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The Right Light to Look Inside

Vision works by
scattering of
‘visible’ light

A =400-700 nm

“Vision” of even
smaller structures via
scattering of particles

A=h/p

Raghunath Sahoo, IIT Indore, INDIA 12.08.2024



-@- Seeing the Atoms
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- “ A Journey from Electrons to Quarks
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SLAC: S’ranfgrd Linear Accelerator Center (3.2 Kms) ruarks
Electron-positron energy = 50 GeV
u T

rA=h/p:al/E eu‘) | charm -l 1op
This universal formula of de Broglie helps in 00) doun @By strange % bottom
deciding the energy of the probe. )|

Leptons

Proton charge radius ~ 0.843 fermi. %‘S%‘f??\o & - O
(1 fermi = 10-'5 meter) okt g e A b

e @
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Can we find free quarks?

BM

0.35 —rr—— e ——
B T decay (N°LO) Fo- ]
P DIS jets (NLO) — ]
“F N Heavy Quarkonia (NLO) + -
e"e” jets/shapes (NNLO+res) F+ ]
pp (top, NNLO) F+ 4

o] i \¥

F =, (Mz?) = 0.1179 £ 0.0010
0.05 L L IIIIIII L L IIIIIII

________

To the leading order:

low Q? cont. (N3LO) Fe- - C‘fs (QQ) _ 47

— (33—2n)In(Q?*/A?)

pp/pp (jets NLO) Ha—i | n¢ is the no. of quark flavors, with a mass less than Q/2,

A is the QCD scale parameter, obtained experimentally
~ 200 MeV

@ Coupling becomes weaker as the momentum transfer
increases,

Or as we go smaller in the length-scale =» small distance,
partons move freely (asymptotic freedom of QCD)

1 10 100
Q [GeV]

1000 @ As the inter-quark distance increases, strong coupling

grows faster making the quarks confined inside the cage
of the hadrons = Quark confinement

Asymptotic freedom and infrared slavery is an inbuilt property of QCD (Strong interaction)>

No free quarks in nature!

12.08.2024
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e Analogies and differences between QED and QCD
to study structure of an atom...

electron

...separate constituents

nucl

neutral atom QED Quantum Electro Dynamics

Confinement: fundamental & crucial (but not understood!) feature of strong force
- colored objects (quarks) have oo energy in normal vacuum

quark-antiquark pair
created from vacuum

quarks
uldl (Slcltlb)

Strong color field “white” ¥ (meson)
F3W5§ﬁomr€i’l‘iﬂilseparation (¢bnfined quarks)

“white” proton (baryon)
(confined quarks)
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‘é‘ Can we find free quarks?

1973: Asymptotic freedom Quark Gluon Plasma
D.J. Gross, F. Wilczek, H.D. Politzer

1975: Asymptotic QCD & deconfinement:
N. Cabibbo and G. Parisi;
J. Collins and M. Perry

2004: Nobel Prize

Hadron Gas Quark-Gluon Plasma

Quark Gluon Plasma (QGP): (locally)
thermally equilibrated state of matter in
which quarks and gluons are deconfined
from hadrons, so that color degrees of

QCD predicts that normal nuclear matter freedom become manifest over nuclear,
undergoes a phase transition to quark- rather than merely nucleonic, volumes.

gluon plasma (QGP) under extreme
temperatures and energy densities.

David J. Gross H. David Politzer Frank Wilczek

A journey to the beginning of the universe.....
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Collisions: Classical vs Relativistic

Two-particle final state .
Classical collisions:

a) Mass is conserved: my+mg = mc+mp
b) Momentum is conserved: pa+pg = PctPp
c) Kinetic energy may(not) be conserved

i.  Sticky- K.E. decreases: Ta+Tg > Tc+Tp
‘ ii. Explosive- K.E. increases: Ty+Tg < Tc+Tp

iii. Elastic- K.E. is conserved: Ty+Tg = T+Tp

.‘

A+B —> C+D +)(

Relativistic collisions:
Multi-particle final state a) Energy is conserved: Ex+Eg = Ec+Ep

b) Momentum is conserved: pa+pg = pc+pPp

/' c) Kinetic energy may(not) be conserved
\Q Mass-energy conversions in “explosive collisions” !

@ If mass is conserved: collision is elastic.
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The severity of damage is less.

Energy available for particle production:

In laboratory frame (fixed target):
Eem = “/(Zm’r Ebeam)

In CM frame (collider):
Ecm = (ZEbeam)

Raghunath Sahoo, IIT Indore, INDIA

Collider Experiments?

= w
N

B

The damage is much higher !

Available

Beam Target
(450 GeV) (at rest)

com g8 = socen
Beam

Beam
(450 GeV] (450 GeV)
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ur vniverse ..... How did it start?
What is it made of?

Big Bang

13.7 Billion Years
| > Today

CBM Experiment@TAIR Juniors



Accessing Big Bang conditions
BIG BANG

9)

Radius of Earth

> Earth to Sun

High Energy
Accelerator

super-Vicroscooe

Study phy;ics laws of the first moments after the Big
Bang increasing Symbiosis between Particle Physics, §

Astrophysics and Cosmolog
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HISTORY OF THE UNIVERSE A Astrophysical

o'~ energy
accelerated

expansion P b
Cosmic Microwave Structure ro e S

Background radiation
Accelerators is visible

m

formation

Takes us back to
380,000 years after
the Big Bang

> o
. S S
t = Time (seconds, years) & ” _;\ iy
E = Energy of photons (units GeV = 1.6 x 10710 joules) A \I/ A g o
« ’ &
Key Py & © o
g rk oy ¢
\ o e o neutrino ‘,. ion * star o '.9
i~ gluvon o (\))(
\ealrd . bosons 3 .
D electron '° atom - galaxy o
- ©  meson : & |
B muon black 2
£ tou (35 baryon ’ photon 0 hole
The concept for the above figure originated in a 1986 paper by Michael Turner POI"IICle DO'O Gl’OUp, LBNL @) 20 ] 5 SU ppOr’Ted by DOE
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HISTORY OF THE UNIVERSE 5

Dark energy
accelerated
expansion

Cosmic Microwave S’WC'U.VO
LHC Background radiation formation
Accelerators Heavy- is visible
LKC ions : ; -

protons

ML I WINDOWS ON THE UNIVERSE
" “’ Accelerators (LHC)

| { Takes us back to within
3 few Microseconds of

y /il 7 3 the Big Bang
ker Transition < %

t = Time (seconds, year

E = Energy of photons (units

) quork
Ol gluon “0 - o @ ion ‘\ star
Wielbde bosons .
¢;«0 ::o" S baryon , photon ’ :L'F“ 4
The concept for the above figure originated in a 1986 paper by Michael Turner Particle Data Group, LBNL © 2015 Su ppor?ed by DOE
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final defched

| Relativistic Heavy-Ion Collisions

Kinetic
made by Chun Shen > Db

Initial energy
density

pre-
equilibrium : A
namics viscous hydrodynamics free streaming

collision evolution
t~0fm/c T ~1fm/c t ~10 fm/c t ~ 1013 fm/c

=




CBM

How much high is high-energy?

High energies allow us:

To look deeper into Nature (E a 1/size),
(“powerful microscopes”)

de Broglie

To discover new particles with
high(er) mass (E = mc?)

Einstein

To study the early universe (E= kT)

Lesson: To probe the subatomic universe, we need very high energies, which could
produce many particles in the final state with very high temperature system.

Boltzmann

How do we do that?
12.08.2024
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Which particles do we detect?

Baryon Summary Table Meson Summary Table
This short table gives the name, the quantum numbers (where known ), and the status of baryons in the Review. Only the baryons with 3 or See also the table of suggested q quark model assignments in the Quark Model section.
4 star status are included in the Baryon Summarv Table. Due to insufficient data or un:ertain‘ inter_preta‘t'_‘icn. the other eqtri;s in the table « Indicates particles that appear in the preceding Meson Summary Table, We do not regard the other entries as being established. Leptons
are not established baryons. The names with masses are of baryons that decay strongly. The spin parity J© (when known) is given with each
particle. For the strongly decaying particles, the J¥ values are considered to be part of the names. TIGHT UNFLAVORED STRANGE CHARMED. STRANGE = » ° e
(S=C=8=0 (S= #1,C=B= 0 (€=S==1) ey
() | ! 5(JPC) ,u.)l 1P n ,‘ n
p wexx [ A(1232) 30t wess [ 50 172t wess [ z0 1/2 e jot xxxs ) /. _ L *n(15) o) °
/ X - f oy —(07) ‘ —(2 — + 2(07) - 5(15) (17—
n seex | A(1600) 3721 ees | 50 1/21 wxes [ = 17270 ==xx | A (2595)F 1727 === °T 17“; N "gt:;[,” ;,(i - ,3 ':J 1 ;(27’ 'ﬁf: 013?‘) :J’/%((ll,il S~E; + )) l’l’
N(1440) ssss [ A(1620) 172 *ees | 5 1/2h wexx | Z(1530) 3720 =R | 4 0gos)t 30— ses T O Hpetienn) 000 T e K 20| e0: oz’ Xl O gy 4
) e ) .o ot ") | epiiegn)  17(3T )| ekl 1/2(07) | e D2y (2317)* o(0t) [exa(tP) 0717 T
N(1520) = 1 A(1700) 3 e[ X(1385)  3/27 wEsr ) =(1620) * Ac(2765)* * ofi(500) 0T ) | ep1700)  1T(1T )| ek 1/2007) | oDy 2es0)*  0(1t) | ehe1P) Pt )
N(1535) ==xx | A(1750) 1 * ¥ (1480) * =(1690) *** [ Ac(2880)* s5/2t === o p(770) 171~ 7) | a@roo) 17t )| ka(soo) 1/200%) | e Da(2536)* 0(1t) |ex2(P) of@tH) .
N(1650) ==xx | A(1900) 1 " X(1560) had =(1820) 3/27 *== Ac(2940)* badd *w(782) 07(17 )| efy(1720) 00T )| o k4(892) 1/2(17) | e Do (2573)  0(7%) *1c(25) ot~ ) Ve
N(1675) =exx | A(1905) 5/ *xxx | 3(1580) = =(1950) e 3 (2455) 1/2t =xss o1(958) ot~ t) | mzeo) o0~ F) | e ky(1270) 1/201%) | e D, (2700)* 0(17) | *¥(25) D:(l::)
N(1680)  5/2t *=== | A(1910) 12 === | 5(1620) . S(2030) =37 e | 5 (2500) 32t ees s6E0) 0T eniBo0) 1O TN | ek(ao0) 120t | opyeeo o) | 2UT - T0T0) e Vu
2 ., —(o+ ) + + . 19(1— t
N(1685) N A(1920) 32+ === | x(1660) s | Z(2120) . 5. (2800) o cal®0) 17O TH ] e 0l ) eeaan)  1200) [ oG ozl | (”)7;? ora’h
po o PO b i S AN = e G =M = o I i ot o | oot 0mam) | xaem 20 | Dkgnen 100 D 2 ey
N1 q T
« There are hundreds of particles ... )
N1
’ . .
N1 F H
w however most of them are so short-lived that we'll never see them directly in our detectors. )
N1
N1 !
N(1
N 2 - - ) . . . "
v Track length: lyack = VT = cByt, With 1o being the lifetime at rest. )
N(2
N(2 F ]
- Only if bk (at GeV scale) > 1 mm, we have a chance to measure them. 1| Gauge
NISUT 2 N e Z\2290) . o .. o ngleauy 1) - Yoo |
> saxs pl1450)  17(1 fi(2200) ot(tt) . . B2 0(17) 76(15) o)
N(2220) A(1405) 2 (2455) - B * onaems) ot ) f;t(zzzag ot :z Pl | K001 e (5830)° u:1 e 0me o) bosons
N(2250) A(1520) === ] ¥y (2620) . - ef(1500) of(otT) orat )| KGO T .Bi‘(saan)i D("’; exeo(1P) 00t )
" b 2
N(2300) A(1600) == | £(3000) + a(sw0) ottty | ge2s) ot THARIED By(sas0) 2 | exwmOP) 0Pt *Y
N(2570) A(1670) *eex | 5 (3170) * 2 efy(1525) ot(2tH)| pyazs0) 13T 7) (€ = £1) eho(1P) (1 /
N(2600) A(1690) 6(165) ot T) [enzs00) of ) [TDE 17 BOTTON. CHARMED | ¢ xe2(1F) u:(zi R o \\/H/-
N(2700) A(1800) sxx e p1570) 1T ) A(2300) 0fE ) 0 1 . B=c=21 — v{o(fz\) ot~ ™)
A(1810) P e m(1595) o 7 } ) f;(.zfgu) a (F) : )| e Dt(2007)® 1 o8] 0(07) .T(;U/‘ 0 73 . Z
A(1820) xxx em(1600) 17(1 1) | ef(23¢0) 07(2 )| e Do(2010)* 1 oT( D) UQ(I’ )
<! I b a(1640) 171t )| ps(23s0) 1t ) 1 exea(2P) 00T
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A(2000) * ew(1650) 0T(17 ) 2420 1 exe2(2P) 0T (27 1)
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A2100)  7/2— *eex urther States o D3(2860)° 1 ';:’lfs’,‘ 5'_(('1' -
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o - e
232 2 06501 7+(1H)
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(2350) 9/ * T(10860) 07(17 )
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A(2585) hid (2640) e 7(11020) 0T(17 )
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Which are left then? These 8 particles (and their antiparticles).

To == °°o oo oo 2.2us 26 ns 12 ns 89 ps /51 ns

ltrack (p=1Gev) oo oo oo oo 6.1 km 55m 6.4 m 5cm/27.5m
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Accelerator facilities for heavy-ions

CERN 20009 -

LHC

Collider
Pb+Pb @5.5TeV/A

. )
) s
.

RHIC
Collider
USA AutAu @ 200GeV/A
Fixed Target -, ; Lo
Pb at 158GeV/A
il 2001: LHCB
i (Ec.m.=17.3GeV) STAR
T e PHENIX
Bevalac : SPS Layout PHENX
Bevalac Fixed Target Au at 1988:
Fixed Tar 11.7 GeV/A WA98 BRAHMS
R NA49
Au at 1GeV/A _
. (Ec.m.=4.86GeV) CERES
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27km tunnel:

e 50-150m below
ground

e Two beams
circulating in
opposite directions

e Total of 9300
magnets: beams
controlled by 1800
superconducting
magnets (up to 8T)

12.08.2024



e Large maaron Colliaer




French Alps-r
R 7

» Electric waves speed particles up
e Magnets bend them in a circle

Raghunath Sahoo, IIT Indore, INDIA
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ALICE at Point-2 of the LHC
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AL'CE Dedicated experlmentr |\

to study QGP Maf 1

|H‘\ ‘\ / ’
!H}]l ‘ .

Size: 16 x 26 meters
Weight: 10,000 tonnes
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Run:244918
Timestamp:2015-11-25 11:25:36(UTC)
System: Pb-Pb

Energy: 5.02 TeV




ALICE Collaboration zicecen
CBM

40 countries, 171 institutes, 1996 members ALICE

a0 - A,
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alice.cern

Charged particle multiplicity

T T T T T T T T T

PP

v/

/
L/

-

1

| I e, |55 ] 41 ]

/

Peripheral i

> ~2000

Phys.Lett. B 772 (2017) 567577
Phys. Rev. Lett. 116 (2016) 222302

25000

Total N,

20000

15000

10000

5000

ALICE, Pb-Pb /sy = 5.02TeV

Data

— a%(lﬁ-le

p

/3)

art

Pb-Pb 5.02 TeV

Systematic uncertainties.

Fit variance

. Centrality
| | |

50

100

150

200 250 300 350

400

Npart>

Number of charged particles in one collision:

e (Central collisions: 21400 + 1300

* Peripheral collisions: 230 + 38

VERY LARGE NUMBER OF PRODUCED PARTICLES

12.08.2024
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Particle density & Energy density

' RN L L rrrTTTy
. D. Bjorken, Phys. Rev. D 27, 140 (1983). 20~ ALICECMS STAR PHENIX AMPT 27
- 0-5% o + -+ e 0 ,’,, |
~ 5-10% v o ¥ ]
O 15[-10-20% N N i —
g E - 0-2% NA49 LHC |
2 S _
— —_— mR % - -ash +C i
— — & 10 -
\ J o I
Y ¢ L RHIC ]
dz =7 dy o - § Extrapolated 5.02TeV—
0 : e i i
- *. O-- O 0-5% -
[ oo |
1 dE :I-I ||| | | 11 11 ||| | | 111 |||| | | 1111 I—l:
T 0
ey (T)=—5 10 10° 10° 10°
R"T dy ISy (GeV)
L __3aN,
~ m — 2
T ~
TRt 2 dn £.T ~ 16 GeV/fm“c

LARGEST ENERGY DENSITIES
S. Basu et al. PRC 93 (2016) 064902 EVER ACHIEVED ....

R. Sahoo et al. Adv. in HEP, Vol. 2015
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Photon Spectra and QGP temperature

Phys. Lett. B 754 (2016) 235-248

. . C<l-\ [ | T T T T | T T T T | T T T T | A
 Photons do not interact via the nuclear force - o N .
- > [ ] ALICE
transparent to the medium s 1% 0-20% Pb-Pb |5, = 2.76 TeV =
* Photons are emitted in all stages and are unaffected o 'E._ i _f}:‘f o e et 1 a0 oy ]
_ 5 o 1- (5] PHENIX =
by the medium. © L E 0-20% Au-Au Vs, =0.2TeV 3
2">’ B — Aexp(-p/Tqy) i
Core of the Sun: K10 T ERERTETIE
Photosphere N . §
| 10-25— EE E
y Convection zone ; EE -
. 10‘32— [ o ] ° _E
diation zone - —m—
- — 10 T =304 £ 1150+ 40%° MeV =
Temp: 27 million °C - } -
10750—| 1 1 1 -ll 1 1 1 1 é 1 1 1 1 é 1 1 1 1 4|- 1 1 1 (IG5 Iv/ )
RO s . ev/c
mosphere (1eV=11605K) Pr

Tee= 3,527,920 million deg

LARGEST EVER TEMPERATURE REACHED IN THE LAB ....
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http://www.sciencedirect.com/science/article/pii/S0370269316000320

Charmonia, Machine Learning and QGP

Raghunath Sahoo, IIT Indore, INDIA
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The November Revolution: 1974

Crosses: spark chamber hits
Dark recatangles: ToF counters

/ d !
Y =t Griffiths
1.14. Using four quarks (u,d, 5, and ¢),construct a table of all the possible baryon species.

How many combinations carry a charm of +1? How many carry charm +2,
and +37

Burton Richter@SLAC: e*e-
Sam Ting@BNL: pp

The Nobel Prize in Physics 1976 » ‘
Raghunath Sahoo, IIT Indore, INDIA 12.08.2024




Our discovery (measurement) of J/y

%104§l TT I T | [ ! T I T T T I T T 1 B | I T T | O | I T T T % 1 B | I T T T I T T T I T | B ] T I T | | T | T | 0 | T
S | ALICE, pp Vs=5.02 TeV > 105 b ALICE, pp Vs = 13 TeV 3
2 | Inclusive Jiy — p'p, 25<y <4 2 | Inclusive Jiy - p'p, 25<y <4 3
0103 L Mult. classes: [ | < 1 - P [ Mult. classes: | | < 1
-t Nw' =+7 E = & NZ' =18
g f NJ,/"g=1641t47 g Niay = 105172 + 464
‘ngg "J:=3°9711Me:;’°2'§ %104; ¥ = 3007 + 3 MeV/c? 3
8 ¢t g LR 8 I oY -T70£3MeVIc? ]
10F Wﬁ* . [
s Y oAt {fﬁﬁ f
[ L 103-
Ll ‘ 3 : 7y
; DB o vy iy oy ooy o 5 0 o ey o BN B vy B ey S
4 4.5 5 2 25 3 35 4 4.5 5
m,, (GeV/c?) m,, (GeV/c?)

D. Thakur, R. Sahoo et al. ALICE Collaboration JHEP06(2022)015

https://alice-notes.web.cern.ch/node/734, ANA-734, D. Thakur and R. Sahoo
https://alice-publications.web.cern.ch/node/5122, D. Thakur, R. Sahoo et al.
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Experimental observation of J/y Suppression

C é Kluberg, Satz, 0901.3831
-§ 1.4 - o 1.4 i Inclusive J/y < pu'p ,;ﬁ o o
9 ® ALICE, Pb-Pb \SNM - 502TeV, 25« y< 4.p_ < 8 GeV/c E statistical recombination
g 1 ® ALICE, Po-Pb |5, =276 TeV, 25< y <4,p_<8 GeVic 3
=12 j( O PHENIX, Au-Au |5, = 0.2 TeV, 12 < ly] <22, p, >0 GeVic £
= =
1 + % g
3 s {+ + AisE . forward y 1 2
b ., %, . L @ ’ ] A
u%— 0.8 - ++‘%b % 0.6 B E.]m sE® ® -! L U} E e e 2] g thermal dissociation
5 ., it
g 0.6 R 04 B A A q Energy Density
7} AL
S ., t 0.2 BB g 6 @ . d N,,/dp,
s 0.4 o , R pr )=
® Pb - Pb 1998 with Minimum Bias | AA\PT (T >X do- [
l Pb - Pb 1996 with Minimum Bias 0 AA pp/( pT
% Pb-Pb 1996 0 50 100 150 200 250 300 350 400
0.2 1 = S-U NA38 * (N
] p-A NA38 i) )
1 © p-p(d) NAST Raa < 1 : Suppression of
O yield due fo presence
0 0.5 1 1.5 2 25 3 3.5 of medium

¢ (GeV/im®)
Raa > 1 : No suppression

( Physics Letters B 766 (2017) 212-224 ) and hence no medium

CERN SPS (NA50): observed J/y http://alice.web.cern.ch/content/mystery- jpsi
suppression as a function of energy
density for various collision species.
Note that the critical energy density
for a partonic medium is 1 GeV/fm?.

Big question: use of pp as reference at LHC

Need : pp should be investiqated properl
Raghunath Sahoo, IIT Indore, INDIA 12.08.2024
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’é‘ Study of J/y production in pp collisions

9)

BM
@ Investigate charmonium production in pp as a

function of multiplicity

A
dN,/dy
(dNyldy) +/;\
>
dN,,/dn
(dN_,/dn)

Raghunath Sahoo, IIT Indore, INDIA

Observables:

Advantages:

e X axis: relative charged-

particle density

e Y axis: relative quarkonium yield
(w.r.t. minimum bias)

e Several correction factors
cancel out in relative yields

® Easy to compare the results
across collision systems and
energies

12.08.2024




Study of J/y production in ALICE

EMCAL ITS
High momentum electron Tracking
Triggering Vertexing
PID

Multiplicity (|n| < 1.0)

y Charged-particle multiplicity is
VO o — — / ' measured using the number of
Triggering - S EREN] s SPD tracklets in |n|<1.

e+

/W — ete IWY) —

TPC MUON
-0.9<n<0.9 -4..0 <n<-2.5
Di-e: p;>0GeV/c Di-u: p;>0GeV/c

Single-e: p, > 0.2 GeV/c Single-p: p; > 0.5 GeV/c

Raghunath Sahoo, IIT Indore, INDIA
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AL B R BRI BRI BRI LR BRI
- ALICE, pp

[ Inclusive J/y —» u*nw,25<y <4 ]
20 |- Mult. classes: || < 1 -
[ % {5-5.02TeV (INEL > 0) $

dN"Y / dy
@AN"Y / dy)

[ A Vs5=7TeV(NEL)
15 e (s=13Tev(NEL>0)

- Inclusive J/y — e*e, |y | < 0.9
10: ¢ Vs=13TeV (INEL > 0, SPD) Iﬂ ]
i V5 = 13 TeV (INEL > 0, VO) r T3
5¢ 3 *J!l_ """" T ]
o =
[ #oﬁin
OLﬂ--"”IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4 B 6 v 8
dN,, /dn
dN A / dm)
& Inl<1
Multiplicity
— Jp - ete Jp - gy —
40 1 25 41

ANA-734, D. Thakur and R. Sahoo
https://alice-publications.web.cern.ch/node/5122, D. Thakur, R. Sahoo et al.

Raghunath Sahoo, IIT Indore, INDIA

Study of J/y production in ALICE pp collisions

> Relative J/¥ yield at midrapidity is compared to

the forward rapidity yield as a function of
midrapidity relative charged-particle multiplicity

> Midrapidity yields exhibit faster than linear

increase

The results using midrapidity multiplicity
selection based on the SPD detector (In| < 1) and
forward-rapidity multiplicity selection based on
the VO detector (—3.7 <n < —1.7 and 2.8 < 1

< 5.1) are found to be compatible within the
uncertainties

Therefore, the different trends in the
multiplicity dependence of the J/¥ production
observed at midrapidity and forward rapidity are
not due to a possible auto-correlation bias

12.08.2024



'é‘ ( pr) of J/p vs. multiplicity in pp collisions

L ~ [rrrTTTTTTTTrTTTTTTT T T T T T T
§ 0-95' | ALICE, charged particles § 4 ALICE, pp 7] . o .
8 085F '!i I71<0.3, 0.15< p_<10.0 GeV/c 8 E :\r/'10||tusil\/eJ/\y|_>|uj11', 25<y<4 E 0:0( PT> of J/Llj increases with increasing
r ] ~ N ult. classes: |1 | < - . o« . . . M
ol d i 35 1 multiplicity with a little saturation
=t = b R i towards higher multiplicities
: S o ® : > collectivity? (Phys. Lett. B 727 (2013) 371-380)
0.7F . * ¥ ]
. | ] [ @ % * * {5-502TeV ]
0650 o RN s o -3tV ] _ _
sa B B 5 k1 <Possible explanation of MPI prospect:
7 Jog rep T the high multiplicity events are produced
055 opp Is=7TeV 1 S 1o ] by MPIs and in the absence of CR,
ap-Po|s,=502Tev | S ¥ . , a
0.5F L I g " ; incoherent superposition of MPIs would
. MRORINSEERRRTRN L o 1 lead to constant { pr) at high
045% 20 40 60 8 100 <> | .+o+ : tiplicit
N 1:........3’ .......................................................... - mu |P |C| y-
ch [ ]
Phys. Lett. B 727 (2013) 371-380 ook } 1 % <p> of I/ vs multiplicity trend is
— . : energy-independent
= ] N AN I P
=ik PR ail dN_, / dn INEL>0
e 1? ,,-"—.f‘ i N . o . o
F Sal N /dm . & The multiplicity dependent trend is the
osf e e same for light-flavor and heavy-flavor
El PP, Vs =7 TeV i parﬁCIQS
L ' £ .
E CyMewade & B B https://alice-notes.web.cern.ch/node/734, ANA-734, D. Thakur and R. Sahoo
° e ® an_sam  https://alice-publications.web.cern.ch/node/5122, D. Tahkur, R. Sahoo et al.
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Theoretical model comparison: J/p production

3 20||||||||||||||||||||||||||||I|llll|lll_||||||||||||||||||||||II|IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIII||||||||| ] /\45 . . ; I . . . I . . . I . . I . . ,
y .sf. ALICE pp, Vs = 5.02 TeV } ALICE pp, Vs =13 TeV ALICE pp, Vs = 13 TeV / O T ALICE, pp )
=l Inclusive J/y — p'u’,2.5<y <4 T Inclusive J/ly — p*p,25<y <4 Inclusive J/y — e*e’, |y | < 0.9 % L Inclusive Jy >, 25<y<4 .
S | o g Mult. classes: | | < 1 T Mult. classes: |7 | < 1 Mult. classes: |7 | < 1 0] 4 [ Mult. classes: || < 1 ]
~ - -
> =—o=— Data [ =—g= Data == Data / ~ [ Vs=13TeV _ ]
2% 2%14_ = === linear /_'_ === linear . === linear ] ‘i ¢ Data s =5.02 TeV i
== [ PYTHIA 8.2 - EER PYTHIA 82 0 PYTHIA 8.2 1 o L ¢ Data ]
~ .} W EPOS3 / } mmm ePoS3 / @ EPOS3 ] £ 3.5 E3QPYTHIA82 PYTHIA 8.2 -
24 Percolation @ Percolation [ Percolation & 1 = e + ]
s 3-Pomeron CGC = [ mm 3-Pomeron CGC i mmmm 3-Pomeron CGC ] § s e .
10F e CGC+ICEM [ CGC+ICEM / s CGC+ICEM ‘ / 1 o ]
CPP CPP b ]
8 B ' ¥ .’ & .7 1
of E / LT ]
4 - /, ]
2r :- v ; -1 1 | 1 1 1 r
okl v b by by bea by o ) b b b b b b ||||||||||||||||||||||||l|||||||||: dN /8dTIINEL>(;|0
o 1t 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 W
INEL>0
dN,/ dn dN, / dp |NEBO dN,, / dn |NEBO on’ N nl<1
(N, / dmp et AN, 7 et AN T et

PYTHIA8 with CR gives a reasonable
description of the multiplicity dependence of

None of the theoretical models give a complete picture of I/ <pr> in pp collisions

the J/¢ prodution dynamics in pp collisions

https://alice-notes.web.cern.ch/node/734, ANA-734, D. Thakur and R. Sahoo
https://alice-publications.web.cern.ch/node/5122, D. Tahkur, R. Sahoo et al.

A lot of room for theory/phenomenology!
Raghunath Sahoo, IIT Indore, INDIA
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9)

‘é‘ UMQS model explains ALICE J/y production

T L S B AR B
i ; ﬁt:gg Ba’;a g :3T$VV lyl< 0.9 1 v J/u self-normalized yield as a function of self-
ok aa © /] normalized multiplicity follows a scaling across
- UMQS Model Prediction: ; * ] collision energies.
i @ 13 TeV i : .
8 — @7 TeV ¢ ¥ —
. —@5.02TeV : 1 v Unified Model of Quarkonia Suppression (UMQS)
Fel _ model which incorporates the suppression
: - of I/ through color screening, gluonic dissociation,
4 — and collision damping and regeneration of
N i charmonium due to correlated ¢ — cbar pairs.
2r 7
m

C.R. Singh, S. Deb, R. Sahoo, J. Alam, Eur. Phys. J. C, 82, 542 (2022)
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Need of ML: Separating prompt from nonprompt

Inclusive
ALELELEL LI B BN BN BLELELEL ILELELEL LI
- ALICE, pp
[ Inclusive J/y —» u*nw,25<y <4 ]
20 | Mult. classes: |5 | < 1 =
[ % {5-5.02TeV (INEL > 0) $

A {s5=7TeV (INEL)
15 e (s=13Tev(NEL>0)

- Inclusive J/y — e*e, |y | < 0.9 .
10 [ 4 Vs=13TeV (INEL >0, SPD) Iﬂ ]
~ 4 Vs=13TeV (INEL > 0, VO) N
: « B [&1
o m
St s g M ™ y
S
e
O_m-q;-”llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 1 2 3 4 5 6 7 8
dN,, /dn
(dN L/ dn)
£ Inl<1
Multiplicity
— Jp - ete Jp - gy —
40 1 25 4"

D. Thakur, R. Sahoo et al (ALICE), JHEP (2022)

Raghunath Sahoo, IIT Indore, INDIA

g T T T T I T T T T T T T T I

o [ ATLAS -
L Sy =5-02TeV, 0.42 nb™ .
¢ cMs D%D®, 0-10%, Phys. Lett. B 782 (2018) 474 ]
0.8 [~ M Charged particles, 0-5%, 2.76 TeV ]
| % Non-prompt J/y, 0-10% i
- -$- Prompt J/y, 0-10% e

0.6
04 —
0.2 il -
1 1 1 1 I 1 1 1 1 1 1 1 1 l ]

Nuclear modification factor for prompt and

non-prompt J/y are different.

12.08.2024
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CBM

ML: Separating prompt and non-prompt J/iy @LHC

J/ P (3.096 GeV/c?)

In experiments, [/ - ut +u-orJ/Y - et +e”
Prompt Production: Direct production/ decay of
heavier charmonia states

Non-prompt Production: Products of beauty hadron

weak decays

Prompt and non-prompt J/y are topologically different

A
l+
Prompt ,.
W’
[ -0

Primary
Vertex

i

Secondary T vodron e
Vertex :

A L]

X

S. Prasad, N. Mallick and R. Sahoo, Phys. Rev. D 109, 014005 (2024)

Raghunath Sahoo, IIT Indore, INDIA
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Simulating pp Training machine-

learning models

collisions at /s =13
TeV using PYTHIAS8

 PYTHIA8 (4C-tune) 20 billion minimum bias events for pp
\Js =13 TeV

e The coordinates of the primary vertex are randomised
following a Gaussian distribution: experiment-like scenario

* J/y - ut + u~ channel is used to reconstruct invariant mass
(my,), transverse momentum (pr ,,), pseudorapidity (n,,)
and rapidity (y,,) of the dimuons

* Pseudoproper decay length (ct) of the reconstructed dimuon

pairs along with m,,,, pr ,,,,, and n,,,, are taken as inputs

Raghunath Sahoo, IIT Indore, INDIA

ML to separate prompt and non-prompt J/ip @LHC

Using the machine-learning

models to predict prompt and Results

non-prompt yields at different
energies

l+
Prompt ,.
W
e e I8

Primary
Vertex
Non-prompt _[~

iy

Secondary 'b- hadron
Vertex i

A L]

X

C My /g L. pT
P72

CcT =

12.08.2024
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’é‘ ML parameters to separate prompt and non-prompt J/yp @LHC
CBM

e Background : Prompt : Non-prompt=20:10:1 0y XGB —
* Classification models required to be trained on similar number of training 0.6 - Velidation
instances = oversampling of data is done o
no0.4
 Dataset for Training : Testing : Validation=81:10:9 = 0.3
* Parameters are chosen through a grid search method (Making an array of all 0-2
0.1
possible parameters and training to find the parameter values for minimum loss) oo
0 20 40 60
. . No. of trees
* Grid Search Method to find best parameters S. Prasad, N. Mallick and R. Sahoo, Phys. Rev. D 109, 014005 (2024)
XGB LGBM LGEM
- * Loss saturates around 25 and 45 o7 Training
Learning rate 0.3 0.1 06 Validation
Sub-sample 10 10 trees for XGB and LGBM o
No. of trees 60 60 * Training and validation curves are on £0.4
Maximum depth|3 3 top of each other > No °7
0.2
Objective softmazx | softmax overfitting/underfitting o1
Metric mlogloss | multilogloss LGBM: Light Gradient Boosting Machine °°75 0 40 60

XGB: Extreme Gradient Boosting
Raghunath Sahoo, IIT Indore, INDIA 12.08.2024




True

True

XGB ll.O

a
€ 0.8
2
o
s 0.6
IS
o
o
S
= 0.4
©
c
3
2
o 0.2
R4
|9
3]
an]
Prompt Nonprompt Background uOO

Prediction

LGBM

a
1S
o
o
a 0.6
1S
o
o
5
= 0.4
©
c
>
o
i 0.2
[}
4o
m
Prompt Nonprompt Background |.|00

Prediction

ML Model performance to separate prompt and non-prompt J/ip @LHC

51

» Confusion Matrix talks about the mispredictions given by the model for each class
* Both XGB and LGBM perfectly separate the inclusive J/yY from the uncorrelated
background pairs

* Both models mispredict 2% of prompt J/1 as the non-prompt = Raises non-prompt yield

Importance Score (%) * The importance score tells how
_ important a feature is for the
decision-making of the models
My _ * The importance score of the
invariant mass of dimuons is highest
for both models
| ¢t contributes to decision making of

the models significantly

o
[uny
o
N
o
w
o

40 50 60
mLGBM m XGB

12.08.2024
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ML Results: Transverse momentum spectra

—— T T T T [ T T T T [ T T T | T T T T T T S I e e B e e B A A e

— — ————— —
= 102 = 1072 pp, Vs =13 TeV, 2.5 <y <4, Jiy — pu+uw = 107
9 - <0.9, Jy — e Q - & b L = < s
% 10 pp, Vs =13 TeV, |y| € 0.9, Jiy — p*+u % 102 PYTHIAS XGB LGBM % 102 pp, Vs =7 TeV, ly| <0.9, Jiy — pu+u
0] 0] - - + JAy - inclusive 0]
= 10 = 10 ; = 10*
: 10 . 10 & - = Jiy - prompt - 10
B 10°gT e T 0., 4 } Jy - b-decay g 10°
o g iy, S 6 -.'... B -6
S 10 > S 10 S 10
% -7 %:k*zgfs: (‘Zb 7L *dﬁ: o sz 7
10 - 10 - 10
10° 10° 10°
10° 107 10°
107" 107" 1010
| | | P " 1 I Il "
2 I I I T I ] 2 I — 2 1
? E ] Q E ] Q E ]
10| o L AEAEAPPE T SN S s L, 1 w= e e 1 o= [ ] ]
e e et st wataees + O 1 fostresrstrmtots O 1
XE - o : XE - : XE - 1 .
0_....l....I....]....I....l....__ o_...‘l....l | PR — O_IIIJIAIIlllllllllllllllllllll__
2 L I LI L I L I L I L I L I_ 2 LI L | LI L I LI L I L I L I L I_ 2 L | L I LI L I LI I LI ] L I_
S| STNASNSIS S S = =
T |, DB e wi S S S S 1 mT @oT :
oF T o oF 4=
o | ] o o
0lllllllIlJlllllllllllllllJlll- 0lllllllllllllllllllllllllllll- 0llllllllllllll]llllllllllllll-
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
pT[GeV/c] pT[GeV/c] pT[GeV/c]

* Both XGB and LGBM give accurate predictions for pp-spectra for inclusive and prompt-J/y both in mid and forward

rapidity in pp collisions at /s = 13 TeV and 7 TeV
* The ML models overpredict the non-prompt J/i throughout the pt spectra for both the collision energy and rapidity

— Expected from the confusion matrix S. Prasad, N. Mallick and R. Sahoo, Phys. Rev. D 109, 014005 (2024)

Raghunath Sahoo, IIT Indore, INDIA 12.08.2024
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o

5 10 15

BM
R B e R
L pp, Vs=13TeV, |y| <0.9 |
0 8_— e PYTHIA8 = XGB ]
L A LGBM o ALICE i
0.6 . B
i I ‘ii% -
0.4 |
i ‘+—++ ]
- ——®— i
0.2 —(I)—M —
oo me :
3

20 25
P, (GeV/c

0

p

ML Results: Fraction of non-prompt J/y yield

Ononprompt J/y — fB " O Jyr»

Oprompt )y — (1 _fB) "0 )y -

* fg is the fraction of the non-prompt production
(b-hadron decays)

* fg increases with increase in pyr = The b-hadron
production is favoured towards higher pt

* PYTHIA8 underestimates the experimental data
following a similar trend

* Both XGB and LGBM overestimate PYTHIAS8

* As this method does not require fitting, it can be
used in both low and high statistics without

affecting its efficiency

S. Prasad, N. Mallick and R. Sahoo, Phys. Rev. D 109, 014005 (2024)

Raghunath Sahoo, IIT Indore, INDIA

12.08.2024

53



ML Results: Rapidity Spectra J/i o

* Both XGB and LGBM give accurate

> L B B L L L > L B L
2 10" pp, Vs =13 TeV, Jhy — p'+uw 2 10" .
. e . . ,Vs=7TeV,J/ T
predictions for rapidity spectra for % . PYTHIAS XGB LGBM o I
10 — - 4 J/y - inclusive 10
. . . 10°° ks 4 & Jhy - prompt 1073
inclusive and prompt-J/Y in pp , , ,
104 ¥ Y JIy - b-decay 104
. . e g g il g B
collisions at /s =13 TeV and 7 I o e I -
—— ﬂiW * ﬁii‘%::g:u“)t —a— %ﬁﬁ;@ﬁﬁ i g,
TeV 1078 ideb :&:AL 108 —a- :tﬁ;:; H&ﬁq& ——
107 | == =¥ 107 e e
10°E L 1078 g+ 5
, L B B e R o B R Mt
* The ML models overpredict the |o°F ] o °F s
i isseesenaseocsenssenssenesenesaneser=t . "I 2 [sce Sochinenant meseseseneseness It
non-prompt  J/y throughout X&'t 1 XE L e
L . 0= | L | — 0= | | ] L -
rapldlty reglon for bOth the © 2 __‘I T e e e T e |_- © 2 AL L I L O B LN |_.
si< |- S|<
collision energies D= ol
> T 1 > 0 1
o [ ] o [ ]
0'_I | 1 | 11 1 | 1 1 | 1 1 I 1 1 1 | 1 1 | L1 1 I 1 1 I— O_I 1 | 1 1 1 I 1 1 | L1 1 | 1 1 1 | 1 1 | 11 | 1 1 I_
-8 -6 —4 -2 0 2 4 6 8 -8 -6 —4 -2 0 2 4 6 8
y y

S. Prasad, N. Mallick and R. Sahoo, Phys. Rev. D 109, 014005 (2024)
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10

ML Results: Normalized J/i Yields

IIIIIIIIIIIIIIIIIII|IIII|IIIIIIII

L A B L L B = - T T
pp, Vs = 13 TeV, Jiy — w'+, ly| < 0.9, p_-integrated = _ .
PYTHIA8 XGB LGBM > TE PP Vs =7TeV, Jy — p'+, y| <0.9
& 4 4 Jhy - inclusive % 251
=3 $ % Jhy - prompt = -
+ : 4 Jhy - b-decay 5 20F
. . + _ S L
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(dN_/dn)/(dN_/d)) (VOM)

S. Prasad, N. Mallick and R. Sahoo, Phys. Rev. D 109, 014005 (2024)

Raghunath Sahoo, IIT Indore, INDIA

(dN_/dn)/(dN_/d)) (VOM)

* The normalised yield for inclusive
J/Y from PYTHIA8 matches
qualitatively with the ALICE results

* Both XGB and LGBM reproduce the
PYTHIA8 results very precisely for

inclusive and prompt J/y

* The predictions for non-prompt J/y
from both XGB and LGBM matches
PYTHIA8 findings within 10%

uncertainty

12.08.2024
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@

ML Results J /i : Summary

9)
V)
=

We have used BDT based ML models such as XGBoost and LGBM to segregate the prompt, non-prompt
and inclusive ] /Y production in pp collisions at v/s = 13 TeV

* The models the parameters such as, pseudo-proper decay length (ct), invariant mass (m,,), transverse

momentum (pr ,,), pseudorapidity (n,,) of the dimuons as the input, which are accessible in the
experiments

 The model almost achieves 99% overall accuracy

* The estimations for the prompt and inclusive J/i from the ML models match with the PYTHIAS8 for the
inclusive and non-prompt J/y

 Using these models, track label identification is possible, and it avoids the necessity of fit for the

identification

Raghunath Sahoo, IIT Indore, INDIA 12.08.2024
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2 Machine learning-based study of open-charm hadrons in proton-proton

3 collisions at the Large Hadron Collider

4 Kangkan Goswami®, Suraj Prasad®, Neelkamal Mallick®, and Raghunath Sahoo®" =
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7 Tata Institute of Fundamental Research, Homi Bhabha Road, Mumbai 400005, India
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9 In proton-proton and heavy-ion collisions, the study of charm hadrons plays a pivotal role in

10 understanding the QCD medium and provides an undisputed testing ground for the theory of strong

11 interaction, as they are mostly produced in the early stages of collisions via hard partonic interactions.

12 The lightest open charm, D° meson (cii), can originate from two separate sources. The prompt D°

13 originates from either direct charm production or the decay of excited open charm states, while the DCADO

14 nonprompt stems from the decay of beauty hadrons. In this paper, using different machine learning (ML)

15 algorithms such as XGBoost, CatBoost, and Random Forest, an attempt has been made to segregate the

16 prompt and nonprompt production modes of the D° meson signal from its background. The ML models are .

17 trained using the invariant mass through its hadronic decay channel, i.e., D® — z* K-, pseudoproper time, anary Vertex
18 pseudoproper decay length, and distance of closest approach of D® meson, using PYTHIA8 simulated pp

19 collisions at \/s = 13 TeV. The ML models used in this analysis are found to retain the pseudorapidity,
20 transverse momentum, and collision energy dependence. In addition, we report the ratio of nonprompt to
21 prompt DO yield, the self-normalized yield of prompt and nonprompt D°, and explore the charmonium,
23 J/y to open charm, D° yield ratio as a function of transverse momenta and normalized multiplicity. The

23 observables studied in this paper are well predicted by all the ML models compared to the simulation.

24 DOLI:

Phys. Rev. D (2024: In Press)
arXiv: 2404.09839
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ML Techniques

X,y
o Extreme Gradient Boost (XGBoost): Combines the predictions _%\
of multiple weak models to produce a stronger model. _— - P
o Categorical Boosting (CatBoost): Similar working principle as LN Lz, . foxg

XGBoost but faster and more efficient when working with
categorical data.

o Random Forest: In a Random Forest classifier, multiple decision \y—\zf 00 /
|

trees are created, each on a different subset of the data. Each

tree gets a vote on the class label for a new instance. The class Result _
that gets the most votes is chosen as the final prediction. XGBoost and CatBoost Architecture
Training Training Training
Data Data eoe Data
1 2 n
CatBoost 1.0 Random Forest 10
, XGBoost |I|"° 2 M z M Training ¢ ¢ ¢
g s 2 08 & 0.00 0.00 0.8 Set Decision Decision Decision
% 8 L Tree Tree Tree
i 06 g 0.6 - 0.6 1 2 (XX}
¢ 0.4 0.4 0.4 Voi
x o 2 oting
£ £ £ (averaging)
S 02 g 0.2 2| o0.00 0.03 0.2 Test Set
s 2 5 v
Background PFr;rgimctFi,;n Nonprompt | | o Background P'r:erggt‘i)zt)n Nonprompt | | o Background PFr:gicmt?ttJn Nonprompt [ [, o
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Random Forest Classifier Architecture
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Input Variables

1. Invariant Mass
2. The pseudo-proper time:

3. Pseudo-proper decay length:

4. Distance of closest approach: [

Feature Importance Comparison

0.6¢ ]
NN CatBoost

7z XGBoost

0.5 E== Random Forest

0.4-

Importance Score
o
w

0.2+

0.1

0.0

Z
Features

Training ML Models

_ (zpo — zpy)Xmpo

t, -
Z
cmpo L. Dy
€T = >
Pr

DCApo = LXsinf

DCApo

Primary Vertex

/Zis the vector pointing from the primary vertex \
towards D° decay vertex, i.e. L =V —§.V is the

position of the primary vertex and S is the position
of the D° decay vertex given by,

t1 +diima/pia) — (t2 + diama/pi2)
m1/Pz',1 - mz/pi,z

5 = |

- J
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CBM

Results

o Transverse momenta and rapidity spectra

o Trained the ML models only at one centre-of-mass energy: /s = 13 TeV
o Predicted normalized D° meson vield at /s = 13 TeV, 5.02 TeV and 900 GeV
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Results

N
($)]

0-25_' L L L L
: . F op, (5. =502TeV, |y|<05 & pyrHia
“*Predicted the non-prompt to prompt ratio at 5.02 TeV 0ok fo :XGB E
and compared with ALICE data Tl ]
§ # ALICE ;
*We observe a linear increase in the ratio with pr. S 015F E
However, the linear trend holds true only up fo a 2k ]
certain py range. g 01 % E
coc : +ii E
005 by :
x o ]
P | P [T BT S ]
e —— 0 5 10 15 20
] ] pT(GeV/c)
0,151 PP V<05 ¢ f5=13Tev -
__ L Solid - XGB # {5=502TeV ]
'g :Open—PYTHIA 4 Vs=900GeV ]
OOO. 01 X 1
2 . :ﬁ::ﬁ::@: > One can clearly notice the increase in the ratio with
Toosk e, increasing pr across all the collision energies.
- . g
i
sl SR SRR RN > We observe an energy-dependent hierarchy in the
0 2 4 6 8 10 H
p_ (GeVic) ratio.
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‘é‘ Results

CBM L pp. lyl<0.5 ¢ 5=13TeV
g D' wK B (5=5.02TeV
. . . . L Jly —sefe ]
This ratio tells us about the production dynamics of F e A V5=900 Gev
6}~ Solid - Prompt

charmonium state wrt open-charmed hadrons. [
L Open - Non-prompt [

(Jhy y1(D%)

1Ll 1 l L L l i l 1 1 l -

s T
> The ratio shows a similar rising trend as a function of pr, 2:_ A T
upto 5 GeV. : BUSIE S —
PSS S S
0 5 10 15
> The prompt J/1 to D° ratio is always less than 1. However, p; (GeVic)
the non-prompt ratio rises above 1, indicating a higher S
contribution of beauty hadrons fowards ]/ states. t ';‘;'_Z';"i ¢ E=13Tev
F Jy sete " 5=502TeV
156 Solid - Prompt A 5=900Gev

Open - Non-prompt

(Jhy y1(D")

—
’Tl"lll’

R l‘l‘lllllAlAl“AlllllAl.l‘l‘lAlAlAl 1.

o = ———
> For the prompt ratio, there is a slight increase and then it oo TEESOTTT
follows a flat trend. 3 ‘“‘rgijq—f#—:.::;:
> However, the non-prompt ratio is independent of the T I m
charged particle multiplicity. dN/dn/ (dN_Jdn )
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RC SllltS o o STV, <08 ot 18 G
[ @ Prompt-PYTHIA ]
;;\30._ B Non-Prompt - PYTHIA i
= [ % Prompt-XGB 1
\Ezo“ % Non-Prompt - XGB 3
> Self-normalized vyield of prompt and non-prompt D° = | 5
o o . « o 210 —
meson as a function of charged particle multiplicity. i :
00- = 7
(dN_/dn)/(( dN_ /dn ))
> A linear rise can be seen for the prompt D° meson. oo =5 TV 105 7 20 T Gavie
- @ Prompt- PYTHIA
7‘;30._ n Non-:rompt-PYTHlA E
= [ * Pompt-xc8
520‘ ¥ Non-Prompt - XGB
> A non-linear rise is observed for non-prompt D° S0
meson.
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CBM

\/
0’0
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0’0

Role of centre-of-mass energy in D°
meson production.

In both plots, a clear increase in the
ratio for prompt D° meson can be
observed.

In the top panel, a flat trend can be
seen for the non-prompt case. Similar
results have been observed in ALICE.

In the bottom panel, the same ratio
tends tfo increase slightly due to the
significant difference in energies.

A higher value of non-prompt ratio
indicates more abundant production of

beauty hadrons at higher Vs.

Results

3 L L
_F eeyios b pompt ]
3 2.5 Solid - XGB E
& | Open-PYTHIA ® non-prompt 1
o é 2 i
o 3 E
=~ t 1
>, F — ]
° 1.5k ) -8 —_
- - —— .
o - ]
SRR SR & 3
05 F 1 | PR B 1 L

0 4 6 8 10

P, (GeVic)
10— I B
[ pp. lyl<05 + prompt

> 8 Solid - XGB —
g Open - PYTHIA non-prompt
= ok ]
a b i
S 4k .
1 —&—
o = @ —— 4
) ; .
2 ® -
-_‘H_l_@_ 1 1 1 i

0 2 4 6 8 10

p- (GeV/c)

-

13 TeV)/ B dy({é = 5.02TeV)

(Vs

ool
ded y

—
S a D W & 01 O N 0 © O

Orrrr

Fr o
E ALICE E
E pp, [y[ < 0.5
- Non-prompt D°
B data

_ FONLL+PYTHIA 8 —a— _

:'+*¢++++++%B

PO IS ST S N SN SN SN SN Y WA S U TS S TN

5 70 15 20 25
P, (GeV/c)
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65
ALICE in RUN 3 with Muon Forward Tracker (MFT) will enhance the charmonia measurement

Capability while distinguishing prompt vs non-prompt J/1.

o ACORDE | ALICE Cosmic Rays Detector
o AD | ALICE Diffractive Detector

o DCal | Di-jet Calorimeter

o EMCal | Electromagnetic Calorimeter
0 HMPID | High Momentum Particle

Identification Detector

o ITS-IB | Inner Tracking System - Inner Barrel
o ITS-OB | Inner Tracking System - Outer Barrel

o MCH | Muon Tracking Chambers
o MEFT | Muon Forward Tracker

@ MID | uon entfer

@ PHOS / CPV | hoton spectometer
@ TOF | Time Of Flight

@ TO+A | Tzer0+ A

@ 104C|rzenoc

@ TPC | Time Projection Chamber

@ TRD | Transition Radiation Detector
@ V0+ | Vzero + Detector
@ ZDC | Zero Degree Calorimeter

DIPOLE

ALICE RUN 2 Setup ALICE RUN 3 Setup

Raghunath Sahoo, IIT Indore, INDIA 12.08.2024



66

ALICE RUN 3 Upgrades

CBM

, New: Muon Forward Tracker (MFT)
New: Inner Tracking System kg

WAL 4 |

Lfl’ T Upgrade: Frontend
L S readout of various
New: Fast | iy detectors

Interaction Trigger

(FIT)

A

Upgrade: TPC
readout based on

GEM stacks

New: Online data processing (O?)
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ALICE in RUN 3 with Muon Forward Tracker (MFT) will enhance the charmonia measurement

Capability while distinguishing prompt vs non-prompt J/1.

o ACORDE | ALICE Cosmic Rays Detector
o AD | ALICE Diffractive Detector

o DCal | Di-jet Calorimeter

o EMCal | Electromagnetic Calorimeter
o HMPID | High Momentum Particle

Identification Detector

o ITS-IB | Inner Tracking System - Inner Barrel
o ITS-OB | Inner Tracking System - Outer Barrel

o MCH | Muon Tracking Chambers
o MFT | Muon Forward Tracker

@ MID | Muon dentier

@ PHOS / CPV | photon spectrometer
@ TOF | Time Of Flight

@ TO+A I Tzero + A

m T0+C | Tzer0 + C

@ TPC | Time Projection Chamber
@ TRD | Transition Radiation Detector
Q VO+ | Vzero + Detector

‘I , ZDC | Zero Degree Calorimeter

ALICE RUN 3 Setup showing MFT
ALICE RUN 3 and beyond stays interesting given HF measurements at the LHC!

Raghunath Sahoo, IIT Indore, INDIA 12.08.2024



Bon Voyage




