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Forward Hadron Production in pA Collisions

Deep into low-x region of Protons
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Partons in the low-x region is dominated by gluons.
Gluon splitting functions have 1/x singularities. PENNSTATE
Resummation of the o In 1.

The dynamics becomes non-linear at high gluon density.



Forward Hadron Production in pA Collisions

Saturation physics

Saturation physics describes the high density parton distributions in the high energy limit.

Low Encray

Gluon
Density
Grows

High Energy

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""ps(x",x.)T*, COV gauge = — 3 AT = gp.
The Wilson line

PENNSTATE

U(x,) =Texp [figz/dzfdzzLG(xL le)p(zf,zL)



Forward Hadron Production in pA Collisions

Collinear Factorization vs k| Factorization

Collinear Factorization Approximation: neglecting the k.

k1 Factorization(Spin physics and saturation physics)

quq. &
e a— e ——
".

q9

o In general, there is intrinsic k; ~ A. It can be negligible for partons in protons,
but should be taken into account for nucleus targets with A — oco.

@ The accumulation of k3 is proportional to AN (Random Walk Picture) PENNSIATE

@ | Factorization: High energy evolution respect to x with k| unintegrated.
@ Collinear Factorization: DGLAP evolution respect to both x and & .
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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;

PA—hX
doig

1
dz 3
Pprdon :/T 2 ;xp%” Xp) F (k1)Diyqg(2) + xp8g(xp) F (k1) Dy (2)

—+o0

= U(xl):Pexp{igs dxt T°A; (xT xL)},

—o0

dxidyy g -
]:<k7>:/4(2l7r)2yLe ky-(xp yL)ng)(XL’),L).

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

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

o Beyond the hybrid factorization, see [E. Avsar, arXiv:1203.1916].
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Forward Hadron Production in pA Collisions

Issues with the leading order calculation

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

Minimum Bias x20, 7=2.2 Minimum Bias =32

qandarg

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.
o There are large theoretical uncertainties due to renormalization/factorization scale
dependence in xf(x) and D(z). NLO reduces the scale dependence. Higher order in the
perturbative series in «, improves the reliability of the predictions.

o K= M is not a good approximation. PENNSTATE

NLO results may distort the shape of the cross section.
@ NLO is vital in terms of establishing the QCD factorization in saturation physics.



NLO Forward Hadron Production in pA Collisions

The overall picture

P Yo Py

The QCD factorization formalism for this process reads as,

d3 p+A—h+X d dx
S = X G ehw Dy [rlS ) o & ).

@ There is no rapidity divergence at LO. Encounter three types of divergences at NLO.

o For UGD, the rapidity divergence cannot be canceled between real final state ~ PENNSIATE
and virtual gluon emission due to different restrictions on k| .

@ Subtractions of the divergences via renormalization.
=> Finite results for hard factors at NLO. 9/27
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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]

do®—asX d®xy d*, d*b. 4,
_ C 6 + k+ _ k+ /
Plidks asCro(p” =k —k) | 553 (27r) (2r ) (2n)?

PN Cn XL) —iky1 (b —b')) Zwaﬁ MJ_ ¢a/3(uL)
Aaf

X [Sg,é')(bl,xl,bl,xl) + S§,2)(vl,vl)
_S§’3)(bl7~xi—7vl) - S§/3>(Vl_axll7bli)j| )

withu, =x; —byandvy = (1 —&xL + &by

PENNSTATE



NLO Forward Hadron Production in pA Collisions

The ¢ — g channel

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]

(6) / AN 1 T/ d e ot od
S (br b X) = <Tr (U(bJ_)U BT T) [W(xJ_)W (xL)] >y,

S (byxs, V) =

CFINC (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>(bi7xl7vli_) = Zit\f,fp |:S§’4)(blaxivvlj_) - NLESE’Z)(bJJVIJ_)]
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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

Q; dz ! 14 ¢
= /;Dh/q(z) // dé 72 xq(x) {CF/dzkgLI(kmkgL)

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

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

ki — kg ki — ket 17
I(kL,kgL) = ]:(kgL) |:(kL - k:L)3 _ (kL — fk:L)z] s
2k — Ekg1) - (ki —kgi1)
k _ @ (g, — _ g 3
j(klvkgla glJ-) []:(kgl)5 ( gl L kgl-) g(kgi-vkgu-)] (kJ_ — §kg1_)2(k1_ _ kglJ_)z
2 2 2
with G(ko,11) = /%e—m.(xl—bl)ﬂu.(ufynsy)(xbbLyL).

Three types of divergences: Life is boring without divergences.
e ¢ — 1 = Rapidity divergence. PENNSTATE
@ kg1 — ki = Collinear divergence associated with parton distributions.

@ kg1 — ki /€ = Collinear divergence associated with fragmentation functions.
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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;z)(\u_,vl) — S§'3>(bL7XL,Vl)j|

s [d NS
5 o [ Sou@nats) [ e

N
X {Cp/d q1.7(q., I\L)Jr—/dzcud ka1t T (gL kL, 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:

Fl) = FO®) - 2 | / dledzyldzbie*”u Gy
2 J, 1—¢
(cr —y1)?

(2) _ @ b
X(xJ_—bJ_)z(yJ_—bJ_)z [S (easy2) = §70x, l’yL)]'

Decomposing the dipole splitting kernel as

(xr —y1)? I I 2(x1 =bi) (yL—bi1)

(L —b1Ps —biP (o —b1) i —bi) | (xr—bi)20u —bi)

with the first two terms removed from the virtual diagrams while the last term removed from the
real diagrams. Comments:

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

1 after the subtraction.
=9+ E) PENNSTATE

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

@ Splitting functions becomes
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The subtraction of the rapidity divergence

272
o (xr —y1)?
(0 =bi)*(ye —bo
This is equivalent to the Balitsky-Kovchegov equation:
Otch deL (XL — yl)z
2n ) (k1 —b1)*(yr —bL)?

1 2 2
Flky) = ]_—(O)(kl)_ach/ dff/d)ud)ud by iy iy
0

E [S&)(M,M) - 5(4)(M7b¢,m)} .

0
S (L, yL) = — [S(YZ)(M,M) - Sy)(xbbl,)u)} :

oy

@ Recall that 7 (k. ) = [ i “d YLk (o M)S(”(XL,)‘L).

@ The rapidity divergence is an artltact of the high energy limit s — co. By slightly tilting
away from the light cone, we obtain fol F;ﬁ and introduce Y dependence to the dipole
amplitude.

o Introducing cutoff 1 — e~ and considering the change from Y to ¥ + d¥ = the BK
equation

e ¢ — 1 implies that gluon is infinitely soft and its rapidity goes to —oo.
This soft gluon is in fact collinear to the target nucleus.

@ 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

16/2



NLO Forward Hadron Production in pA Collisions [EMNIEECSE Bl

The subtraction of the collinear divergence

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

l -

— l Ois(,u) /1 g |
e 2 ), ¢ CrPyq(§) s
with
1+& 3
Pyq(§) = W + 5(5(1 —-£).
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

@ The emitted gluon is collinear to the =
Renormalization of the fragmentation function.
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Hard Factors

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

BopTA—htX dz dx Ex 1 d?y, [ (@) (0) (1
W = /?;fxq(x’ M)Dll/q(zyﬂ)/T {S (x1,y1) [quq Hqu]
d*by () as (1)
n)? Sy (re, b, y1) s Hy,
with ”523, =e 171 (1 —¢)and
rH(') CrPyq (€)1 Cg ( —ikyry g ! *i%‘u) 3Crs(1 — ) —iky ey 0(2)
WA r n e —e —3Cré(1 —&)e n
244 # A u? & 2k
) 1+& -~ 1+&2)In(1—¢)?
—(2Cp —N;)e k1L [(1 js) Ly — <( +é Bjé $
+ +
Hz(t]) = —4nNe.e HLrL e”‘lgékr(‘”—*b#) 1+¢& I xi=by  yi-bi
g (184 € —b1)* (v —b1)

, elkJ_ rJ_

_5(2)(;,L _YL)/d VJ.%
T
PENNSTATE

1
+e —ik) b — }
bJ_

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

where by = / o e 1=8)kL by bi-(Ehy—ri) |
™ b (eby —r1)? v
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Hard Factors in the MV model

' 202 . .
In the MV model with S]E,f\), (x1,y1) =exp [7%] , the factorization formula can be
written as

d30.p+A—>h+X 0 1 s (1)
i = [ 5 et Dy (eom) [+ SR, + S
with 3} = 8(1 — €)F (k) and
2 2 2
M _ Ne F(k 1 Q ki L(1,0) _kiJ-
H2qq 2 PW(g) ( L) n :U' +exp Q; a Q%

LN k 2 K3 &
Ten P""(f)f( g) {I“ e te p(@%) L (_1’_5253”
3N, QAZ kZ k2
=01 =)= F (k1) {m kie’YE + exp <Q§> L(10) ( ’_Qié ,
_ 1 ” 1252 122
HY = NS(1—F(ky) {m 2o / g +§ o <£Q§L> L0 <15Q2L

4qq
s

SIN. 1+¢€ 1 K 3
T amore | U)o e e

@ Large N, limit = factorization of S§,4) (x1,b1,y1) — Sg/z) (.xJ_,bJ_)Sg,z) (bi,y1)-
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What have we learnt so far?

@ Achieve a systematic factorization for the p + A — H + X process.

@ 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.

—

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.

@ Consistent check: take the dilute limit, k% >> Q2, the result is consistent with the leading
order collinear factorization formula. Good large p | behavior!

@ The NLO prediction and test of saturation physics now is

not only conceivable but also practicable! PENNSTATE

@ More comments at the end on the implementation of the phenomenological applicatiﬁ.
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The g — g channel

The other three channels: g — g.¢ — gandg — ¢

The calculation on the g — g channel is similar to the ¢ — g channel with a few differences:

(a)

(e)

@ Two types of virtual graphs.

TTion0os

(a)

@ The subtraction of the rapidity divergence follows

s Pz (x1 —y1)?

w2 (v — 22 — 20 )?
[CA <trijL W—”>y - <trAWz1t“Wz¢ WLtaW>'l>y] ;

where W is the Wilson line in the adjoint representation.

D,

£) 000000KG0000¢

o)

(b)

PENNSTATE
@ W (x ) =2Tr [TU(x,)T?U Tx )] converts everything into Fundamental representation. @
@ Large N, limit is essential here to eliminate the sextupole (6 U’s in a single trace) contribution.
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The subtraction of the collinear divergence

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

(x, 1) ©) (x) La(p) bdg FPqq (§)  TrPgg (§) (x/€)
B IR Ry R Rl | B
and
hq(v ) _ DIEO)q() 10‘() ld‘£ Fz/q() Fm/(é) hq('/s)
{ ghfg (e ] - fo; é) ]_€ o / ¢ { ?ﬁ é) JCVIP © } { ghfg (/0 } ’
with
Pal =2 [ty + e -0) + (G - a0 -0,
Pu©=g[1+0-0]  Pue)=[1-0+¢]
Comments:

PENNSTATE
@ Reproducing the full DGLAP equation for the quark channel.

@ g — g and g — ¢ channels only have , no rapidity divergence.
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The LO+NLO cross section

With chosen p = ¢ /r , adding all the channels together in the large N, limit gives

Portihx /dz dx [ Suq Sug } [ Dy sy (2, 1) ]

D, ;*5 [xq(x, p), xg(x, )] Ser Ses Dye (oot
Sy = /deJ_d2yJ_e(—2':; r15(1 75)5(2)()&,”) { o —3Crln 12<2 ]
/7d2)uézy;_d be S (i ,by,y1) ?S Hz(x,l,,), ;
Sw = 5 %Sm (xL,bL,y LM
Seq = 27r dzxj-(d;%sm (XJ_:bJ_JJ_)H;;qg ,
6 = /dzudzue(;:zua(l =9 | (xLny)‘z {1 B az: [1?1 B 413\/1,;?} " r{ii]

dx d%y, &b
/ %s@m,ms@wm ey

PENNSTATE

Py by (o) &) &) as (1)
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The LO+NLO cross section continued

The hard factors are defined as

87N Tre *L-0L=b1)§(1 — £) /l de’ [5’2 +(1 - é’)z]

—ig’k (xL—y1) ik | -
X|:e 2)(XL—YL)/d2,e +

(x1 — y1)?

16mNe— e ) it o L= €0 = OPF 1 xi—y1 . by —y1 ;
(1=8y &€ @xL—y1)? (br—y1)

6(1£>/ds[ ;,) 15(15)]

e—i€'k-(yi—b1) et
X 7—5(2)(hl—)¢ /d2/ )
[ (br —y1)? '

ki I x1 —y1 by —y1
—47NW (*,kl>P (f)f . s
‘ 3 e =)t (b —y1)?

ki I X1 —y1 by —y1
—4rW (kJ_y ) qu (5) 2" 2

3 €L —y1)” (br—y1)
with W (ki1 kpy) = e F1L G —y) =t -G —b1),

PENNSTATE
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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 pA collisions. (working in progress)

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

PENNSTATE



Conclusion and Outlook

Conclusion and Outlook

@ 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.

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

o 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 experiments.

PENNSTATE
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Outlook

Using this factorization technique, we can imagine that a lot of other NLO calculations can be
achieved in the near future.

T RO

NLO Drell-Yan productions NLO dijet productions NLO Single Inclusive DIS

Drell-Yan lepton pair production in pA collisions at NLO. (work in process)
NLO dijet productions in pA collisions. (Hard)
Single inclusive DIS at NLO. (see similar work [Balitsky, Chirilli, 10], [Beuf, 11])

Direct photon production in pA collisions at NLO (see [Jalilian-Marian, Rezaeian, 12]) and
NNLO (similar to the DY case at NLO). Universality and large N.

e Factorization beyond the hybrid formalism by using the k| dependent
parton distributions (from the proton side) and fragmentation functions. (work in progress)

PENNSTATE
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