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Color Glass Condensate

. universal form of matter at x < 1

— saturation scale Q3

as ng(xv Qg)
Qg 7 R?2

— large gluon occupation number

~ 1

. nuclear enhancement Q2 ~ A/
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Motivation

. p+A
p — known
A — unknown

« forward hadron and di-hadron production,

quarkonia production, ...
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Marquet, Nucl. Phys. A 796 (2007) 41

Dominguez, Marquet, Xiao, Yuan, Phys. Rev. D 83 (2011) 105005

Fujii, Gelis, Venugopalan, Nucl. Phys. A 780 (2006) 146

Ma, Venugopalan Zhang, Phys. Rev. D 92 (2015) 071901

GHP 2017 talk: Watanabe (HI: Onia II)

. photon — clean probes

Benié - Photon at NLO as a CGC probe in p+A collisions - GHP, Washington - 2017/02/03



Photon in pA: LO

- valence quark bremsstrahung O(«.)
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color dipole: [, e+ (U(0)UT(x1))

Kopeliovich, Tarasov, Schaefer, Phys. Rev. C 59 (1999) 1609
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Photon in pA

NNPDF3.0 (NNLO)

- high energy (small x) | —

— more likely to pull
out a gluon than a
quark from the proton

— New emission processes

Particle Data Group, Chin. Phys. C 40 (2016) no.10, 100001
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Power counting

. proton: gluons more abundant than

quarks

fg < fg

. nucleus dense, proton dilute

Pp K PA
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Photon in pA: NLO

- annihilation O(a.ass)

SB, Fukushima, Nucl. Phys. A 958 (2017) 1
SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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Photon in pA: NLO

. bremsstrahlung by produced qg O(a.as)

Benié - Photon at NLO as a CGC probe in p+A collisions - GHP, Washington - 2017/02/03



Photon in pA: NLO

. photon+gluon bremsstrahlung O(acvs)

- suppressed as f, < f;

SB, Fukushima, Nucl. Phys. A 958 (2017) 1
SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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Annihilation - amplitude

Mx(kw)=eg/ e Tr¢a(ky) S0) (X, ¥) Ay (¥) S0y (v, X)]

Xy
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Annihilation - amplitude

Mi(k,) = eg/ e > Tr[¢a(ky)S0) (X, ¥) Ay (¥) S0y (v, X)]

Xy
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Annihilation - rate

dN cas N ! .
2 - . a{f 2 / dx dX’/ e’kvl"l
d kfﬂ_dnk,\{ 167 Nc —1 0 yiy,z.2,

% S i) / ety (ky )

kit

X [GJ_ o ﬁl\llllll’l* S WQ\U/; i 2II:IJ_ . IA(u\lll\Il’;‘}

« unintegrated gluon distribution

, 5aa'
2/ a a — 2
g (pi(kiL)p] (kir)) = ANE—T) 1)le op(kiL)

c

« multi-gluon correlator

Syszuyinzh) = (TG TRU )] T [UGE) TRUT (4]

SB, Fukushima, Nucl. Phys. A 958 (2017) 1
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Brems from produced gqg - amplitude

M,\(kv,q, p) — ieg/ eik-x+iq-y+ip-zﬁ(q)(iay _ m)

xyz

x {S(0) (. ) A (W) S0 (w. X)r(k,) S0 (. 2)

+ S(0)(¥s ¥) £ (ky) S(0) (%, W) A1) (W) S0y (W, Z)}(iéz + m)v(p)
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Brems from produced gg - amplitude

M. a.p) = ieg [ k170 g(q)(ig, - m)

x {50+ W) A (W)S(0) (W, x)(k,)S(0) (. 2)
+ S(0) (¥, X) £ (ky) S(0) (x, W) Aay(w) S(o) (w, Z)}('@z +m)v(p)

Y

Pa

SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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Brems from produced gg - amplitude

M. a.p) = ieg [ k170 g(q)(ig, - m)

xyz

x {S(0) (v, ) Ay (W)S(oy (w, X) (k) S(o) (x. 2)

+ S0y (v, X)£a(ky) S0y (x, W) Ay (W) S0y (w, Z)}(iéz + m)v(p)

SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
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Brems from produced gg - amplitude

My, a.p) = ieg | 70 2g(q)(ig, - m)

Xxyz

% { S0 (. w) A () S0 (w. X)r(k,) S0 (. 2)

+ S0y (v, X) £ (ke ) S0y (x, W) Ary (W) S0y (w, Z)}(féz + m)v(p)

/51

Pa
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Brems from produced gg - rate

do et
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SB, Fukushima, Garcia-Montero, Venugopalan, JHEP 1701 (2017) 115
Garcia-Montero, Master thesis (2016)
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Brems: multi-gluon correlators
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Blaizot, Gelis, Venugopalan, Nucl. Phys. A 743 (2004) 57
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Garcia-Montero, Master thesis (2016)

Benié - Photon at NLO as a CGC probe in p+A collisions - GHP, Washington - 2017/02/03



Leading twist
o bremsstrahlung: gg — qgvy

« k| factorization

do _ a0t q?
d?ky1 dne, d?qrdned?prdn,  256m8 N (N2 — 1)

X / (27T)25(2)(PJ_ —kii —ko1) #o(Yo, klé)(pA(YM ke, )
k? | k2
ki koo 11%21

O(kiL, ka1)

« collinear

do
d?ky L d1i, d*qLdngd®pLdnp

X Xpfg,p(Xp, Q2) Xafg,a(xa, Q2) |Mgg—>qfrv‘2

1
= 55642007 (P + a1 +ky1)

— directly sensitive to nuclear gluon
distributions
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Color average

(Olppspal) = [ 1l doalWalss ol Walss: palOlp ]

« McLerran-Venugopalan model

<Pi\(x¢)Pf\(h)> = g25ab/i§\5(2)(><¢ - )u)

N2 —1
2 _ "¢ 4 2
Qs = & Ha

« reasonable for x ~ 1072
« x evolution — JIMWLK
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Annihilation: photon spectrum
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e single flavor, chiral limit m=0
SB, Fukushima, Nucl. Phys. A 958 (2017) 1
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Annihilation: geometric scaling
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Annihilation: typical photon
momentum

$  Qs=5Aqcp
107! _
¢ Qs=10Aqcp
N
§| < ‘ 4 Os=15Aqcp
~ a
g ¢
z%
S| A e
1072
X A
_'
Sy °
A
4 5 6 7

-3
10 0 1 2 3
kyL/QS

SB, Fukushima, Nucl. Phys. A 958 (2017) 1
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Annihilation: flavor effects

b utd+s+c, Qs =10Aqcp

dN
@y dny
=
S

TN

N 10—]0 ..

5 X
P

1
7R% 7R3 05 g1

_
i

-12
10 0 20 40 60

ky1/Aqcp

e My, My, Mg < QS
— unu =+ qud =+ qus ~ 0
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Annihilation: flavor effects
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® mu; md7 ms << QS

— M = chc + qub
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Annihilation: flavor effects
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Brems: qgg - v correlations
(preliminary)
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Brems: qgg - v correlations

(preliminary)
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Conclusions

. complete analytical result at O(aears)

. bremsstrahlung — nuclear gluon
distribution functions

. annihilation — geometric scaling

. bremsstrahlung — angular correlations
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