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= Scaling of jet-momentum profiles with multiplicity
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= KNO-like scaling within a jet in pp collisions

= arXiv:2012.01132
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Motivation

= Collectivity in small systems with high-multiplicity at LHC

= Substantial v, , eg. Yan-Ollitrault, PRL 112, 082301 (2014). L%
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= Current understanding: h AR T
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= Vacuum-QCD effects at the soft-hard boundary: o~ BV . :_._.,___
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eg. Schlichting, arXiv:1601.01177 T N, S Sy,
= and color reconnection (CR) [model element] . ::::_::::'?::'_j'_i'.[""'h""M'
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Motivation

= Collectivity in small systems with high-multiplicity at LHC

» Substantial v, , eg. Yan-Ollitrault, PRL 112, 082301 (2014).

= Current understanding:
= QGP is not necessary for collectivity
= Vacuum-QCD effects at the soft-hard boundary:

for instance multiple-parton interactions (MPI) _.

eg. Schlichting, arXiv:1601.01177

» and color reconnection (CR) [model element]
eg. Ortiz-Bencédi-Bello, J.Phys.G 44 (2017)

= Jets:
= A-A: sensitive probe of nuclear modification.
= pp: No suppression expected.
However: soft and hard processes are related by MPI
=> jets can serve to study this connection
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Radial jet profiles

= Differential jet shape

ZPT

T ]"a<f}<f'b

V (0: — 0jer)? + (M — Mier)?

CMS, JHEP 06, 160 (2012)
| -I-.--p||:Data('\s 7TeV} .
—— Pythia Tune Z2
0 . Pythia Perugia2010
-------- Pythia Tune D6T
------------- Pythia8
- Herwig++

p(r)

10-1—CMSJLdt 36 pb’, |y < 1 .
50 GeV < P} < 60 GeV e Aiasas

1.3
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o

Q 1

Q

s

0.7 001 02 03 04 05 05 07
radius (r)

= CMS@LHC pp collisions, Vs = 7 TeV
=  R=0.7 jets, 50<pet<60 GeV/c, |y|<1
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Radial jet profiles

= Differential jet shape

CMS JHEP 06, 160 (2012)

=@= pp Data (/s=7TeV)
—— Pythia Tune Z2
0 . Pythia Perugia2010
E e Pythia Tune D6T 8
------------- Pythia8
-~ Herwig++

p(r)

—

p(r) = Z PT
- —CMSJLdt 36pb'1,|yi<1 5

p]T ]"a<f}<f'b 10
- 50 GeV<P' < 60 GeV

F = \/((I)i —¢jet)2 + (N —leet)2

MC/Data

0.7 001 02 03 04 05 05 07
radius (r)

= CMS@LHC pp collisions, Vs = 7 TeV
=  R=0.7 jets, 50<pet<60 GeV/c, |y|<1

= Currently available LHC data are either
multiplicity or transverse-momentum inclusive
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Momentum density fraction p

More multiplicity classes
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PYTHIA 8.2 simulations (HardQCD)
= pp collisions at Vs = 7 TeV
» R=0.7 jets, 50<p;et<60 GeV/c, |y|<1

7 multiplicity classes:
jet profile curves intersect at a given point Ry,
in any given pet window

Z. Varga, R.V, G.G.B,
Adv.HEP 2019, 6731362 (2019)
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PYTHIA 8.2 simulations (HardQCD)
= pp collisions at Vs = 7 TeV
» R=0.7 jets, 50<p;et<60 GeV/c, |y|<1

7 multiplicity classes:
jet profile curves intersect at a given point Ry,

in any given pet window

[ = generator: Pythia, Hijing++
tune: 4C, Monash, Monash*
nPDF sets

CR scheme or MPI
jet algorithm: anti-k;, C/A, k

R;, independent of -

Is it a scaling behavior? Z. Varga, R.V, G.G.B,
Adv.HEP 2019, 6731362 (2019)
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Parametrizing the jet profiles

= Detailed PYTHIA 8 simulations (4C) =
= Jetradius: 12 bins up to r=0.6

Multiplicity 6 bins up to N=100
Momentum: 20 bins up to p{€=400
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Parametrizing the jet profiles

u Detalled PYTHIA 8 SImUIatlonS (4C) % 2‘52_ 25<N<40, 15<p <20P($’?lelg8 % 9—l 25<N<40,100<pj:l<110 GeV/c
- /%\- = Al
= Jetradius: 12 bins up to r=0.6 T T T T\
. . . . 1. = Background g
= Multiplicity 6 bins up to N=100 ; : s\
. . 1 * \.
= Momentum: 20 bins up to p;=400 = A
1 _‘_..________?
= Statistically motivated distributions: £ o * | Bes T
g % T & o e——
= Poissonian distribution 5T 55 o5 5u 0 01 02 03 04 05 0¢
r r
p(r )=Cr & P € 60<N<Eg:_1hs‘:bi&<20 GeVic S f\_ 60<N<B0, 100<p"'<110 GeVic
= NBD (Negative binomial distribution) & < ™ X
1‘4; / '-._he N \
I'(rk+a Y7 ¥ N
olr)=C )(r( k)1)pm(1_p)a s/ N
a r + 0‘4?—.';— 1 _L‘k"-__‘_
. . . ) 0.24 M
Note: both in the wide-jet (p—1) and narrow-jet s - g = T ]
limit (y——1), NBD reduces to Poissonian E g+_|_++++ =3 Ty E o S R
10z 03 04 05 06 O 5T 07 03 04 05 06
. . . r
= Simultaneous fit with a ~br background arXiv:2008.08500
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Parameters of the Poissonian fits

—e— 15<p'”<20 GeV/c st .
H H H —8— 50<| ’L‘<GOGBW(: 10r = "
= Poissonian with background 50 s el o =
T 9 e o )
a0k ¢ —&— 180<p!"<200 GeV/c| : o o i
A y S a r * 8:— o o
p(r)=Cr¥e “"+br R m
20 L " : *
6
e
= Monotonic trends observable % 12 55 wnsonso 70 8090 100 0165030 "46""50"60"70"80. 90 100
Multiplicity Multiplicity
- T o
_ 1.2f L - r
= Exception: lowest p; T " !
0.8:'— [ :
» Underdetermined background fit ] o osf ty %
4= - r =
(mostly affects b and C) 02} 5 Lo 0.4} -
. . oF - o g o [ = 9 y
» Leakage of jet outside R=0.7 0 0, 0® oz , 2 e °
(affects C) pee | ° of
902030 40 50 60 70 8090100 0102030405060 70”80, 90100
Multiplicity Multiplicity
arXiv:2008.08500
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Scaling of the jet profiles

. . . %3-5— 15<p’"<20 GeVic % U 50<p':' <60 GeV/c
= Scaling assumption: profiles atall = 5 }w; Mulipiciy = 6
e ye g ) . E - 0<N<25 ;-‘.
multiplicities collapse into a single 25 § i%. G 58
. . . 2__.? ? -e- 40<N<50 4{; A
distribution I i -
) 18k* A —+ 60<N<80 af 8
r i n?a - 80<N<100 "b%
r)I=A(N 5 . Ty
pN( ) ( )f K(N) 0_5§ - . : -.,%
Cb“b'.i"bfé”bfé“bfzi“bfé“%r.a O 0102 03 04 05 or.'e
» Scaling is determined based on
Poissonian fits % 10_‘ 1DD<pJ:'<11OGeWc % 18? 130<p':'<200GeWc
= = L 16f
= Chosen “good” mid-multiplicity fits, oo tage
. e e e . 12,
then others scaled to it minimizing 2 o = 1o
[ ¢ 8F o
o s 6f =
2} £ 4
A o
Ooms O 01 02 o3 04 63 06

arXiv:2008.08500
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Scaling of the jet profiles

. . . % 3.5 15<p:' '<20 GeVic % U Sﬂgpt'qao GeVic
= Scaling assumption: profiles atall = 5 }?ﬁ Mulipiciy = 6
e ye g ) . E - 0<N<25 ;-‘.
multiplicities collapse into a single 2 f Yy eza %
. . . 2__.? ? -e- 40<N<50 4{; A
distribution TG -
) 15F" Q'. —+ 60<N<80 3k &
r 1. n?t’ - 80<N<100 'lb%
r :A N e LY 2:_ %
pN( ) ( )f K(N) O_Eﬁ g, : “oa
Cb“b'.i"b.lé”bfé“bfd“bfé“%r.a Q0170203 04 05 or.'e
» Scaling is determined based on
POlssonlan fltS % 10_: 100<pf'<110 GeVic % :zg 180<p] <200 GeV/c
= Chosen “good” mid-multiplicity fits, i 1afe
. . . _ g 120,
then others scaled to it minimizing 2 o = o
g 5:'?3
1 Céi of =
= The scaling works within 5-10% o %"% i ;
in the peak region %01 0.2“0.3 04 05 or.'s 00 01 02 03 04 05 or.'s

arXiv:2008.08500
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Scaling factors

arXiv:2008.08500

3 = 1.6
~ i —-—15<p’;’t20 GeV/c 5 fé é
R 50<pft60 GeV/c 1.5 +
2.5 —o— 100<p"110 GeVic t 14F
l a B
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L i . 1.3F
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- L r P
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__ o o n F % g
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= The scaling parameter « is approximately linear with multiplicity

= |deally, Ax ~ 1. This is fulfilled on the 10% level except for the lowest-p; bin
» Low-pyincrease is because leakage increases A
= Slight high-p; decrease is because background determination
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How good are the Poisson fits?

= Poissonian mean: =a

i +50<p':‘<60GeV/c
[ —o—100<pf"<110 GeVic

,5(1‘)2 193 25

y+1

= |[deally, it shoud scale:

f’i/?l ~1 1.5?—

. L
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—— 15<p'f‘<20 GeV/c
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How good are the Poisson fits?

arXiv:2008.08500
v r

= Poissonian mean: S o} 5w a0Geve s | £ F
[ = 50<p'f‘<60 GeV/c I:a_’1 .05F 0
— _ )"" 1 [ —o—100<pf"<110 GeVic ; %
,O(r)_ o 250 —a- 180<p"<200 GeVic ¥ 1_- A
i E}' 0.95;—
= |deally, it shoud scale: * 5o, % 0.9 { |
—/ i & - 0.85F
I{ ~ 1.5_— : & : I
/0 ~1 S
where O is the rescaled mean [ . :

0162650 26"5'6"&5'0"'7'?\'/1 ISI%;?;‘@} oo 7% "%'d'"z'd”é'd"a'd"‘s'd"é'd"'%dl\'ﬂ 'Eﬁip?;‘i} ioo
* The mean approximately scales linearly with multiplicity
= Except for the lowest p; bin, /9" ~ 1 within 5%
= Hence,
» Radial profiles scale with multiplicity
» Poissonian is an adequate description
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Is there really an R, ?

20<pT<25 20~f.pT<:25 GeVic 20<pT<25 GeV/C
g ¢ TTampncity £ TTumphcity g ® @ measured
g @ =025 g 35 & N=0-25 23 & s
§ & Simulation [*\:5 £ Fit iR .
2 2 N=40-50 £ & N=40-50 i ;
g A 5 g et - Spread of intersections
3 N=60-80 5 N=60-80
@ N=80-100 £ as @ N=80-100 ; °
25 . ™
2 2 2 ] ..
[ ] @ . ®
- 15 19 @ ® 3
: * 0 ,
1
18 ® o ©® .
@ ® o5 @
i 05 1 ] 1 1 1 1 1 1 . P
01 0.2 03 0.4 05 [i 17 0.2 [i} 0.24 {).m— 03 [i} 0.34

= Based on the Poisson distribution parametrization,
Ry, is an approximate consequence of the scaling
= Note: Ry, would be exact if p(r) fell linearly in the given region
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= Scaling of jet-momentum profiles with multiplicity
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KNO-scaling and its violation

P,<n>

= KNO scaling: the multiplicity distribution scales with Vs

Koba-Nielsen-Olesen, NPB 40, 317 (1972); Polyakov, Sov.Phys.JETP 32, 296 (1971)

Yy

0 1886

: %— A 2082

* 14GeV
" 29GeV
A 348GeV
0 91.2GeV

GeV
GeV

= The KNO scaling breaks down at high Vs i
= KNO may be violated by the presence of multiple- { e | "ﬁ}*
1 1 . . {1 S T ; ;
parton interactions or overlapping color strings | arXivi0706.3358 |
Walker PRD 69, 034007 (2004); Abramovsky et al., arXiv:0706.3358 L T T a1 nl;n>
a) s b) 4% c) /;4 :n-.._‘g.
/ 2 e /”’5,-/’" . £ S
—00nog u—_;;"'f 00o {’/la ﬁf‘“: 200 ';‘,/// 9 ?'T‘ s ;- e =
YEh N F(Z) N : o B i(i.,-/v’ﬁ 5 ]
ﬁl\"v \u—;\i \_\q §1 H i
.+ pp(bar)|’

. PRD 69 (2004), 034007
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KNO-scaling and its violation

KNO scaling: the multiplicity distribution scales with Vs
Koba-Nielsen-Olesen, NPB 40, 317 (1972); Polyakov, Sov.Phys.JETP 32, 296 (1971)

The KNO scaling breaks down at high Vs

KNO may be violated by the presence of multiple-

parton interactions or overlapping color strings
Walker PRD 69, 034007 (2004); Abramovsky et al., arXiv:0706.3358

, a a_-
a) a b) L c) e
P o L :
] / . /”ﬁ K
' . - |~
i P qﬁ_v/ q o <&
00000 4 i —oagoay 9 ~q 00000 ,< o i i
YE) N F(Z) N = ¥(Z) » - LT
! \E‘i’ "T*H_!_‘_
\\.‘ \ \ q
G g™ =
4 q

Is KNO-scaling valid within a single jet?
How is affected by MPI and CR?
Is there a connection of KNO to radial scaling?
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KNO W|th|n Jet multlpI|C|ty scaling with pqlet

—ea— PYTHIA8 (Monash)
120 PYTHIA8 CR=off
PYTHIA8 MPIl=off

100

| = ]
i P
i ....-.'

|

<N> with RMS
|
1

I .
4Q|I|F¢. —

20+

DljllllllllI”Il”"l”lIl"""""""
50 100 150 200 250 300 350 400

ple' (GeVic)

by the Jet multlpI|C|ty) vs. jet momentum p4iet

: MultlpI|C|ty (domlnated’
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KNO Wlthln Jet multlphClty scaling with piet

—ea— PYTHIA8 (Monash)
120 PYTHIA8 CR=off
PYTHIA8 MPIl=off
100
o =
E 80 | —
£ | T -
% 605:._-___— ul m '_'__,.—-.-'—
Zv : -C‘...
4Qilll.. pamaikd RS
20'_51-l
oh T IR IR NI A A N
50 100 150 200 250 300 350 400
pl"' (GeVic)

. MultlpI|C|ty (domlnated by the Jet multlpI|C|ty) vs. jet momentum piet

I'(NEk
» Parametrized with a NBD Py = e Ry

T@rNE+ P P
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KNO within jet: multiplicity scaling with pet

7 o —e— PYTHIA8 (Monash) ‘

=20-25 120 PYTHIA8 CR=off

=i—25 - 30
¥ 30-40 PYTHIA8 MPI=off
~—-40-50 100

5150 - 60
-—B0 - 70
-+=70 - 80
-5 80 - 80
-r—90 - 100
=100 -110
--110-125
=125 - 140
-—=140 - 160
160 - 180

4~ 180 - 200 1 bt |
£ 200 - 225 BT
£ 4- 225 - 250 207

¥  —NBDfit -1 <5250 - 300 i
; -+ 300 ; 400
10-6[}“II|IIII|IIII|II||||||| T vl B |‘||||||||||||||||||||||||||||||||||||||
0.5 1 15 2 2.5 3 3.5 d 50 100 150 200 250 300 350 400
scaled multiplicity pj:' (GeVic)

Multiplicity (dominated by the jet multiplicity) vs. jet momentum p-iet

T'(NE + a) i
T(a)T(Nk + 1)ka(1 ~p)

Distributions at all pet fit well on a single NBD curve

g

scaled density
<N> with RMS
|
I

» Parametrized with a NBD Py =

KNO-like scaling observed within a jet
» |n the following we quantify how well it is fulfilled
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Multiplicity vs. pet. moments

= (gt statistical moment RUE  gean e B EE
oo 10'5 -
<Nq>:ZPNNq e L
10
N=1 1012% o |
» sensitive to goodness of scaling 1130 e T
= insensitive to fluctuations e
= no need to parametrize and fit 188 e s w s mme
10° s
. . 105? - ve e ew [P :qfs
= Scaling: e
i s -
(NUE)) = MY (N9(po))  Alpo) = 1 o e
— — | gl e | L | ew] Ao »L | v |rod o |w)| t& ——q=9
L L Po Po 40 45 50 55 60 65

<N>
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Multiplicity vs. pfet: moments

= gth statistical moment
(N?) = ) PyN®
N=1
= sensitive to goodness of scaling

= insensitive to fluctuations
» no need to parametrize and fit

= Scaling:

(NI = M) (NI(po))  Alpo) = 1

» |og<Ne>/q vs. log<N> is a straight line with ~unity slope
= up to the 9th moment
=> scaling is fulfilled in the whole piet range

Zimanyi ‘20 R. Vértesi - Scaling properties of jets
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MPI off

|ogw(<N“>)/q

CR off, MPI on

g" moment MPI on, CR off
~g=1 -q=2 +qg=3

1 I L T L1 Ll L1
1.8 182 184 186 1.88

Iog10<N>

i 1 1 | 11| |
1.74 176 1.78

Moments: Role of MPl and CR

physical: CR on, MPIl on

g moment Monash
+q=;|1 +q:é ,,q=g
-Q= --g= -Q=
T P i

—_

| N | |
1.6 1.65 1.7 1.75 8

|Og1O<N>

= No multiple-parton interactions: scaling is present

= No color reconnection: no scaling

Zimanyi ‘20

= color-flow not handled, non-physical scenario

R. Vértesi - Scaling properties of jets

= “possible physical” scenario producing low-activity events

27



Slopes moment-by-moment

» Physical case (Monash): All 9 2T s & s & @ :
moments are consistent with unity, HF """" TR T
ey 0 0.98 s 2 J 0 ; :
slope within ~1% - |
= Note: scaling holds for different tunes & £ g,F o MSiaEh
NPDFs (Monash, 4C, Monash*) and also éo.ng— %) & CR-OEF
for different jet algos (anti-k, C/A and k1) 2 oof . - MPI=OFF
= No CR: Scaling is broken by ~15% S0.88] Y
= No MPI (also no CR by construction): i ? 5 + |
0.841— ? %J %

Scaling is fulfilled to ~2%.

PN T T W T S N S T N S A O A A Y A A A

= All fits are statistically good (y2/NDF<S, 10

: 0
~proportional to the order of moment) g: -
= ok g
S 4? i q E) . &
- e °
04234 5 6 7 & 9

order of moment (q)
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Slopes moment-by-moment

= Physical case (Monash): All 9 102, .
moments are consistent with unity, [ A |
slope within ~1%

= Note: scaling holds for different tunes & &, o,f

94— -0~ Monash
NPDFs (Monash, 4C, Monash*) and also éo.ng— %) & CR-OEF
for different jet algos (anti-k, C/A and k1) 2 oof . - MPI=OFF
= No CR: Scaling is broken by ~15% S0.88] Y
= No MPI (also no CR by construction): BB ? 5 I
0.84— Jf ? %J %

Scaling is fulfilled to ~2%.

PN T T W T S N S T N S A O A A Y A A A

= All fits are statistically good (¥2/NDF<S, 10
~proportional to the order of moment) 4
g

O

o o PY i
© ®
, [

= The emerging picture is different ey

[
®

from that of radial profile scaling, order of moment (q)
which holds for CR=off as well
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Summary

= We observed scaling behavior in jets from 7 TeV pp collisions using MC

= Radial jet-momentum profiles scale with multiplicity
» Profiles can be parametrized with a Poissonian, and scale with event multiplicity
» Scaling is present in a broad model class, regardless of settings
(nPDF, CR, MPI settings, jet reconstruction, and even MC generator)
» Fundamental statistical / thermodinamical property of jet development?
= Cross-check with real data would be essential
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Summary

= We observed scaling behavior in jets from 7 TeV pp collisions using MC

= Radial jet-momentum profiles scale with multiplicity

Profiles can be parametrized with a Poissonian, and scale with event multiplicity
Scaling is present in a broad model class, regardless of settings

(nPDF, CR, MPI settings, jet reconstruction, and even MC generator)
Fundamental statistical / thermodinamical property of jet development?
Cross-check with real data would be essential

= KNO-like scaling within a jet: scaling of multiplicities with jet momentum

Zimanyi ‘20

Multiplicity distributions are NBD and can be collapsed into a single distribution
This scaling holds without MPI but breaks down without CR

KNO scaling is likely violated by complex QCD processes outside the jet

development, such as single and double-parton scatterings or softer MPI
This statement holds as long as the multiplicities are described. Testing for this
scaling behavior can be an important element in model development.
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Summary
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= Radial jet-momentum profiles scale with multiplicity
» Profiles can be parametrized with a Poissonian, and scale with event multiplicity
= Scaling is present in a broad model class, regardless of settings
(nPDF, CR, MPI settings, jet reconstruction, and even MC generator)
» Fundamental statistical / thermodinamical property of jet development?
= Cross-check with real data would be essential

= KNO-like scaling within a jet: scaling of multiplicities with jet momentum
= Multiplicity distributions are NBD and can be collapsed into a single distribution
» This scaling holds without MPI but breaks down without CR
= KNO scaling is likely violated by complex QCD processes outside the jet
development, such as single and double-parton scatterings or softer MPI
» This statement holds as long as the multiplicities are described. Testing for this
scaling behavior can be an important element in model development.
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Scaling of the jet profiles - log scale

Scaling assumption: profiles at all

multiplicities collapse into a single
distribution,

k(N)

Note: ldeally, A=1/x , however...

“leakage” (distribution is cut-off at high r
before normalization)

Scaling is determined based on
Poissonian fits

PN(r):A(N)f

Chosen “good” mid-multiplicity fits,
then others scaled to it minimizing 2

The scaling works within 5-10%
in the peak region
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KNO-like scaling: Heavy Flavor
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KNO-like scaling: Hijing++
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Statistical moments of jet profiles

(Monash with MPI and CR)
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The gradients are not 1, but it could be explained
with the binning.
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Effects of finite-size bins (jet profiles)

1 5~:pT{20 30<p_|_~:40 1 UDr-:pTd 10
0.4/ I [
= < _oas; 2 ot e
o e I - o,
T | s ; e ey e
~%,_0.45" ~ _0.5[ i g Sl
£ . _— 3 S -0.55F e S -0.7 . P
05| o i il Eati
P / 0.6 o e 3 - »
. - 0.8 /
055 o 0.852" /
i #
—D.G:

07| , -0.9| P /
o T
- q=1 / - q=1 -1 - q=1
_...q=2 -0.8/ ...q=2 e ....q=2
- Q=3 Q=3 Q=3

0.65 s | | g
: --q=4 =085 / -q=4 = / v ged
0 0,68-0.66-0.64-0.62 0.6 ~0.58-0.56-0.54-0.52 -0.5 T R T T T e e - Y- 0.85. 0.8
log,,{r) log,,(r) log,y(r)

Dotted lines: effect of binning on analytical curves.
Qualitatively explains the behavior seen in the
simulations.
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