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1. Introduction

The concepts of “color transparency” and “saturation”.

Deep inelastic scattering (DIS), HERA 1992 to 2007:

DIS at low values of

T = Ty %—22, where
5-1071 <z <10t

0 < Q2 < 100GeV?



Low-x Scaling
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Schildknecht, Surrow, Tentyukov (2000)

Uv*p(W2aQ2) = Uv*p(n(Wzan))
o0) lnm ’ for n(Wz, QZ) << 1
avigy 0 for (WA Q%) >1
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The limit of n(W?2,Q?%) — 0, or W2 — oo at Q? fixed

fim W59 Mo PEm0)) _q 4 fim ™
—00 * 2 2 - o —00 Aga W2 o —00 Aga W2 o
gg2ﬁxed 0-7 p(n(W ,Q O)) gg2ﬁxed ln % égzﬁxed ln %
op (N(W?2,Q* = 0)) = 0,,(W?) D. Schildknecht, DIS 2001 (Bologna)
- n(W,Q%)= 1
2 Q<N (W)
= | (n(W2,09)< 1)
40 , Saturation Q* >N, (Wz) O x (U(Wzan))
| (n(W>.@")> 1) Q[GeV?] | WP(GeV?] | = 707
20 | Color Transparency 1.5 25 X 107 0.5
o0 b 1.26 x 101 0.63




Aim of the present talk

e Low-x scaling of o.+,(n(W?,Q?%)),

o A2

sat

~ (W?2)Cz, C, = 0.29 (DGLAP evolution),

e Fr(z,Q% = 0.27F(z,Q?), (Q*> A%, (W?))

consequence of the interaction of

qq color-dipole fluctuations of the photon with the proton.

e Connection with gluon-distribution function and perturbative (DGLAP) evolution.

e No evidence for parton recombination and non-linear saturation in DIS.



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° qg state

p* = q",
p* = q* <0, p* # M7,
Propagator: 1 = 1

2 2 2 2 °
q ‘|‘qu Q ‘|‘qu
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ii) Equivalently: Three-momentum-conserving transition to

on-shell qq state
P =q;
p* =Ml ¢*=(q")°—(9)°<0; Q= —q%

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

k> =k?=m2=0

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

2
kJ_
sin? YoM

In terms of z: 0<z<1

2
M2 — k=
4@ — z(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:
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A) oy, (W2 Q%) = [dz [ d*FL|prr(FL, 2(1 — 2),Q%)|* 0(4qp(TL, 2(1 — 2), W?)
Remarks: i) |¢r (71, 2(1 — 2),Q?)|: Probability for V17 — qq fluctuation

Q2

ii) o'(qq)p(7L, 2(1 —2), W?):  (qq)p cross section dependent on W? (not on = = 35

B) Gauge-invariant two-gluon coupling;:

J(QQ)P('FJ-’ z(1 — z), Wz):f d2l—;_5'(l_;_2, z(1 — z), W?) (1 — et ll"ﬁ)

Nikolaev, Zakharov (1991)

Cvetic, Schildknecht, Shoshi(2000)
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Equivalently, in terms of the variables:

Photon wave function (e.g. L):

]- ]- =
KO(TS_Q) — E/dsz-,Qz 4+ L /26_“l .
1

* = . WY 2
~*qq coupling : Z 132072 = 4qu (dio(z)) ,
A=—A=x+1

WY AN 1
> i HIF= Y it ()P =4aMg

A=—N==+1 A=—A==1

(d1_1(2)* + (d}1(2))%) -
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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.

21



Low-x Scaling

Q? + m?

E irically : W2, Q3 =
mp y n(W+,Q%) AT (W2)’

Aiat(Wz) ~ (W2)02

U’y*p(Wzan) — a’)’*p(n(Wzan))
1
In vz gn)
1
n(W2,Q2?)

9

9

10* 3

102 L

10'37 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| Lo rrrn
107 10" 1 10 10 10

n
Schildknecht, Surrow, Tentyukov (2000)

for n(W2,Q%) < 1
for n(W2,Q%) > 1
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The W-dependence

2
2\ A~ 2 N2 2 N2
Fy(z, Q%) = Aoy (Trip(W?, Q%) + 04:5 (W2, Q%))
Zq Q<21 72172~(172 2
= Tﬂ-z dz le_lJ_O'(lJ_,Z(]_—Z),W)(1+2p)
= F,(W?) for x < 0.1.
w21 o 2r
18f 1.8f
; Q?=80-100 GeV? ; )?=80-100 GeV?
16p Q?%=50-80 GeV/? 16 ¢ Mol Q?=50-80 GeV?
C 2_nn. 2 i i 2_an. 2
E Q’=30-50 GeV? b (e Q’=30-50 GeV?
! Q%=10-30 GeV E 1Q2=10-30 GeV
1.2} 1.2F
1 1
0.8 o.8f
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° 102 107 10* 10° 10 10t
1WA (GeV?) X

Prabhdeep Kaur (2010)
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The limit of n(W?2,Q?%) — 0, or W2 — oo at Q? fixed

i op(n(W?2,Q%)) . mg @+md)) 4y QFmd
W2 00 O ~* (’I’](V‘f2 Q2 — 0)) o W2 00 Agat(wz) o W2 00 Agat(w2) B
Q2 fixed ' P ? Q2 fixed In m2 Q2 fixed In m2

O~*p (”7(W29 Q* = O)) = 0, (W?)
e o o B (e=Q*/W2Q%) Q2
Fo/oeyp T Qz=6.5 Gevz V‘gr_r)loo : ou),p(W2) — 4mn2a’
............ Q°'=2.5 GeV Qzﬁxed
____________________ Q’=0.5 GeV?
wl T — Q’=0.25GeV’

R 2 P 2 91 | o, (n(W2,Q%))
— Q°|GeV?] | W GeV~] (7
7 T 1.5 2.5 x 107 0.5
r—— 1.26 x 101|  0.63
§ w&*&{.\{

10_7 . \\\\\\\‘7 . \\\\\\\‘7 |

1 10
N=(Q+mg") /N (W)
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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 longitudinal-to-transverse ratio

(CICT)i’:Tl states : 'yz’T — (qq)i’le

[ 2] 25 72 Y2
oy p(W3,Q%) =a) inl{ JdizL! a(Q‘?)izlp(lJ_/ » W#),
v p 9 - 2 — _ —
L,T 7779Q%6 | o f le_/2lJ_/2o-(qtj)%:1p(lJ_,2, Wz).
_ AP g g, (W)
PW = Tar T 2

(T2 2)°
(qti)i_lp( L)

Numerical value of py = p:

—

12=12(1-12)]17

<l_’2>l1'2=const — f/2 {6fd'zz2(1 o Z)2 - %lJ-a’ —
1L/LT 1 gfdz Z(]. — z)(]_ — 2z(1 — Z)) = %lj_lz

Uncertainty principle:

(rr _ (% 4
pw = (“P)L — (l_iz:r_g_p'
1 { 0.5 for p =1, ad hoc, helicity independence
— 2 13 _ _ 4
P 3 — 0.375 for P = 3¢

For p = . F; =0.27F

27
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Ewerz et al., arXiv: 1201.6296
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4. The CDP, the Gluon Distribution Function and Evolution.

Y

<

CDP < Photon-Gluon Fusion of pQCD
Fi(x, Qz) - % Zq Q¢21 : 6Ig(w, Q2)a

where I,(z,Q?) = f; % <§>2 <1 — %) yg(y, Q).

Fr(érz, Q?) = %7?2) > QgG(w, Q3?). Cooper-Sarkar et al. (1988)

Fy(z, Q%) = x> (x,Q?).

2 2
0F28(155932Q ) — asggg ) Zq Q?]G(m, Qz) rescaling factors:
(&L, &2) ~ (0.40,0.50)

(€L, &2) = (0.45,0.40) for specific Prytz (1993)
gluon distribution.

Accuracy £0.5 %.
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Using FL(wa Qz) — TLF2(m7 Qz):

(20 + Vil (£2,Q%) = Fu(z, @Q?)
i) CDP: Fy(z, Q?) = Fy(W?):

2pw + 1) g2 Fo (%W2> = F,(W?)

ii) Power law
2\ 2
F(W?) ~ (W20 = (£)

Compare: “hard Pomeron” solution of DGLAP evolution: (1)>‘: fixed,
“hard Pomeron” Regge: (%)60:0'43
AN
(20w +1)C (&) =1,
—4: =1 (2)7 =0.29 Kuroda, Schildknecht (2005, 2011
p=73: 2= 507 (& = 0. uroda, Schildknecht ( : )

« ” 1\ A=1295 1 2
BFKL-Pomeron”: (—) T

Balitskii, Fadin, Kuraev, Lipatov (1978/79)
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F,(W?) = f;- ( W

C5=0.29
1GeV2)

fo = 0.063 (fitted parameter)

oo 2: o 2:
18- 18
i Q%=80-100 GeV? i 1?=80-100 GeV?
1.6f 16 | ITed
1 4'_ Q?=30-50 GeV? . 4:_ j i Q%=30-50 GeV?
il Q%=10-30 GeV/? Tk Q%=10-30 GeV?
12F 12f
1k 1
0.8F 0.8F
0.6 0.6
0.4f 0.4f
-— B — + £
02 e 02 7%.
i | IIIII|_|J | IIIIII_IJ | IIIIII_IJ 1 IIIIIU]‘lLl-. ) i | IIIIIII| | IIIIIII| | IIIIIII| L1l
10°  10° 10 10° 102 107 10" 10° 102 10"
1W2(GeV?) X

Experimental evidence for Fy(x, Q%) = F,(W?2 = Q?/x)

and for the prediction of Cy = 0.29.

32



The Gluon Distribution Function

3
(@) G(x, Q%) = ZZZFL(&:B,QZ)
q q

3 1

— F2(€L33’ Qz)

> Q2 (2p+1)

>, Q20+ 1) &7

33

=0.29

I £, ( W2 >02:0.29

1GeV?

Comments:

CDP: Fy, = F, (W2 =<

p = const. = %,

Cs = 0.29 from evolution

f2 = 0.063 fit parameter
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Inversion: F>(W?) in terms of gluon distribution:

Q’ 2p+1)>Q;

BWH="0) = (@G (@, @) (W, Q) > 1.
2p + 1 21

— (2p S)ZQQS 20'200)A§at(W2). color transparency
7y 7y

. 2 0.29 2 +1 2 0o
(wpon wsing i = 1 (125" = E 1oz o0

Saturation behavior:

Agat(Wz)

Q* + mj
as(Qz)G(wa Qz)
o (@ +md) )

(W2 Q% ~ Q%% In

n(W?, Q% < 1.

saturation
Logarithmic dependence on gluon distribution in saturation limit.
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5. Model for the Dipole Cross Section

Model-independently:

. , n(W23Q3?) >1

. N{I"M > (W2, Q%) <1
Y*p
n(W2,Q2)

Interpolation between n(W?2,Q?) < 1 and n(W?2,Q?) > 1

dipole cross section.

C>=0.29
1G’eV2>

A2 (W?) = const ( we

Normalization by Q? = 0 photoproduction (Regge fit):

o () (W?) = {

36

. by explicit ansatz for the

30mb, (for 3 active flavors,)

18mb, (for 4 active flavors,)



Simple ansatz with p = 1, (R — 1 _ %): Cvetic, Schildknecht,
Surrow, Tentyukov (2001)

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

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

sat(Wz) 5
alR +.- Mo
. ete (c0) 2 - = x
_ . o (W )IO(TI) + O ( Sat(W2)> R_+, 3 ; Qq.
2 A2y 1 V1+4n(W2,Q%) +1
LinW5Q0) = e on i e Q) — 1

112

m2
{ In 55 g + O(nlny), for n(W?,Q*) — AT (W)
W —|— O (%) ) for n(W2, Q2) — OQ,
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Wik

Generalization to p =

Constraint: mj < M7,

m2(W?2
Oy*p = O~*p <77(W2 Q?), AZ (W2)’€ = 1((W2)))

sat

+m
n(W?,Q%) = {7k,

A2, (W?) = C (12 + 1)02 ~ const (%)C
C, = 1.95GeV?
W2 = 1081GeV?
C, = 0.27(0.29)
mg = 0.15GeV?
m3(W?2) = €A2,,(W?) = 130A2,,(W?)
Normalization by Q? = 0 photoproduction (Regge fit):

30mb, (for 3 active flavors, R, +.- = 2)

10)

(@) (W?) = {
18mb, (for 4 active flavors, R.+.- = 3

38

M’2 < m3(W?2); Kuroda, Schildknecht (2011)
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2_ 2
oo cee Q'=6.5 eV

........... Q*=2.5 GeV*

______________ Q=05 CeV?
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.
*. \!{'
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1 10
Ui :(Qz+m02)//\zm(wz)

The approach to saturation.
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Comparison with Caldwell 6-parameter 2 P-fit: o+,

where
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_ 1
2:I:bjMp
B m =1 30K, (W)
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e 135 GeV "\
B Y175 GV
,.""w=75 GeV
- W=25 G
10° 1 10 102 3
Q(GeV?)
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0.2

: M= 130 Ny (W)

=316 GeV — my=0.15GeV*

SN Caldwell fit

B =316 GeV?

: | | ! ! L
107 107 1071 /WH(GeV?) 107
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Comparison with the experimental data directly
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B (z=Q*/W?.Q%) _ _Q?
ovp(W?2) T 4An2q

Saturation limit: lim
W2 500
Q2fixed

Consider Q7 = 0.036 GeV?

and Q3 = 0.1GeV?

@

(W2, Q3 = 0.1GeV?) = Z2F(W?,Q} = 0.036GeV?)

Q7

= 2.78F,(W?, Q7 = 0.036GeV?).

o2 [GeV™? | F,(W?2, Q% = 0.036GeV?)

g—éFz(Wz, Q2 = 0.036GeV?)
1

2.107° = 0.055
10~ = 0.04

0.15
0.11
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Inversion: F5(W?) in terms of gluon distribution:

Q? (2p + )ZQ

F(W? =—) = o a,(Q*)G(z, Q%) n(W? Q%) > 1.
2p+ 1 2
— (2p S)ZQQS 5 (oo)Azat(Wz) color transparency
0

. W2 0.29 2p+1 Q2 0o
(upon using F; = f; <1GeV2) = 3;2 q8711'2 ; )Azat(Wz) )

Saturation behavior:

o) 1. Al
F2(W2, Q2) ~ Q20_(L )lﬂ sa

(00) o, (Q*)G(x, Q%)
~ QzaL In ( O'(Loo)(Qz 4 m%) ’ n(Wza Qz) < 1.

saturation

Logarithmic dependence on gluon distribution in saturation limit.
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The longitudinal structure function, Fr(x, Q?)
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6. Conclusions

Gauge-invariant (two-gluon) interaction of color dipole:

i) Color transparency

O (qq)p(T 2y W?) ~ 7 2, strong cancellation between channel 1 and channel 2

Q2_|_m2
relevant for n(W?2,Q?) = ng) > 1,

N2(W?) ~ (W00

Fi(z, Q%) = 0.27F(x, Q%),

Fy(x, Q%) = F»(W* = Q*/x)
Az (W2, (10GeV? < Q* < 100GeV?) &
~ 0, (Q)G(z, Q).

Peaceful coexistence between CDP and pQCD-improved parton model
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ii) Saturation

o (qq)p(T s W?) ~ o(®),  contribution from channel 2 has died out,

relevant for n(W?2,Q?) < 1, o sl

QY
2 2
Asat(W ) *
Q2 _|_ mg p & ::;"v p

o, (Q?)G (=, Q2)> “
(@ +m3) )

F,(W2,Q%) ~ Q%% In

~ Q%> In (

Smooth transition from n(W?2,Q?) > 1 to n(W?2,Q?) < 1, including Q* = 0.

No evidence for non-linear gluon saturation in DIS.

Concrete model, interpolating the regions of n(W?2,Q?) > 1 and n(W?,Q?) < 1, descri-

bes experimental data for £<0.1, including Q? = 0 photoproduction.
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