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1. Introduction

Deep inelastic scattering (DIS), HERA 1992 to 2007:
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Low-x Scaling
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The W-dependence

2
2\ AU 2 N2 2 N2
F(z,Q%) = ( '7Lp(W Q") ‘|‘0'“/Tp(W Q ))
4m2cx
Z Q>
_ "2 "2 2
= =00 [as [Tz (L,z<1—z>,w><1+zp>
e F2 (Wz) for £ <
w21 o 2r
L8 1.8f
; Q?=80-100 GeV? ; )?=80-100 GeV?
16p Q?%=50-80 GeV/? 16 ¢ Mol Q?=50-80 GeV?
r 2 2 r i 2 2
1ab Q2:30-50 GeV2 1ab 4 i ‘ Q2:3O-50 GeV2
! Q%=10-30 GeV E 1Q%=10-30 GeV
1.2} 12f
1t 1
o.8f 0.8
0.6} 0.6
0.4f 0.4F [
0.2 0.2f ++
A i 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1111
10°  10°  10* 10° 102 10? 10* 10° 1072 10
1UW2(GeV?) X

Prabhdeep Kaur (2010)



The limit of n(W?2,Q?%) — 0, or W2 — oo at Q? fixed
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Observation by Caldwell

)Aeff(Qz)

(W2 Q) = 00(Q?) (35 = o0 (Q?) /(@)

Q?-independent limit at approximately
W2 ~ 10°Q>.

Photon-Proton Cross Section
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The (Q?, W?) plane
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The experimentally observed behavior

follows from the Color Dipole Picture (CDP)

of deep-inelastic scattering for 2<0.1.



2. Photon-hadron interactions: Late 1960’s, early 1970’s.

1960’s Vector Meson Dominance

J.J. Sakurai (1960, ...)

Shadowing in vA interactions

Leo Stodolsky (1967)




1969 DIS SLAC-MIT Collaboration

Bjorken scaling,

Feynman,parton model
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We propose a model of inelastic electron-proton scattering which takes into account the coupling of
the photon to higher-mass vector states. Both the virtual photon-proton cross section Gy (predicted with
essentially no adjustable parameters) and the q2 dependence of R are in exceedingly goo’E agreement with the
SLAC-MIT data in the diffraction region.
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1989 Shadowing EMC Collaboration
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Life time of hadronic fluctuations v* — p°, ~* — q@

i) Four-momentum-conserving transition to virtual state, e.g. p°, qq state

p" = g",
p* = q* <0, p* # M.,
Propagator: ! L

2 A2 - — P2iaq2 "
—¢*+M%qq  Q*+Mg,
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ii) Equivalently: Three-momentum-conserving transition to

on-shell qq state

D= q;

p* =Ml ¢*=(q")°—(9)°<0; Q= —q%

qq’

MZ2+Q?
AE=p"—¢q"=—F5

2 2
~ Mq<7+Q
= 50 "
1 2Mprv 1 >> 1

T = 35m = .
AE Q>+M2; My M,

(q@)p interaction cross section dependent on W (Q? and = dependence excluded).
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Modern picture of low-x DIS:

i) qq@ internal structure

v*wmm<:g

kK, z(1-2) Nikolaev, Zakharov (1991)

ii) gg-dipole interaction

q
VAAVAVIVVAVY AVAVAVIVAV VAV Low (1975)
Nussinov (1975)
g
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Invariant mass of gq state

k2=k’2=m3=0

Mgy = (k+K)? = (2kg0)?

2
_ k-
sin? YoM

In terms of z:

2 k2
qu — 2(1—-2)’

sin? 9o, = 42(1 — 2)
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3. The Color Dipole Picture (CDP).

The longitudinal and the transverse photoabsorption cross section

channel 1:

.,v_-._
S0
p‘:

>,

-
>
uta

s
i
{

"
o

-

S5

-v
X

5
3

"A.

)
2

o
at

Y
s
e

T
!
o

o
e

channel 2:

éé _ bw

Y'p—y*p ——  (q@)p —~ (qO)p

18



A) oy (W2,Q%) = [dz [ dF[$ra(FL, 2(1 — 2), Q) ouap(FL, 2(1 — 2), W?)

Remarks:

i) [Yrr(7L,2(1 — 2),Q%)|:  Probability for v, — ¢¢ fluctuation (QED)
Note: ™ ~ 25

QQ

ii) o (qqp(TL, 2(1—2), W?):  (gq)p cross section dependent on W? (not on x = ‘56[2,—22)
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B) Gauge-invariant two-gluon coupling;:

o (qq)p(T1L, 2(1 — 2), Wz):f dzl_;_&(l_’f, z(1 — z), W?) (1 — et ll"ﬂ)

Nikolaev, Zakharov (1991)

Cvetic, Schildknecht, Shoshi(2000)
Assume 2 < 12, (W?).

For fixed |7,|:

a) I\ (WP < 1

2
=2 “ 9 1 A
O(qq)p ~ T — “color transparency”, o, ~

~U sat W2)
n(W2,Q%) Q2

b) &y (W) > 1

T qqp ~ 0 (W?) — “saturation” o, ~ In ——

n(W2,Q2))
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Color gauge invariant ¢¢ (dipole) interaction with gluon field in the nucleon implies

low-z scaling.

Color Transparency

2
n(W?,Q?) ~ W >1

Saturation

hadron-like cross section
<
n(Wza Qz)Nl
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The longitudinal-to-transverse ratio

(@@)i7 states: i, — (q@)i7
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Magnitude of p

Average transverse momentum of ¢(g):

l—*2 l_’J_’zzconst o l—*,z
(J_>L,T 7L

6 [dzz*(1 — z)* =
3[dz 2(1—2)(1—22(1 — 2)) = 212

il_’/z
20" L ?

(L) |
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207 L ?

Assume that p is determined by average transverse size of L(7T). Uncertainty principle:

D IH 4
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= = ¢ 0.27
LR 0.20
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4. Ansatz for the Dipole Cross Section

Model-independently:
; 2 2
Ty ™~ { lnn§W2,Q2) ) "(W2aQ2) <1
n(WZ2,Q?) , n(W45Q%) >1

2

n_ { 0 for Q2 =0, (77 — 71&3:(13‘/2)) ,
2% for n(W?2,Q?) > 1.

Interpolation between n(W?2,Q?) < 1 and n(W?2,Q?) > 1. by explicit ansatz for the

dipole cross section.
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Simple ansatz containing p = 1, (R = = = —): Cvetic, Schildknecht,
Surrow, Tentyukov (2001)

O (aap(F L, 2(1 — 2), W?2) = ¢ (W?) <1 —Jy <m/z(1 — z)Asat(Wz)))

Trp(W2,Q%) = Uv*p(n(Wzan))JFO( o )

sat(Wz) 0
aRR_+ - mg
_ eTe (00) 2 _ 2
- 3x (WHh(n) +0 ( sat(W2)> Herer =3 zq: a
1 V1+4n(W2,Q%) +1
I Wz, 2 — l
(W5 @) VI+an(W2,Q?)  1+4n(W2 Q%) —1
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m2
{ In 55 g + O(nlny), for n(W?,Q*) — AT (W)
W —|— O (%) ) for ,r,(WQ, Q2) — OQ,

() (W?2) to be expressed in terms of o.,(W?2).
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Refinements:
i)p=1;
i) m2, < mA(W?) = EA2, (W?);

Sat

Kuroda, Schildknecht (2011)

Kuroda, Schildknecht, Surrow in preparation.

T p(W? n 1
orp(W2 Q%) = ”p((l) : (I}”( )G (w) + I, ’(n,u)GL(u))
lim I (ﬂ,ﬂ) p’p
n—p(W?2) pop
1 2u3 + 6u?, (L),
Grr(u) = { 3 2
2(1 +u)3 | 2u® + 3u® + 3u, (7).
3 2 mg
= ; p(W=) =
n(W27 Q2) ( ) sat(Wz)
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Comparison with experiment: Kuroda, Schildknecht (2011)

e 0.,(W?) from Particle Data Group parameterization

112

o A2 (W?) =C4 (% + 1)C2 const (L2> “

C, = 1.95GeV?
W2 = 1081GeV?
Cy = 0.27(0.29)
my = 0.15GeV?

mi(W?) = A2 (W?) = 130A2 (W?)

sat
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Comparison with the experimental data for Fj
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A Remark on : F3(W?) in terms of gluon distribution:

Q’ (2p+1)> Q7

BW?="0) = = = (@G (, QY n(W?, Q%) > 1.
2p+1 21

— (2p S)ZQQS 202°°)A§at(W2). color transparency
7y 7y

. , \0.29 2041 2 -
(upon using F; = f; (%) =& 312% 87172‘75: )Agat(Wz)')

Saturation behavior:

Agat(Wz)

@+ m3
as(Qz)G(m, Qz)

o (Q*+m3) )

(W2 Q% ~ Q%% In

~ Q20,(LOO) In ( ,',,(W2’ Q2) < 1.

saturation

Logarithmic dependence on gluon distribution in saturation limit.
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5. Conclusions

The empirically observed low-z (xp; = Q—22 < 0.1) sca-

ling behavior,
O-’Y*p(Wza Qz) = O~xp ("(Wza Qz)) ’

2_|_m2
where n(W?2,Q?) = W,

AZ

sat

w) = ¢ (732)°

1GeV?2

is a consequence of the color-gauge-invariant ¢¢g-dipole

interaction with the color field in the nucleon.

q___ _——_

q

Y*p—Y*p —  (q@)p — (qA)p
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e For n(W?,Q?%) > 1, color transparency, o4, ~ 75, implies

1
N_

O ~* .
YP n

e For n(W?2,Q?% < 1, saturation, o, ~ o) (W?), implies
Toprp ~ o (>)(W?) ln%, i. e. hadronlike In?"W? dependence at
any Q? fixed.

Uf}/zp(’r](w2?Q2)) _ 1
Uﬂy&‘,p(n(w2aQ2)) o %

e R(W?2,Q% = for n > 1.

e Detailed model essentially based on a parameterization of

W2 Cs
A2 (W?) =C
sat( ) 1 (1Gev2>

shows agreement with all DIS data at low z, including Q? = 0

photoproduction.
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Appendix

Equivalently, in terms of the variables:

Photon wave function (e.g. L):

1 — 1 N M,

/ - 27,7 —ir "k
Ko@) =, [ RL
. . AN 2
~*qq coupling : Z |gz‘)‘ |2 = 4M;(7 (d}o(z)) ,
A=—A=+1
. /7 . ’ 1
oIt HrPF= Y ()P = 4qu§ ((di_1(2))* + (d1;(2))?) -

A=—N=%1 A=—A==%1
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Upon introducing the cross section a(qq),Lr:Tlp('rj_, W?), for (qq){’:Tlp scattering

A) oy (W2 Q%) = 237, Q1Q% [ drP KT, (', Q)0 (45121, (T, W). Kuroda, Schildknecht
(2011)
and
B) otz W) = [ @0, (%W~

fdlf&(qq) (l 2 WA Il 7))
J dlf&(qq)ﬁlp(llza w?)

s ﬂ/d[’iz&(qq)%?rlp(l—;_lz, WZ) . ]_ —

For fixed dipole size, r/,, dominant contribution to dipole cross section

I2<i2, (W?2).
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The Color Dipole Cross Section.

I) Color transparency

0<Ur <U| yyus (W3Hr'| K1, Jo(U r') 21— LU r))?

Q)L,_ p
— _ dl /2l 12 = ~ l 712 W2 12 .
477,“/ L g™ ( ) PwW L VP praw(W?)

where [ dl 2l 25,551, 2, W?) = pw [ dl 2125 401, (1 /2, W?).

1
2 1,2 _(00) 2 2 ’ 1
O'(qq) =1 (TJ_,W ) - TJ_O-L (W )A at(W ) { PW s < < l,f Maw(Wz)) )
J L2025 gy a=1, (W)
J A7 gyg=1, (L2 W?)

where A2 (W?) =

Strong cancellation between channel 1 and channel 2.
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IT) Saturation

l,J_Mam(Wz)rj_ >> ]‘

huge integrations range in integral over dl'?, many oscillations of Jy(I| /), contribution

from channel 2 vanishing

W2 g / dl 6 (11, (% W?) = o122 (W?),

a(qﬁ)i,:Tlp(rL, ’
1
< + J_ Ma:v(Wz)

Unitarity: J(LO%)(VW) at most

logarithmically dependent on W2,

Thus: Property of dipole interaction:

(P, W?) = 11m T ()] 1p(r’f, W?)

lim o
rfﬁxed (qq)L TP J_
W2 500 W2ﬁxed
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Photoabsorption Cross Section

Due to K3, (r Q) ~ 2T7Q6_2rlQ, (r,Q > 1), cross section determined by
1
2
TJ_ < @.

At fixed Q?,
either 772 < Q2 < W’ color transparency: Q* > A2 (W?)
or —o——r < 1'% < 2 saturation: A? (W?) <« Q?

sat(W2) J‘ Q2’ ) sat )

Uv*p(W2aQ2) = Uv*p(n(Wzan)) =
_ EZQz oy (W) In - wagn, (W3 Q%) < 1) (sat.),
%(1 + 2p)aéw)(wz)m, (n(W2,Q%) > 1), (col.tr.)

Q? + m?

2 2\ __
U(W ’Q ) - Agat(W2)

Color-gauge-invariant qq (dipole) interaction with gluon field in the nucleon implies
low-x scaling.
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