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Talk Plan

PO, SRl PG, BORGf BED g, WP PG, WPl WP, MRl WP BEPG

B Photons in pA at high energies

0 Leading-order — Bremsstrahlung (quarks)
Gelis-Jalilian-Marian hep-ph/0205037

0 Next-leading-order — Annihilation/Bremsstrahlung (gluons)

Benic-Fukushima arXiv:1602.01989
Benic-Fukushima-Garcia-Montero-Venugopalan arXiv:1609.09424

Semi-CGC regime where the latter is overwhelming!

B Quarks in A4 at small proper time

0 Proper-time expansion (glasma)

Fries-Kapusta-Li nucl-th/0604054 / arXiv:1602.09060
Fukushima-Fujii-Hidaka arXiv:0811.0437

0 Quark sector — quark production / chirality production
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Photon Production

Pt BRGNP SRk AR 20 SEG SEPG.T SeRe it RN U SR i S iy

Compton Scattering Annihilation
f + crossed
large N
X Qetsng(l —ng)n, X QesNgng(l+ny)
(g9 — q7) (97 — g7)
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Photon Production with CGC

PG SR g?, BEPG, WPy R, BOPG PO, SR WD, WPyl WP, BOPG

Compton Scattering Annihilation
Vf Y
q > q
S
—1 —1

X Qelsng(l —ng)a; X Qs NgNGOL
o) e
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Photon Production with CGC

PO, SRl PG, BORGf BED g, WP PG, WPl WP, MRl WP BEPG

Gauge choice: A ~ pp ~ 0 (:1:‘+) Gelis-Mehtar-Tani (2006)

1
U~1+1igA+ §(igA)2+---

April 27,2017 @ BNL 5



Leading-order Process

PG B, WP, B G T WPl BOPG PG WP, WP, WP WP, WP
Gelis-Jalilian-Marian (2002)

Y

P ~ aengng{UUTUUT)
/ Suppressed by quark distribution
~ aeng(UUT)

Multiple Scattering with CGC
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Leading-order Process

WP P P WPy P BORG WP Ry PG WP Gy P PG

1 dod797 200 /1 dzl +(1—2)° /d2lL ( FC@)
0

AL k. (2n)tK2 2 lL —ki/2)?

C(l,) = /dsze“L"“e_BQ(“) = /deLeill'“ <U(0)UT(CB¢)>,)

By(xy —y1) = Q?/dzzJ_[GO(wJ_ —2z1) — Go(yL — zL))°
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+ crossed diagram oo |
D, (photon emitted first)
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Gelis-Jalilian-Marian (2002) :
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“Higher”-order Processes

WP P P WPy P BORG WP Ry PG WP Gy P PG
Y A

Annihilation

~ acl(gpy)?)(UTUTUUT)

N
-

Pa

Bremsstrahlung

~ Qe0ny <UUT> (evolution)
~ ael(gpy))(UUTUUT)
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“Higher”-order Processes

WP P P WPy P BORG WP Ry PG WP Gy P PG

LO: ~ a.n (UUT)

NLO: ~ ac{(gpp)*/(UUTUUT)

(gpp)2 < gpp ~ Ny

NLO is overwhelming but the pA expansion still works

Systematic calculations feasible
Not small corrections but dominant at high energies
pA photon (hopefully) coming very soon
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Annihilation Diagram
PG B, WP, B G T WPl BOPG PG WP, WP, WP WP, WP
Benic-Fukushima (2016)

p p pA pp pA pp pA

Mi(k) = (k, AQ) = 69/d4$ dty e™ " Tr[¢(k, NS (2, y)Aq) (y)S(y, 2)]

Known / /

~ Sp ,y+ USr Pp T propagator
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Annihilation Diagram
PG B, WP, B G T WPl BOPG PG WP, WP, WP WP, WP

Benic-Fukushima (2016) ¢/ Ward identity:

2
4 3/ dw/dQU d2 /EZP)J_ —’L(kJ_ pJ_) [UJ_‘|‘CL($)’U,J_]
T

pp(PL) U
X ppJ_ TI'C [U('UJ_ + 7)1}7‘(]T (’UJ_ — 2)]

X [f&,)\pJ_\Ijl(p_L, u |, 37) ‘|‘p)\\112(pj_7 u, .CL’)] )

Looks complicated but the structure is intuitive

()
b(x)

Ui(p,,uy,x) = —4ia(x)b(z)pr Ko(myp(z)uy )mKi(mu, )
+4b(x)p | - wymy(x) Ky (mp(x)uy )mKy(muy) 2(1— )

Us(p,,uy,x) =mKi(muy)my(z)K1(my(x)u,) , B ,
+m?Ko(mu, ) Ko(my(x)uy) . my () = m? + b(z)p?

)
l\')lr—\
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Annihilation Diagram

WP P P WPy P BORG WP Ry PG WP Gy P PG

Benic-Fukushima (2016)

1

S(y,,z1,y,2")) = E<Trc [U(yL)TfﬁUT(zL)]TrC [U(zi)Tl‘i’%UT(yi)D

Master formula  Fukushima-Hidaka arXiv:0704.2806

<U(w1L)B1a1U($2L)520¢2 T U(wnl)ﬁnan> — eXp[_(HO + V)]ﬁl“'ﬁn;ar"an
2N, [w
2 a
o - G (31) 2o

2N,
V = §N2_1Ztat“ (i, ;1)
1>
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Annihilation Diagram

EE P NS O S T S S T T ST SRS RS R T R T TP
Benic-Fukushima (2016)

S(y. . 2092 = - (T [Uly TRV (20)] T [U() TR0 (/)]

Ne
1 (N2 -1)(6— )
Ne \/N2(a—7)2 — 4(a— B)(B— )
28 + (N7 —2)(a +7)]
NZ 1

Color average in MV

X exp [—

N.
N2 1

< sinh |/ NEa 7~ Ko = BIF )]

. . 1 2
a, B, v : combinations of — < [1 — 21 Aqep K (xLAQCD)}

27 AQQCD
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Annihilation Diagram

Pt BRGNP SRk AR 20 SEG SEPG.T SeRe it RN U SR i S iy

Benic-Fukushima (2016)

10~ | | 0 =5Agn | S-dim numerical
10-8 I 1 0,=10Aqcp | INtegration
5 (Monte-Carlo)
K107
& 10710 | UV tail behaves
> numerically like:
R e

EIEEF‘EIEEEEE'E (k‘2_|_(1.3Q8)2)—2.4

0 10 20 30 40 50 60 70
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Caveat
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Caveat

B G  BP e  P G  RRP T  EP NG PG P g P Ryt P g G

Loops vanish for u, d, s quarks

Gu +qa +qs =0
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Bremsstrahlung Diagram
PO, WP PR BIP G NPT WP WP Pt WP, WPy P PG

Benic-Fukushima-Garcia-Montero-Venugopalan (2016)

'Y(lfv)
Q(q) Q(q)
Ar ~Y
Q) m@ Q) ad
V(ky)
’Y(kv)
Q(q) Q(q)
Ar
o) é éi; Q(p)
Ay " Aa A v(k4)

AA A AA
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Bremsstrahlung Diagram

P S RN S MR SO e SR SRR RN T N R e B

Benic-Fukushima-Garcia-Montero-Venugopalan (2016)

Q(p)

A4 vzk

Q(q)
7) Agp
Q(p)
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Bremsstrahlung Diagram

Pt BRGNP SRk AR 20 SEG SEPG.T SeRe it RN U SR i S iy

Benic-Fukushima-Garcia-Montero-Venugopalan (2016)

Q(p)
A
‘ A AA ’y?/k
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Bremsstrahlung Diagram

Pt BRGNP SRk AR 20 SEG SEPG.T SeRe it RN U SR i S iy

Benic-Fukushima-Garcia-Montero-Venugopalan (2016)

(k1) |
M (p7q7 — —qfeg / / pp 21 lkJ_'wJ_+1(PJ_—kJ_—k1J_).yJ_
ki,ki1 1Y, li_

(@{Ty (k1)U (20)"*° + Tyg(k oy, k1)U (x)t°UT (y 1) Jo(p)
Structure is simple but the full expression is...
Necessary conditions for correctness

¢/ Gauge invariance (Coulomb/Light-cone)
W, Ward identity: k., M"(p,q,k,) =0

satisfied separately for 7, and Tyq
¢/ Leading-twist (perturbative)
¢/ Soft-photon limit (Low-Burnett-Kroll theorem)
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Bremsstrahlung Diagram
PG SR DG, R Gyf? WOR g PG LG, WP WP, WL WP WP

Parametric form of the final expression

do” B ae&%q]%/ dq dp
0

ki)
- 226D (P — k) — k) PFIL)
d2k'7ld?7k7 1674C (7T) 0 ( 1 11 2J_)

gt pt 2
q p ki1k>1q,p, li_kQJ_

X {Tg,g(ku;ku)ﬁg(ku) +/ 2Re[7y qq(k1iiky, k11)] o4 (ko kay — k1K)
k.

+/ Tagaa(K L, k11K k1)) ¢4 (k) ko) — k1K) ko) — kl)}
ko k/

Leading twist — k;-factorized form

do” aea%q?
dSK d3nx  256m8N. (N2 — 1)

Yo, k11)pa(Ya, ko)
kT K5,

JRCOREE IR TR 2o Ok ks )
kiikay S
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Bremsstrahlung Diagram

PG B B SR DR G P SR P G R SR

Benic-Fukushima-Garcia-Montero-Venugopalan (2016)

*, Numerical integrations have been done (S. Benic)
« “Enhancement” with full Wilson lines as compared to LT

by a factor 2-4? Consistent with gg-bar calculations

* Checking all consistencies (with intuitions)

* Theory predictions will be made very soon...
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Bremsstrahlung Diagram

D SRR S SN S R TR R PN P SN G T

Benic-Fukushima-Garcia-Montero-Venugopalan (2016)

do?

(dz’mdnk) CGC/ (dz’md nky) LT

do?

@)
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(\]

Preliminary

f m=0RG¢V
f m=15Gev
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ratio of pair Xsec, exact/fact, QS2:2GeV2, m=1.5GeV
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Quarks in AA

b SR P, BRSPS SR, B, B

Analytlcally calculable up to 7=0"

Initial condition for the gluon sector

3 <1> NG
E<o> =0, E?m = ig|a; ]

Kovner-McLerran-Weigert (1995)

What do we know about quarks on CGC?

Initial condition for the quark sector
How us distributes (anomalous hydro)?
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Quarks in AA

PO, SRl PG, BORGf BED g, WP PG, WPl WP, MRl WP BEPG

Gelis-Kajantie-Lappi (2005)

1d? Amplitude from

Tdzd“x 0 . .

M, (p,q) = oL (1, x)7°7y"q(r,x)  anti-particles to
VT 22 particles

dN dy,d*pr dyquqT 2

2 = 5 M, (p,q

i 2@ 22 (v — vp) M7 (p, 9)]

Yot — —00,X) = el Tv(q)

///}///‘// dp(z) = e P Pu(p)

o em=60MeV |

z—am =300 MeV

s —om=600MeV |

A —Am=1.5GeV

‘ ‘ ‘ ‘ ‘ [ Ams= 300 ‘MeV‘*

0 0.05 0.1 0.15 02 0.25
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dN / dy
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Quarks in AA

HPGA WP B PG WP FPG WO N B WG WP WP

A substantial portion of particle production at 7=07?

If this is true, and if the glasma is true (color fluxtubes),
chirality fluctuations (local parity violation) at 7=0%?

Fukushima-Kharzeev-Warringa (2009)
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Quarks in AA

BEP G BRSPS, SR GgS, , BER S, PG FEP o SR, BEP g, , R Gg2,, BER g, WP

A substantial portion of particle production at 7=07?

If this is true, and if the glasma is true (color fluxtubes),
chirality fluctuations (local parity violation) at 7=0%?

The answer is negative
Chirality ~ /7 at most

Fukushima-Tanji
(coming soon)

Fukushima-Kharzeev-Warringa (2009)
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Quarks in AA

PG, Bt RPN WP Gy P SPG BRP G R SR, RS Gy P S
Gelis-Tanji (2015)
Anti-particle mode functions

et /4 d2pL eiPL T L

- VM J (27m)? My

v /2 MI%T v ; 1 f T
% le ['(—iv+ 5)Us(x)Us(p, + kL)Y

wI;Lz/sa(T — O+) —

2. M,
M2t
—nv /2 p
e (sz,

x (p'y" + m)vs(kL,yx = 0)

) D(iv + DUl (@)U (p, + k)7
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Quarks in AA

P TRl P IR DD SR P IRl P, BRSO, B
Gelis-Tanji (2015)
Anti-particle mode functions

et /4 d2pL eiPL T L

- VM J (27m)? My

v /2 MI%T v ‘ 77T +
X e oM, D(—iv + 5 Uy (2L )Uz(p) + k1)
M2\ %
+€w/2(2]\2k) I(iv+ U] (z1)Ui(p, + k1) ]

x (p"v" + m)vs(k 1, yr =0)

wlzLusa(T — 0+) —
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Quarks in AA

PG SR g?, BEPG, WPy R, BOPG PO, SR WD, WPyl WP, BOPG
6@'77/4 d2pL eiPL T L

- VM J (27m)? Mp

v /2 MI%T v ‘ 77T +
X |€ oM, D(—iv + 5 Uy (xL)Uz(p) + k1)
M2\ %
+6W/2(2J\Zk) (v + 3|U] () Ui (p. + kL) ]

x (p"v" + m)vs(k 1, yr =0)

T evolution

wI;Lz/sa(T — 0+) —

v
II 111

— FEikonal approx — Color rotation

\ canceled from LC to FS
e \x+=8 Pure-gauge — Gauge rotation (full)
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Quarks in AA

PGy BOPg?  BEP R WPyt MR G BEPG PG SRyt PG WPyt MR gt SEPG
_mv [ M2T —w ) ~
Expectation values Op) = (w) L(iv + 35U (@) Ui(p) + k1)

mv (M2 w ) ~
5 =¥ (380) T(—iv+ 5Ul@)la(p, + k1)

1 /d,// L/ 1 / 1 e_i(pJ__QJ_)'wJ_
2
2(27T) k. M, pL Mp a. Mq

xtr (g m) (M = K7 = m) oy +m) (857 7"+ ap)1y7) M (077" + 05" )|

Easily shown:

Chirality / Longitudinal Current — Zero for any Ui, Uz
Transverse Currents — Non-zero for non-trivial Ui, U;

Momentum Kicks only on the transverse plane
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Quarks in AA

BIPGT BIP g P APt NPT BORG RPN Py P RPNy PN PG

Quarks at 7= 0" do not feel
any glasma fields at all...

Eikonal approximation is
insensitive to the longitudinal fields

Eikonal approximation is “exact” in the thin pancake limit
and in the 7= 0" limit...

Transverse momentum dependent terms (higher twists)
contribute to the chirality that grows as ~ \/?
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Summary

B G  BP e  P G  RRP T  EP NG PG P g P Ryt P g G

B Photons in pA at high energies
0 LO / NLO-Annihilation / NLO-Bremsstrahlung

0 Numerical calculations partially done:

CGC affects LO 1n IR
CGC enhances NLO-Bremsstrahlung (dominant)

0 Full predictions are coming very soon
B Quarks in 44 at small proper time
0 Particle production not well-defined (unreliable)

0 Chirality production from higher twist effects
at finite time (vanishing at zero proper time)

0 Fluctuations (current/chirality) still calculable (B dep?)
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