustker closest
B the Pl’v‘*ov\ dicecSon,

diff-emy.nt
o

L L LI L B B B
e DATK .

%
¢ I~ Heracles +
by 10? = + Arodne + ]
+
«P t H

1+
s Z
L 1\]

2 o 2 4 6 Sy FCAL end
RCAL end
eta max Y= - On [mg)

Sepam{c. e c(o:LQ ‘m‘ro koo classes

/b\MAX L I1.8 %skr Mowé if?:zh‘on

UYauax > 1L Y
A. Mueller Fest




The rise of F, with

decreasing x is strongly

dependent on Q2.

Large density of quarks '*|
and antiquarks, and 12}
gluons since they are

the source of the

quarks and antiquarks.  os = “7oc

October 24, 2009

Small-x

-A
%sz : Fox x
1.8 - ® H1, ZEUS 1996/97
i A NMC, BCDMS, E665
1.6 - —— | NLO QCD Fit
7 =156V Y e Regge Fit (ZEUS)

1

Q*=650 GeV?

0.6 |
04 - g2_p.25 Gev?
%o,
0.2 | B e S e
0 i | | p=faoga
5 -4 -3 1
10 10 10 10 10 X

Small fraction of HERA data

A. Mueller Fest
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Hadron-Hadron Cross Section

80 T ——rrrr — e — 30—
o [ J o |
o - 1Q pn_0.080B —0.4626
I Iadron hadronvo | pBARp: 21.70s%%%. 9B 3950463 281 @t p  13.83s09%08; 27 5gg045% .
[ pp:  21.70s"%084 55 0Bg045RE

scattering cross .-
section versus :

CM energy ]\ _
40 W —

(a}

30 Ln 1 L 1 Ll 1 20||||| " 1 PR R R
a 4o ago 1000 6 10 100

G o« 0.08

HERA: total photoproduction cross section

X ZEUS avte [
v E v calorimeters . -
R l exit window - PCAL
0 - (WZ)S 6m-Tagger

e = 0.070 4 0.007(stat.) £ 0.021(syst.) £ 0.050(6mT) ZEUS prel.
October 24, 2009 A. Mueller Fest 11



The rise at small x

» HERA
0.5
0.4 | o H1 o
e /FUS # l
0.3 hadron—hadron
<~
0.2
Wt
0.1 o /
0 - =

Transition region

1
Q*(GeV?)

10 10

Parametrize:

F,=C(O»)x™*  x<001

Below Q2 =0.5 GeV?, see same x
(energy) dependence as observed
in hadron-hadron scattering

Q=1 GeV corresponds to about 0.2 fm
Electron scattered at very small angle "



hep-ph/9906436v1 21 Jun 1999

X1V

What can we learn from the Caldwell plot? *
E. Gotsman

2 School of Physics and Astronomy, Tel Aviv University, Ramat Aviv, 69978, Israel

OF(2,Q%)
2n(Q?/Q2)
expects in pQCD. Screening corrections explain the enigma of the Caldwell plot.

We show that when screening corrections are included is consistent with the behaviour that one

1. Introduction
ZEUS 1995 Preliminary

The Caldwell plot | 1] of % presented o SRSRGE Y SPETCEESOBESE B & o
at the Desy Workshop in November 1997 suprized it atnialatitd hidahtelieiiie
the community. The results appeared to indicate % : ZEUS DATA
that we have reached a region in the x and Q? Sl
where pQCD was no longer valid. DGLAP evo- 05~
lution lead us to expect that % at fixed 0.4; #$§ }
Q? would be a monotonic increasing function of 03[ it
1 whereas a superficial glance at the data sug- oa b Fid ¢ GRVO4
gests that the logarithmic derivative of Fy devi- Fog % | e
ates from the expected pQCD behaviour, and has o1~ :
a turnover in the region of 2 < Q? < 4 GeV? ol s
(see fig.1 where the ZEUS data and the GRV’94 N )
predictions are shown). Opinions were also voiced 10 10® 10 107 107 10™ 2

that the phenomena was connected with the tran-

Id . e LI

October 24, 2009 A. Mueller Fest 13



Proton with
three ‘dressed’
valence quarks

‘Quark substructure’
can be seen when we
get resolution smaller
than about 0.3 fm. With
finer resolution, see
that the three quarks
are composed of many
subconstituents.

October 24, 2009 A. Mueller Fest 14



The variation in F, with Q2 (for
Q2> few GeV?) is in excellent

agreement with the

expectations of standard
perturbative QCD (famous
Dokshitzer, Gribov, Lipatov,
Altarelli, Parisi evolution

equations).

r 1
dF,  ag(0%)|x
2 - 1
dinQ 27 [23e
x 4

October 24, 2009

dz(x\, [X)
I Z \z/qu\z/

o

Py (%)

%((Z

2dz ( X\ 5, [ X)
1z \Z/qu\z/

Fz0H+ |

HERA F,

x=6.32E-5 | _0.000102

x=0.000161
LI x=0.000253

'loglo( X)

x=0.0004
x=0.0005

Y o x=0.000632

x=0.0008

em
FZ
h
»e
[ g
n
-
-
-
.

2 x=0.0013

° x=0.0021
®

‘Ol x=0.005
Jpodt
¢ _ x=0.008
o'y ®
. 2y e
L . - .
e
H - L a4 -
AT =8 '=w -. e

¢ - A
N ML
s WUgplmm vgealyp o

SEgRRn o002 o
.

oo M aPenl 5 -

T [T I

28(z,0%)

0 ; ,
- 10

1 10 10

A. Mueller Fest

o §%° x=0.013
n gh'e *

sate x=0.021

— ZEUS NLO QCD fit
4 A ——— HI1 PDF 2000 fit

e HI194-00

4 HI (prel.) 99/00

= ZEUS 96/97

" Y T .'N .'.:‘ § x=0.032
¥e

x=0.05

x=0.08
* x=0.13
L]
¥ =048
' I
T ¢ x=025
b9 9% ux=04

s o o =065

4 5
10 10

Q*(GeV?)
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10"

102

10°
107 E
10°

10°

Neutral

Valence Quarks from xF,

Current (ep — eX)
T T T LI II\

- s =319 GeV

e

V,Z

A

Q2
/

[ p—*

U\Q:

sl

H1 HERA I+l e*p (prel.)
H1 HERA I+l & p (prel.)

H1 2000 PDF e*p
H1 2000 PDF e” p

d’o(e’p) 2ma’
dxdQ* xQ*

[+ (= ))F, - y°F,

Fy=Ye;x1g(x.0%) - q(x.0M)}
q

October 24, 2009

Note: information on valence quarks
comes primarily from pre-HERA
fixed target experiments.
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- Izix

Electron f)< _________
> <, ) ~— ‘
S~

Neutrino

CC DIS cross section in QPM:

5S¢ (Q” > 200 GeV?) (pb)

140

Charged current cross sections

ZEUS ZEUS

120f
1003
803
605
403

20

— ———
& ZEUS CC (prel) €p (122 pb™) _| 140 5

S =]
: ) & o ZEUS CC (prel.) ep (122 pb") -
° ZEUSCC(P=0)ep (16.4pb) 7 < L o ZEUS CC (P=0) ¢p (16.4 pb™) |
— SM €p (ZEUS-S) = 3 120 — — SM (ZEUS-S) N
= ZEUS CC ¢'p (23.8pb™) §
o ZEUS CC (P=0) €'p (60.9 pb™) - A 100
---SM ¢'p (ZEUS-S) i © r
8 |-
7 o 80
] 60—
] 40~
] 20—
I . oll
0.5 0 0.5 1 -1

d o,

e p 2
d og, _ G

dxdQ® 2T

d;d;z:=2cr;ri @ zzz.;(l-y)zc?,-(x,Qz)] X (1
(M, +Q22'1 7,(x,07)+(1- y-]x (1+P_ )

October 24, 2009

No sign of a Wy

A. Mueller Fest

17




ol

Fott

Heavy Quarks

HERAF,

0O H1 HERA I(D*)

_ 20
A x=000003(<47) = H1HERA 1(VTX)
: o ZEUS HERA 1(D%)

x = 0.00005 (x 4°)
9"/ ~ x =0.00007 (x4%) © ZEUS HERA 1(D*,D°, D})
. ZEUS (prel.) HERA II:
x=0.00013(x4"") @« D* » D
- x=0.00018 (x 4%
x = 0.0003 (x 4%)

x = 0.00035 (x4™)

- x=0.0005 (x4")
x = 0.0006 (x 4'%)

’&/;,9» x = 0.0008 (x 4')

x = 0.001 (x4"%)

x =0.0012 (x4%)
x = 0.0015 (x 4°)

x=0.002 (x 4"
x = 0.003 (x 4%

MM x =0.004 (x 45"

}4,_..«-«‘%1" x=0.006 (x 4*)
x = 0.008 (x 4°)
NLO QCD e g _ x=0.012
D (x4%)
A e I
----- MRST2004FF3 —o.x= 042
(x4°) 3
@ g x=003
43 x4")
2 3
1 10 10 10
2 2
Q" (GeV")
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i

F,b x 8

10 7

10

10

10

} x=0.002

x=0.005

A. Mueller Fest

x=0.013 |
=l 1
-« Hl Data :
[ = ZEUS (prel.) 39 pb x=0.032
L MRSTO04 i=0
. —— MRST NNLO > i
CTEQ6HQ ]
------- HVQDIS + CTEQ5F4
| | 1 L L
2 3
10 10 10, 2
Q% /GeV



Analysis of cross sections in terms of parton densities (quarks and gluons)

xf

October 24, 2009

H1 and ZEUS Combined PDF Fit

08 |-

0.6

04

02 -

107

xS (x 0.05)

—— HERA-I PDF (prel.)

- exp. uncert.

model uncert.

Q*=10 GeV?

xXu,

1073 107

A. Mueller Fest

10!

o -

April 2008

HERA Structure Functions Working Group
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FL

Need to measure

d°c  2na’ 5 ) ) : :
= Y. F,(x,0°)- y°F, (x,Q0°) differential cross
dde2 xQ* [ ’ y2 5 ] section at two beam
small Q energies (at least).
g ,'dz[16 2 LO pQCD
L= {5[3Fz+826q(l—xz)zg] P

Expected to dominate

3 3 at small-x
Available luminosity  (pb)
o HER E,=920 GeV e'p >300
F -, [ ep >200
MER E =575 GeV ep 8

—  LER E,=4606GeV ep 14
0 y2/Y+ 1

October 24, 2009 A. Mueller Fest 20



d’oc  2ma’
dde2 xQ4

Y, Fy(x,07) - y7F (x,07)]

Q% =12 GeV?

02\= 45 G9V2
\

October 24, 2009

10° 102

H1 Data
| Ep = 920 GeV
* Ep = 575 GeV
o Ep = 460 GeV
e
— E, =920 GeV
-= E, =575 GeV

v Ep = 460 GeV
-- PR

21



H1 Preliminary FL

— HI1PDF 2009
L ® H1 (Prelim.) [ experimental uncertainty

i E, = 460, 575, 920 GeV + model uncertainty
[ + parameterisation unc.

F_(x, @)

0.5~

b
0.000059
0.000087
0.00013

- 0.00017
0.00029
0.00040
0.00052
0.00067
0.00090

- 0.0011

- 0.00021

©
a
-
o
-
o
)
-
~~

Standard parton density extraction gives predictions for F, in good
agreement with measurements, except for Q2<10 GeV2. Note that dipole
model predictions of R=0.2 in good agreement with all data.

October 24, 2009 A. Mueller Fest 22



Observation of large rapidity
gaps

Standard DIS event:

. y~ =3
* No gap in y
o - e
2 1 0 1 2 3 4 D _/ ~
° e Y=
rapidity
ETA PHI UCAL energy
9
5 ]
"
e
6 y = —3
5
" Large gap in y
T
i p y=T
o
1 0 1 3 4
o
Color-neutral object
ETA PHI UCAL energy

October 24, 2009 A. Mueller Fest 23



events

;
104

10

e.d.,

e /EUS data
Monte Carlo

tetet

*

T S DA BRI S
- RCAL‘ BCAL ’ FCAL

N

The Pomeron and Gauge/String Duality
Richard C. Brower, Joseph Polchinski, Matthew J. Strassler and Chung-l Tan

October 24, 2009

=10% of events have large
rapidity gap !

Implies scattering on color
neutral cluster: at least two
gluons. Sometimes called
‘Pomeron’. Connection to
String Theory ?

A. Mueller Fest 24



® H1 data 99-00 (prelim.) $=0.40 ZEUS

S 03l Q%15 GeV? L Q%=20 GeV? ] ] ] FPCII
b - [ ® Q'=25GeV” H 35GeV A 45GeV? V 55GeV *x 70 GeV
> - * QZ‘ 90 GeV x 120 GeV @ 190 GeV o 320 GeV
@ 002p 4. e 3 - 028 <M, <2GeV'| '8<M, <15GeV |
.E 0.01 :_ _ * Q 003} i} {
o | ¥ = i T i
- - i = - + .
:".E Ob——nt 0 i b 0.02 - T N
O 003 Q=25 GeV? L Q?=35 GeV? [ T : ]
; ; 0.01 |- + § 3
002 F e o' ] PPN Oiﬁgvﬂi # L = g: R 1 1]
oor b . b7 2 <M, <4 GeV ‘ | 15<MX<2§GeV‘§
[ [ 0.03 - T 7
OfF———n i T ]
0.03[ Q=45 GeV® [ Q=60 GeV? i 002} T ]
L L o L $ 1 |
[ [ i B ¢ o ° T ]
0.02 | + . 3 . § 0.01 g - | s ii ; + ]
L i - VoY, v TS
0.01 F - ' % 0*4%’2%\%; %}: %% R I I T
i i :'_’ E | ‘4<MX<8(J;eV il ‘25<1\‘/IX<35G6V‘E
olb—ms— e e W e T o T N
10" 107 10% 10" 10° 1072 0.032 ; % f g T
xBj 0.02 |- if v ; i -+ I -
° ° ° ° ° - U i i 1 EE
The ‘inclusive’ diffractive cross section on| |7 I l .
has the same x dependence as the total [ I N IS T

\ |
50 100 150 200 250 S0 100 150 200 250

cross section. W(GeV)
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Proton with
three dressed

o+

valence quark/,

October 24, 2009

A. Mueller Fest

‘Quark substructure’
can be seen when we
get resolution smaller
than about 0.3 fm. With
finer resolution, see
that the three quarks
are composed of many
subconstituents.

Small colorless gluon
clusters between the
valence quarks.
Colorless clusters have
similar structure as
valence quarks.

Plus short lived fuzz
outside (the expanding
proton).
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Exclusive Processes

&
x P
14
J\/\/\>< ‘ AL
3 0.16
3 ” U W
-C/ 102 wpumw —— gm('yp)
H O 0.22
A long list of processes have 5| e, W
been measured: 0 et T T D = pp)
2 o(yp > wp) W
o (:) WO
pgo © o G(yp = op
eP — ePV V= p,w,p.J of e
’ o(yp —> J/xﬁp)ms“"p* e
€P — €NV V = p,w,Cp,J/l/J 1072 m 7ZEUS ol
. EEUS (prel.)
. —> 2S
N is low mass system oo e o P VISR
otrp = 1(15)p) 474
and eP—ePy QCD ” @ W(GeV)
Mass set virtuality scale
October 24, 2009 A. Mueller Fest 27



Exclusive Processes

\"
e
* —_ 14
y
!
do  _ ‘
Zxe  p R,
dt !
b=4 GeV-2 found corresponds to an rms ;
impact parameter of 0.56 fm. smaller 0

than the proton charge radius of 0.870
[PDG] ...

;

fu

ol

%
.

10

20 30

® p ZEUS (prel.) (120 pb™)
® pZEUS9%4

p ZEUS 95

p H195-96

¢ ZEUS 98-00

$ ZEUS 94

Jhy ZEUS 9800

Jhy ZEUS 96-97

o Jhy H1 96-00

. ;

DVCS H1 96-00
+ DVCS H1 HERAII e'p (prel.)

DVCS ZEUS (prel.) (28 pb™)
250

240 5
Q +M(GeV")

* B < »

Wealth of data, not clear how to incorporate diffraction in DGLAP.

October 24, 2009 A. Mueller Fest
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Color Dipole Model

Components:

Y(r,z) the quark-antiquark wavefunction of the photon, known from QED

O yap the dipole scattering cross section. Depends on impact parameter,b,
and dipole transverse size, r

1
o'f =fd2?£dzfd2b‘1’ qup‘P

October 24, 2009 A. Mueller Fest 29



Dipole model vs data

Improved versions — DGLAP evolution, impact parameter dependence

: vp—Jivp = rp—op
3;10 3 Z10% W =75 GeV
=~ © E
© 3
10 g— 10}
L 1F « zEus
o ZEUS I — Boosted Gaussian ¥,
Boosted Gaussian ¥,
— Gaus-LC P, Gaus-LC ¥,
10" Ll L 10" Ll
10 10° 10 .
Q?+ M3, (GeV?) Q%+ M; (GeV?)
p—=op
_ rp=Jlyp 5 .
S I, ) I €, Q? (GeV?)
- ZQ (Gev) 44T cl0F 24 m
© s § ~
10 ¢
[ i '
22.4 f p A
L7 o ZzEUS
| * ZEUS
1k Boosted Gaussian ¥y — Boostad Gaussian ¥,
E e Gaus-LCW,, e Gaus-LCY¥,
Lo v v by v v by w0y gl | RIS S RS
0 100 200 300 0 50 100 150
W (GeV) W (GeV)
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YP—=PP

2 t
= ¥
o10°F N\ W =75 GeV
10°
10 ¢
I — Boosted Gaussian ¥,
| Gaus-LC W,
E Lal
1 10
Q%+ M (GeV?)
YP=pPP
2 o7 (GeV?)
c, .2
107 :
e f 20 ¥ __—

* H1
— Boosted Gaussian ¥,
.— Gaus-LC ¥,

P T T T T BN ST S W

50 100 150
W (GeV)

A. Mueller Fest

® ZEUS
IP Sat-Mod, m = 1.3 GeV

0’ = 1.8, 4 7
04 Ge".' 3
" %\.\ \,\\
. .L.\N
1 18 30
0.4
" \ i
0
-4 -3 -2
60 30| 107 107 10
04 X
02
1
0
wrw? w1 w?
X

Dipole model gives
unified description of
inclusive, diffractive and
exclusive processes
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Theory of small-x

So far, the theory is very
complicated. BFKL, dipole
scattering, travelling waves,
stochastic differential equations,
chaos, biological evolution ... It

seems to be a wonderful 10
theoretical playground with

connections to many things. 0"
Sometimes, | feel | understand 07

something (usually after talking
with Al), but it usually doesn’t last

Small-x data

Very simple
behavior

7

/

Geometric scaling (Kwiecinski, Golec-Biernat, Stasto)
Color Glass Condensate (McLerran, Venugopalan)

October 24, 2009 A. Mueller Fest
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Small-x physics experimentally shows universal and simple behavior

uon
uon
uon

—— —_ — — -

standard

-------------------
VVVVVVVVVVVY

Elektron Proton

Photon
NN

Elektron Pomeron Proton Rapldlty gap

| showed the energy dependence is same
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Forward neutron production
electron - pion scattering

ZEUS

- 0= 7.0GsV [Q°=115Ge¥® [ 2= 30 GeV’
L 04, '\ % -t

IR B +

‘e.
: w
Fa

0 ) :
2. [ o=60ce | o= 1{2,0 CeV® [ 0°=.240 GeV?

s 7EUS 95-97
....... - FB scaled

. : | | | — FoRy
Pion scattering also shows same x RTINS

dependence 07 107 1t 107
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Alternative Picture - proton rest frame

P

M, =Q

Q2
EY

_2M,0° ;_02fm
! W ? 2Mpx

AE, =\|P?+ My* =[P} +¢* =

E, =W?2M,  AE

So, small-x means long-lived photon fluctuations (not proton structure)
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Small-x, small Q2

_/

Larger-x, larger Q2



Photon-Proton Cross Section Photon-Proton Cross Section

/-C\ S 1
510 |0 (Co ‘.:% c I
£} IW 3
sl o o Y =1Inl/z ~ 21
o 0.4 £
0.8 N 3
1.5 o \
2] 3
10 5
F 10
15
| 20
" 30
- 40
3 50
-3 70
10 F 100 10
[ 120
| 150 &
200 A. Caldwell arXiv:0802.0769
I 250
| 300
400
10-4 Ll . \\\\\\\\2\ ““”“3‘ ““““4‘ ““““5 L Lol L Lol L Lol L L
1 10 10 10 10 10 10 7 10 8 10 9 10

10
| (fm) | (fm)

Slope of the cross section with | increases with Q2. Extrapolation of
the cross section with fixed slope.

indicates that the cross section becomes independent of Q at large
enough | (small enough x).



Structure withi

With HERA, we see resolved constituent quarks - still missing the full
evolution picture. Small-x partons are a universal property of matter —
fundamental physics. Several options for new experiments are under
discussion.

Al, thanks for being so patient in explaining the beauty of small-x physics
to us.
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