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INTRODUCTION: EXPECTATIONS

Charm
do

dp..

pL S Qs Qs <p1L

pL

@ Charm is not so large indeed: Q5 ~ M
more or less.

@ p, < Qg: Color-Glass-Condensate

@ p, > Qy: Collinear factorization
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INTRODUCTION: EXPECTATIONS

Bottom

Charm
do

dp..

pL S Qs Qs <p1L

pL
@ Charm is not so large indeed: Q5 ~ M
more or less.
@ p, < Qg: Color-Glass-Condensate

@ p, > Qy: Collinear factorization

do

dpy

yan
@ Bottom is sufficient heavy: Qg < M more
or less.
@ p; S Qg Color-Glass-Condensate
@ p; S M > Qg: Collinear factorization

@ p, < M: Transverse momentum
dependent framework
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INTRODUCTION: EXPECTATIONS

Charm Bottom
do do
dpy . dpy
pL 5 Qs Qs <pL
pL pL
@ Charm is not so large indeed: Q5 ~ M @ Bottom is sufficient heavy: Qs < M more
more or less. or less.
@ p; < Qg Color-Glass-Condensate @ p, < Qs: Color-Glass-Condensate
@ p, > Qg: Collinear factorization @ p; S M > Qg: Collinear factorization

@ p, < M: Transverse momentum
dependent framework

Understanding of heavy quark production mechanism at low p is not mature
compared to high p, region where pQCD is robust. J
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INTRODUCTION: MOTIVATION

We study HF and Onium production
@ in p+p collisions: Elementary process for understanding HF and Onium production
mechanisms. Important reference against p+A and A+A collisions.
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effect from hot matter effect. Probing gluon saturation inside nucleus.
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We consider Event Engineering HF and Quarkonium production in minimum bias and
high multiplicity events in p+p and p+A collisions in the CGC framework. J
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METHODOLOGY: HEAVY QUARK PAIR PRODUCTION IN THE CGC FRAMEWORK

o Large-xd.o.f: pp, pa — J.

@ Small-x d.o.f: Classical fields satisfy CYM equation,
[DH,F,uv] =J.

@ Heavy quark pair is produced coherently as a whole
in the background fields.

@ Multiple scattering of quark/gluon in background
fields is represented by Wilson lines. W{ . Wﬁ
o BK-JIMWLK equation takes Energy/Rapidity %
dependence of a pair production cross section.

[Blaizot, Gelis and Venugopalan, NPA743, 57 (2004)][Kovchegov and Tuchin, PRD74, 054014 (2006)][Fujii, Gelis and Venugopalan, NPA780,
146 (2006)]
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@ Small-x d.o.f: Classical fields satisfy CYM equation,
[DH,F,uv] =J.

@ Heavy quark pair is produced coherently as a whole
in the background fields.

@ Multiple scattering of quark/gluon in background
fields is represented by Wilson lines. W{ . Wﬁ
o BK-JIMWLK equation takes Energy/Rapidity %
dependence of a pair production cross section.

[Blaizot, Gelis and Venugopalan, NPA743, 57 (2004)][Kovchegov and Tuchin, PRD74, 054014 (2006)][Fujii, Gelis and Venugopalan, NPA780,
146 (2006)]

@ We use running coupling-BK equation. [saiisky, PRD75, 014001 (2007)] — Saturation scale is
embedded in the initial condition: MV model.

e MB, proton: Q%p 0= Q(Z) =0.168 GeV? at x = 0.01 from DIS global data fitting for total

cross section at HERA. [Abacete, Armesto, Milhano, Quiroga-Arias and Salgado, ERJC71, 1705 (2011)]

o MB, nucleus: 0%, , < 0.54'3Q, o ~ 202 by fitting the New Muon Collaboration data on
FZ,A- [Dusling, Gelis, Lappi and Venugopalan, NPA836, 159 (2010)]
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OpreN HEavy FLAvOR PrODUCTION

@ Heavy quark pair production xsection in Large-N:

doee asN2nR ¢py, (ki1)
2 s Af P¥p L) ok ONy (R — kL) E

d?peid?qeidycdys  2(2m)10d4 K2

kai ko 1L

¥p,y, Unintegrated gluon distribution function. Ny: Dipole amplitude. E: Hard part.
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OpreN HEavy FLAvOR PrODUCTION

@ Heavy quark pair production xsection in Large-N:

doee asN2nR ¢py, (ki1)
2 s Af P¥p L) ok ONy (R — kL) E

d?peid?qeidycdys  2(2m)10d4 K2

kai ko 1L

¥p,y, Unintegrated gluon distribution function. Ny: Dipole amplitude. E: Hard part.
@ Open Heavy Flavor production xsection:

dop (! Dc—p(2) ) doce
T dz—z dye 2 2
d*pp.dy z Z 'En dpcid-qeidydyc

min

@ Several functional forms for D._, p (z) have been proposed: Peterson, Kartvilishvili,
Braaten-Cheung-Fleming-Yuan, ...

@ Quantitatively, these forms give similar p, spectrum of D meson if we choose appropriate
nonperturbative input parameters.

@ Large theoretical uncertainties may be indispensable at p; < m. cf. [Cacciari, Frixione, Houdeau,
Mangano, Nason and Ridolfi, JHEP1210, 137 (2012)]
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TERMINOLOGIES FOR QUARKONIUM PRODUCTION MODEL

Assume Factorization for Onia production at low p, but can be violated in p+A collisions.
@ CEM or Improved CEM (ICEM): see [Ma, Vogt, PRD94,114029(2016)]

2y _ Fcé—npf aMm (_) &dy
d’p, dy my my | dMd?p’,

P = P
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TERMINOLOGIES FOR QUARKONIUM PRODUCTION MODEL

Assume Factorization for Onia production at low p, but can be violated in p+A collisions.
@ CEM or Improved CEM (ICEM): see [Ma, Vogt, PRD94,114029(2016)]

2y _ Fcé—npf aMm (_) &dy
d’p, dy my my | dMd?p’,

P = P

e NRQCD: see [Kang, Ma, Venugopalan,JHEP1401,056(2014)]

da¥ oy,
s _Z ccz X(O,lﬁ’> (k = ZSHL_[]C])
dydpy < dydp:

LDMEs

do—sg’cs a’sﬂR% f Pp.yp (li.)

Ppidy  (21)dy 2
Kok k), +

do—gc-,co a’sﬂRi f Yp.yp (k1)

d’pidy  (2m)7da 7

Ny (k )Ny (k' )Ny (kyy — ki — k) Gf

Ny (ki )Ny (kpy — k1) Tg

21,K1

@ CS channel probes the quadrupole amplitude Qy — Cubic in Ny in a quasi-classical
approximation in the Iarge-NC limit. cf. [Dominguez, Kharzeev, Levin, Mueller and Tuchin, PLB710, 182(2012)]
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NUMERICAL CHECK FOR D MESONS PRODUCTION

p+p p+A

T 10°

108 ; ; ,
(a) pp, V3 = 7TV, [y < 0.5 (b) pA, /5 = 5.02 TeV, —0.965 < y < 0.035

BCFY FF. The same

Z o $ ; =
R T~ < _ K-factor in p+p and p+A.
=Y ' >—§—‘—J\ =S t )
L8 il T ey IR [Ma, Tribedy, Venugopalan, KW,
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J/y probucTION IN THE CGC + NRQCD

[Ma, Venugopalan, PRL113,192301(2014)][Ma, Venugopalan, Zhang, PRD92,071901(2015)]
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@ The LDMEs are extracted from high p, data fitting at Tevatron. [chao, Ma, Shao, Wang and Zhang,
PRL108,242004(2012)]

(©717' %11 = 0.089 + 0.0098GeV?, (07 [P s1®1]) = 0.0030 + 0.0012GeV?,

(071 PPy = 0.0056 + 0.0021GeV>
o lst¥l

has a large weight.

@ The contribution of CS channel is relatively small. (10% in p+p, 15% — 20% in p+A at
small-p, )
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¥ (2S) PRODUCTION: A PUZZLE

! ] <4 1.4 ALICE, p-Pb [5,0.= 5.02 TeV, inclusive J/y, 1(28)—~11"
1 = 14f 5 oV, Inclusive Jfy, 1 (28)1's
< 1sE LHCb —#— LHCb,inclusive y@5) & o 203¢ y‘__:;-sl
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@ cC 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 7. and M;;;, ~ My 2s) = The CGC

frameowork predicts R]/‘/’ R‘/’ (25)_

@ The large suppression of gl/(ZS) production in p+A at both RHIC and the LHC has widely
been interpreted as arising from final state interactions with hadron comovers. ci. [Ferreiro,
PLB749, 98 (2015)]

@ We shall argue this from an aspect of factorization breaking effect in the Onium formation.
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J/y probucTioN IN THE CGC + ICEM

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

10

p+p
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B /5=8TeV, 2.5 <y < 4.0 (x50)
A 5 TeV, 2.5 < y < 4.0 (x10)
02 TeV, 2.5 < y < 4.0 (x2)
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P, [GeV]
Must be careful about low p; quarkonium production in p+A collisions. see [Brodsky, Mueller (1988)]




J/y probucTioN IN THE CGC + ICEM

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

p+p p+A
4 103 ——— T T T - - -
10 ! VE=13TeV, 25 < y < 4.0 (x200) f (a) J/v, pA A= o0Mev
108 B /F=8TeV, 2.5 <y < 4.0 (x50) r _ ©o A =10 MeV.
A F=TTeV, 25 <y < 4.0 (x10) L ‘ﬁ_’ 5.02 Tev - - - A=20MeV
4 /5=502TeV, 2.5 <y < 4.0 (x2) . | 2.035 <y <3.535 777«:303\“‘»»'
05 = 2.76 TeV, 2.5 < y < 4.0 (x0.7) >1, L e AlcE
O 5=7TeV, |yl < 0.9 (x0.05) Q
A /5=02TeV, |y| < 0.35 (x0.05) =2
05 =02TeV, 1.2 < y < 2.4 (x0.02) =
>
o=
S
=S
Q20,4 = 2Q,
10! S T R S B
0 0 1 2 3 4 5

P, [GeV]
Must be careful about low p; quarkonium production in p+A collisions. see [Brodsky, Mueller (1988)]

@ Soft color exchange (SCE) between c¢¢ and comover
spectators can happen at later stage.
T, >
@ The role of SCEs should be enhanced in p+A e >
collisions: 2my, < Mce < 2mp — A. :

@ A: the average momentum kick given by additional A
nuclear parton comovers.

@ Factorization breaking effect is small for J/ir.
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¥ (2S) propucTioN IN THE CGC + ICEM

p+p p+A
2 T T - 2
10 (b) @‘,(2‘5), pp 1 |®vE=13TeV, 25 <y < 4.0 (x25) 10 f (b) u-(zfs'), pA |  A-oMev
] =8 TeV, 2.5 4.0 (x5) r A= A
0tk B =7TeV, 2.5ijz4.0(x1) [ V5=0502TeV ::;E ::c:"
_ 1|0 vE=027ev, |yl < 0.35 (x0.5) . [ 2.035<y<3.535 oA =30 Mev
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© e _ - - ] 3
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= B = 10!
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P, [GeV] Py [GeV]
1.2 T T T T
[ s=502TeV
[Ma, Venugopalan, Zhang, KW, PRC97,014909(2018)] 1| 2035 <y <3535
@ SCEs between c¢ and partonic comovers can affect 0.8
greatly y(2S) production. -
s 0.6
o Factorization breaking at A = O(AE 25)) (Very o
Soft!). — Model dependent. . [Ferreiro, PLB749, 98 (2015)] : ! s
@ The comover effect could bring complications for 02 i Q% = (15— 2002 . A = (10 20) eV |
. . . N Dark : Q% 4 = (1.5 — 2)Q%, ,, A = 15 MeV
Y (2S) production in high multiplicity events. i : s : . :

P, [GeV]
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REMARKS ON Y’ PRODUCTION

10% - T T T T T T T T
T(15) —— CGC: p =5 GeV

- - CGC: =30 GeV
CGC w/ Sudakov
. LHCb pp

:\/§:7ch,y:4,25

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

10[) L

do/dP|dy [nb/GeV]

—1 1 1 1 1 1 1 1 1 L 1 L
Wy 2 3 4 5 &

P, [GeV]

@ Two different scales in the problem: my > p; > Aqcp allows more phase space for
gluons shower. = Sudakov double logs:

do.cc"
dsz_dy
where vy =zx, + (1 —2)y. ~ (xL +y1)/2.

@ Parton shower effect is dominant for low-p I’ production in p+p collisions, however, can be
comparable to Saturation effect in p+A collisions.

@ T (and B) production in high multiplicity events is not obvious.

o« F.T. [xlc (xl, f—i) Dy (x1) Dy (yi) e SsuM-vi) iy
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CROSS-CHECK FOR ‘I’ PRODUCTION IN COLLINS-SOPER-STERMAN FORMALISM

1055“”“““““5
See [Qiu, KW, arXiv:1710.06928] F ® LHCb: /5 =7TeV, 2.0 <y < 25 (x10) |1
. i 0 LHCb : /s =7TeV, 3.0 <y <35 (x2) |
do.pp—>bl;+X dzbl . E 10 ? A LHCb: s =7TeV,4.0<y<45 *;
2 = 2 b W(M,b,,x1,x2) 2 F 1
d“P,dy 2m) —_— & 3 E
resum =y = E|
S ”j ¥ i
+ (doperp — doasy) R
[ S——
Y-term f‘
Li 1
where o 2 100
— ~lj=qq -Sii(M,b
W =3 oy Wiy (M byeSiutMbs) Y SR
0 5 10 15
Py [GeV]

dé de&' ’
Wij(M,by) = Bap [ % Camsi (%) Comsj (3) basa& 1065 1)
collinear—pdfs

M?  du? 2
Sij(M,b) = fco/bz % [Aij ln(%) +Bij]

A, B, C are calculated perturbatively.
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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?

CMS 2010, Vs=7TeV
MinBias, l.OGeV/((p'<3.oﬁeVI( N>110, |.OGeW(<p'<3.0GeW(

AR
TR
Ui
.,‘-;‘;\‘\‘\“‘\133,“\;‘\“~

st
SN

R(AMAG)
.

R(An,A¢)

LLISIONS
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HicH 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 &N
Nivig dBG

CMS 2010, Vs=7TeV

N>110, 1.0GeV/c<p<3.0GeV/c

MinBias, 1.0GeV/c<p <3.0GeV/c

3 g AR
i iy

2 3

= 4

@ Gluon saturation/CGC is a natural way to explain this
phenomenon. cf. [Dumitru, Dusling, Gelis, Jalilian-Marian, Lappi and
Venugopalan, PLB697, 21 (2011)][Dusling and Venugopalan, PRL108, 262001 (2012),

PRD87, 051502, 054014, 094034 (2013)]
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HicH 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 &N
CMS 2010, Vs=7TeV N dAG
MinBias, l.OGeV/((p'<3.06eVI( N>110, |.oGeVI(<p'<3.0GeWt

R(AnAG)
R(AMAG)

@ Gluon saturation/CGC is a natural way to explain this ‘ ‘ ‘
phenomenon. cf. [Dumitru, Dusling, Gelis, Jalilian-Marian, Lappi and E — Q%0 =5Q}
Venugopalan, PLB697, 21 (2011)][Dusling and Venugopalan, PRL108, 262001 (2012), & T e
PRD87, 051502, 054014, 094034 (2013)] % ]

o Classical gluon fields have A ~ 1/g: <

2 5 |
chh ~ (AA) ~ f(kJ./Qs) = chh - S_J.Qs <
d?b,d?k, dy ag dy as 00 1 2 3 1 5

Large fluctuation in Qg (x) < Rare partons configuration.
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CHARGED HADRON MULTIPLICITY

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

[ (a) pp, V= TTeV, [n| <10
sl
d()'g — A Kb d? k, 6;
Ppg.dy  Q@nymCr pz @p.yp (kL) oAy (PgL — k1) :
al
dNen _ Dy (z) do 2 —o—w/ KKP FF
d; 0'|ne| f f dz 72 JY_”] d’p J_dy [ —+—w/o KKP FF
“min 00§ié§10
Q2,0/@3
2 . .
© b, dependence > Q¢ dependence with S fixed. AP AT em Ty,
@ MB: dN.p, /{dN¢p) =1 at Qﬁ 0= Q% in p+p and
2 ’ ]
20¢ in p+A. 0.8

o Large Q2 gives High Multiplicity events:
chh/<chh) > 1.

@ W/o the FF, larger Q2 is required to obtain large
event activity. Use of the FF mitigates this.

#1) [GeV]

=
=Y

e ALICE
——w/ KKP FF
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N, DEPENDENCE OF D PRODUCTION USING THE BCFY FF

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

p+p
20 T, T T T T T T T T T,
t(a) pp, /s =TTeV, |yl <05 ] 8
[ Average D°, DY, D** ,’/ 1
15} .

I ®ALICE 1 <p, <2 GeV
[ OALICE 2 < p, <4 GeV

,

dNp/dy
(dNp /dy)
=
T

dNep, /dn
(dNen/dn) || <1.0
o 0%, ~ 0%, > Q?isrequired. —
Quantum entanglement of the wave
functions of gluons in both the
projectile and the target.
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N, DEPENDENCE OF D PRODUCTION USING THE BCFY FF

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

p+p p+A
20 L A S R e T 15 LU R S S N S S R S
[ (a) pp, V5 =TTeV, |y <05 ] 1 | (b) pA, /5 = 5.02 TeV, —0.965 < y < 0.035 |
I Average D°, D*, D** ,’/ 1 [ Average D°, DY, D* N
15} / 1 I |
i ® ALICE 1 <py <2 GeV g 10| ®ALICE 2 <p, <4 GeV / i
P OALICE 2 < p; <4GeV - o~ %
= > I 4 B = > 1
T - T
B8 10f 1 &la
3 ] 5%
[ 1 51 i
5L |
oLa& ! ! | ! R 0 2] L ! I I
1 2 3 4 5 6 7 0 1 2 3 4 5 6
dNy,/dn dN,p/dn
(dNen /dn) [n]<1.0 (dNe /) |n]<1.0
2 .02 2 ; 2 _ 2
° O5p, ~ Osp, > O is required. — ° Qsp,o =(1-3)Q;

Quantum entanglement of the wave
functions of gluons in both the
projectile and the target.

o Different colors: Different Q?A 0
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NEw ConsTRAINTS ON NRQCD LDMEs

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

11—
[ pp, Vs=TTeV, |y <0.9
8 —ICEM
T )
s|3 6f k= 350 -~
=T F P
\2 \z [ - k= 15([;;] L
E %/ 4; - k= 3PLS] o
2 2 1
b © ALICE J/¢
L= | | | |
0O 1 2 3 4 5
dNep /dn
(dNcp/dn) Inl<1.0

@ The 3S£8] state dominates J/y production with increasing event activity.
@ Remarkably consistent with the universality requirement from BELLE e* e~ data:

©7 1Py + 4.0007 W PP /m? < 2.0+ 0.6 x 1072GeV?

[Zhang, Ma, Wang, Chao, PRD81,034015(2010)]
o Caveat: The IS([)S] is likely to be dominant by comparison with p,; spectrum of J/yr
production in p+p and p+A collisions in the CGC+NRQCD.

Aay 22,2018
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N, DEPENDENCE OF J/yy PRODUCTION IN THE CGC + ICEM

[Ma, Tribedy, Venugopalan, KW, 1803.11093]
p+p

00— T T T T T T T T

[ (a) pp. [y < 0.9

[ o ALICET7TeV
15 [ e ALICE 13 Tev (Prelim.)
[ —&—CGC 0.5 TeV, |y| < 0.5
[ —s—CGC 7 TeV
10 [ —%— CGC 13 TeV

dNep,/dn
(dNen/dn) ||,1<1.0

o +/s-dependence of the ratios are
weak! Events at different energies
with the same Q; are almost identical.
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N, DEPENDENCE OF J/yy PRODUCTION IN THE CGC + ICEM

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

p+p p+A
20 S e L R B B e S 12 —T T T T T T T T
[ (a) pp, |yl < 0.9 ] F (b) pA, /5 = 5.02 TeV, —1.365 < y < 0.435 |
1 [ o ALICETTeV B 10 F e ALICE 1
5 [ e ALICE 13 TeV (Prelim.) i [ ]
s [ —&— CGC 0.5 TeV, |y| < 0.5 - . 8r ]
3T [ —e— CGC 7 TeV 1 2 [ ]
33 ol ——cacuTey ] 33 6L l
55 Y1 i 55 0 E
S ] 5| ]
L 1 T 4r B
51 1 [ |
[ 1 2| .
0 Lo & v v 0 [ . I . I . | . | \ | \ ]
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
dNep /dn dNgy/dn
(dNew/dn) | <10 (dNen/dn) |1 <1.0
@ +/s-dependence of the ratios are 2 —(1-=- 2
\/_ p ° Qsp,O (1 3)Q0

weak! Events at different energies

. . 2
with the same Qj are almost identical. o Different colors: Different O,
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N, DEPENDENCE OF J/yy PRODUCTION IN THE CGC + ICEM

[Ma, Tribedy, Venugopalan, KW, 1803.11093]

p+p p+A
20 S e L R B B e S 12 —T T T T T T T T
[ (a) pp, |yl < 0.9 ] F (b) pA, /5 = 5.02 TeV, —1.365 < y < 0.435 |
1 [ o ALICETTeV B 10 e ALICE 1
5 | @ ALICE 13 TeV (Prelim.) i [
—~ [ —&—CGC 0.5 TeV, |y| < 0.5 - . 8F b
IS L e . 4 > r
SIS | —e—CGC 7 TeV 1 2|8 [
i i 107+CCCISTCV - \y\ﬁ 6
S|S0 1 35 OF i
3 i [ ] % % b
7 1 = 0 ]
5t - [
| 2l ]
0 L - “: T T I I S EN I BT 1 0 [ e I . I . | . | |
0o 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
ANy /dn AN, /dn
(dNew/dn) | <10 (dNen/dn) |1 <1.0
@ +/s-dependence of the ratios are 2 (1= 2
\/_ p ° Qsp,O (1 3)Q0

weak! Events at different energies

. . 2
with the same Qj are almost identical. o Different colors: Different O,

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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© Summary
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SUMMARY

o We study event engineered HF and Onium production in p+p and p+A collisions 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.

@ Strong ¥ (2S5) nuclear suppression is due to the factorization breaking effect at last stage.
@ Saturation effect is not seen for ' production in p+p but can be important in p+A.

° IS([)S] is likely to be dominant channel for J/y production by going through its p, distribution
in minimum bias p+p and p+A collisions at RHIC and the LHC.

@ Meanwhile, by considering J/y’s total cross section, 38%8] should be dominant in large
event activity.

@ N.j dependence of ¥(2S5), T, and Heavy flavor decay lepton are also interesting and in
progress.
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NUCLEAR MODIFICATION FACTORS

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

1.2 T T T T
| E=5.02TeV
1 2.035 <y < 3.535

1.2

- - - - - -
L /s =5.02 TeV e LHCb: J/y |
» LHCb : ¢(25) | |
o ALICE : J/4

[ T/ o ALICE : ¢(25) ||
0.8 k

Rp A
Rpa

— ol

25) —

02y 021 ]
| Light P Qs0a = (1 u | Light : Q% 4 = (1.5~ 2)Q3 ,, A = (10 = 20) MeV |
Dark : Q% 4, = (1.5 3 2 5 MeV
0 - S : 0 Dark‘ i QDU\A - (1‘.5 7 2)\ 0 ‘A - L)\MQV L
0 1 2 1 2 3 4 5
P, [GeV] y

@ The factorization breaking effect clearly leads to a stronger /(2.5) suppression while it is
negligible for J/ir.
@ The enhanced soft color exchanges in p+A are sufficient to explain the data.
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DOUBLE RATIO

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

1.2 T T L —
[ Vs =5.02TeV, 2.035 < y < 3.535 1 T ! L —
Ve =502 eV, 2035 <y < 3.535 Vs =0.2TeV —— A=0MeV
1 ~ 2 A =10 MeV
--- A=20MeV

o PHENIX pAu
o STAR pAu

= PHENIX dAu | |

—— A =0MeV
_________________ A =10MeV | |
0.2 - == A=20MeV
T @ = s -2@%, TR
0 L Il L Il L Il f I f
0 1 2 3 4 5
Py [GeV] y

@ Advantage of the double ratio : many systematic uncertainties including Q?A can cancel.
@ The suppression of the double ratio can be controlled by A alone clearly.
@ The relative factorization breaking effect is seen at the LHC but it is ambiguous at RHIC.
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MULTIPLICITY DEPENDENCE

[(b) pA, V5 = 5.02 TeV, [n] < 03

) [GeV]

=<

¢ ALICE

0.4 L Il L Il L Il L Il L Il L Il L Il L Il
0 10 20 30 40 50 60 70 80 90
dNep
dn

° 02 ,=(1-3)05

sp,0
o Different colors: Different Q%A 0
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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

«—

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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b | -DISTRIBUTIONS FOR bb PRODUCTION

105
PR L e — . .
| — /5 =02TeV (x5) | | s R
t --- /5=196TeV | L i
3 o5 Vs =17TeV b r ]
Lo e V5 = 14 TeV ] r 1
e i , 1 e L b
e [ . "\‘\ y=0 1 & L ]
2 2+ N 1 2 L ]
S i 1B I b
— - [ j
~ . b = B B
I J 0 I . | J
0.5 1 0 0.5 1

by [GeV™ by [GeV™!

@ s T = bsp shifts toward small b, : Perturbative domains (b < bmax = O.S[GeV‘l]) are
essential. FNP is not crucial for bb production at Tevatron & LHC.

@ y T = byp shifts toward large b but bsp < bmax-
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