11th APCTP-BLTP JINR-PINP NRC KI-SPbSU Joint Workshop
"Modern problems in nuclear and elementary particle physics"
Hotel "New Petergof", Petergof, St. Petersburg, Russia, July 24-28, 2017

Overview of Recent pPb
Results from CMS at LHC

Byungsik Hong
(Korea University)

for the CMS Collaboration

July 24-28, 2017 APCTP-BLTP JINR-PINP NRC KI-SPbSU Workshop 1



Exciting New Results from RUN Il Data

2015+2016 13 TeV pp 20155 TeV pp & PbPb

2016 5 & 8 TeV pPb

Dl e

" Asymmetric dijet in PbPb

High multiplicity
pPb at 8 TeV

0 Azimuthal anisotropy in pp, pPb, and PbPb

0 Charge separation signals from pPb

0 Gluon parton distribution function in Pb nucleus
0 Flavor dependence of heavy-flavored jets
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CMS dEtECtOr Weight: 12,500 tons

Superconducting Coil (3.8 T) CALORIMETERS Diameter: 15 m
_ ECAL Length: 22 m

76k scintillating

PbWO, crystals HCAL
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pA for
Azimuthal Anisotropy




Hydrodynamlcs Flow in AA

25C Gale et al., PRL110 012302 (2013)

V2. — | ATLAS 30%-40%, EP
02F| Y3 == | narow: Tewiten = 0-4 fm/c
wide: T ien = 0.2 fm/c

Reaction plane
(qJRP ~ LIJZ) y

015

<Vn2>1f2

01

0.05

0 Azimuthal angle distribution is fitted by:
AN /dp o< 1+ 2 Yp[vn (pr,m) cos(n(e — ¥n))]
0 Coefficients, v,,, depends on
— Initial-state geometry and its fluctuation
— Medium transport coefficients (e.g., n/s, -
0 Diagonal terms (v2) understood well in AA W|th
hydrodynamics
0 How to study non-diagonal terms?
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Symmetric Cumulants (SC)

0 Correlation between harmonics ALICE, PRL117, 182301 (2016)
based on 4-particle cumulant method a0
SC(TL, m) — (U%U%) — (v%)(vﬁo 3;— ALICE Pb-Pb V5, = 2.76 TeV _;
developed by ALICE 2F %SC“"” - E

L - $C(3,2) .

0 Non-flow free in first order 1 =

0 SC(2,3) < 0: v, & v3 anti-correlated[ ™ € oFu g e~ b

Ok . " ]
o SC(2,4) > 0: v, & v, correlated . - ]
—1[ HUING . . ¢4 + —
E o SC(4.2) E
- -2F o sc@E2) .
TE | m | sce2nvdyod SN B TS BT PRI BRI P
08 :_ 0 10 20 30 40 50 60 70
" E | e |sceanaw Centrality percentile
= 0.6F
éi% 0.4 . .
S O2F st X 0 Model calculations Indicate that
s °F — 0Odd-even: IS fluctuation
-0.2 [ Hydrodynamics .
04 | SC(4.2)/(V)(v?), 1/5=0.20 APT. St ae — Even-even: Medium response
VA aaaa. SC(4.2)/(v)(v?), n/s(T) param1,2,3,4 + String Melting
E SC(B.2)/(V) (v, 1/s=0.20 O SCE2/V X)) i
0.6 E_ ----- scis,zifzuggu%z,ms(ﬂ param1,2,3,4 O SC(4.2)5(Vf)(V§> ® lS ﬂUCtuatlon

0 10 20 30 40 50 60 70
Centrality percentile
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SC Results from CMS

ZZb-éII-NI‘H-‘S“v’d-SWD

x10™° CMS Prellmmary
b lb | CMS ALICE
— Nice agreement between CMS and ALICE 5j PP . osces |
. . . = :Q:
0 Similar pattern for SC in all systems S Olee—g—
w - H%%:*wégz
(pp, pPb and PbPb) g -
0 No energy dependence in pPb | l<08 ,
) . ] _5-02<p <5GeVic -
0 Normalization needed for the comparison I
across collision systems from pp to PbPb centrality (%)
x10° lCMISr':I’rqﬁr{?fna{y X1.O.6. I .C:Il'u'!Sf’r?h:n?fna:ryl 10® CMS Prehmmary
ok = 13 TeV @ [ éf' 5.02 TeV 8.16 Tevj [ 502 TeV PbPb)
- e SC(2,3) i al o e8C(23) g ar e SC(2,3) ]
| = SC(2,4) . * o = SC(24) - [ - = SC(2,4) -
i | = | =2 gnu womrE ]
i i 1 E ]
5f . ) : é T ? 1 £ | :.'.II"'.. ]
A {1 O o m 1ot ® '
[ u D "R ERAn g D OF—osg
I ° " e . l 0 [ "o,... ]
0- ° ,_._'_._:__ [ .imom-' _2'_ °Oo...... ]
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Nmflme Nﬁ:'me Ntrk
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Normalized SC from CMS MSPASHIN-16.072

SC(2,3)/( (VEXVD) )

CMS Preliminary CMS Preliminary
T T T T I T I T I I 1 I I 1 I I 1 T T I T T I I T T I T 1 I T I T L] I I I T T T Ll I I I
1.0 -+- % pp 13 TeV 7 i 'T + pp13TeV
: ® pPb8I6TeV { ol + ® pPb8.16 TeV |
- m PbPb5TeV | <~ | m PbPb5TeV |
0.5+ — N><r +
P + 03<p_<3GeVlc : ;,:N [ 0.3<p <3GeVic]
0.0 i | o | q: 10+ + —
| ....‘ ‘ EEE N ] N i ® 7
0.5 ® - N KR d_ ]
I 1 ! ] X i
[ + ) 5 "mn s i8R A Ennn
_1 -0 -_l | 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I_- . . L : I L 1 L L I L 1 L L I 1 L . . I L L
0 100 200 300 400 0 100 200 300 400
Neffine NG

0 Ordering in normalized SC
pp > pPb > PbPb
— This may point to the different
transport properties.

0 Similar behavior in pPb and PbPb
— Similar IS fluctuation: Common
origin of the observed anisotropy
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pA for
Chiral Anomaliers




Anomalous Chiral Effects

e T Topological fluctuation of the QCD

Y = "I';_~.
S ..r“

vacuum generates
(cf. Prof. Andrianov’s talk yesterday)
e Vector chemical potential u # 0:
More positive or negative charges
= Local P and CP-odd domains
 Chiral chemical potential us # 0:
More R- or L-handed particles
= Local net charge domains
[Ref.] Derek Leinweber (Univ. of Adelaide)

Reaction , A

plane N

(Wrp)

0 High-energy heavy-ion collisions
e Formation of strong B-field
e Chiral anomalies may manifest
themselves in such B-field
0 How do we measure them in
_—~——>——=—3 Defines RP experiments at LHC & RHIC?

July 24-28, 2017 APCTP-BLTP JINR-PINP NRC KI-SPbSU Workshop 10



Chiral Magnetic Effect (CME)

O Electric current along an external B field: ] = osB

_ (Qe)?
* 05 = 2772

e Us: axial chemical potential
(> 0: more right-handed, < 0: more left-handed quarks)

0 Examples for right-handed quarks/antiquarks when g > 0

Us: chiral magnetic conductivity

Electric (or vector)
charge separation
along B

Modified from Fig. 1
of arXiv:1511.04050

Q>0
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Chiral Separation Effect (CSE)

0 Axial current along an external B field: Jz = ;B
_ (Qe)?

272
e u:vector chemical potential

(> 0: more positive, < 0: more negative particles)
0 Examples for positive quarks/antiquarks when u > 0

* O, (: chiral separation conductivity

B _
B Js =Jr—J1
: 3 R
¢ R R Chiral (or axial)
= = > ] cTargeBseparation
| | along
C:Q‘ vp L

Q>0 Q<0 Modified from Fig. 2
of arXiv:1511.04050

0 X

—r
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Chiral Magnetic Wave (CMW)
CMW = CSE ® CME

‘- 0 ‘-

.Lls>O

forQ>Oor QR forQ<O

.U5<0(

QL
QL

)forQ>Oor(QL) forQ <0
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How can pA help to investigate the

various chiral anomalies?
0 How does the B field in pPb compared to that in PbPb?
* B(PbPb) > B(pPb) in a similar multiplicity bin

PbPb pPb ____
T Lol s
s Vg s

/,’ M i Y
7 \
/ \
® BO ® ! @ :
\ I
\ I}
\ /)

\\\ B ’/1

b -
‘‘‘‘‘‘
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How can pA help to investigate the

various chiral anomalies?

0 How does the B field in pPb compared to that in PbPb?
* B(PbPb) > B(pPb) in a similar multiplicity bin
* De-correlation between Wz and Wgp in pPb

10 CMS PORS :

c cMmSs CMS
8 T T T T | T T T T | T T T T | T T T T 0'3 T T T T I T T T T | T T T T T T T T
6 - EPOS LHC (b) 5, =3:39£0.03 - - MC Glauber MinBias
4 B _ L
) (OYppp, = 1229 +0.007 (COS(2(¥ ,,~¥pp))) , = 0.001 £ 0.002

[ (cOS(2(¥ ,~¥pp))pyp, = 0-530 + 0.002

[ pPb, 185 < NoI'™ < 220 (0.006-0.06%) _' 02k
[ PbPb, Cent. 60-70% (100 < Ngi'™ < 300) “l

0.1

[ pPb

oF ; [ [ PbPb

‘! : : L

4+ ] C
£l ! % 5 10 15 20 % o5 0 0.5 1
r;_o; i ) :IRP Impact Parameter b (fm) cos(2(Wrp—¥pp)

_4i 7 Y& ]

i e 0 Various chiral anomalies are expected

AR TR to be much weaker in pPb!

July 24-28, 2017 APCTP-BLTP JINR-PINP NRC KI-SPbSU Workshop 15



Analysis of CME

Charge separation by the Parity-odd sine terms:

dN/d¢p <1+ 2 Zn[vn cos(n(qb — qJRp)) + a, sin(n(c,l) — ‘PRP))]
Azimuthal correlator for a4, proposed by Voloshin [PRC 70, 057901 (2004)]:

y = (cos(¢g + ¢pp — 2¥;)) = (cos A, cos Agg) — (sin Ag, sin Agp)

= ((vl,avl,ﬁ> + Bin) - ((al,aal,ﬁ> + Bout)
where Ady gy = Gap) — V2,
a = [ for same sign and a # [ for opposite sign, ¥ —

(vl,avl,ﬁ) = (0 in the region symmetric w.r.t. midrapidity,
B;,, — B,y suppresses correlations not related to RP
Dominant term to be _<a1,aa1,ﬁ> 0.6 $10° PRL110, 012301 (2013)

same opp.

< 0 for the same-sign pairs ® O ALICEPL-Pb @5, =276TeV

. . . " % 4 STARAu-Au @5, =02TeV
> 0 for the opposite-sign pairs I (ALICE) samesopp. mean ‘ﬁ

\ 1/
\_/

o
o~

.
[N}

Charge separation relative to RP
observed in AA

Is this really due to CME? o,

Crucial check: the B dependence of 04r (€08(0, +0, 20 )/ Vo2) P« ¢
the correlation strength (PbPb vs. pPb)

o

A S C){r
B @—Qi—or i
* e
- *

o
no

(cos(0, +0, - 25p) )

(@]
~

o
»

- = CME expectation (same charge [13])
\ | | |

10 20 30 40 50 60 70
centrality, %

o
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Analysis of CME

CMS utilized the three-particle correlation method

HF- g— Tracker — HF+

Q
™

-4.4 -2.4 2.4 4.4 —>

(cos(q')a + qbﬁ — Zq-bc))

Uz,c

y = (cos(¢pg + bp — 2¥,)) =

0O Large acceptance (~5 units of pseudorapidity) of CMS
O Large n gap between particles a, f and c is advantageous to reduce
the short-range correlation.



Analysis of CME

CMS, PRL 118, 122301 (2017)

0 Clear splitting between

%1073 %1072 CMS
EI (a) | pr\slNN=5.02|Tev EZI (b) | @slwﬂ.ozl TeV | SS and OS
o T# 785 <Nj{"™ <220 B5<Ni™<220 1 Similarity observed
> i | .
2oostes - 1 ] between pPb (Pb-going)
zﬂo; T LHE i:_ TS and PbPb at the same
SO M i ey ! multiplicity bin.
N L ® L N
805 9¢ 88 08 1 §S 0S B PbPb centrality(%)
~ Lo ® + m ¢ (Pb-going) T . e ®m PbPb 107 65 55 45 35
i ° © O ¢fp-going) T e e 1 o05F ysn=5.02TeV CMS _|
Ly v b by v b by v | L T I R B SS 0S |
0o 1 2/_\ 3 4 0 1 2A 3 4 I l;] e m pPbo(Pbgoing) -
M N o f E] © O PbPb i
2 | : 1
o 0 - El't Eg o O O & -
. . o - g
0 Almost identical for SS and OS & s 9 ]
= O i
between 2 oo ® 1
S L o © |
pPb (Pb-going side) and PbPb 02 ik |
] # ¢ |An| < 1.6 -
0 Not in favor of CME y T
102 Nlofﬂine 103
rk
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Analysis of CME

CMS, PRL 118, 122301 (2017)

PbPb trality(%
x107° cCMS x107° 65 55 OfD centrality(%)
1 5 L T T 1 LI I B B I B . LI ] | ] |
o I 185 < Njy™ < 220 7 o T VS = 5.02 TeV CMS 1
w | VS =5.02TeV w .
| I . . ]
UO'J 1__ $ ; (‘8 1_ I ® pPb, o _(Pb-going) |
— 2 . = ‘ B pPb, ¢ (p-going)
® pPb. ¢ (Pb-goin - }” c
a PPb. 0 seing) & | ; !ﬂ < PbPb
| W pPb. ¢ (p-going) 2 i:
_9_0 05 7 PbPb | _e_u 0.5 ? B
N} I
E—ﬂ . _e_ﬂ - ?zq}'l{h _
+ﬁ i + « | on |
S s 4 = |An| < 1.6 ® . _
8 0 N o
o - O I~ b qr -
oA (@) o (b)
| | I | [ e i D L | | I R B
0 1 2 3 4 10° 103
offline
A]] I\‘Itrk

0 All Ay(0OS — SS)’s agree each other as functions of An and multiplicity.
In the CMW model, Ay~B?{cos(2W5 — 2¥,))

0 Charge separation seems not related to the B field.
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Analysis of CMW

dNi/d¢ x 1 +ACh

0 Charge asymmetry parameter fluctuating e-b-e:
A = (NT=N7)/(NT+N7)

0 Expectation for the ¢ distribution due to electric
>, qguadrupole deformation in addition to elliptic flow:

[1 = (re/2) cos(2¢ — 2¥;)]

X |1 + 2v9%°€ cos(2¢ — 2¥,)]

AN, /d$ = (1 + Ag)[1 + 2(v2%e F 1,4.,/2) cos(2¢ — 2W,)]

Vot = V3¢ F 1A /2 STAR PRL114, 252302 (2015)
Vo = Vo = TeAcn T o N PSS o
: T 2 01 -

0 STAR/ALICE observed what = | e T | {_,n} '
expected by CMW. = r e P > %

O Is this really due to CMW? 3'2:_ - K T % o ' ]
Check the B dependence () S I (b)]
using PbPb and pPb 1m0 0 o0 004 002 0 002 004

Observed A , A,
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Analysis of CMW

Corrected Ach

CMS Preliminary pPb 5.02 TeV
L B L L L

[ 185 < Nj7™ <220 o ht ]

L 03 < p, < 3.0 GeVic mh- i

__Lﬂ-nl -1 + 5 0.01
I i | A

L . = >

. ¢ - - [+ 0

s
¥ ‘ LI Y 9
L e @ ]
[

i ] -0.01
i " * 4 ]

L + L + _

I B B

-0.05 0 0.05

Cllh:‘ISI ’E.’f’“"]””?’”.a”.’ .

. FTbFI’b ?[]IZ ITeV

Corrected Ach

[ 185 < NT™ <220 o ht ]
- 03=p_<3.0GeVic mh- ] 0.01
[ lAn| =1 ]
| * i F}N }N
- . + 0
B ¢ L J4
I u ] >N|}N
® nm
I " . 1
.
! °* 7 ~0.01
L]
-005 0 005

CMS Fl’relln'rrlmlanlf — . thlz- 5|_0:?_ Tle\f
- 185 < NoT™™® < 220 .
[ 03<p_<30GeVic 'i",l
[ lan| > 1 S
[ o ]
I L ]
I o ]
i J,"" P P ]
L “‘.f.' e é‘_ i
i ]
[ MOM(y ) = 0.149 + 0.008 i
C | | | ]

T 0.05 0
Corrected Ach

CMS Preliminary
[ 185 < Nj;™ <220
L 03 = p. < 3.0 GeVic

[ lan] > 1

. F’IbFI’b ?[]IZ 'IfeV

*
-

r”om’(vz} =0.108 £ 0.005
| L |

T 0.05 0
Corrected Ach

CMS-PAS-HIN-16-017

CMS Preliminary

T T T I L I L | L | L | T
L 03= p, < 3.0GeVic 4
015~ + + —
L O J
ST L A |
—~  r o .
304 L q] Ii] [I] |
e 01 .
E‘_ - -
0.05— —
L ® pPb y’ﬁ =502 TeV 4
i O PbPb w’ﬂ =502 TeV ]
D i 1111 I 111 1 I 111 1 | 1111 | 111 1 | 1 I_
0 100 200 300 400 500
fline
rk

0 Significant slopes
for pPb that is
not expected in
CMWwW

= Challenges to
CMW
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Ana |ySiS Of CMW CMS-PAS-HIN-16-017

0 Alternative interpretation: Local Charge Conservation (LCC)
[Bzdak & Bozek, PLB726, 239 (2013)]

Detector - o @ — Neutra! cluster deFays
locally into the pair of
Y Neutraf Cluster charged particles with

: Primary Vertex kws a certain np separation.

~_ /| Ach created!

\

‘\"\ _4’ I

]
—/| Not Detected!

0 Limited detector acceptance creates Ay, especially, at low p7 region.
If A.;, becomes large (negatives are out of acceptance at small py),
* More h* at small (py) = Smaller v, for h*

* Less h™ at small (py) = Larger v, for h™

e The data indicate both v, & v are proportional to p at small pr.
0 Same p dependence for v, and v in LCC & Flat for v3 in CMW




Ana |ySiS Of CMW CMS-PAS-HIN-16-017
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N [ W 1 001~ 7| 918 e pPbys,, =502Tev ]
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0,8_,"""""""""' - AN S S S SR S i D_IlllllllI|IIII|IIII|IIII|II_
-0.05 0 0.05 -0.05 0 0.05 0 100 200 300 400 500
Corrected A, Corrected A hf;”'”e
C.MS. Fl'reln'n'lm?lary S FTbFI’b I5[]|:2 'II'eV C'.II'u'ISI Fl’re:.fr'n'l?mlmjlf s PleI’b I5[]|:2 TeV
- 185 < NOT™® < 220 o h+ - [ 185 < NJJ'™ < 220 1 ] Very similar
077-03< p_<3.0 GeVic mh - 0.01-0.3<p_<3.0 GeVic — f
~ " : - - slopes for pPb
U - -
-— r T + -
PP - . +_ =
> r . 1 dle | T and PbPb
QI B - N . ! |+ 0 _n’*ﬁ '+
= o765 . . L A Y ] = Supports LCC,
o | ° u ] < L ]
_ ., _ - _ Challenges to
-0.01— —
[
. = ] - L ]
| = o - | r”om‘((pT)j =0.058 + 0.001 1 CMW
1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1
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Corrected A, Corrected A,

July 24-28, 2017 APCTP-BLTP JINR-PINP NRC KI-SPbSU Workshop 23



norm
(v )

Analysis of CMW

PbPb 5.02 TeV
T T T T

02

CMS Preliminary

CMS Preliminary
| T T T T T T

l
" Cent 3040% o hs
0.0345 _—0.3 <p, < 3.0 GeVic mh —
C fan > 1
0034 ™1 —
= C
00335 -
i L]
L
0033+ Q —
T R R [ L]
0'0325—0.04 -0.02 0.02 0.04

"::nm 2813 E143 1972 403 T716.3 1133
T T T T T T

" PbPb s, =502 TeV
03= p.< 3.0 GeVic

*,%%+5

O V2

100 90 80 70 60 50 40 30 20 10 O

Centrality (%)

Corrected A,

0.02

-0.01

CMS-PAS-HIN-16-017

CMS Preliminary
C | T T T T T T

PbPb 5.02 TeV
T T T T T T T

T
[ Cent. 30-40%

—03= p. < 3.0 GeVic
L |anl =1

) =0.161£0.009  #Vs
M) = 0,167 £0.001 BV,
c1 v vy oy oy by 19
-0.04 -0.02 0 0.02 0.04

Corrected A

0 Normalized v, and v3 slopes are

very similar in all centrality
ranges in PbPb

= Supports LCC, Challenges to CMW

0 No interpretation yet for larger

intercept for v3
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pA for nPDF




Nuclear Parton Distribution Function (nPDF)

Anti-shadowing

1. arXiv:1605.01389
1.6-
e, 1.4
Q E 1.2 — Deep Inelastic
Q:" A, 1.0~ Data
| 08 —Drell-Yan Data
x~ 06 —RHIC Pion
N Data in dAu
0.4}
0.2 Shadowing Q2= 4 GeV2
0.0—-= L Lo iaaal ) s ad o "
10~ 107° 107 [gwc |l
X

0 EPSO9 & nCTEQ15: Gluon (anti-)shadowing
0 DSSZ: Modified parton to pion fragmentation (vacuum-like gluon PDF)
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Nuclear modification factor

R, 4 of Charged Particles at 5 TeV

27.4 pb” (pp) + 35 nb' (pPb) + 404 ub ' (PbPb) 5.02 TeV

|
BN R, [ T, uncertainty
o] Ry 0 TAA uncertainty
| <1 [ pp lumi. uncertainty
CM

P
=
7y

S @
_ 0-100%
| IIII| | 1 1 IIII\| 1 | | IIIII‘ | 1 |
1 10 102
p_ (GeV)

1.4F

1.2

CMS, JHEP 04, 039 (2017)
27.4 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

‘ecmws

[ ]CcMS5.02Tev ¢ ALICE2.76 TeV
O CMS276TeV v ATLAS276TeV

II\|III|
!II\'III'IIL

Taa and lumi. uncertainty

_._
——
~ b
L1

II\{IJI'III'\JI'

1 10 10?
P (GeV)

0 Rpa and Ry, analyzed with high statistics pp reference data.

0 pPb data imply possible anti-shadowing and hadronization effects
0 Similar suppression at 2.76 and 5 TeV in PbPb
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R, 4 of Charmonia at 5 TeV

CMS, EPIC 77, 269 (2017)

2 _pPb 34 6 nb pp 28.0 pb (5.02 TeV) P _pPb 34 6 nb . pp 28.0 pb (5 .02 T?\() 160
T T T ‘ LI | I_ - - I~
180 Prompt J/w CMS E 1.8F Prompt J/\I’ CMS -  14f
1.6;— 7 1.6F ER P
1.4 = 145 E -
12f A ? ‘ ] 12 : 1
“h e e E “F Bl
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R, 4 of Charmonia at 5 TeV

CMS-PAS-HIN-16-015
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Dijet Pseudorapidity Distribution at 5 TeV
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R, 4 of Heavy-Flavored Jets at 5 TeV

O c- and b-jet distributions are dominated by gluon PDF
< Inclusive dijet distributions are convoluted by quark PDF
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Summary

[l

[l

[l

[l

[l

Symmetric cumulant (SC) analysis indicates to similar
initial state fluctuation, but different transport properties
among pp, pPb, and PbPb.

Charge-separation signals in pPb impose a big challenge
to the CME and CMW interpretations of AA data.

Possible influence of commoving hadrons exists in the
Y (2S) production in pPb.

Dijet data indicate the gluon (anti-)shadowing and EMC
effects in the Pb nucleus.

No indication of favor dependence for nPDF in the jet
production.

Public results:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIN
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