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D multiplicity vs charged multiplicity in pp
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Already understanding
a linear increase is a challenge!

(Only recent Pythia versions can do)

Even much more the
deViation from linear (towards higher values)
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Trying to understand these data in the
EPOS framework

Important issues:

o Multiple scattering,
parton saturation

0 Collectivity
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Part I
EPOS Overview
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EPOS: Based on multiple scattering and flow

Several steps (even in pp!):

1) Initial conditions:
Gribov-Regge multiple scattering approach,
elementary object = Pomeron = parton ladder,
Nonlinear effects via saturation scale Q,

2) Core-corona approach
to separate fluid and jet hadrons

3) Viscous hydrodynamic expansion, /s = 0.08
4) Statistical hadronization, final state hadronic cascade

arXiv:1312.1233 , arXix:1307.4379
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Initial conditions: Marriage pQCD+GRT+energy sharing
(Drescher, Hladik, Ostapchenko, Pierog, and Werner, Phys. Rept. 350, 2001)

(squared amplitude)

For pp, pA, AA: A —

S=
out uncut
O_tot — E / E : / G -G
cut P uncut P _ ﬁ -
B
A\ _J/
TV
do—exclusive

cut Pom : G = %ﬂm {FT{T}}(5,b), T = i3 0hara(8) exp(RE,.qt)
S

Nonlinear effects considered via saturation scale (),
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Core-corona procedure (for pp, pA, AA):
Pomeron => parton ladder => flux tube (kinky string)

String segments with high pt escape => corona, the
others form the core = initial condition for hydro depending
\_ on the local string density
€ 2 F core-
£ 15 Fcorona
> E
1E
05
0 -
05
1 ;
-15 ? 5.7‘fm | | ‘5Pomer‘ons
_21\\\\\\\\\\\‘\\\\\\\\\
2 -1 0 1 2 0 2 4 6
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Core => Hydro evolution (Yuri Karpenko)
Israel-Stewart formulation, n — 7 coordinates, /S = 0.08, (/S =0

9, T =9, T + T, T + T, T™ =0

T — NG T — TIns
7 (B +0id) T = NS P (8 40y = N Iy
Tr 11
O 7ev = curur — (p+ I)AHY 4 7hv, L] e = (AP0 u” + AvAd \ut) — %nA‘“’&mt)‘
D 0,, denotes a covariant derivative, |:| Iy = —C EITE
L] amv = g""” —utu” is the projector orthog-  [7] juv _ _ 4 uvg v _ [’ 7P+ w7 Blut 9, s ug
onal to u”, 7' 3 o ;
— _4 ¥
O mH¥ | 11 shear stress tensor, bulk pressure i n = —318,u

Freeze out: at 168 MeV, Cooper-Frye E4 = [ ds,p" f(up), equi-
librium distr

Hadronic afterburner: Ur@QMD

Marcus Bleicher, Jan Steinheimer
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Results

Detailed studies of pt spectra
and azimuthal anisotropies (dihadron corr., v,) in pp, pA:

(] arXiv:1312.1233 [nucl-th]. Published in Phys.Rev. C89 (2014) 6, 064903.

] arXiv:1307.4379 [nucl-th]. Published in Phys.Rev.Lett. 112 (2014) 23, 232301.
(] arXiv:1011.0375 [hep-ph]. Published in Phys.Rev.Lett. 106 (2011) 122004

(] arXiv:1004.0805 [nucl-th]. Published in Phys.Rev. C82 (2010) 044904.

In the follwing : An example of an
asymmetric space-time evolution (high mult pp event, 7TeV)
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pp @ 7TeV EPOS 3.119
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pp @ 7TeV EPOS 3.119
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pp @ 7TeV EPOS 3.119
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pp @ 7TeV EPOS 3.119
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pp @ 7TeV EPOS 3.119
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Part 11

A crucial ingredient:
The saturation scale Q2
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Some facts about the Gribov-Regge multiple
scattering scheme (the heart of the EPOS approach)

S-matrix:

[(t = +00) = S [i(t = —o0)

Unitarity relation:

28
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which leads to (Z includes phase space integration)

1 *
> @m)'s(ps —p) [ Trl" = - (L = 1)
f
2s ;'Iot
1
= —discT};
i

with (5, t : Mandelstam Variables)

disc T;; = Tyi(s +ie, t) — Ty(s — i€, t)

29
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30

ﬁl detail :

1 = (i|587S]i)
= > ST IS )
f

So
1= 578y
f

Using Sy =65 +4(27)*8(py — p:i)Ty:, dividing by i(2m)*6(0)

1 *
(T =T5) = > @m)*s(py — pi) [Tyl
f
= 2W 0Ot
= 2S00t

The l.h.s. :

2
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ﬁo we get the optical theorem \

2AmT; = Y (2m)*0(ps — pi) [Tril” = 25 0vor
f

Assume:

J 7y; is Lorentz invariant — use s, ¢

[J Tii(s,t) is an analytic function of s, with s considered as a complex variable
(Hermitean analyticity)

(] Ti(s,t) is real on some part of the real axis
(see optical theorem)

Using the Schwarz reflection principle, Tj;(s,t) first defined for Ims > 0 can be con-
tinued in a unique fashion via T;;(s*,t) = Ty (s, t)*. So:

% (Ti(s, 1) — Ta(s,8)") = % (Toa(s,1) — T(s™, 1)) = %disc T

with
disc Ty; = Ty; (8 + i€, t) — T (8 — 1€, t).

N /
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Discontinuity, example: exp and its inverse log

]

o

w = log(z)

z = exp(w)

Problem: exp(w) maps two points to one,

inversion not possible

32
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unless one excludes the green line

i
ol
w = log(z) z = exp(w)

and shifts points on this line up or down (by ¢).

Discontinuity = 27

33
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ﬁl detail: Let us study the mapping \
w — z with z = exp(w).
Consider w = x + iy, with z fixed and y going from —= to =, which means we have a

trajectory going from wi = z — i7 to we = = + im.
Doing the mapping w — z for this trajectory, we get

describing a circular trajectory with radius e” with start and end point z; = zo = —e”

Doing the inverse mapping z — w = log(z) : We get for z; = z, two different values w;
and ws !!

One has to define log in C —R<( (branch). The negative real axis is called branch cut.

x

The discontinuity at z = —e”:

log(z + i€) — log(z — i€) = 2mi

o /
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Back to our T-matrix : We have

1
2 :
25 Otor = 2(277)45(1%” — i) ‘sz'\ = TdISC T
f
%disc T can be seen as a so-called “cut diagram”, with

£

modified Feynman rules, the “intermediate particles’

are on mass shell, and we use simply

1
25 0t = —disc Ty,
i
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Modified Feynman rules :

O Draw a dashed line from top to bottom

O Use “normal” Feynman rules to the left

O Use the complex conjugate expressions to the right

O For lines crossing the cut: Replace propagators
by mass shell conditions 270(p°)d(p? — m?)



GSI Seminar July 06, 2016 — Klaus Werner — Subatech — Nantes 37

Useful in case of substructures:




GSI Seminar July 06, 2016 — Klaus Werner — Subatech — Nantes

Vi

Cut diagram
= sum of products of cut/uncut subdiagrams

38
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cut

subdiagram explicitely mathematice
g symbol expressmnc

- B - -G




GSI Seminar July 06, 2016 — Klaus Werner — Subatech — Nantes 40

uncut

subdiagram explicitely mathematice
g symbol expressmnc

= L = — _G
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Single Pomeron contribution G, computed via pQCD,
can be (very well) fitted as*)

G~ Gg = a ()P (™)

(z*are light cone momentum fractions)

Extremely useful! Allows analytical calculations of
Cross sections.

*) (Drescher, Hladik, Ostapchenko, Pierog, and Werner, Phys. Rept. 350, 2001)
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Consistency requires adding more diagrams (ladder
splitting/fusion, triple Pomeron vertices, gluon fu-
sion in CGC ...)

(Drescher, Hladik, Ostapchenko, Pierog, and Werner, Phys. Rept. 350, 2001)
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Motivated by model calculations, we treat ladder fu-

sion via adding an exponent ! :

Gt — Ger = o (xF)P<"™ (&) +""

(“epsilon method”) with
e=¢(2),
depending on “the number of participants”:

27 = 3 fn (400 - )

proj nucleons i/

(j is the target nucleon the Pomeron is connected to)

IK.Werner, FM.Liu, T.Pierog, Phys.Rev. C74 (2006) 044902
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Advantages

O Cross section calculations perfectly doable

O Energy dependence of 0y, 0¢] (and more) correct
Big problems

O Adding € does not change the
internal Pomeron structure

O No binary scaling in pA at high p;
(tails much too low)

44
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Solution

O Introducing a saturation scale
(K. Werner, B. Guiot, Iu. Karpenko, T. Pierog,
Phys.Rev. C89 (2014) 064903)

Before: Compute G with fixed soft cutoff Q,
— fit — add e exponents

New: Compute G with saturation scale Q, < Z §*

— fit (§ = Pomeron invariant mass)

varying (., changes internal structure!
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Still something missing ...

O The saturation scale depends on
the number of participating nucleons,

O but NOT on the number of Pomerons Np,,,
(participating parton pairs)

The number of Pomerons represents the event activ-
ity in pp, as the number of participating nucleons
does in pA.
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The final solution

O Combining “epsilon method” and saturation scale
in a smart way (T. Pierog and K. Werner, procs. EDS 2015,
Borgo, France)

Step 1 Compute G = G(Qy) with fixed soft cutoff Q)
— fit — add ¢ exponents (— G.g) in order to fit
Cross sections

Step 2 Introduce saturation scale via

GePf =k G(Qs)

affecting the internal structure
(We will see what to take to k)
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48

The saturation scale Q>

0
N
o

10

—— Npy© 47
- - N, 811

- —eme Np© 12-15

EPOS 3.204
basic

-
emo—0="°

- \e

—— - .

Xy 27X0'3

;) -3 2

10

107 1
X+PE

pp at 7 TeV

using G.g = k G(Q);)

with constant &

(z+pr is the LC momentum
fraction on the projectile side)
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A crucial test:
Multiplicity dependence of spectra at high p,

4
> 10 "=
3 F .
S . 2~ multipl classes (VZAC based) . s
o L
£ 10 . ALICE prelim preliminary
E = ALICE data
10 -2 v (digitalized from B.A.Hess,
> talk at MPI@QLHC 2015 Trieste
6 - November 27, 2015)
10 —
— multiplicity bins
-10 il (top to bottom):
10 B . ) e 0-1%, 1-5%, 10-15%, 20-30%,
- plOﬂS y‘ . '0.5 - 0.5 ‘ | | - 40_50%’ 70_100%
E | [ | | [ |
10 -1 1 10 lines to guide the eye



50

Same data - ratio to 70-100%

ratio to 70-100%

~ multipl classes (VZA based)

pions

Y-v 9 Y e
|®

10 1

ot

non-trivial:

spectra get harder
with multiplicity
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Comparing ALICE data with EPOS calculations

104 .
2 102 multipl classes (VZAC based)
g ; ALICE prelim
-o | E—
-2
10 *
=
-
10 “epos3204 ™ .
= basic " .. v
-10 = NN
10 = pions  y:-05-05 "= :
jl\ \\\HH‘ | \\\HH‘
10 1 10

pt

(preliminary ALICE data dig-
italized from B.A.Hess, talk
at MPI@QLHC 2015 Trieste
November 27, 2015)

multiplicity bins

(top to bottom):

0-1%, 1-5%, 10-15%, 20-30%,
40-50%, 70-100%

Not too bad for a
first shot ... but
tails are not correct
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Comparing ALICE data with EPOS calculations
Ratio calculation / data
o 3
B ~ multipl classes (VZA based)
L calc/ data
2 _ pions multiplicity bins :
- 0-1% (red) , 1-5%, 10-15%,
B 20-30%, 40-50%, 70-100%
%\ (grey)
1
- C\é Tails wrong by fac-
i tors of two (low pt will
010_1 | | \\HH‘ I B I B bemodlﬁedbyhydro)

1 p]fo
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Make saturation scale Qg depending on Np,,,

0
N
o

10

—— Npg © 47
- = Npy: 811
- oo Np,, 0 1215

L]
.P\HHH‘ | \HHH‘ [ |

10

107t
X+

1
PE

pp at 7 TeV
using G.g = k G(Q;)

with
L < NPom )0.75
<N Pom>
higher Q? with increas-
ing Pomeron number

(like N,... dependence
in pA)
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Comparing ALICE data with EPOS calculations

el
o O

4
2

dn/dptdy

=
o
N}

=
o
&

=

(@)
_
o

multipl classes (VZAC based)
ALICE prelim

pions y:-05-05 "

1 10 ot

=> much better
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Comparing ALICE data with EPOS calculations
Ratio calculation / data

3 using
multipl classes (VZA based) 0.75
- calc/ data < Npom ) .

- pions - (Npom)

#/ﬁ\ multiplicity bins :
1 /M 0-1% (red) , 1-5%, 10-15%,
B 20-30%, 40-50%, 70-100%

(grey)

ratio

| | ‘ | [
O - | | [ °
101 1 p]fo Tails reasonable (low

pt will be modified by hydro)
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Still finetuning and tests needed, but we use

Geﬂ' =k G(Qs)
with
NPom Asat
k — y Asat - 075
<NP0m>

to analyse the multiplicity dependence of D-meson
production (results depend somewhat on Ag;)

Remark : This new procedure => EPOS 3.2xx
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Part I1I

Multiplicity dependence
of charm production
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Notations (always at midrapidity) (D-meson = average D*, D, D**)
N, : Charged particle multiplicity

Np; : D-meson multiplicity for 1 < p, < 2GeV/c

Np> : D-meson multiplicity for 2 < p, < 4GeV/c

Np, : D-meson multiplicity for 4 < p, < 8 GeV/c

Nps : D-meson multiplicity for 8 < p, < 12GeV /c

In addition we define normalized multiplitities
n =N/ (N)

for n., and np;
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Heavy quark (@) production
in EPOS multiple scattering framework

as light quark

production
(but non-zero masses :
me = 1.3, mp = 4.2)

In any of the ladders

O during SLC (space-like cascade)

O during TLC (time-like cascade)

0 in Born
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Multiple scattering (EPOS3, basic):

NDi X Nch X NPom

"Natural” linear
behavior
(first approximation)
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The actual calculations

np;

£15

10

0

VS NMcph

EPOS 3.204

@
.I
/
full I
«ssediagonal J

— Ny
n

r D2
EEEEER L

D4
- == @ nD8

.(\.\’\‘HH‘HH‘HH‘HH‘

O 1 2 3 4 5 6
normalized charged multiplicity

... even more than
linear increase!

(in particular
for large p,)

(less for A, = 0)
(much less in
EPOS 3.1xx)

Why this pt dependence ?
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Crucial: Fluctuations

I\Ich

Nch

N ch and N Pom
are correlated,
but not one-to-one

(=> two-dimensional
probability distribution)

In the following, we consider fixed values 7.,"
of normalized charged multiplicities
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To understand the implications of “fixed n.,”
Strings in multiple scattering event (schematic view):

basic EPOS
y

Strings of
different lengths,
different rapidity
coverage,
different hardness

length
~mass (Vztz=s)

space—time rapidity
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full EPOS (with hydro) string segments=> fluid

y

space-time rapidity

but

string properties

- number,

- masses,

- hardnesses
determine initial
energy density and
final multiplicity
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Consider np; for some given n.,*

102

10

10

EPOS 3.204 full

—Np1(NpomNen”)

ch

T \HHH‘
>
*

T HHH‘
~,
,°

.Iprob(N Pom’ nCh*) ‘\o\
¢ % °
Bl h'\\‘H]\'Q\H‘\H‘H\‘H\‘\

0O 2 4 6 8 10 12 14
NPom

np1 =

Z prOb(NPoma nch*)

NPom

X nDl(NPom> nch*)

=~ 1.6 nch*

having used

*
np1(Nprom, Nk’ )
~ 1.6 nch*
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The precise calculation (red point)

<10
[a)

c

- e+« diagonal

75 — .
- eng(Ng)

1 2 3 4 5 6

nch

o
T T T 1
(]

o
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npg for given n.,” —

Nps =
= EPOS3.204 full > prob(Neom, ner’)
10 2 ; NPom
= w ch Y) X nDS(NPoma nch*)
10 L. . >> ney”
;nch .......... .—.- ............
1 = ,”. \'\.\ because
R - .'. % °. N pg > nch* at high NPom
1071 o Prob(Ngg,ngy') \°\.
= ,' * 15 \ and
2 : N
10 ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ \‘

increases strongly
o 2 4 6 8 10 12 N|1:j towards small Npom,
m
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The precise calculation (red point)

ng —
0 | eee diagonal
enpg(ny)
10 —
O:ld ..\.H‘\H\‘HH‘HH‘HH‘

o 1 2 3 4

significantly
above the
diagonal!

strongly
non-linear!

How to understand

npg >> Ney'

and why increasing to-
wards small Np,,,?
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We compute in addition

O The average invariant Pomeron mass
for given Np,,, and n,* (/100 GeV)

O The average Pomeron hardness

((p?) / (P?)..; — 1) X 100

for given Np,,, and n.’

(based on string segments; (p?) . = 0.55GeV?)

ref
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Pomeron mass and hardness

102

10

10

~o  EPOS3.204 full

/ .
see¢ avg Pomeron mass

HHHH‘ \Hg\‘ HHHH‘ TTTTT

- - -avg Pomeron hardness

O 2 4 6 8 10 12 14
I\IPom

both increase
significantly with
decreasing Np,,,

red line: npg

blue dashed-dotted:
Npom distr

correspondence
hardness - npg !!
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Strong non-linear increase (of nps(n.))
since

O Pomerons harder with increasing multiplicity
(more screening, higher (Q3)

0 The number of Pomerons fluctuates
for given multiplicity and smaller
Pomeron numbers imply harder Pomerons

O note : 7N pg is nothing but a “Pomeron hard-
ness” measure (even a very sensitive one)
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EPOS 3.204 compared to data

15

N/<N>

10

ALICE EPOS
full

~Np1 * T

" Np,

N

N

D4

pg X T°=°

«ee diagonal

o 1 2 3

4

5 6

Nch/< I\Ich >
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Hydo helps somewhat
(for basic EPOS the increase is somewhat less)

c 6

SO N b~ O N b

- - ™ 4 e

7\ L 11 ‘ [ : [ ‘ | \'\ : L 11 ‘ [

- - N / [EPOS3

- — — - basic

- 3 i_full

: : [ ‘ L1 :\ L 11 [

0 5 0 5

Pom NPom NPom

No change
for np;

But some reduc-
tion of n_,

=> nps(nch) with
hydro is some-
what steeper
compared to
basic EPOS
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Why multiplicity reduction?

Basic EPOS:

Pomerons > Strings

> String fragmentation
(independent of event
activity)

Full model:

Pomerons > Strings

> Fluid, collectivity
(collective  energy in-
creases with event activ-

ity)

~10

— hydro, no trv flow
—e—epUre string

charged ptls
[n| <0.8

0 0.20.40.60.8 1 1.21.41.61.8 2

p, (GeV/c)
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Taking charged-particle multiplicity at
forward /backward rapidity

28<1n<51 and —-3.7<n<-—-1.7

(Vzero multiplicity, V.., n,.)
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Vzero multiplicity : Smaller increase

N
> 15
Vv
Z
10

-ALICE EPOS
- full

Z Z Z Z

)
0o

D1
D2

o
N
o

1 2 3

4 5 6
N, /<N,,>

as in the data
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npg for given n,,”

- EPOS3.204 full
10 2 E *
B — Npa(Npom M)
10 b
-z
1e
- S N,
10 L s~ Prob(Npgrn,,") e
AT "
-2 C ol .\.
10 [ ,\ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ |
0O 2 4 6 8 10 12 14

I\IPom

whereas

nps (NPoma nch*)
increases strongly
towards small Np,,,

nps (NPom’ nvz*)
decreases slightly

=> Pomerons
do not get harder
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Why do Pomerons get harder at
small Np,, for fixed n., but not
for fixed N, ?
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In case of n.,, almost all Pomerons cover the corresponding
central rapidity range

—

I I
s e
S e e

X

space-time rapidity
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In case of n.,, almost all Pomerons cover the corresponding
central rapidity range, so to keep n., fixed for smaller Np,,,
requires harder Pomerons (no other way)

X

0 space-time rapidity
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Side remark:

In principle a possibility to define

O particular event classes, with essentially
“hard” Pomerons,

O by triggering on high multiplicity
AND large D meson yields
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In case of n,,, only some Pomerons cover the corresponding
forward rapidity range,

—_

0 space-time rapidity
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In case of n,,, only some Pomerons cover the corresponding
forward rapidity range, so to keep n,, fixed for smaller Np,,,
can be accomodated with more Pomerons covering that ra-
pidity range

X

0 space—time rapidity
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Summary

0 New (and final?) major improvement of the
multiple scattering scheme in EPOS: Pomeron
number dependence of the saturation scale

(and the corresponding technical improvements which make it possible)

O Provides increasing Pomeron hardness with in-
creasing multiplicity (ALICE multipl dependence of spectra)

O Explains strong increase of high pt charm pro-
duction vs multiplicity, and the modest in-
crease in case of forward multiplicity.



