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@ Collinear Factorization and DGLAP equation
@ Transverse Momentum Dependent (TMD or ;) Factorization

© Introduction to Small-x Physics
@ BFKL evolution and Balitsky-Kovchegov evolution equations
@ McLerran-Venugopalan Model

© Dihadron Correlations
@ Breaking down of the k; factorization in di-jet production
@ Probing two fundamental gluon distributions
@ Gluon+Jet in pA
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Collinear Factorization and DGLAP equation

Deep inelastic scattering and Drell-Yan process

Drell - Yan hadron
Annihilation

e
W)

Deep Inelastic
Scattering

q
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Collinear Factorization and DGLAP equation

Light Cone coordinates and gauge

For a relativistic hadron moving in the +z direction

t

Az =1/P

@ In this frame, the momenta are defined

Lo - Lo 3
Pr=—P +P) and P = —(P"-P)—0
\[2( ) ﬂ( )
o PP=2PtP" — P}
@ Light cone gauge for a gluon with momentum k* = (k*, k™, k_ ), the polarization vector
reads

PENNSTATE

T = kL
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Collinear Factorization and DGLAP equation

Deep inelastic scattering

Summary of DIS:
do e E' v

= — L, W"
derdQ — Q* E"

with L,,,, the leptonic tensor and W*" defined as

lepton

» pnv _ y% qugv
proton W o (_g + q2 ) Wl
,:'l hadrons 1 P- P v
mass W +? (PN _ 7qqu) (PV _ 7qq ) W,
74
Introduce the dimensionless structure function:
0
F1£W1 and FzE Wz
2mypx
do o2, 4s [ 2 . P-q
- 20 1 —y)F F ] th y=-—49
ady ~ gr (TR ARtR] ity =5
Quark Parton Model: Callan-Gross relation
PENNSTATE

Fa(x) = 2eF1(x) = Y ege[fy(x) + fo()].



actorization and DGLAP equation

Callan-Gross relation

dv) drai (ENY g g
— e 18,0 )
(fiq’ Dine  4* (E) l\ws 3t g,z 00’ 5)

&0 ) 4na 0 2
- =y e q
(44* & e~ 4 E(F‘m 2

2¢F () sin? ;’)xl 1

e

red in SLAC clectron-nucleon scatiering expery
‘0 of unity is cxpected in the Imit of large ¢*
jied from publshed SLAC data )

1z |

Y

PENNSTATE

@ The relation (F;, = F, — 2xF) follows from the fact that a spin—% quark cannot absorb a @
longitudinally polarized vector boson.

@ In contrast, spin-0 quark cannot absorb transverse bosons and so would give F = 0.
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Collinear Factorization and DGLAP equation

Parton Density

The probabilistic interpretation of the parton density.

.
Comments:
@ Gauge link £ is necessary to make the parton density gauge invariant.

L£(0,(7) =Pexp </OC_ ds,LA”>

@ Choose light cone gauge A* = 0 and right path, one can eliminate the gauge link.
@ Now we can interpret f;(x) as parton density in the light cone frame.
@ Evolution of parton density: Change of resolution

Large x: valence quarks Small x: Gluons, sea quarks

=

s

@

@ At low-x, dominant channels are different.

PENNSTATE



Collinear Factorization and DGLAP equation

Drell-Yan process

For lepton pair productions in hadron-hadron collisions:

the cross section is
do
dmzdy

1 24 O[ . 1 X1
ey 0 with Y = Elng.

= L nhlo)ahe)

@ Collinear factorization proof shows that f;(x) involved in DIS and Drell-Yan process are
the same.
@ At low-x and high energy, the dominant channel is gg — ¢y*(I717).

l
q

PENNSTATE



Collinear Factorization and DGLAP equation

Splitting function

PU()

q8

q(y-x) qly=x)

0 . 1+ & 3 _
PI/‘/(&) - (1 _ £)+ + 25(1 6)7
0 1
P =g [1+ -],

(o) =[1-¢+€],
o =2t + e -o]+ (4 - Bt au o

(1-9, 3 6  3N.
x PENNSTATE
Y 5 =z=12
! dﬁf(f — ldélf(ﬁ) f(l)]
f -9+ — f :>f (- €)+ =0
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Collinear Factorization and DGLAP equation

Derivation of ) (£)

The real contribution:

2 2
k= (PT0,00) 5 k= (€T, k)
2 2%y P
_gpt, L — (0Ll )
] k3 ((1 f)P ’ (1 —f)P+7 kl) € = (07 ( €)P+7 €1 )
3
Vomsasl* = —Tr(lé bow) Dol = M L
q—qgl = 2V Y €3 €16 1-¢
1 2
S PO = T (€<

@ Including the virtual graph %3@7 ,use fl (‘Fgg_)'_ fal dﬁg(g) (1) fol %

asCp 1+£
[ L -

asCr 1+ 52 ! 1+¢2 } PENNSTATE
- - de—15 | QAL
2m |: x s /5)( -+ 4 /0 g(1 -+ @
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Collinear Factorization and DGLAP equation

Derivation of PJ, (£)

The real contribution:

2 k2
k= (Pt,0,00) ; Kk =(PT, k
1 ( s Uy J_) ) 2 (5 5P+7 J_)
2 2%y P
_ A\pt 1 _ — (0 _ A )
] ky = ((1 €)P ) (1 — E)P+7 kl) €3 (07 ( E)P+7€i
3
Vil = AT (ki) Yt = 2 LS
a—asl = 5 2 Yk Vv 3 3*5(1_5)1_£
1+ ¢
= PO = T €<V
@ Regularize O 5) by including the divergence from the virtual graph.

@ Probability conservatlon

.C :
Pag-+ APy =31 =€) + SR and [ dePy(©) =0,
0

PENNSTATE
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Collinear Factorization and DGLAP equation

Derivation of PY,(£)

1
ko= (PT,0,01) e = 0,0,y with &= _—_(1,+i
1 ( L) 1 ( L) 1 \/i( )

[N

2 2%y - e?
= (¢PT, = (0,2t L | (2)
3 EPJFJCL) e = (0, Pr )
K2 2%y - e
k= ((1 — &)PT L —k — (0. — 1 (3)
5 3 (( é) 7(17£)P+’ J_) €3 ( ) (1 £)P+7 J_)

Veoge = (kl + k) ee e+ (kh—k) eae-e— (k +k2) - €3€] - €2
1—¢(1—¢&)
- |v}auf=:\V+++P-+|V+_+P-+\V++_V::4kiL7?§§:z§?L

- %W#%ﬂ%%%ﬂ@@

°
Regularize — 0 =y §)+
© Momentum conservatlon

/0 g€ [qu(f) + qu(f)] =0 /0 dg¢ [2qu(f) + ng(f)] =0, PENN%%T‘E—

=> the terms which is proportional to §(1 — &).
@ HW: derive other splitting functions. /56



Collinear Factorization and DGLAP equation

DGLAP equation

In the leading logarithmic approximation with t = In z%, the parton distribution and
fragmentation functions follow the DGLAP[Dokshitzer, Gribov, Lipatov, Altarelli, Parisi,

1972-1977] evolution equation as follows:

st )=

and

dt | Dy (2, 1)

Comments:

d { Diyq (2, 1) ] oW

e | e ],

) e | oen ]

o In the double asymptotic limit, Q* — oo and x — 0, the gluon distribution can be solved

analytically and cast into

xg(x, 1%

xg(x, p*)

~

:“0

l fln > Fixed coupling

lnu /A2

exp< ¢1 Ly

Y A2> Running coupling PENNSTATE

o The full DGLAP equation can be solved numerically.



Collinear Factorization and DGLAP equation

Collinear Factorization at NLO

PDF PDF

Use MS scheme (£ = . + In47 — ~;) and dimensional regularization, DGLAP equation reads

[aen J_Tag @] Lol [T ) T T ale ]

13

and

{ Diyq (2, 1) ] [ D@ ] taw / dg { CrPy (€) CrPy (€) } { Dy, (/€) }
Dyyg (2, 11) D;(,% (2) € 2m TrPu (&) NPy (€) Dy, (z/&) |-

3

@ Soft divergence cancels between real and virtual diagrams;
@ Gluon collinear to the initial state quark = parton distribution function; Gluon collinear to
the final state quark = fragmentation function. KLN theorem does not apply. = PENNSIATE

@ Other kinematical region of the radiated gluon contributes to
the NLO (O(«y) correction) hard factor.
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DGLAP evolution

H1 and ZEUS

L]
[m]

HERA INC e'p
Fixed Target

=== HERAPDF1.0

1 10 10° 10°

10*

10°

Q% GeV?

PENNSTATE



actorization and DGLAP equation

DGLAP evolution

ZEUS

6 Q*=1GeV? 25GeV?

— ZEUSNLO QCD fit

7Gev*

20
tot. error

(@, tree)
=

10

xg
xS
o

2000 GeV?

o NLO DGLAP fit yields negative gluon distribution at low Q* and low x. PEDDSIATE

@ Does this mean there is no gluons in that region? No
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Collinear Factorization and DGLAP equation

Phase diagram in QCD

Y=In1/x

InQ%()=AY

Dilute system

] BFKL

@ — @
2
In A%

InQ?

e Low Q7 and low x region = saturation region.
e Use BFKL equation and BK equation instead of DGLAP equation.

e BK equation is the non-linear small-x evolution equation which describes
the saturation physics.

PENNSTATE
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n and DGLAP equation

Collinear Factorization vs k| Factorization

Collinear Factorization

k1 Factorization(Spin physics and saturation physics)

'LHL[’L X
e
k

g

@ The incoming partons carry no k | in the Collinear Factorization.

In general, there is intrinsic k. It can be negligible for partons in protons, but should be taken into
account for the case of nucleus target with large number of nucleons (A — 00).

k| Factorization: High energy evolution with k fixed.
Initial and final state interactions yield different gauge links. (Process dependent) PENNSTATE
In collinear factorization, gauge links all disappear in the light cone gauge, and PDFs are univcﬁ.

Other approaches, such as nuclear modification and higher twist approach. (See last year’s lecture.)

18/56



(GRS ZRTPZATTEN G R E VAIEGIO  Transverse Momentum Dependent (TMD or k¢ ) Factorization

k; dependent parton distributions

The unintegrated quark distribution

flk) = [ eSS I P O0)L 0 £ e )] P)

as compared to the integrated quark distribution

7 = [T P o0 L€ w0, )

The dependence of £ in the definition.

Gauge invariant definition.

Light-cone gauge together with proper boundary condition = parton density
interpretation.

The gauge links come from the resummation of multiple gluon interactions.

Gauge links may vary among different processes.

(00,00) 1 1 {00,00)

(0,0) (00,0) ] LHZ’ k+q L"’:, L"z

Lol T EE e
P P (a) (b) ()
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(GRS ZRTPZATTEN G R E VAIEGIO  Transverse Momentum Dependent (TMD or k¢ ) Factorization

TMD factorization

One-loop factorization:

For gluon with momentum &

k is collinear to initial quark = parton distribution function;
k is collinear to the final state quark = fragmentation function.

k is soft divergence (sometimes called rapidity divergence) = Wilson lines (Soft factor) or
small-x evolution for gluon distribution.

Other kinematical region of the radiated gluon contributes to
the NLO (O(a;) correction) hard factor.

See new development in Collins’ book. PENNSTATE



Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Deep into low-x region of Protons

H1 and ZEUS Combined PDF Fit

Q=10 GeV?

—— HERAPDFO.2 (prel)

B o uneert
Low Energy model uncert, -

, s
parametrization uncert, g
0 - =
Gluon i
Density H
Grows " xg(x008) H
E
g
02 i
High Energy 1z
=

100 10 10 w0 1

x

e Gluon splitting functions (7, (£) and Py, (¢)) have 1/(1 — &) singularities.
@ Partons in the low-x region is dominated by gluons.

@ Resummation of the oy In %
PENNSTATE



Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Dual Descriptions of Deep Inelastic Scattering

[A. Mueller, 01; Parton Saturation-An Overview]

Bjorken frame Dipole frame
Bjorken frame
2 2 2 2
Ba(x,0%) = Y e [fy(x, @) + fi(x, @)
q

Dipole frame

Fa(x, Q%)

> i [ [P o s @F + e s 0]

X[l—S(VJ_)], with rip =Xx1 —yl1.

@ Bjorken: the partonic picture of a hadron is manifest. Saturation shows up
as a limit on the occupation number of quarks and gluons.

@ Dipole: the partonic picture is no longer manifest. Saturation appears as the unitarity limit
for scattering. Convenient to resum the multiple gluon interactions:

PENNSTATE
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Introduction to Small-x Phy

BFKL evolution and Balitsky-Kovchegov evolution equations

BFKL evolution

[Balitsky, Fadin, Kuraev, Lipatov;74] The infrared sensitivity of Bremsstrahlung favors the
emission of small-x gluons:

P P P

ko =zp

ke=ap

r<<l1 T << @y

Probability of emission:

dp ~ aSN(,% = achd—x
k. X

In small-x limit and Leading log approximation:

> U dx L d 1
pNZag‘Ng —"/ ﬂNexp <aSN(1n—>
n=0 x X x

x Xn

PENNSTATE

@ Exponential growth of the amplitude as function of rapidity;

2
@ As compared to DGLAP which resums aiN In % In %
0

3/56



Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Derivation of BFKL evolution

Dipole model. [Mueller, 94]
Consider a Bremsstrahlung emission of soft gluon z, < 1,

pr (1—-€) Pt kL
Ta
ij

&Pt ky

and use LC gauge e = (¢ = 0,6 = “Lfb )

. a€l -k
M(ky) = —2igT Lkz L
1

@ g — qg vertex and Energy denominator.

o Take the limit k7 — 0. PENNSTATE

o Similar to the derivation of Py, (&).

24
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Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

The dipole splitting kernal

The Bremsstrahlung amplitude in the coordinate space

x|

ISy

ML —z1) = /dszeikL-(xL*ZL)M(kL)

Use /dsz LY 'zkj' P e -sz ,
k7 by

S M - 21) = dmgre e 2
(e —zu) PENNSTATE

25/56



Introduction to Small-x Physics

BFKL evolution and Balitsky-Kovchegov evolution equations

The dipole splitting kernal

Consider soft gluon emission from a color dipole in the coordinate space (x1,y.1)

t
! ! T oa T
—_——
, ,
/ /
/ i .
| Z1 | <L
\ \
\ \
B 7 AN v

M(xi,z1 yJ_):47TgTa|:€J_~(xJ__ZJ_) eJ-'()U_—ZJ_)]

i

(Xl - ZL)Z (}u - ZL)Z
;i %fo‘v\g éfo‘%\& %-O-AO-% éfmm\% - (z1-21)*(y1—21)°

o The probability of dipole splitting at large N, limit

asN, (x1 —y1)? 2 _ dit
dPgplitting = dz,dY with dY = ——
splitting 2 (XL — ZL)Z (XL — ZL)Z i1l k;' PENNSTATE

@ Gluon splitting < Dipole splitting.

26/5



Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

BFKL evolution in Mueller’s dipole model

[Mueller; 94] In large N. limit, BFKL evolution can be viewed as dipole branching in a fast
moving gg dipole in coordinate space:

Yo <<Y7 << Y, <<y

n(r,Y) dipoles of size r. BFKL Pomeron
The T matrix (T = 1 — S with S being the scattering matrix) basically just counts the number of
dipoles of a given size,

T(r,Y) ~ ain(r,Y)
o L (x—y)? PENNSTATE
o The probability of emission is C s o 1
@ Assume independent emissions with large separation in rapidity.

27156



Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

BFKL equation

Consider a slight change in rapidity and the Bremsstrahlung emission of soft gluon (dipole
splitting)

PENNSTATE
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Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Kovchegov equation

[Kovchegov; 99] [Mueller; 01] Including non-linear effects: (7 =1 — S)

T

B 99—,

T

|

a8
E)

|
|
QQQAQ

aN, x—y)?

OS(x—y;Y) = 2:’2 /d%%[S(x—z;Y)S(z—y;Y)—S(x—y;Y)]
aN¢ x—y)?

oty = 55 [ et

XN Tx—zY)+T(z—yY)—Tlx—yY)=T(x—zY)T(z—y;Y)

saturation

PENNSTATE
@ Linear BFKL evolution results in fast energy evolution.

@ Non-linear term = fixed point (7 = 1) and unitarization, and thus saturation.
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Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Phase diagram in QCD

Y=In1/x

InQ%(V)=AY

Dilute system

DN

BFKL

—_

16
|

DGLAP

In AZ, InQ?
o Low Q7 and low x region = saturation region.
e Balitsky-Kovchegov equation is the non-linear small-x evolution equation PENNSTATE

which describes the saturation physics.
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Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Balitsky-Kovchegov equation vs F-KPP equation

[Munier, Peschanski, 03] Consider the case with fixed impact parameter, namely, 7\, is only
function of r = x — y. Then, transforming the B-K equation into momentum space:

aN,
E3

BK equation: ’ T = axerx(—8,)T — aT” ‘with a=

Diffusion approximation =

F-KPP equation: ’ Au(x, 1) = Otu(x, 1) + u(x, 1) — u’ (x, 1) ‘

eu=T,aY =t o= log(k2 / k%) = x, with ko being the reference scale;

@ B-K equation lies in the same universality class as the F-KPP
[Fisher-Kolmogrov-Petrovsky-Piscounov; 1937] equation.

o F-KPP equation admits traveling wave solution # = u (x — v¢) with minimum velocity;

o the non-linear term saturates the solution in the infrared.

PENNSTATE
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Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Balitsky-Kovchegov equation vs F-KPP equation

BK equation: ’ T = axerkL(—0,)T — aT?

The linear part of its solution Tyin(k, ¥) is a 6F | ‘

superposition of waves:

c+ioco
Tin(k,Y) = / 2[% exp [—y (¢ — av(7)Y)] To(y)

- —ico

=
T
B ——

‘ ,
/~
\
Il

To(7y): the initial condition,

Each wave has a different speed v(~y) given by v(vy) = %A’) with
x(7) = »(1) = 39(y) — 3%(1 — ) and ¢(y) =  log[['(7)] being the digamma

function.

[Mueller, Triantafyllopoulos; 02]Using saddle point approximation, and requiring
exponent vanishes at the saddle point. one gets . = 0.63. This corresponds to an
anomalous dimension 0.37.

PENNSTATE

The wave speed v(y) is minimized at . = 0.63. . is selected by exponential growtl@ﬂ

saturation.



Introduction to Small-x Physics BFKL evolution and Balitsky-Kovchegov evolution equations

Geometrical scaling

Geometrical scaling in DIS:

T(rY) = T [erf (Y)]

_ ) 5 Ve log? (erf (Y))
= [em)] e {‘W]

Scaling window

o All data of o, ” when x < 0.01 and 4 = Q% < 450GeV” plotting as function of

T = 2/Qf falls on a curve, where Q> = ( )0 2 GeV2 withxg = 3 x 1074

e scaling window: |log (07 (Y)) | < v/2x" (1

3"
T :"':
|
d 4
g 8
gﬁ = PENNSTATE
A pA 10

[Golec-Biernat, Stasto, Kwiecinski; 01]
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Introduction to Small-x Physics McLerran-Venugopalan Model

McLerran-Venugopalan Model

In QCD, the McLerran-Venugopalan Model describes high density gluon distribution in a
relativistic large nucleus (A >> 1) by solving the classical Yang-Mills equation:

D, F"] =gJ" with J' =8""p,(x",x. )T, COV gauge = — 3 AT = gp.

To solve the above equation, we define the Green’s function

2 ik -(x1—z1)
2 _s® _ dk, e
VG~ =00 —2) = G-z = - [ G
MYV model assumes that the density of color charges follows a Gaussian distribution

Wp] = exp {-/dfdzﬂ pa([?zz:?)(pzi(iiu)] '

With such a weight, average of two color sources is

(Papp) /D Wiplpa(x™,x0)ps(y™,y1) = 117 (x )8ap(x™ —y7)6(x —yo1).
PENNSTATE



Introduction to Small-x Physics McLerran-Venugopalan Model

Dipole amplitude in MV model

The Wilson line [F. Gelis, A. Peshier, 01]

U(xi) = Pexp |:—l'g2/d27dzZLG(XL —z1)p (ziu)}

Use gaussian approximation to pair color charges:

MM
91 2 z; 2 23 2y Z5 Z6

SO <O 2
£ 2 3 £ &2 3 :>S(xLny) ~ exp{—%/dZZL[G(xL—ZL)—G(_yi_ZL)]Z}
E - E . ~ exp [,ng (x1 *YJ.)z} <  GBW model
%o %o 4 PENNSTATE

o Quadrupoles - TrU/; U] UsU] and Sextupoles - TrU UL UsU} Us U} ...



Introduction to Small-x Phy McLerran-Venugopalan Model

Golec-Biernat Wusthoff model and Geometrical Scaling

[Golec-Biernat, Wusthoff,; 98], [Golec-Biernat, Stasto, Kwiecinski; 01]

ZEUS BPT 97
ZEUS BPC 95

Hllow Q* 95

1E ZEUS+HI high Q° 94-95

E665 :"
x<001 J

angQ?

<obwo &

!
E K 1 . . . . .
10 10 1 10 10° o

Q?(GeV?)

@ The dipole amplitude in the GBW model

2 2
ST ] PENNSTATE

4
with Q%(x) = Q% (x0/x)* where Qs = 1GeV, x = 3.04 x 107> and A = 0.288.

Sqa(ri) = exp[—

36/56



Dihadron Correlations Breaking down of the k; factorization in di-jet production

K; Factorization "expectation"
Consider the inclusive production of two high-transverse-momentum back-to-back particles in
hadron-hadron collisions, i.e., in the process:

H +H, - Hs+ Hy +X.

Jet 1

The standard k; factorization "expectation" is:

do

E3E47
d*pad’py

Z/df71+/—>k+l+xﬁ/Lf,/zt/~ dajit- -

o Convolution of d& with f (x, k1 ) and d(z).
@ Factorization < Factorization formula + Universality

@ Only Drell-Yan process is proved for factorization in hadron-hadron
collisions. [Bodwin; 85, 86], [Collins, Soper, Sterman; 85, 88].

PENNSTATE
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Breaking down of the k; factorization in di-jet production

Breaking down of the k; factorization in di-hadron production

@ [Bacchetta, Bomhof, Mulders and Pijlman; 04-06] Wilson lines approach
Studies of Wilson-line operators show that the TMD parton distributions are not generally
process-independent due to the complicated combinantion of initial and final state interactions. TMD
PDFs admit process dependent Wilson lines.

@ [Collins, Qiu; 07], [Collins; 07], [Vogelsang, Yuan; 07] and [Rogers, Mulders; 10]
Scalar QED models and its generalization to QCD (Counterexample to Factorization)

@ O(g?) calculation shows non-vanishing anomalous terms with respect to standard factorization.
@ Remarks: k; factorization is violated in di-jet production; TMD parton distributions are non-universal.

@ Things get worse: For pp and AA collisions, no factorization formula at all for dijet production.
PENNSTATE
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Dihadron Correlations Breaking down of the k; factorization in di-jet production

Why is the di-jet production process special?

Initial state interactions and/or final state interactions

quq. "
e a— e ——
’\.

q9

@ In Drell-Yan process, there are only initial state interactions.
e i + Yy
[Tt = [T acato
— o0 7kg — l€ 0
Eikonal approximation —> gauge links.
o In DIS, there are only final state interactions.
oo 4 i + oo +
dk, ——A7 (kg) = d¢"AT (¢
[t = [ et
Eikonal approximation — gauge links. PENNSTATE

@ However, there are both initial state interactions and final state interactions in
the di-jet process.
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Dihadron Correlations Probing two fundamental gluon distributions

Forward observables at pA collisions

Nucleus

Proton Quarks

— P9

Proton Neutron

Why pA collisions?
@ For pA (dilute-dense system) collisions, there is an effective k; factorization.

da,pA%q/X
d*P d*q dyidy;

1 do

=Xpq(%p, Mz)«’mf (4, é/i) T d

o For dijet processes in pp, AA collisions, there is no &, factorization[Collins, Qiu,
08],[Rogers, Mulders; 10].
Why forward?
o At forward rapidity y, x, o< €’ is large, while x4 o e is small.

o Ideal place to find gluon saturation in the target nucleus.
40

PENNSTATE
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IJIERIWN@VVOFETTOI  Probing two fundamental gluon distributions

A Tale of Two Gluon Distributions

In small-x physics, two gluon distributions are widely used:[Kharzeev, Kovchegov, Tuchin; 03]
1. Weizsacker Williams gluon distribution ([KM, 98’] and MV model):
S. N -1

G = «=
. m2as N,

/ der e*l‘ki_‘ri_ rigfg
- | 1—e 72
@2m)? A

II. Color Dipole gluon distributions:

S1N,

) 2
xG Zﬂzal kJ_ =
y dri iy, Jﬂf’%"
@) e e
Remarks:

@ The WW gluon distribution simply counts the number of gluons.

@ The Color Dipole gluon distribution often appears in calculations.

PENNSTATE

@ Does this mean that gluon distributions are non-universal? Answer: Yes and No! @



Dihadron Correlations Probing two fundamental gluon distributions

A Tale of Two Gluon Distributions

[E. Dominguez, C. Marquet, BX and F. Yuan, 11]
1. Weizsacker Williams gluon distribution

S, N*—1
mas N,

/der_ e kL ( U_Qz
aree (1 —e
@2m)?

IL. Color Dipole gluon distributions:

xG =

NIA

212

dzrl —ik) -ry
X /(27r)2e v,  N(ry)

xG? =

Al of

020

015

G(x4.)

010

005

000
09

5 1
T

PENNSTATE
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Dihadron Correlations Probing two fundamental gluon distributions

A Tale of Two Gluon Distributions

In terms of operators (known from TMD factorization), we find these two gluon distributions
can be defined as follows: [F. Dominguez, C. Marquet, BX and F. Yuan, 11]
I. Weizsacker Williams gluon distribution:

o d§dgL ppte——ik) ¢ i g [t i [+]
xG'V = 2/ 7(277)3P+ e LS LTe(PIFT (6, E)UTTFT(0) U™ |P).
II. Color Dipole gluon distributions:

d§™d€L e i, - ip— - i
xG® :2/7(27031;6 ekt F (e e U TR U P).

7 "]

U] Y1+

Remarks:
@ The WW gluon distribution is the conventional gluon distributions. In light-cone gauge, it
is the gluon density. (Only final state interactions.)
@ The dipole gluon distribution has no such interpretation. (Initial and final state PENNSIATE
interactions.)
@ Both definitions are gauge invariant.
o Same after integrating over g .



Dihadron Correlations Probing two fundamental gluon distributions

A Tale of Two Gluon Distributions

In terms of operators, we find these two gluon distributions can be defined as follows: [F.
Dominguez, C. Marquet, BX and F. Yuan, 11]
I. Weizsacker Williams gluon distribution:

m _ dE7dEL wpte——ik, ¢ i [ER— [+]
xG = 2/ Q)P e LSLT(PIFT(E, ) UTTET(0)UT | P).
IL. Color Dipole gluon distributions:

d¢—d ixPt e —ik, - ife— - J
“G® :2/(2’6@%6 Pre™ —iky giTr<P|F+ (¢ 7@_)“[ It gt (0)u[+]|P>.

Questions:
@ Can we distinguish these two gluon distributions? ~ Yes, We Can.
o How to measure xG) directly?  DIS dijet.
e How to measure xG® directly?  Direct y+Jet in pA collisions.
For single-inclusive particle production in pA up to all order.
@ What happens in gluon+jet production in pA collisions?  It’s complicated!

PENNSTATE
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Dihadron Correlations Probing two fundamental gluon distributions

DIS dijet

[E. Dominguez, C. Marquet, BX and F. Yuan, 11]

ki ki
K K
q2 q2
(a) (b) (c)

do,ﬂ/;anq(?JrX o N 62/ dzx dle dzb dzb/e
dP.S. Qenlq | axY2 (212 (21)2 (27)2

xe oL (=0 Z Yr(x = b)r(x’ —b')
(1459 (b3 ) = S0 (x,0) = SD (3]

OOOOOOOW

—ik - (x—x")

7u,-uj{ i (Tr[@iU(v)]UT o) [B/U(v’)} ut (v))xg =>Operator Def

o Eikonal approximation = Wilson Line approach [Kovner, Wiedemann, 01].
@ In the dijet correlation limit, where u = x — b < v =zx + (1 — 2)b

o SU(x, by b x') = S (TrUMUT () UB U (b)), # ST (x,5)ST (B, ')

@ Quadrupoles are generically different objects and only appear in dijet processes.

PENNSTATE



Dihadron Correlations Probing two fundamental gluon distributions

DIS dijet

The dijet production in DIS.

ki ky

(a) (b) (c)
TMD factorization approach:

doTA— X

ps— =0 = DG (e, g ) Hopgosaa,

Y

Remarks:

e Dijet in DIS is the only physical process which can measure Weizsacker Williams gluon
distributions.

° for the Weizsacker Williams gluon distributions of nuclei at small-x.
The cross section is directly related to the WW gluon distribution.

@ EIC and LHeC will provide us a perfect machine to study the strong PENNSTATE

gluon fields in nuclei. Important part in EIC and LHeC physics.
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Dihadron Correlations Probing two fundamental gluon distributions

~y+Jet in pA collisions

The direct photon + jet production in pA collisions. (Drell-Yan follows the same factorization.)
TMD factorization approach:

doPA=7a+X)
T ars. Z x1q(x1, uz)ng(z) (gs 41 ) Hgg—rq-
Remarks:

o Independent CGC calculation gives the identical result in the correlation limit.
@ Direct measurement of the Color Dipole gluon distribution.

C oy )

PENNSTATE
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Probing two fundamental gluon distributions

DY correlations in pA collisions

[Stasto, BX, Zaslavsky, 12]

——GBW 003

0.004 \
0.02

0.002 €
0.01

0.04
0.003

0.03
£
£ 002

0.001
0.01

M =0.5,4GeV, Y = 2.5 at RHIC dAu. M = 4,8GeV, Y =4 at LHC pPb. PENNSIATE

@ Partonic cross section vanishes at m = Dip at 7.
@ Prompt photon calculation [J. Jalilian-Marian, A. Rezaeian, 12]
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Gluon+Jet in pA

STAR measurement on di-hadron correlation in dA collisions

a E L,
200 GeV p+p and d + Au Collisions
Run8, STAR Preliminary
pHp —> PnEX, Vs = 200 GeV  deAu = mifeX, v 00 GV, 0<T0pe< 2 HAU = mA®+X, vs = GeV, 2000 < T0w <4000
& 0.02 P2 Ge o E e K] <pn | 003 P ¢ GeV /e < prs<pr
B o ' i 4 319
g HY My [
22, e i oozt [ 4
P \ .. N EA 4 N 3
E?a 13 4 + +. o155 5o, AU Ty
58 oo} \ t L
/ o Peaks
/ e s a0 o o
= B a = a1 k \ 0 0.483+0.024
: Preliminary t Preliminary i Prelimingry .
-1 0 1 2 3 4 =1 o T 2 3 E3 5 =l L] 1 2 > 4 F#
s Be Ly
\ PP d+Au (peripheral) d+Au (central) 4

@ There is no sign of suppression in the p + p and d + Au peripheral data.

o The suppression and broadening of the away side jet in d + Au central collisions is due to
the multiple interactions between partons and dense nuclear matter (CGC).

. . PENNSTATE
@ Probably the best evidence for saturation.
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First calculations on dijet production

Gluon+Jet in pA

Quark+Gluon channel [Marquet, 07] and [Albacete, Marquet, 10]

TIE

@ Prediction of saturation physics.
o All the framework is correct, but over-simplified 4-point function
o Improvement [F. Dominguez, C. Marquet, BX and F. Yuan, 11.]

) RV
Sy (X1, %25 %5, %)) ~ e

F
F

s X235 )C27

)

(x1
(

X1, )Lz xz,x

D

F p2Gevc
1Gevie<p, <,

cmm

STAR PRELIMINARY

- 1o cooss)

Au contral (-0.0145)

— LD () =) +T (5 —x))]

(L,— D) 4T —)] _,

— [Ty —x) 4T w)])

PENNSTATE
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Dihadron Co Sl Gluon+Jet in pA

Dijet processes in the large N, limit

The Fierz identity:

T

Graphical representation of dijet processes

X

‘ 8 — qq:
e //J‘-*/ e e o« > Y
S ==t (

! =

PENNSTATE

The Octupole and the Sextupole are suppressed.
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ITIERIOWEVVOETO  Gluon+Jet in pA

Gluon+quark jets correlation

Including all the gg — qg, g¢¢ — gg and gg — gg channels, a lengthy calculation gives
do (PA—Dijet+X) | |
T apPs. Zq:xlq(xl,u [ﬁEQH( b FDH]

(I% 1 1 1
+«\”|8(«’(1 ) Uz);ﬁ {F¥(2> <H£ULL/I[ + 2H58L§A>

2 3
+F(" (Hfquq"' ZHE';')H&@') +}—Ea')’ E;L;} )

with the various gluon distributions defined as

FV = 6P (qy), FY = / GO @F,
FO o / 6D oF, FY = / Dl LG g,
qiL
A= [xayersr,
&r —ig | -r
where F = [ (hﬁe aL iN%<TrU(rl)UT(O)>Xg
Remarks: PENNSTATE

@ Only the term in NavyBlue color was known before.
@ This describes the dihadron correlation data measured at RHIC in forward dAu collisions.
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Dihadron S Gluon+let in pA

Illustration of gluon distributions

The various gluon distributions:
*Gw(e,q1), Fip) =xG (x,q.),

- / WGP QF, FiY =- / DL _PLiGOgF,

g1
3 1 2 1
F = /xG()(q1)®F®F, ﬁjj:/xc()@F
6 different gluon distributions
020 FT T 3
0.15F 4
E‘ 0.10 - -
2
0.05 - -
0.00 - 4
0 1 > 3 n PENNSTATE
7
o
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Gluon+Jet in pA

Comparing to STAR and PHENIX data

Physics predicted by C. Marquet. Further calculated in[A. Stasto, BX, F. Yuan, 11] @Ad
For away side peak in both peripheral and central dAu collisions

f doPA—hI
C(A¢) _ L llpa | dyidyrd®pi 1 d?py s
- f doPA—rh

[p1o| dyid?p 1

1 pair
J Oap /O
dA = <N > pair
coll) opp [ Opp
00t o022
C(a%) C(ae) L —— peripheral
[ e

0012

St (L gl

10"
0008 ootz E
15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50 E

Ad A

0.008

. .
10° 107 X

PENNSTATE

o Using: 0% = c(b)A'*Q2(x).
@ Physical picture: Dense gluonic matter suppresses the away side peak.



Dihadron Correlations

Conclusion and Outlook

Conclusion:

Gluon+Jet in pA

o DIS dijet provides direct information of the WW gluon distributions. Perfect for testing

CGC, and ideal measurement for EIC and LHeC.

Modified Universality for Gluon Distributions:
Inclusive | Single Inc | DIS dijet | v +jet | g+jet
xGD x X Vv X Vv
xGP,F v v x v v
x = Do Not Appear. v/ = Apppear.

Two fundamental gluon distributions. Other gluon distributions are just different

combinations and convolutions of these two.

The small-x evolution of the WW gluon distribution, a different equation from
Balitsky-Kovchegov equation;[ Dominguez, Mueller, Munier, Xiao, 11]

Dihadron correlation calculation agrees with the RHIC STAR and PHENIX data.

PENNSTATE
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Outlook

[Dominguez, Marquet, Stasto, BX, in preparation] Use Fierz identity:

: B i B
% 1 _ L

2 E 2N,

qqg-jet x §

@ In the large N, limit at small-x, the dipole and quadrupole amplitudes are the only two
fundamental objects in the cross section of multiple-jet production processes at any order
in terms a.

@ Other higher point functions, such as sextupoles, octupoles, decapoles and duodecapoles,

1
etc. are suppressed by factors of N PENNSTATE
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