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Dihadron Correlations Probing two fundamental gluon distributions

Forward observables at pA collisions

Nucleus

Proton Quarks

— @

Proton  Neutron

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

doPA—aX
dzpldqudyldyz o

,, 1do

Xpq (X, 1) (.47 T4

@ For dijet processes in pp, AA collisions, there is no &; factorization[Collins, Qiu,
08],[Rogers, Mulders; 10]. PENNSTATE
Why forward?
o At forward rapidity y, x, o< €’ is large, while x4 o« e is small.
@ Ideal place to find gluon saturation in the target nucleus. 3130



IJIERIOWN@VVOFETTO  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):
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IL. Color Dipole gluon distributions:
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Remarks:
@ The WW gluon distribution simply counts the number of gluons.

@ The Color Dipole gluon distribution often appears in calculations. N(r_ ) is the color
dipole amplitude. It is now in fundamental representation. The adjoint representation form
is similar and also widely used. 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
¢V = = <
. 2oy N.

/ dr, e kL ( *ﬁ.Qsz-)
GrLe = (e
@2m)?

IL. Color Dipole gluon distributions:

S1N.

G(z) —
x 22 a =
&dri _ip, .,
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A tae of two gluon distibutions.
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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 pptem—ik) ¢ i o [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 .
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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 _ dE™dEL wpte——ik, ¢ i e [+t i [+]
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/(2’5@%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



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 | xY2 (212 (21)2 (27)2

xe oL (0=t Z Yr(x = b)r(x’ —b')
(1459 (b3 ) = S0 (x,0) = SP (0, X)]

OOOOOOOW

—iky - (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].
o In the dijet correlation limit, where u = x — b < v =zx+ (1 — 2)b

o 58U (0, by b x') = (TrUWUT () UB U (b)), # ST (x,6)ST (B, x')

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

PENNSTATE



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, g1 ) Hopgsaa,

Y

Remarks:

@ 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.

e 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.

9/30



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—q-
Remarks:

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

C oy )

PENNSTATE




Probing two fundamental gluon distributions

DY correlations in pA collisions

[Stasto, BX, Zaslavsky, 12]
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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+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( ot F )]

(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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Illustration of gluon distributions

The various gluon distributions:
Gy (x,q1), Fiy) =xG(x.q1),

91
FO = /XG(])(qI)@)F@F’ - :/xG(”®F
6 different gluon distributions
0.20FT T 3
0151 4
’g‘j 0.10 B
9
0.05- ~
0.00 - 4
o T > 3 " PENNSTATE



ITIERIOWEOVOETO  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

o016 00z
Cled) Peripheral dAu Correlation Clad) e
o014 0020 [Ceniral dAu Correlation]
ootz oots } { Hﬁ
0010 0016 { { }}
0008 0014
0006 0012
Ts 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
Ad Ap

S —— peripheral
i - central

pre o PENNSTATE

e Using: Q% = C(b)A1/3Qf(x).

@ Physical picture: Dense gluonic matter suppresses the away side peak.
14/30
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Conclusion and Outlook

Conclusion:
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
WGOLE | 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.
Outlook:
o Prediction for LHC pA run will be ready soon. PENNSTATE

o [Dominguez, Marquet, Stasto and BX, in preparation] More generally, we find only @
dipole and quadrupole survive the large N, limit.



Forward Hadron Production in pA Collisions

LO Forward Hadron production in pA collisions

Forward hadron production in pA collisions

Consider the inclusive production of inclusive forward hadrons in pA collisions, i.e., in the
process: [Dumitru, Jalilian-Marian, 02]

p+A—H+X.

The leading order result for producing a hadron with transverse momentum p  at rapidity y;
A—>hX
dols

dz =
il A DO RCRE AR E

—+o0

= U(xl):Pexp{igs dxt T°A; (xT xL)},

—o0

dxidyy g -
}—U(*):/;(Zlﬂ)?)me ky-(xp yL)ng)(XL’),L).

o pL =zki,x,= p\—je”" (large), 7 = zx, and x, = ”\%efy” (small).

S()(,u yi) <TrU)cL)Ul (yo > with ¥ ~ In1/x,.
o The gluon channel with F (k1) defined in the adjoint representation.

@ Classical p broadening calculation, no divergences, no evolution.

PENNSTATE
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Issues with the leading order calculation

The comparison between the leading order calculation and the RHIC data:

Minmum b 0,1-22 Minomeis 32 STARMinimum Bis 14, K-03

qadaig

Comments: Why do we need NLO calculations?

@ LO calculation is order of magnitude estimate. Normally, we need to introduce the
artificial K factor to fix the normalization. Fails to describe large p | data.

There are large theoretical uncertainties due to renormalization/factorization scale
dependence in xf(x) and D(z). Choice of the scale at LO requires information at NLO.

o In general, higher order in the perturbative series in cy helps to increase the reliability of

QCD predictions.
@ NLO results reduce the scale dependence and may distort the shape of the cross section.
K = % is not a good approximation. PENNSTATE

@ NLO is vital in terms of establishing the QCD factorization in saturation physics. Fuﬁ
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The overall picture

The QCD factorization formalism for this process reads as,

BopTA—htx

dydsz = Z / %%é.‘xf;’(x’ N)DII/C(Z7 N) /[de]Sg,c([xl])Ha%zr(am 57 [-XJ_]M) .

@ For UGD, the rapidity divergence cannot be canceled between real and virtual — PENNSIATE

gluon emission due to different restrictions on k| .

@ Subtractions of the divergences via renormalization=- Finite results for hard factors.



JEONEIRE ERINIR W IO S LN QWIS NLO Forward Hadron Production in pA Collisions

The real contributions in the coordinate space

Computing the real diagrams with a quark (b ) and a gluon (x_ ) in the final state in the dipole
model in the coordinate space: [G. Chirilli, BX and F. Yuan, 11;12]

quAHqu d XL dz dzbl dzb'
—— = asCré +—k*—k*/
Plidks asCro(p” =k —k) | 553 (27r) (2r ) (2n)?
P (1 XL) —ikyy (b — bL)Zw u ¢ (u )
s (UL )Pas(uL
Aaf
X [Sg,é')(bl,xl,bl,xl)+S§,2)(vl,v'l)
3) / ©) '’ PEDDSIATE
_SY (bJ-wa-vVL)_SY (VJ-axJJbL)]a

with u | :XJ_—bJ_andVJ_:(l—g))CJ_-i—ﬁbJ_.

19/30



JEONEIRE ERINIR W IO S LN QWIS NLO Forward Hadron Production in pA Collisions

The real contributions in the coordinate space

Computing the real diagrams with a quark (b ) and a gluon (x_ ) in the final state in the dipole
model in the coordinate space: [G. Chirilli, BX and F. Yuan, 11;12]

/ / 1 / / cd
SO by, xy, b, 2)) = A <Tr (U(bJ_)UT(bL)TdW) [W(M)WT(M)] > ,
¢ Y

S (byxs, V) =

cFlNC (Tr (VT UM OT ) WGxr))

Y

@ By integrating over the gluon momentum, we identify x, to x/, which simplifies
(6) ’o (2) / PENNSTATE
Sy (b, x1,b),x ) to S (by,b)).

° S)(’3>(bi7xlﬂvli_) = Zit\f,fp |:S)(’4)(blaxivvlj_) - NLZSE’Z)(bJJVIJ_)]

20/30
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The real contributions in the momentum space

By integrating over the gluon (ka, ki1 ), we can cast the real contribution into

Qs dz ! 1+ 52 2
2 /;Dh/q(z) /T/Z dg- 7£W(x) CF/d kg1 Tk kg1 )

N,
+5 / dzkgldzkguj(kbkgL,kgu)} ,

where x = 7/z€ and Z and J are defined as

/\’J 7/((;} kJ_—éku_ ’
I(kL,kgL) = ]:(kgL) |:(kL - k:L)3 _ (kL — fk:L)z] s
2k — Ekg1) - (ki —kgi1)
k _ @ (ko — _ e s
j(kJ_,ng_, glJ-) []:(kgl)é ( gl L kgl-) g(kgi-vkgu—)] (kJ_ — kg1 )2 (ko — kglJ_)z
2 2 2
with G(ko,11) = /%e—m.(xl—bl)ﬂu.(ufynsy)(xbbLyL).

Three types of divergences:

e ¢ — 1 = Rapidity divergence. PENNSTATE
@ kg1 — ki = Collinear divergence associated with parton distributions.
@ kg1 — ki /€ = Collinear divergence associated with fragmentation functions.

21/30
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The virtual contributions in the momentum space

Now consider the virtual contribution

2 2 2
—20ésCF/ dvy dV, duy 7sz_ (G ”)Z’%ﬁ ML)waB(”l)
Aap

X |:S§/2) (VJ—’ V/L) - S§'3> (bJ_7-xJ_7 V/L)j|

s [d P14 €
= Zo;rz/ ZDh/q( )XPCI(XP)/O d§ 1 756

N,
X {CF/d q1Z(q., /\L)Jr*/dzcud ko1t T (g1, k1, gu)}

Three types of divergences: PENNSTATE

e ¢ — 1 = Rapidity divergence.
@ Collinear divergence associated with parton distributions and fragmentation functions.
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The subtraction of the rapidity divergence

We remove the rapidity divergence from the real and virtual diagrams by the following
subtraction:

SN, d d2 &Pbr g e
Fle) = FOU) - 55 / ” “ Lol
™ 0 —¢
(x1 —y1)’

(2) NG b
X(xl — b1 )2(yL —byi)? [S (r1,y1) =8 (xu, J.v}U.)]-

Comments:

o This divergence removing procedure is similar to the renormalization of parton distribution
and fragmentation function in collinear factorization.

o Splitting functions becomes (1 — 5) after the subtraction.

@ Rapidity divergence disappears when the & is integrated.
Unique feature of unintegrated gluon distributions.

PENNSTATE



JEONEIRE ERINIR W IO S LN QWIS NLO Forward Hadron Production in pA Collisions

The subtraction of the rapidity divergence

2 2
Fky) = ]:(O)(kl) O;N | f/dxldyld bie*”u_ (e —y1)
(xp —y1)? 2 (4)
b .
X (XJ_ — bJ_) ( Vi — bL)z |:S (XL,yL) N (XL, lvyi)]

This is equivalent to the Balitsky-Kovchegov equation:

OtsNC dsz (XL — yl)z
2 ) (xL—bi)*(yLr —bu)?

0
S (L, yL) = —

@ (4)
7 |87 Grrovs) = 87 (e, buyn)|

@ Recall that F (k) = [ Lridy) )Ez*:)“- e LS (k) y ).

@ Renormalize the soft gluon into the gluon distribution function of the target nucleus
through the BK evolution equation.

PENNSTATE
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The subtraction of the collinear divergence

Let us take the following integral as an example:

d*ky ) 1
I (k = = F(k
1( L) / (27[_)2 ( gl) (kJ_ _ng_)z )
1 d*x d*y, ekl g 1 &
= —_— o~ ~NA BN 1
4r | () Sl (Ze e )

where ¢y = 2¢™ "%, g is the Euler constantand r; =x; — y,.
@ Use dimensional regularization (D = 4 — 2¢) and the MS subtraction scheme
(1 =1 —9p+1n4m).

&k, 2k . L .
o [ @ ;)é we [ (Zﬂ)ﬁgﬁ where i is the renormalization scale dependence coming from

the strong coupling g.

@ The terms proportional to the collinear divergence i should be factorized either into parton
distribution functions or fragmentation functions.
PENNSTATE
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The subtraction of the collinear divergence

Remove the collinear singularities by redefining the quark distribution and the quark
fragmentation function as follows

l -

( 0) 1 Qi 1 d ) -
Dujg(mp) = Dyl2) = 3 2(:)[ éCpPK,(,(g)z)w , <Z>’
with
1+¢ 3
734/(/(5) = ﬁ + 5(5(1 — f) .
H/_-‘r, N———
Real Sub Virtual Sub
Comments:

@ Reproducing the DGLAP equation for the quark channel. Other channels will complete the
full equation.

@ The emitted gluon is collinear to the initial state quark =
Renormalization of the parton distribution. PENNSTATE

o The emitted gluon is collinear to the final state quark =
Renormalization of the fragmentation function.

26/30
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Hard Factors

For the ¢ — g channel, the factorization formula can be written as

dx d%y

d3oP A=+ dz dx ) (0)
W = /?;€Xq(xvu)Dl1/q(Zyﬂ)/(27 {S (x1,y1) [quq
@by () as (1)}
Sy b, —H
@y (G bryn) g Hay

with H;gz, =e kL1 §(1 —€) and

)

qu]

Hgl) = CrPgy(&)n Cg 2 (e_”u'rL + i2871.%‘&) —3Cr5(1 — €)e™ ™+ "L In 20(2)2
aq 2 £ riky
. 2 1+€)In(1-¢)*
—_ (ZCF 7NC) eilki‘yL 1+¢ Iy — ( +e ) n( g)
(1-8&4 1-¢ n
D _grNekas ik b 1 +& 1 xy—by  yi—by
g (184 € —b1)* (v —b1)

bo14¢7 e—i(1=Eky-(vi —by)
—o(1 — d
(1-e [ ae a-e, [ (br —v.)?

where by = / e e 1=8)kL by bi-(Ehy—ri) |
™ b (eby —r1)? v

— @by —yﬂ/d ry
PENNSTATE

1
+e —ik) b — }
bJ_

, elkJ_ rJ_
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What have we learnt so far?

@ Achieve a systematic factorization for the p + A — H + X process by systematically
remove all the divergences!

@ Gluons in different kinematical region give different divergences. 1.soft, collinear to the
target nucleus; 2. collinear to the initial quark: 3. collinear to the final quark.

- =

kT ~0

+ o~
PA ~0
Rapidity Divergence Collinear Divergence (P) Collinear Divergence (F)

@ Factorization scale p can be set to co/r1 ~ Q.
o Large N, limit simplifies the calculation quite a lot.

o Consistent check: take the dilute limit, K> > 02, the result is consistent with the leading
order collinear factorization formula. Good large p | behavior!

o The NLO prediction and test of saturation physics now is PENNSTATE

not only conceivable but also practicable!

@ The other three channels follows accordingly.

28/3
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Numerical implementation of the NLO result

Consistent implementation should include all the o, corrections.

NLO parton distributions. (Choose your favorite one, CTEQ or MSTW)
NLO fragmentation function. (DSS or others.)
Use NLO hard factors.

Use the one-loop approximation for the running coupling which is sufficient in this
calculation.

NLO BK evolution equation for the dipole gluon distribution. (Hard)

Alternate solution: Treat the dipole amplitude as an input, use GBW model or your
favorite parametrization of dipole amplitudes with appropriate energy dependence, and
then find the best fit by comparing with all the available data. Then make prediction for the
LHC data.

Looking at about 20 — 30 percent uncertainty. Large N. limit gives about 10 percent.

PENNSTATE
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Conclusion

Conclusion

@ We calculate inclusive hadron productions in pA collisions in the small-x saturation
formalism at one-loop order.

o The rapidity divergence with small-x dipole gluon distribution of the nucleus is factorized
into the BK evolution of the dipole gluon distribution function.

@ The collinear divergences associated with the incoming parton distribution of the nucleon
and the outgoing fragmentation function of the final state hadron are factorized into the
well-known DGLAP equation.

o The hard coefficient function, which is finite and free of divergence of any kind, is
evaluated at one-loop order.

@ Now we have a systematic NLO description of inclusive forward hadron productions in pA
collisions which is ready for making reliable predictions and conducting precision test.
Phenomenological applications are promising for both RHIC and LHC (upcoming pA run)
experiments.

PENNSTATE
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