Measurements of beauty-hadron production in
pp and Pb-Pb collisions with ALICE
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Introduction: beauty-hadron production in proton—proton collisions e
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$ . ® Beauty quarks are produced in hard-scattering processes
o2 ® Described with perturbative QCD calculations (pQCD) based on the factorisation theorem
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® Partonic cross section (perturbative)
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= (Calculations available at different perturbative orders

® Fragmentation functions (non perturbative):
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=

ratio to FONLL

= Typically parametrised from e+e- measurements
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Beauty-hadron production in heavy—ion collisions
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® QCD calculations on lattice predict a phase transition from
the ordinary nuclear matter to a colour-deconfined medium,
called quark-gluon plasma (QGP)
= created in ultra-relativistic heavy-ion collisions

= after a pre-equilibrium phase expands hydrodynamically

® Heavy flavours: produced in shorter time scales than QGP formation time
= HF experience the full system evolution
= Lose energy interacting with medium constituents via elastic collisions

and radiative processes

= Beauty and charm hadrons: study properties of in-medium energy loss

»quark-mass and colour-charge dependencies
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A Large lon Collider Experiment

Time Projection Chamber Inner Tracking System

= Track reconstruction
= Particle identification (PID)
via specific energy loss

= Track reconstruction
= Primary and decay
vertices reconstruction
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Time-of-Flight detector VO detectors

= Particle identitication A . = Irigger
(PID) via time-of-light = (Centrality determination
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Electromagnetic Calorimeter Muon Spectrometer

= Particle identification (PID) = Muon identification

via energy depositec and trigger
= Trigger = Track reconstruction
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Measurements of beauty-hadrons with ALICE: dielectrons
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Measurements of b hadrons in ALICE: non-prompt J/P and electrons
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= Simultaneous unbinned fit of

variant-mass and pseudoproper

C

ecay length distributions

E —4— data

- oo fit, signal x?/dof = 53/44

- = = = fit, background

Entries/

ALICE Preliminary -
pp, Vs = 13 TeV
p,>1 GeV/c

1

1 Hl U
gl

(il

ALICE Preliminary
,Vs=5.02TeV, lyl <0.8
PYTHIA

— Dalitz electrons

— Conversion electrons
I — C — e

% — Db (—c)—e

2.00 < p. < 2.50 GeV/c

E|C>p
1045—

3 — Fit
10 % —o— Data

— — Data/Fit
102;—
105—

,_&-’ |
ftfr

M

i,
O 11 1
Wiy

m===% —]

A
10055 _0.15

I T D
0.05 O
d, X sign (charge x B field) (cm)

0.1 -0 0.15 0.2

F.
fgrosa@cern.ch

Grosa (CERN)

E C ;
S F —— data R 292<m,. <3.16 GeV/c® 1
< - : .
B i fit, all > B
_g ceveeens fit, prompt JAy 5 x</dof = 98/94
S 102 — fit, Jiy from b-hadrons 'z —
C - = == fit, background ,5' \'i 3
B 3
- ALICE Preliminary -__\+
pp, Vs =13 TeV N
10 : X —
E p,>1GeV/c , } s . 3
; ! " ‘ a +
| § ) e
&
B v Al
1 (X} »‘0 Ll . I"‘ ~: ;l',n‘»n*!! "“ 1
f ‘ N
" s w27,
: 17NN
= ' 54/!/’/"/ Al
: %Y
’ ?4/0//V/g??,
‘]O_‘I —, o LIL Ll -1"‘: | |\ A A A 5‘:1%4’4 14,/14
-3000 —2000 -1000 0 1000 2000 3000

pseudoproper decay length (um)

pseudoproper decay length

B c(L ‘7T/PT)mJ/w

X =
Pt

® Multi-component template fit to

the impact

parameter distribution of electrons:

= wider distribution for electro
b-hadron proper decay lengt

s from b due to
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Measurements of b hadrons in ALICE: non-prompt D mesons B h
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Non-prompt J/Wp and e < b vs. pQCD calculations
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® Non-promptJ/\P and e « b cross sections described by FONLL calculations
= description of beauty-hadron decays also relevant
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& FONLL: JHEP 1210(2012) 137
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® pr-differential cross section described by pQCD (FONLL) calculations down to low pr & Non-prompt D: arXiv:2102.13601
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Fraction of J/W tfrom b-hadron decays
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Beauty-quark fragmentation fraction to beauty-strange mesons
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Beauty-quark fragmentation fraction to beauty-strange mesons
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Beauty production cross section
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In-medium energy loss: charm vs. beauty
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In-medium energy loss: charm vs. beauty
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® New ALICE inner tracking system (ITS)
= improved impact-parameter resolution by a factor 3 (5) in the
transverse (longitudinal) direction
= crucial for HF measurements

5 CERN-LHCC-2013-024
® New ALICE muon forward tracker (MFT)
= match muon tracks reconstructed in the forward muon spectrometer to the
rimary vertex
= allow measurement of J/\W mesons from beauty-hadron decays at forward
rapidity
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Prospects for LHC Run 3
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® Expected increased integrated luminosity by more than a factor 103in pp collisions and Pb—Pb collisions
® Possibility to measure beauty mesons and baryons via their reconstruction in exclusive decays down to very low py
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® Beauty production measured in pp collisions exploiting several channels g 10
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g I I 1T 1T T T I I IIIIII|

= %PHENIX pp, |y|<1.5 V B
. . . . _C'i - O B, ly|<1. § "///iz -
= Beauty production cross sections described by pQCD calculations S [ cor bics p //M{‘ :
= Ratio of beauty-quark fragmentation to beauty-mesons with and without 3 ?/ E
Ol s oL - i Vil ]
strange-quark content compatible in different colliding systems L JT// )
o ALICE pp 3
- *b—>Dlyl<0.5 dielectron | |<0.8 .
- s30T ALIGE Proliminary  0°meson i FoNLL b= Jdiyie0 ‘
ZQ\E‘ ALICE Preliminary opb \/s—=D5.oz o 10—12— —— NNLO  &p o |y[<0.8 =
%. 2.5/ 0-10%, lyl<0.5 ] 0 20t 1| > 3 4 5Ié7lz|3|1|o 20
23 | - /s (TeV)
200
Ly A uty production measured in Pb—Pb collisions via non-prompt D mesons
mportant insights in quark-mass dependence and in-medium energy

1_0_ LU

0ss (dead cone effect)

a TAMU 0-20%
L EEEEEN SUJET3 wemmma MC@sHQ+EPOS2 el.
05 ------ MC @sHQ+EPQOS2 el.+rad.+gluon damping ]

5 10 15 20
pT(GeV/c)

® New ITS and MFT detectors and increased integrated luminosity for LHC Run 3:
= Precise measurements of beauty hadrons at mid and forward rapidities
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Multi-class Boosted Decision Trees
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(D IIII|IIII|IIII|IIII|IIII|IIII|IIII N 11 11 ‘ -_ o o .
9 L ALICE Performance ) Multi-class Boosted Peuspn Tree:
= — pp, s =5.02 TeV - = 3 classes of candidates:
o, - | D; — ¢n" — K'K'n* and charge con;. § » prompt D, non-prompt D, combinatorial background
g - 2<pT<4GeV/C -
E e | @ Iraining:
E 10 - - = inputvariables related to decay-vertex topology (e.g.
- - decay length) and particle identification of decay tracks
1072 _| @ Qutput:
I - = 3 BDT scores related to the probability of belonging to
 — Prompt D! : each class
— Non-prompt D_
1073 — Combinatorial bkg. —

0 010203040506 070809 1
ML score for non-prompt hyp.
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Measurement of D-meson non-prompt fraction
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—

§ W é : QpLI\%ESOZTeV ° g;;meevm ? | BH@H 4 s‘pljl\%li 5.02 TeV -
AT D e T
*:i; @-:G-:G:-@:'@"@'-e-._@_,_ | 3002— n, o — 0.6# =$= "o -
<10‘2 'G:-G-:@:_@:'G"-@e@. \ Th — o.4:— J# H _
- o] & L Tt . i i 4 _
:\pL,Iv%E :gzrf%?ace o Prompt D*:G-E‘@'E_QE //////// s .‘ 0.2:— —
10‘3——.|E|3|<|?|T|<H1|0.(i67/./0 L ’ |N°”'|pr°”|‘ptD|+ T /////////////////////////////% [l bbb b b b b b b L]

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 22 24
ML based selection ML based selection P, (GeV/c)
® Non-prompt fraction determined by defining different set of selections that enhance prompt or non-prompt contribution

= each selection corresponds to an equation:
® System of equation solved by minimising a y?

el . N el . N — Y! . . .
prompt = prompt T Fnon—prompt - *“non—prompt ® Fraction of non-prompt D for a given selection:
. - N +c” - N = Y" €] ¢ NV t
Eprompt * £ Vprompt T €non—prompt * £ Ynon—prompt = j _ non—promp non—promp
\ / ) non—prompt j

: .. : €{1on—pr0mpt - IV, non—prompt+ €prompt N, prompt
acceptance times efficiency raw yield
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Charm and beauty cross sections from dielectron measurements

-/‘; - Dielectron measurements: ALICE 5; — Dielectron measurements: ALICE
=, 3000~ e (m,p, )fitwith PYTHIA 6 op collisions = 100 o (m.p.__)fitwith PYTHIA 6 op collisions
! i = (M, pT’ee) fit with POWHEG ! . s (M, pT’ee) fit with POWHEG
> - Vs =5.02 TeV: ALICE this result > ~ Vs=5.02 TeV: ALICE this result
O B o 140
o 25001 — Vs =7 TeV: ALICE, JHEP 1809 (2018) 064 Ch dlim e - Vs=7TeV: ALICE, JHEP 1809 (2018) 064 bea Uty
5 . {s=13 TeV: ALICE Phys. Lett. B788 (2019) 505 N ~ Vs =13 TeV: ALICE Phys. Lett. B788 (2019) 505
© —  22% syst. cc — e*e not shown O 40909 6% syst. bb — e*e” not shown
| Measurement based on prompt D° mesons: — Single heavy-flavor hadron measurements:
2000l— O ALICE, Eur. Phys. J. C77 (2017) 550 o ALICE, PLB 763 (2016) 507
- —— FONLL, M. Cacciari et al. 100~ =—— FONLL, M. Cacciari et al.
T e FONLL uncertaintes . -
1500 e 80/
Y T T O —
L e a i
e 60—
1000— O B
o — 40—
500— % -
i 20—
O_II|"I"I-I-I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II O_IllllllllIII|IIII|IIII|IIII|IIII|IIII|IIII|II
5 6 7 8 9 10 11 12 13 5 6 7 8 9 10 11 12 13
s (TeV) s (TeV)
® Measurements of cCand bb production cross sections at mid rapidity obtained with POWHEG and & Dielectrons: arXiv:2005.11995

\

PYTHIA fits compatible with pQCD (FONLL) predictions § mmﬁgﬁ 1(?20857))05760

® Compatible with extrapolations from full reconstructed decays for charm and displaced e* for beauty g FONLL: JHEP 1210 (2012) 137

\
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Electrons from charm and beauty decays (arosa@corn.h
O><O

. ® Fraction of electrons from
ALICE Preliminary |
neauty decays described

pp, \s =5.02 TeV, lyl <0.8 by FONLL within

uncertainties

-e- b—(Cc—)e/ c,b —e, [c,b —e - arXiv:1910.09110]

----FONLL (JHEP 05 (1998) 007)

b—(c—)e/ c,b —e

& FONLL: JHEP 1210(2012) 137
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D-meson ratios

(@) R | L | L b L L | L | b | I _ _I_/\ 0_8_ | | | | | | | | | | | | | | | | | | | | | | | | |
M) B _ B i
< 1o ALICE y| < 0.5 QL ALICE pp, \s=5.02TeV |y|<0.5 -
O [ pp, \s=5.02TeV ] o 075 Prompt Non-prompt E
1 g Prompt Non-prompt _ s 06:— e Data = Data -
- e Data s Data - a - FONLL + PYTHIAS Dec. -
I FONLL FONLL + PYTHIAS Dec. - - D: < B’+B*+Bo+A, -
0.8 - 0.5 D: < B+B" -
i _ - D* <« BO ’
- - 0.4— —
0.6_ $ N N B |
1@+ B L] ]
| El El -Q-@ ¢ ’ 0'3—_ N ]
0.4 $lﬂ % ’ |$| | . - 0 1
i 0 . _ 0.2 —
: - - T . -
0.2 — o1k o1 e o 3
- +1.9% BR uncertainty not shown ] - 2
_I | 1 | | I | | I | | I | | I | | I | | I | I | | — | | | | | | | | | | | | | | | | | | | | | | | | ]
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12
P, (GeV/c) P (GeV/c)

& Non-prompt D: arXiv:2102.13601
& FONLL: JHEP 1210(2012) 137
< PYTHIA8: CPC 191(2015) 159-177
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Heavy-quark fragmentation fraction to beauty-strange mesons

LEP e*e™ 0.5xf /f, Vs =m,
HFLAV average

CDF, pp Vs =1.96 TeV
pT(B) >7 GeV/c

ATLAS 0.5xf/f,, pp Vs =7 TeV
pT(B) > 8 GeV/c

LHCb, pp Vs =7 TeV
pT(B) > 0, P, constant fit

LHCb, pp Vs =13 TeV
pT(B) >4 GeV/c

ALICE, pp Vs = 5.02 TeV
pT(D) > 2 GeV/c, P, constant fit

® Ratio of fragmentation fraction to mesons with and without strange quark-content similar for charm and beauty

I | I I I I
| — PYTHIA8 __
pT>O
| . _
| o _
— [ theory sys —
T B BT P B B
0 0.05 0.1 0.15 0.2 0.25

beauty f /(f+f))

® No significant dependence on energy and collision system

LEP e'e’, {s=m,

average

H1 ep O.5><\(S
pT(D) >2.5GeV/c

ZEUS yp 0.5xy
pT(D) > 3.8 GeV/c

ATLAS 0.5xy_,pp Vs =7 TeV

p(D) >0

ALICE, pp Vs =7 TeV
p.(D) >0

ALICE, pp Vs =5.02 TeV
pT(D) >1 GeV/c, P, constant fit
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I | I I I I
| — PYTHIA8 _|
pT>O
— ——————— —
| o _
— ——— —
| . _
— [ theory sys —o— —
A R | E N B SRS
0 0.05 0.1 0.15 0.2 0.25

charm f/(f +f,)
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Total beauty cross section vs. rapidity

’g\‘ 3 i I I I I I | I I I I | I I I I I I I I | I I I I | ~
b\/>, ~ Non-prompt J/y, p_> 0 pp, \s =13 TeV )
© O | -@ ALICE (preliminary) _ . o
25 _@ LHCb [JHEP 10, 172 (2015)] | ® Measurements at mid-rapidity by ALICE and forward
: - rapidity by LHCb described by FONLL calculations
. — + @ (Can be used for the determination of the total beauty
- - production cross section
19 4-----"- —
1 A —_—
0.5 - -
= == === FONLL, M. Cacciari et al. -
B ALICE extr. unc. }
i I I I I I I I I I I I I I I I I I I I I I I I I I I j
0 0 : 2 3 4

y
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Beauty production cross section

% LB B IR
Dielectron | |<0.8 PYTHAG | — -EEI— ﬁl‘lg(i oy ® Beauty production cross section at
PP, ¥S € : . . )
| midrapidity obtained via FONLL
Dielectron |5 |<0.8 POWHEG |- N o 168 | FONLL extrapolations
| ———~ NNLO . -
= Measurements described over a wide
‘ | | data sys
b — D° |y[<0.5 | =" W extrap sys — range of energy by FONLL and the
‘ more precise NNLO calculations
b — D; |y|<O.5 — _L!_ —]
b — D average |y|<0.5 — —
TR Y\ % vz A N e T %AL'CE Non-prompt D: arXiv:2102.13601
O 10 20 30 40 50 60 70 &0 &% ALICE Dielectrons: arXiv:2005.11995
- < FONLL: JHEP 1210 (2012) 137
dabb/dy\ " (ub) &

2 NNLO: JHEP 03 (2021) 029
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Azimuthal anisotropy of electrons from b-hadron decays oG

® The interaction region of a heavy-ion collision exhibits a geometrical anisotropy
® The initial geometrical anisotropy is transferred to a momentum anisotropy by
the pressure gradients

2 arXiv2005.11130
>(\] 1 11 I Frri I rFrnri I rFrnri I L L I Frri I rFrri I Frrr_ ~~~/
0.4+ ALICE — Reaction plane ¥
i —-—b(—=cCc)—¢e ]
_ " MC@sHQ+EPOS2 (20-40%) _ 3 ) .
_ — d&°N 1 d*°N
> = Elll_ilstli:c): Blast Wave - £ = { I+ Z n cos[n(p — ‘Ijn)] }
i - LID% _ dpy 27 prdprdy 1
0.2 yl <0.8
g 1 v = (cosl2(p — Y1)
| i (K= (¢ ] | 1 ]
0 _”}?t;\_ ® Second harmonic coefficient, elliptic flow: asymmetry of particle
L 30_509% Pb_Ph (5 = 5.02 TeV i production between in-plane and out-of-plane directions
- CTETT S UONN T - C . .
Y P U Y P PO T T T = participation of beauty quarks to the collective motion of the system

6 1 2 3 4 5 6 7 ;3 and their possible thermalisation


mailto:fgrosa@cern.ch
https://arxiv.org/abs/2005.11130

. . F. Grosa (CERN)
Direct observation of dead cone effect e
grosa@cern.c
O><0
6 (rad) @ (rad)
0.37 0.30 0.25 0.20 0.17 0.44 0.11 0.09 0.07 0.06 0.05
L 7R m om0 o e bm a0 0 S o
< [ ALICE Preliminary 5.< p<" <50 GeV/c = [ ALICE Preliminary 2<p;,<36GeVic 4 g
£ 4 op Vs = 13 TeV * - 7 — 4:_pp Vs =13 TeV 5<p$“jet<SOGeV/c_:
3:_ charged jets, anti-k, R=0.4 E 30 D° in charged jets, anti-k;, R=0.4 a7
- n |<05 . ok - In_|<0.5 side-band subtracted -
5 lab _: 2_— m 6
opening angle between 0 : 0 = \
subjets 1 4 :

relative transverse
momentum of subjets
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Direct observation of dead cone effect
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&= AR opening angle between subjets

6 (rad)
37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05

ALICE Preliminary

0.
1.8

O kT>2*AQCD

1.6~ ppVs=13TeV |
charged jets, anti-k;, R=0.4 0 Kr>Agop kt = zp1 SIn(AR) relative transverse
n,,|<0.5 o ki>NAgep/ 2 momentum of subjets

lab

k.
N
I|III|III|II

D’- tagged jets / Inclusive jets

1 2 AQCD —_ 200 MeV/C
: ® Suppression of splittings at small angles in D0-tagged jets
1 o
- . compared to inclusive jets
0-8F —— ) = dead cone effect
0.6 : . ® More results on jets in Laura Havener CERN-EP seminar
- | :
0.4 | —
- N - small parton mass  large parton mass
g ol B <Pil<50Gevic E
| B o < ERadiator <15 GeV _
O_I || | | 1 1 | L 1 1 | L 1 1 | | 1 1 | |1 | | | || | | | | I_
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ITS2 performance
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