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Disclaimer

I am an ALICE collaborator, so many results will be from the
ALICE collaboration
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Overview

@ Measurements of AN, /dy
® Theoretical expectations
© Interlude

@ Experimental conclusions
Limiting fragmentation and ratios
Midrapidity dNg, /dn and total Ng,
Gaussianity of dNg,/dy

©® Summary
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Wealth of measurements

8l Pp(oB) colisions B

pp(Pp) results
[AIATLAS, 13TeV, INEL>L,p_>100MeV
® From /s =200GeV to * | i ]

[Z]ATLAS, BTeV, INEL>1, p, >100MeV

13 TeV 7L T € vorew sro. i
[¥]TOTEM, 8TV, INEL>0

[¥]TOTEM, 7TeV, INEL>0

I [T]cMs, 7Tev, NSD

® |nelastic e oo et stcowos [

gl Cricus.2ssrev.so
[£]CDF, 1.8TeV, MB

L4 Wlth NCh > 0 [£)ATLAS, 900GeV, INEL>1, p sto0merf )/

dNy/dn

b [¥]CMs, 900GeV, NSD
. Eheoss, soveev. v
® with Nch >1 coF, 600V, N3
51— - onr saocev.neo
ProBos. Hoeer ML
Prog0s, s000ey L

® Non-single diffractive I
® Mostly || < 2

HepData
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Wealth of measurements

AA at RHIC energies 510?00 Vont 225GV | JOUCU Vo L 62HGeF 1 JEUICU Vo 200GV
z
® Au-Au & Cu-Cu

® From

vV SNN = 20 GeV
to 200 GeV

| Ly
T TauTAl Vs L 200Gev"

® Mostly PHOBOS
Also results from

BRAHMS, STAR

10E

INSTIT

PHOBOS

PRC83(2011)024913

- 6%

6-15%

15- 25%

25-35%

35- 45%

45- 55%
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Wealth of measurements

AA at LHC energies - 5 [ ' T
% g 3w
® Xe—Xe & Pb-Pb S50
Ll g )
® From ﬁgm

Vo = 2.76 TeV N N =
to 5.44 TeV AT Ty e

® Here ALICE
—35<y<5

® Also ATLAS, CMS

5.02 TeV

Pb-Pb,

VSNN

PLB772(2017)567-577

0%
/M —— Data (symmetrised)
—— Reflected
_ ™7 ] Uncorr. syst. unc.
5 4 3 2101 23 45 B Corr syst. unc.

ALICE " Xe - Xe /Sy = 5.44TeV
. 0-25%
25 5%
. 5-75%
e ™ -5 0%

.10 20%
W 20 30%

5.44TeV

arXiv:1805.04432

|

Xe—Xe,

SNN

sizgss
2
3

©Reflocted
- | Uncorsystuncer
e o | B Corsyst.uncer

-5 0 5
’ L

- 7 e0- 0%
T e, - Data (symmetised) %
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Wealth of measurements
d-Au & p—Pb results oo T e T e A

® From §: /7»
Vow =200GeV g m 7\
to 5.02 TeV < H%E 55 Gym ‘ 4?-6?%| 3\

® Here, PHOBOS & T B Y 0

ALICE |y| < 5.3 =

(dI) ‘
-5 <5 < 3.5, resp. 10;%

® Also BRAHMS, [ o0 ﬁ\

ALTAS, CMS e I—Illl—‘Z‘(‘)“Zlél! I—4‘—2‘0‘2‘4 4 -2 0 2‘}1

Pseudorapidity n
>
< 5wl T TTTTTTTALICE ] pPbys = S.02TeV(ZNA)
o = Preliminary o5
=) 235 —

s2 % o | E s

L I o =1 Il 10-20%
o sl = E 20a0%
Z 200 | 40-60%

-{ 080

\ - :
Wb \=_| Il so-100%
e — | == comb.
— 7 Uncorr.syst.unc.
B Corsystunc.

‘
' °
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What to expect

Large range of expectations
® Microscopic models

® Glauber-based

® Core-corona
[ ]

® Calculations
® Landau-Carruthers
AN, /dy &< 1/( 2m7)e’yz/(2‘72) with o = log v/sNn/ (2m1p)
® | andau-Wong
dNg, /dy eV Yoeam
® 3-source models
2 fragmentation Gaussians plus one production Gaussian

® Colour-Glass-Condensate

NIELS BOHR INSTIT
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Models have room for improvement

® Generally OK near 7 =0
® Most deviate for 57| >0

EPJC76(2016)502

= MM b ey
2 8ny =2 p >100MeV, [y <25 =
2 ©>300 ps

3

7.5/ ATLAS Vs =13 TeV =

6 =+ Data
— PYTHIA 8 A2
- —+ PYTHIA 8 Monash E
- EPOS LHC
-+ QGSJET I1-04

“25-2-15-1-050 05 1 15 2 25
n

PLB754(2016)373-385
—

v
AMPT g el
EPOS LHC

—— LB TG0 GO

[ Uncomystane

B oy

0 FALICE

»

od

ad

sl |

'
ool

wdd

Wsod |

n

5
H

n

e

NIELS

Model/Duta

BOHR INST

— HINGI3E e Dta symmetrised)

4432

arXiv:1805.0:
=

Sst400-

Xe-Xe, (Syy = 5.44 TeV

<o PYTHIA/Angantyr
- EPOS-LHC
— 1BK-MC

%= 0252 k
IP-Glasma + subnucleon fluct

Model/Data
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The (not-so) transparent glass

' T ’ T T T T T T T T T I I
Pb-Pb /Sy = 5.02TeV 0 - 5% Phys.LettB523(2001)79-87

3000 Pb-Pb y/suy = 2.76 TV 0- 5% _cae dNydn fit0.95C.L. -- CGC exp.
W Au-Au /55y = 200 GeV 0 - 6% A095CL

e Fit CGC t lAu-Au /5= 130GeV 0 - 6% g
expression

® Good fit of
chh/dﬂ

® ) parameter
off

However ...

y.n)

dNy/d
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The (not-so) transparent glass

® Fit CGC
expression

® Good fit of
chh/dﬂ

® ) parameter
off

However ...

y.n)

dNy/d

3000

2000

1000

NIELS BOHR INSTIT

Pb-Pb‘M: 5.(‘12 Tev 0- J5%
[ Pb-Pb y/syy = 276 TeV 0 - 5%
W Au-Au /55 = 200 GeV 0 - 6%
t W Au-Au /55y = 130Gev 0 - 6%

P

T T T T T
Phys.Lett.B523(2001)79-87

— CGC dNgy/dn fit 0.95 C L.

 CGC dNgy/dy from dNg/dn

CGC exp.
2095CL.

® Sharp peak in dNg,/dy aty =0
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Calculations via dNg,/dy estimates

Landau-Carruthers et al prescribe width of dNg,/dy

XeXe |[Syy, = 5.44 TeV

2500
[ CMS 0-5%
I Preliminary AR AL A A RTon
2000~ A 5
L " TR AAAAL AL T
: A‘ V' ‘V A‘

[ M= aN s i
1500~ , ° v
§ :'v' .....lllllllll-.-.-. Ve
z [ g cms P
© 1000l ,® = h'XeXe544TeV =

L « h*PbPb2.76 TeV
F BRAHMS AuAu  ALICE PbPb
B 7200 GeV 4 h"5.02TeV
5001~ . 77200 GeV v h2.76TeV
[ & K*200GeV
[+ K 200Gev
Covlvvnnlvnnn by i) bbbt ) Iae )l
R S | 1 2 3
¥y

All (except CMS) Gaussian, extract o

® BRAHMS: Direct
measurement
t, K*, P, P

°® CMS:
dNg/dy5dNg, /dy
Simulated Jacobian |

e ALICE:
AN /dyLdNg, /dy
Calculated Jacobian |
from identified dAN/dp,
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Data wider than expectation

:‘)1.5 — - i
2 o
< o * *
§ L = |
5 AGS SPS RHIC LHC
~ o ‘ . + I*PHOBOS
E o + h*BRAHMS
+

@03 | IUﬁ e h*=ALICE
~
§ ——————————————— c Ea ——————————— o % ————————————————————————— * -9
5:0.2 = I I I —

10 102 103 V/5nw [GeV]

® From top SPS, wider than Landau hydrodynamics

® Same range, follow Ypeam
® Final state fill up phase-space
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Interlude — theory & experiment

Microscopic models have room for improvement

Landau-Hydro good up to top SPS

Roughly Gaussian dNg,/dy

Incoherent particle production

How to make sense of it all?
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Limiting fragmentation

800 | | T T R

® dNg,/dy at large |7| ool i g g, ®
independent of \/Sxx. ost g 1T e 2]
400 3 e B L 24,

® Holds in pp and Cu—Cu

® Study not feasible for
Sun > 2.76 TeV

0-5%

— Double Gaussian fit

& o) 1020%
Ee T Linear extrapolation
=
=
=
R
3

104 2030%

® ALICE 2.76 TeV
HBRAHMS Si 200 GeV
CIBRAHMS BB 200 GeV
* PHOBOS 200 GeV
APHOBOS 62 GeV.

Slide 13/27 — C.H.Christensen — dN,;, /dy — CSCS'18 — 2018/06/14




UNIVERSITY OF COPENHAGEN

Comparing to pp

rx = dNen/dn|x/ dNew/dn],,

ALICE Prelitinary

TPb-Pb

D:
[ Uncorr. syst. unc.
B Corr syst. unc.

e E————ET ]
S5 4 3 2 1 0 1 2 3 4 5
n

Pb—Pb
® %102 over pp

® Increase as 7 — 0

NIELS BOHR

INSTIT
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Comparing to pp

rx = chh/d77|X/ dNCh/dﬂlpp

i Pb-Pb, pp
o I ALICE -
218 |— Prelimi .. /sun = 5.02TeV'
Ze |- .
Ean
B
Eul-
e
os [
=
N —— Data (symmetrised)
0a [ [ Uncorr. syst. unc.
C B Corr syst. unc
E I R R R T B R R

® %102 over pp

® Increase as 7 — 0

® Scale by 2/ Npart (Glauber)
® Collimation near 7 =0
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Comparing to pp

rx = chh/d77|X/ dNCh/dﬂlpp

ALICE

E R e 2" Auce
é:z::l’whml :. o 5% ;nZthmmaxy
“; —— Data (symmetrised) N
04— [ Uncorr. syst. unc. b
E 5 4 3 2 -1 0 1 2 3 4 5 T Corr syt wne *
Pb-Pb p—Pb
® %102 over pp e Centrality: VOA
® Increase as 7 — 0 ® x10 over pp
® Scale by 2/ Npart (Glauber) ® Near-linear increase from
e Collimation near 7 =0 p- to Pb-going side
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Nuclear modification

1/NeondNen/dn |y / dNen / dip,,

[ aLice
[ Preliminary

% s [ ALICE p-Pb (ZNA), pp
L Preliminary Vo = 5.02TeV

PP
5.02TeV

7pb-pb/Neoll

[ %

W 50

L=

- 20w

40-60%

Ml s0-80%
-

-100%

T 1

etrised) 02
ne.

1=
| W Corr syst. unc.

e Masy —0 ® N.B.: Centrality ZNA

® |ndependent
proton-nucleon scattering
PRC72(2005)034907 PRL39(1977)1120
® Similar level in ion for most central Pb—Pb events.
similar fluctuations in central Pb—Pb as in p—Pb?
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Per participant production

[ 127

. . < |- -

® Consistent increase from g phees . “;
5 b ] % w0l

pp to most central g %ﬁﬂ % % %J‘i «% JeT*

m = 1

. . A (R b

® However, “rapid” increase NGt o s - ALCE 7
r B XeXe,|sp=544Tev B

for most central smaller o 3 me s |

*} RHIC (PHOBOS)  + o s02tevixion

SyStemS [y O AwAu|5,=02Tev(x278) O Pbb 5y =276TeV (x123) |

41% O cucu oy =02Tev (x273) ) pp. |5y =276 TeV (x115)  __|

XeXe |y, = 5.44 TeV L \ \ \ I

6 A B T T T T T

F 25 120 4

r CMS z L ]

[ Preliminary [m} L + + #f % % + * ]

SE p " o & [ ##’ [ 1

o F . R Z 100 # " ]
=0 g . 4 [ * ALICE ]
\ b v 4 S F ®  PbPD, |5, =502 TeV (x 1.03) -|
S [ - v ° r O PbPb, 5, =276 TeV (x 129) o
Ei‘ il cMs 60 RHIC (PHOBOS)
= r -l..‘ = XeXe 5.44 TeV : O AuwAu, |5, =02TeV (x3.77) :
g i e e 7 P LI ]
é 1 5 Pbpb27ﬁ‘rev 405 00 200 300 N 46%

1; ALICE arXiv:1805.04432 part

[ 4 PbPb5.02TeV
r v+ PbPb2.76 TeV . .

TP T P T A TR NP ® Also “Up—tICk" n tOtalNh

0 ) C

50 100 150 200 250 300 350 400
.0

part
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Production versus “natural centrality”

T T
. © RHIC .
[ ] v [ O Au—Au, Vsw=200GeV(x278) - - oA
Scale abscissa by N bt sa 308
£ 10— I ? ]
= J L T S -]
max(Npart) = g ,(—,o%wnf '
. P D* -
O i
XeXe s, = 5.44 Tev o % i * o
6 =
or 5 L o ALICE 4
r CMS 2 ; B Xe—Xe, /s = 544TeV
[ Preliminary S 6 ® PbPb, /5 =502TeV(x103) —|
5 " A + p—Pb, /G =5.02TeV(x1.02)
L g r ® pp, /s =5.02TeV(x1.02) B
EL L Am p O Pb—Pb, /s =2.76TeV(x1.23)
£r L v 4T sty ysu-saty O PP.VE=276TeV(x1.15) -
& s . g _ | |
N ST Z120 |- . m
RS ov 2 -
% af < r -7 -0 0 -0 - - B
3 = ae00 2.2 P .0 o FT A
r CMS <100 - - P T -
s [ XeXe 5.44 TeV > -1 -
2 total (expt. + [, [ unc. = r B
S 2 expt. unc. °
z r = 80— RHIC —
=] L * PbPb2.76 Tev O Au- Au, /S = 200GeV(x3.83)
L ALICE [ O Cu—Cu, /5w =200GeV(x383) |
1- - -
b 4 PbPb5.02 Tev 60 ALCE
[ v PbPb 2.76 TeV L B Xe - Xe, /s =5.44TeV i
[ ® Pb—Pb, /5w =502TeV (x1.03)
0 ‘\) A 0.\2 P 0}4 P 0.‘6 P 0.‘8 L i 40 ‘Scalenywoms)wum:suhv ? Pb—Pb, /5w =2.76TeV(x1.30) —|
B e Y 28 0 05
e ((Noar) —2)/(24)

“Up-tick” also present in larger systems
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dNg, /dn versus “natural centrality”

Same N, Same N,,/2A Same N,,/2A

® Constant Npart e ] [Fome e | [Fome e
(\.\ (N:“‘) =(N:5= 103 4 (N::“)‘ZA““ :(N:;E“VZAW“: 084 (M;:“V'ZA“‘“ :AN:‘:“)rzA““:n 16
. a4
show deviations B M
S § & ] 7 ‘\
° 5 o T2 % |2
Constant 3 f; .\ -\ 0.\
5 200 Gev 200 GeV 200 Gev
N art / (2A ) Sh ow Central Peripheral
p ok 0 o
. O Cu+Cu: 0-6%  ® AusAu: 35-40% O CusCu:0-3% @ Au+Au: 0-10% [0 Cu+Cu: 45-50% @ Au+Au: 45-50%
scalin g & 3F omoeesmesm | glacen - ofoyaae o] Bl e -0eemes s
ZE
2 o ; i_ 2 of
5 s 3
<
= 1 &F (b) 1 ] (e) % 1
° 62.4 GeV 62.4 GeV 62.4 Gev
f Central Parphac
off off b of
0 CurCu: 36% e p——
| 224 Gov scaea Avsmu 35| | — z2.600v. e i 0105 224 s Ao 4045
Q: 3L ¢ 196GV, Aushu:35.40% B[ o roscev. ot E -
s N = (N = 95 YA = (NCY2A = 081 N2 < 2 <021
\Zé 2
=
5 1 )
Z 0

22.4 GeV
Peripheral

L owel Y AT SO
40Ty E R
n n
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dNg, /dn versus “natural centrality”

® Constant Npart
show deviations

® Constant
Npart/ (2A) show
scaling

How can that be?
participants do not know

“natural centrality”

AN /N /2)

oN /N /2)

AN, /(N /2)

BOHR INSTI

Same N, Same N, /2A Same N,,/2A
O Cu+Cu: 0-6% ® AutAu: 35-40% O CuvCu:0-3% ® AusAu0-10% O CusCur45-50% @ Auvhu:4550%
N =) = 103 2R N2 054 2R - (N2 016
m‘j E’., % : *
2r f % |2 % |2
(a) (d) (9
f 200 Gev 200 GeV' 200 GeV
Central Peripheral
o 0 0
OCUCE08%  ® AusAu540% | [0 CUCu03%  ® AusAu 0-10% | [ CurCu: 45-50% AusAu: 45-50%
3f N = (NG = 98 JENYRAN < (NCTNAT 2 081 B (N2AM ~NC2AS> - 0.16
2f Fy it 2 2F
1
£ y y
1 F (o) 1 » (e) % 1T
624 GeV 62.4 GeV 624 Gev
f Central Penpheral
o o . o
5 CusCu: 36% 0 CusCu: 03% 0 Cuecu 40-45%
—22.4 GoV, soalod AusAU: 35405 | — 224 oV, scaod Auuhu:0-10% — 224 Gov, scalod Auou: 40-45%
3r * 19.6 GeV, Au+Au: 35-40% 3 ® 19.6GeV, AusAu: 0-10% 3 ® 196 GeV, AusAu: 40-45%
N = (N = 95 N2 S (NTY2AT 2 081] | At - 2a™ < 021
2
1 "
0]
224 GeV
Peripheral
e | TR
R R I 4202
n n
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Glauber and Glauber—Gribov

Glauber: t oo
10 b= .4 fi
® |nputs: Now= 118

. . . N

® Charge-distribution o

(e.g., 3pF or 3pG)
® Nucleon—nucleon
cross-section ony
® Black-disc:
P(bnn) = O(2r — bnn)
® |mpact parameter b

® Outputs: Normal Gribov:
® Npart, Ncollr
® Nucleon distribution

Glauber—Gribov

® Colour-state fluctuations
Fluctuation of ony (donn)

&

°
L L AR

-10

.
.
5
IS
5
\
°
-
3
E T I B IR W

® Sample oy once per event

® OK for p—A, but tricky for
A-A
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Individual nucleon fluctuations

® Allow each nucleon to fluctuate in “size”
Simple approach, Angantyr/PYTHIA more evolved

® Calculate g4p for any two nucleons A and B

® Fix to reproduce (ox) = ((0aB))
not necessarily P(oyy)

® Nucleon “sizes" fixed throughout
Frozen colour state

® Based on TGlauberMC

PRC97(2017)054910

Work-in-progress: Apply skepticism here
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“Up-tick” in AA collisions

NIELS BOHR INSTIT

Ansatz: Take Ngop as proxy for dNy, /dn or total N,

Pb_Pb, OnN = 70mb

( SNN - 5.02 TeV)

a

8 16
z

Su Pernucieon

= s0,205m>

Soimn

12— ¥ 50,,72mb.

3 -ty amb

I (A
#

|
50 100 150 200 250 300

Glauber-Gribov: “up-tick”

|
350

400
Npart

Xe_Xe, (USN 684mb
(\/ SNN - 5.44 TeV)

T
b

Xe-

Per.nucleon

N /(N pard 2T
5

5
I

\+"“

|
50 100 150

® individual nucleon fluctuation: More smooth increase

“Up-tick” possible sign of oy fluctuations

Fluctuations a /a p—-A

250
N
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Express dNu, /d7 in terms of dNg,/dy

dNew _ 1 dNa
dy () dy

o cos®
y=1 2a2

PLB772(2017)567-577 1

\/1 41/ (a2 cosh?7)

® Direct measurement

of dNu,/dy:
Gal.Jssian in measured a: effective p,/m
re.glon _ ® pp and Pb—Pb Ansatz:
® \ia mean Jacobian: AN /dy=(B)A/ (V2re)e ¥/ (29)
Gaussian in measured e p—Pb Ansatz: A
o p nsatzz A — (ay +a)

AN /dr=(B) (ay+A) / (V2ro)e ¥/ (20)
Fit dNe,/dy to extract o, effective p,/m
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0, and effective p../m

T
= | ALICE Prellmmary /TNN =5.02TeV
3 PP Pb-Pb [¥] Pb-Pb (arXiv:1612.08966)
Z 7|—e DATA & EPOSLHC ----- dN,/dy EPOS-LHC
S
6
5
4
3= | | —
10 0
(Npart)
T
E r ALICEPrellmmary Vi = 5.02TeV =
= 28 Te] p el p (@] Pb-Pb —os =
b F e Data o Frosiac oo {pr)/ ()| <0.5 EPOS-LHC x
i <
£ &
£ 24 (— £
&
g
24— =
. =5}
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® o decrease
Collimation of

production

® Peripheral similar
o to pp
Limiting

fragmentation

® Effective p,/m
increase for
Pb-Pb

consistent with pp
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Back-of-the-envelope initial energy density

® Bjorken formula:
EB]'T = 1/ST dET/dy
® with

dEr/dy ~ 2(mt)dNg,/dy

&1

2 2(m)\/1+ (p,/m)2dNgy/dy” ®o2,

® St from Glauber

® |J part. Full area I ;
® ) part. Overlap e

egT 2 epT = 1/57"'2¢/1+ (p,/m)?dNg, /dy
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The lower-bound of ¢g;

NE 0 ALICE Preliminary, /sxy = 5.02TeV H
> R Epro B Pb-Pb, /s = 276 TeV E
(] C E
9/ [ -
% 10— pune -
] E P = =
« = Y= o 3
1= o —
E Glauber area E
| ® Upart. O Npart. B

10-1 P B | B | . L

10 [ TV ‘
<Npart>

PRC94(2016)034903

® Fixed energy density at fixed Npart
Except for central p—Pb

® For Upart, large increase over pp

® |f same initial € in systems, then similar final state effects?
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So where are we?

® | ots of results on N, production

® Models has room for improvements

® From top SPS, fill-up phase-space

® Central AA fluctuations
Similar to p—Pb

Possibly oy fluctuations

® pp, p—Pb, Pb—Pb similar initial ¢

N, production still a challenge

Slide 26/27 — C.H.Christensen — dN,;, /dj — CSCS'18 — 2018/06/14



UNIVERSITY OF COPENHAGEN NIELS BOHR INSTITU

Back-ups
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