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@ ENERGY =2 Jeffer:son Lab

O'Explorlng the Nature of Matter
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A QCD Lanbscape AT HiGH ENERGY
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Qu(:l’:i:snd @ Highly occupied small-x gluons are at the core
i .. in the Color-Glass-Condensate (CGC).
- Strongly Correlated ‘. . -
Quark-Gluon Dygamics o Nonlinear gluon recombination leads to “Gluon
: -3 Saturation”.
g8
=3 . . B
.38 @ Semihard saturation scale in nucleus:
1\ 0
S, 7, . 2 X ~Al/3 - >>A2
%'9:‘::,%4, g% Q s A( ) X QCD
70, 23 ) )
RS S @ How to probe into the CGC in HICs? What are
< | Had 00 Pomerons
g Regge trajectoris ¥ we able to expect from the CGC in HICs? =
Parton Density Heavy quarks in p+p and p+A collisions.
1708.01527
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Wny HEavY QUARKS?

B “.‘~ Uky

@ Heavy quark pair (QQ) is mainly produced in a hard kS
gluon scattering at high energy. QQ probes into
gluons inside hadron or nucleus.

2
kT ¢(Xv kT)
max. density” /. -

e m > Aqcp allows weak coupling calculations. If
m < Qg, heavy quark pair can probe a dense gluon 2 bnow oo~
regime inside hadron/nucleus even at low-p, of 3
order O(Aqcp)- o1 Moo Os as =<1

kr

THE ROLE OF P+P COLLISION

@ Elementary process for understanding HF and Onium production mechanisms at low p .
The CGC framework is complementary to pQCD approach which works well at high Q2.

@ p+p is an important reference against p+A and A+A collisions.

THE ROLE OF P+A COLLISION

@ Large QO should modify p, distribution of Q0 production compared to p+p collisions. =
This is a Cold Nuclear Matter (CNM) effect which must be distinguished from hot medium
effect in A+A collisions.
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00 propucTION IN THE CGC FRAMEWORK

[Blaizot, Gelis and Venugopalan, NPA743, 57 (2004)]
} Large 21

o Large-x:
JY = g6 6(xT)pp(xL) + 86" T6(x M) palxl).

@ Small-x: Classical fields satisfy CYM equation,
(D, FFY]=J".

o QQ is produced coherently as a whole in the
background fields.

@ In Large-N, limit,

dO'QQ- a'chani f ep,y, (k11)

d’po.d2qp, dypdyy  2(2m)10d4 K2

Ny (ki )Ny (ko — ki) E

20,k
®p,y,: Unintegrated gluon distribution function. Ny : Dipole amplitude. Z: Hard part.

v/ Wilson lines represents Multiple scattering of 2
fast partons in background fields (Higher twist).

v Energy/Rapidity dependence: Running coupling
BK equation. [Balitsky, PRD75, 014001 (2007)]
@ Caveat: The CGC framework is essentially applicable to a dilute-dense system at forward
rapidity. Backward rapidity is unfavorable.
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OpreN HeEavy FLAvOR

(+*Suppose charm production)
Single Open Heavy Flavor production:

dop  _ fl HD<z> f f doee
dzledy Zmin pcidszidyd)’c

° Heavy quark fragmentation function D._, p (z) modifies p, spectrum of charm:
<pJ_ )y < <p_1_>

o Large theoretical uncertainties may be indispensable at p, < m.
cf. [Cacciari, Frixione, Houdeau, Mangano, Nason and Ridolfi, JHEP1210, 137 (2012)]

Heavy Flavor Decay Lepton production:

doy f dop
=t - 1la dyp F(p1, 2
L1, dy pp1rp1dyp F(P1,PD) 2y

_/ e
@ Decay distribution function involved.

e ¥ is calculable analytically or obtained by fitting CLEO data.

@ Decay from heavy flavor meson at high p, into low p, lepton is actually unfavorable in the
CGC framework.
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QUARKONIUM

@ Improved CEM (ICEM): [Ma, Vogt, PRD94,114029(2016)]

do, 2mp M\% do.-
3 L Fceawf dM(—) % y
d*p.dy my, my | dMd=p’

M
pL= my, PL
Soft gluons emission takes some momentum away from c¢ in final state: (p'f) > (pié .
© NRQCD: [Kang, Ma, Venugopalan,JHEP1401,056(2014)]
K
<< x(of) (k= 25+l

K

do? Z do-
dydpi = dydpi

LDMEs
dog s cs B astRy f ®p,yp, (k11)
d’pidy  (27)%da f

kay ki K, <
da—gc‘,CO _ Q’S"Ri f ‘Pp,y,,(ku)

pidy  (2n)da 2
ki, ky L

Ny (kL )Ny (KD Ny (kar — ki — k') Gf

Ny (k1 )Ny (ko — k1) Tg

@ CS channel probes the quadrupole amplitude Qy — Cubic in Ny in a quasi-classical
approximation in the large-N, limit. cf. [Dominguez, Kharzeev, Levin, Mueller and Tuchin,
PLB710, 182(2012)]
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INITIAL CONDITION AT LARGE-X

© Proton
!Wl
e Saturation scale is embedded in the initial condition: obun. . T .
(-xiQZY 0) 1 05 GeV Fosger
Sy (rp) =exp |- - In +e o o, T,
4 |rL|A . Q=100 GeV’ = |zaee\f
° Q},(=0f~0.168 GeV? withy ~ 1.1 at x = 0.01 by DIS global - e sy i
data fitting for total cross section at HERA. o, e i Tt
[Albacete, Armesto, Milhano, Quiroga-Arias and Salgado, EPJC71, = CRE
1705 (2011)] "
© Nucleus
1.1
NMC Data (x=0.0125) ——
1.05 top to bottom: ¢=0.25, 0.5, 0.75, 1
MV I.C., y=1.13
1
‘:“\z 0.95
2 £ 2 - 0.9
° QiaobL) x ATA(bL)SLQY,, o- t
0.85 \
0 02, 1~ (0.25-0.5AY30,, 0 ~ 203 at x ~ 0.01 for heavy 08
nuclel by fitting the New Muon Collaboration data on F 4. ° R 10

[Dusling, Gelis, Lappi and Venugopalan, NPA836, 159 (2010)]
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SELECTED RESuLTS oF OPEN HEAVY FLAVORS

do,/dp,dy Tmb/(GeV/cy]

D mesons [Ma, Trlbedy, Venugopalan, KW, 1803.11093]

10% —T
(a) pp. V5 = TTeV, |y < 0.5

@ ALICE D
OALICE D* (x0.7) e
AALICE D** (x0.2) ¥
100 ! 1 1 I
0 1 2 3 4 5

pL [GeV]

10°
(b) pA. /5 = 5.02 TeV, —0.965 < y < 0.035

104

Charm decay leptons [Fuji, KW, NPA951 (2016) 45]
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NucLEAR MoDIFICATION FAcTOR

D meson [Fujii, KW, 1706.06728]
2

T T T T T T T
/5 = 5.02 TeV, —0.965 < y < 0.035 VE=5.02TeV, 25 < y < 4.0

,_.
o
T
I
—
15
T
P R

< <
: :
9 T =
Q0,4 =2Q%
05 QR = 3%,
QZo.4 =1Q%,,
c=D . ALicE
0 1 2 3 4 5 6
p1 [GeV]
Charm decay electron
2 L — T T T

T — T
V5 =15.02 TeV, —1.065 < y < 0.135

o Nice agreement between the CGC
calculation and D mesons’ data.
: 2 _ 502
@ The choice of QsA,O = 2Qsp,0 (blue
curves) works.

@ Charm decay lepton is less suppressed:
[ D
Rp 4> R A"

Kazuniro WATANABE (JLAB) HF AND ONIUM PRODUCTION IN THE



J /Y PRODUCTION IN P+P COLLISIONS

[Ma, Venugopalan, PRL113,192301(2014)] [Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)]

NRQCD ICEM
' T deenmroen 101 : . .
CGCHNRQCD ) ] P 0 (o
05| VS =02TeV for RHIC NLO NRQCD (a) J/, pp ® V5=13TeV, 2.5 <y < 4.0 (x200)
105§ =7 TeV for LHC woﬂc'l’t;zq«s 103 W5 =8TeV, 2.5 <y < 4.0 (x50)
10t L, For I/ - s 5 <y <4.0(x10)
Ll L ® ALICE,ly|<0.9 .5 <y < 4.0 (x2)
oo T ) ATLAS}yI<075 =
S 10 e R ¥ 02+LHCb2<y<4s > 5 <y < 4.0 (x0.7)
3 g e R B 0.1xPHENIX Jy|<035 o] P~ -
g = . 0.1xSTAR y|<] = TeV, |y| < 0.9 (x0.05)
g 1005 Wy ‘lfx%hi 1., @ 00IxPHENIX,12<]y|<22 § Q o A /5=02TeV, |yl < 0.35 (x0.05)
g e = 10 = |0vE=02TeV, 1.2 <y < 2.4 (x0.02)
S 0g ", 4 3
$
$
S
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’_dP’L_‘dZ/
S o
Lol

p1(GeV)

@ Both the NRQCD and ICEM reproduce nicely J/y data.

o The LDMEs are extracted from high p, data fitting at Tevatron. [Chao, Ma, Shao, Wang and Zhang,
PRL108,242004(2012)]

7! s([)811> =0.089 = 0.0098GeV, (07 /¥ [35{% =0.0030 + 0.0012GeV?,
(O 3Py = 0.0056 + 0.0021GeV? (' 5)*! has a large weight.)

@ The contribution of CS channel is relatively small. (10% in p+p, 15% — 20% in p+A at
small-p, )

@ CO states are going to be J/y in the ICEM.

Kazuniro WATANABE (JLAB) HF anp ONtum probucTION IN THE CGC



/(2S) PRODUCTION IN P+P COLLISIONS

[Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)]

[1b/GeV]

d’c

ICEM

2 T
0 ), o

Py

1 evi=13Tev, 25 <y < 4.0 (x25)

m /F=8TeV, 25 <y <40 (x5)
A F=T7TeV,25<y <40 (x1)
0 VE=02TeV, |y| < 0.35 (x0.5)

Py [GeV]

0.3

o

?oy25)/dP L dy
d20 5/y/dP dy
54
2

ICEM

in pp

: :
VE=13TeV, 25 <y < 4.0

]|

1 2 3
P, [GeV]

4

@ Description of ¢/ (2S5) in the CGC+NRQCD is unclear: Large systematic uncertainties w.r.t

quark mass and LDMEs.

@ The ICEM explains the p, dependence of data on the ratio of the /(25) to J/y yields. In
CEM, the ratio of the ¥/ (2S5) to J/y yields is always constant.
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EvVIDENCE OF FINAL STATE EFFECT IN P+A COLLISIONS

2F T T T T

pPb

T ]
o 18F Lucy —@— LHCb, inclusive y(25) bl :E;:: 2 Tel il i @Sk
1.62— PPb \syy =5TeV b | Kb, inclusive /4 — F oo oty <208
L4f Pp<14GeVie 4\ ICE, inclusive $(25) E 1
12( 3 . +
] L Il W i 1
08F ! t v%._ ‘# 4
E T T
06F — # '?!* o T
04F I
02F 02f
C: 1 1 1 1 1 0 1 1 1 1 1 1 1
4 2 0 2 4 0 1 2 3 4 5 6 7 8
y P, (GeV/c)
[LHCb, JHEP 1603, 133 (2016)] [ALICE, JHEP 1412, 073 (2014)]
@ c¢ produced at short distance ¢t = 1/2m ~ 0.07 fm does not know yet long distance
information.

@ The saturation effect is short distance physics at ¢ and M;;;, ~ My 2s) = The CGC

: J Iy v (2S)
predicts RpA ~ RpA .

@ The large suppression of (2S) production in p+A at both RHIC and the LHC has widely
been interpreted as arising from final state interactions with comovers.
cf. [Ferreiro, PLB749, 98 (2015)]
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FacTor1zATION BREAKING EFFECT IN P+A COLLISIONS

[Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)]

@ Soft color exchange (SCE) between ¢¢ and comover
spectators can happen at later stage.

@ The role of SCEs should be enhanced in p+A T g e
collisions so that momentum kick given by additional 7 k.
nuclear parton comovers breaks bound state:

Zml/, < Mg¢ < 2mD —A. A
@ A: the average momentum kick given by additional
nuclear parton comovers. A = 0 in p+p collisions.
JIy ¥ (25)
3 2
R AT S G ees) A — o ]
V5 =502 ToV A e VE = 5.02 TV RENNE
2.035 <y < 3.535 ~ == A =30 MeV 2.035 <y < 3.535 ~ == A =30 MeV :
; ’;‘ L] ALICE
3 3
3 3
fe) =
= = 10
T ol
%y % |y
= =
Q%4 =2Q%,,
1010 i é :3 4‘1 5 1000 ’ i 2 3 4 5
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NUCLEAR SUPPRESSION: J/ vs Y/(2S)

[Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)]
RHIC LHC

14 ‘ ‘ e
(a) Vs =02 TeV @ PHENIX dAu : J/¥ (a) ‘\/5 =5.02 Tf’"
12} lyl < 0.5 O STAR pAu: J/3 1} 2035 <y <3535
1 J/ S
<
<
& 08 o<
0.6
$(25)
041 N 0.2 Ligh 2)Q2 . A = (10 — 20) MeV |
Light : Q% 4 = (1.5 — 2)Q% ,, A = (5 — 10) MeV Light ~ Q0 A= (10 20) MeV |
Dark : Q% 4 = (15— 2)Q% 1 A = 7.5 MeV o L2 @0y A = 15 MeV
025 1 3 3 1 5 0 3 4 5
Py [GeV] Py [GeV]
T T T T T 3 1.2 : : T
o V5 =02 TeV —— A=0Mev |4 /5 =5.02 TeV, 2.035 < y < 3.535
A =10MeV ||
-- A=20Mev ] 1 =
= PHENIX dAu ||
151 o PHENIX pAu |
_ o STAR pAu |
ke Kl N
S<RE ]
El1LERS: % .
- 1
0.5 —i """""""""""""""" g
] 02} 20 MeV | |
R 2 o0 - == A =30 MeV
o4 = (15-2)Q%, 1 Qo4 =015-2)Q%, o ALICE
(e . ! : . ] 0 . . ! T
0 0.5 1 1.5 2 2.5 ) 1 2 3 4 5
Y P, [GeV]
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REMARKS ON Y’ PRODUCTION

[KW, Xiao, PRD92,111502(2015)]

10%

T(15) — CGC:ip=5GeV —— Ssawur
~ - - - CGC: = 30 GeV Saturation+Sudakov
Vs=TTeV,y=4.25 CGC w/ Sudakov 0.8}
= . LHCb pp 32
3 RN
—~ TR .
2 E
= N
g -
5 o4l Tegt result 5
< < _
£ & 02 (QSA,() - SQ,\‘p,())
: Vs =5.02TeV, y=3.75
-1 | I | | | 0 . | | |
10 1 2 3 4 5 1 2 3 4
Py [GeV] Py [GeV]

@ my > p; > Aqcp allows more phase space for gluons shower. = Sudakov double logs:

do.cc'

C| _ A
dzp o o F.T. |:le (xl,ﬁ) Sy (x1) Sy (y1) e SS“d(M’vi)HLO
1

where vy =zx, + (1= 2)yL ~ (xL +y1)/2.

@ Parton shower effect is dominant for low-p, " production in p+p collisions, however, can be
comparable to Saturation effect in p+A collisions.
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Higa MuLTIPLICITY EVENTS AND GLUON SATURATION

@ Discovery of ridge like structure: The starting point.
@ p+p vs p+A vs A+A: Initial state (fluctuation) or Final state (hydro) origins?

1 d*N
CMS 2010, Vs=7TeV Wi i -
MinBias, 1.0GeV/c<p,<3.0GeV/c N>110, 1.0GeV/c<p<3.0GeV/c

S :‘
AR

i G

AR

R(An,A¢)

o Gluon saturation/CGC is a natural way to explain this g TElE
phenomenon. g @2, = 1003 |
@ Classical gluon fields have A ~ 1/g: g |
2 =
chh - (AA) N f(kL/Qs) = dNCh - SLQS % 5L ]
dzbldzkj_dy ag dy Qg 2
00 i 2 "5 4‘1 5

Large fluctuation in Q¢ (x) <> Rare partons configuration.
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CHARGED HADRON MULTIPLICITY

10 T T T
r (a) pp, Vs =TTeV, |n| < 1.0
[Ma, Tribedy, Venugopalan, KW, 1803.11093] 8}
g5 of
do [ K, 4’k \f\f r
Togudy Goincr prl‘p”‘y"(kl) payg-k) 5K
2 —o—w/ KKP FF
dN, do [ —+—w/o KKP FF |
h:o‘.ne|fd2 fdz Z(Z)J)’—Wzﬂp dy ol ]
. : &4 0 2 1 6 3 10
e Q30/ @
1 . . —— .
e b, dependence < Q? o dependence with S fixed. (&) e 3= TV, bl <09
. 2 2
@ MB: dN.p,/{dN.p)=1at QS,O = Qg inp+p and s ]
202 in p+A. 3
@ Large Q2 0 gives High Multiplicity events: = 06
AN HdNp) > 1. KK
@ W/o the FF, larger Qs o i required to obtain large
event activity. Use of the FF mitigates this. L T T ST —y
dNp,
dn
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N, DEPENDENCE OF D PRODUCTION USING THE BCFY FF

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

p+p p+A
20— - 1 —
| (a) pp, V5 =TTV, [y <0.5 | (b) pA, /5 = 5.02 TeV, —0.965 < y < 0.035 |
I Average D°, D*, D** [ Average D°, DY, D* N 1
15} # I / ]
| ®ALICE1<p, <2GeV 7 10| ®ALICE 2 <p) <4 GeV i
—~ [ OALICE 2 < p. < 4 GeV ] —~ /
= > I 4 1 = > N
T = L 4 B T
I~ ~(~ I
S8 10 h Q]9 L
3R ] 55 |
[ ] 51 :
50 i L
e 0 L A} L L L L L I L
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
dNep,/dn dNep,/dn
(dNep /dn) [n]<1.0 (dNen/dn) |1 <1.0
2 2 2. f 2 _ 2
° O5p, ~ Osp, > O is required. — ° QSP,O =(1-3)0;

¢p X ¢ A has a large probability at

. . D 2
02 ~0? o Different colors: Different Oy 4
SpPi sp2’
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N, DEPENDENCE OF J/yy PRODUCTION IN THE CGC + ICEM

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

p+p p+A
0T T T T T T 71 12 — T T—— T T T
F (@) pp, Iyl < 0.9 [ (b) pA, v/s = 5.02 TeV, —1.365 <y < 0.435 |
i 0} 1
15[ o ALCETTY © ALICE

@ ALICE 13 TeV (Prelim.)
b —a—CGC 0.5 TeV, |y| < 0.5
| —8— CGC 7 TeV
[ —%— CGC 13 TeV

dN//,(/dy
(AN dy)
(=2}
T

5F I
[ 2f ]
@ 0 I L] 1 L L L L L 1 L L L
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
dNgp, /dn dNyp, /dn
(dNop /dn) [n]<1.0 (dNe /dn) [n]<1.0
@ +/s-dependence of the ratios are ° Q2 =(1- 3)Q2
K sp,0 — 0
weak.

o Different colors: Different QfA 0

The similar trends are seen for D and J/y production. — Hadronization dynamics is
irrelevant, rather saturation effect at short distance plays a key role in describing data. J
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NEw ConsTRAINTS ON NRQCD LDMEs

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

T ——
[ pp, Vs=TTeV, |y <0.9
8 —ICEM 1
R P B
s|3 6f k= 350 -~
T|T b P
\2 \z [ - k= 15([;;] L
E %/ 4; - k= 3PLS] -
2 2 1
F © ALICE J/4
L 1 1 I
0O 1 2 3 4 5
dNep /dn
(dNcp/dn) Inl<1.0

@ The 381[8] state dominates J/y production with increasing event activity.
o Remarkably consistent with the universality requirement from BELLE e*e™ data:

OIS + 4.0007 W B Py /m? < 2.0 £ 0.6 x 1072 GeV?
[Zhang, Ma, Wang, Chao, PRD81,034015(2010)]

o Caveat: The IS([)S] is likely to be dominant by comparison with p, spectrum of J/y
production in p+p and p+A collisions in the CGC+NRQCD.
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SUMMARY

@ “Event engineered” Heavy Flavor mesons and Quarkonia production in p+p and p+A
collisions have been studied extensively in the CGC framework.

@ Nice agreement is found between the CGC computations and the LHC data on D and J/y¢
production in minimum bias and rare high multiplicity events in p+p and p+A collisions.

@ The factorization breaking effect at last stage causes strong ¢ (2S) nuclear suppression.
@ Quantitative evaluation of Rj, o of " in the CGC + Parton Shower effect is needed.
° IS([)S] Vs 3558]: New constrains on the NRQCD LDMEs for J/y production are found.

@ N, dependence of ¥(2S5), T, and Heavy flavor decay lepton are in progress.
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J/¥ vs N¢j, AT FORWARD RAPIDITY

0—_
F(a) pp, Vs=TTeV,25<y<40

[ eALICE e i

3

- o

00 1 2 3 4 5 6 7
AN /dn
(dNen/dn) Inl<1.0

[ (b) pA, /5 =5.02 TeV, 2.035 < y < 3.535

e ALICE

! ! I I !
00 1 2 3 4 5 6
AN /dn
(dNen /dn) Inl<1.0
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p+p collisions
Different colors: Different QSPI,O and

Q§p2,0 z Q§p1,0'

In contrast to mid rapidity, the symmetrical
treatment; sz’o = Q%m’o overshoots the
data slightly in p + p collisions (Dashed
line). Data point at dN_.j, / (dN_.j) ~ 4
seems to favor the asymmetrical treatment;

0 . <0?

sp1,0 sp2,0°

p+A collisions
Different colors: Different Q?A 0

Lower points: Q?p,() = Q%, Upper points:
2 _nh02
Qsp,O - 2QO'
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