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Outline

* Physics motivations

e Charmed baryon production measurements in pp and
p-Pb collisions with ALICE

e A+ production in pp collisions at /s =7 TeV and in
p-Pb collisions at \/snn=5.02 TeV

* First measurement of =c° production in pp collisions at
Js=7TeV

e Future measurements with ALICE (Run 3/4)
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Open heavy-flavour production in pp collisions

* Heavy quarks (charm and beauty) are produced
in hard partonic scattering processes
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Open heavy-flavour production in pp collisions

/V

* Heavy quarks (charm and beauty) are produced o Q Db
in hard partonic scattering processes ’

s ISR
My >>Ngop = as(Mg?) «In-1(Mg2/Nacp?) <<1 \ /

®* mq sets hard scale - perturbative QCD

' Jm— Ar (21,29, Q%) Koo FSR
g?frton distributi(j? !
appllcable fB(-"Q.(Q) 5, 7

( Fragmentation

“Factorisation”: Dien( @) \NQ

hadrons

do’i %% = foy5(21,Q%) ® foyal(ze, Q%) @ doli™(z1, 22, Q%) ® Deryn(2, Q%)

e Open heavy-flavour production measurements in pp collisions:
 Important test of pQCD-based calculations

e Sensitive to fragmentation functions determined from ete- collisions

e Sensitivity to low-x gluon PDF (o1t — 0)
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pp: Charm production at the LHC

ALICE: Eur.Phys.J. C77 (2017) 550
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* Cross sections of D mesons at the LHC in agreement with pQCD predictions at
central rapidity (ALICE) and forward rapidity (LHCDb)

e FONLL, GM-VFNS: Next-to-leading order with next-to-leading-log resummation
e Similar observation at 2.76 TeV, 5 TeV and 13 TeV

FONLL: M. Cacciari et al. JHEP 05 (1998), JHEP 10 (2012)
GM-VFNS: B.A. Kniehl et al. Eur. Phys. J. C 41 (2005), Eur. Phys. J. C 72 (2012) 2082
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pp: Beauty production at the LHC

ATLAS: JHEP 1310 (2013) 042 CMS: Eur.Phys.J. C71 (2011) 1575
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* Cross sections of B mesons at the LHC in agreement with pQCD predictions
* FONLL, GM-VFENS: Next-to-leading order with next-to-leading-log resummation
e POWHEG, MC@NLO: MC generators with next-to-leading order accuracy, with
leading-log Parton shower
* Similar agreement of charm and beauty meson production with theory at Tevatron
FONLL: M. Cacciari et al. JHEP 05 (1998), JHEP 10 (2012) POWHEG: S. Frixione et al. JHEP 09 (2007) 126

GM-VFNS: B.A. Kniehl et al. Eur. Phys. J. C 41 (2005), Eur. Phys. J. C 72 (2012) 2082 MC@NLO: JHEP 08 (2003) 007
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pp: total charm and beauty cross section
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ALICE: Phys. Rev. C 94 (2016) 054908
ALICE: Phys. Lett. B 763, (2016) 507-509

@ ALICE,pp Vs=276TeV, lyl<0.8

@ ALICE,pp Vs=7TeV, lyl<0.9 7
== CDF,pp Vs=1.96TeV, lyl<0.6
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e Total charm and beauty cross section described well by predictions at NLO

CERN-LHC SEMINAR 13-Mar-2018

Jaime Norman (LPSC)



pp: Charm quark fragmentation

Charmed hadron ratios sensitive
to fragmentation process

* fragmentation fractions expected to be universal

— same in different systems, energies, etc

 Measurements in different collision systems (ee, ep, pp) and energies support

this picture
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pp: Charm quark fragmentation

Can hadronisation be modified?

A/Kg versus transverse momentum at /s = 7 TeV * Multi-pal‘l:on interaCtionS,
NKOs | -
5 S coherence effects at LHC energies
= 12— —e— Data ﬂ: h . .
z g Old CR model may affect hadronisation
= 11— = — = = New CR model Ciy .
=S e e.g. within PYTHIA, enhanced colour
- S reconnection modes gives better
— | . .
06 | #”F | agreement with measured N/K0% ratio
o4 [ Old CR model + t e String formation beyond the
0.2 [ New CR model leading-colour approximation,
E specific tuning of the colour
14 === | reconnection parameters
8 1.2 M ,_r"""
© = I—""I. “—r . : : -
g = Lo == | e String junctions provide new
> o8 w source of baryon production
0.6 —
C | | | | | | | I | | | I | | I | | | . . . . .
0 2 4 6 8 o * Gives physical, microscopic picture

pr [GeV/c] of hadronisation

Interesting to extend these studies to heavy-flavour sector = Ac+/D°

C. Bierlich, J.R. Christiansen, Phys. Rev. D 92 (2015) 094010

_ J.R. Christiansen, P.Z. Skands JHEP 08 (2015) 003
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pp: D meson ratios
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* Production ratios of D mesons compatible with theoretical predictions (in which
charm fragmentation is based mainly on measurements in e+e- collisions)

e [Include Act: Very few charmed baryon production measurements in hadron
colliders LHCb: Nuclear Physics, Section B 871 (2013), pp. 1-20
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pp: =0 production

e Exotic charmed baryons in the R SRR AR AR AR AR ARRRRRRRARES
news recently (Scct*, QcP 2 " (a)
Y {=ec™, 2l Elsoo:— ‘¢ BABAR -
resonances) 2 Js = 10.58 GeV-
LHCb: LHCb-PAPER-2017-018 - -0 5 = ¢ N
LHCb: Phys. Rev. Lett. 118, 182001 (2017) ?,1000_ —C =M s Y(4S) resonance
o — ® —
4 !’“"“..‘“’O‘m.o.wo“ % N
e Charm hadron production 8 5000 Rttt %000t haengan, O out]
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= - ]
e Only =% production S 1505 iy =
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insight into hadronisation
mechanisms
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=0 candidate mass (GeV/c )

ARGUS: Phys. Lett. B247 (1990) 121
ARGUS: Phys. Lett. B303 (1993) 368.
CLEO: Phys. Rev. Lett. 74 (1995) 3113.
ARGUS: Phys. Lett. B342 (1995) 397. 12
BABAR: Phys. Rev. Lett. 95 (2005) 142003
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p-Pb collisions
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p-Pb: Heavy-flavour production

K. J. Eskola: Eur.Phys.J. C77 (2017) no.3, 163

><€ ® 1.6

| TIIIIIII I IIHIIII | IIIIIHI |

* p-Pb collisions traditionally used to
separate ‘hot’ effects in Pb-Pb
collisions (effects due to hot dense
deconfined matter) from ‘cold nuclear
matter’ effects (effects due to the
presence of a nuclei)

e |nitial state effects: modification of 5;0.2 = EPPS16

nUC|ear parton distribution m O'O | llllllll | llllllll | llllllll | llllllq
-4 -3 -2 -1
* Final-state effects: (energy loss? 10107 10 ;}0 1

Collectivity?) N (x5,Q%) = RN (x4, Q%) fi(xi, Q%)
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p-Pb: Heavy-flavour production

><€ ®

* p-Pb collisions traditionally used to
separate ‘hot’ effects in Pb-Pb
collisions (effects due to hot dense
deconfined matter) from ‘cold nuclear
matter’ effects (effects due to the

presence of a nuclei)

o)
(Al
o
T .5

e [nitial state effects: modification of

nuclear parton distribution

* Final-state effects: (energy loss?

Collectivity?)

e D-meson nuclear modification factor
Rppo indicates minimal modification
to pt spectrum w.r.t pp collisions
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p-Pb: Heavy-flavour production

* p-Pb collisions traditionally used to
separate ‘hot’ effects in Pb-Pb
collisions (effects due to hot dense

deconfined matter) from ‘cold nuclear ¢ Zg 3 AII_I(I)EI, F;-Fib,'\/L,TN';a'og' v 3
matter’ effects (effects due to the 2 '2 Q/OA Multiplicity Classes (Pb-side&
presence of a nuclei) 1 sE : 2058/0 ) 3

* Initial state effects: modification of 1.6 =
nuclear parton distribution 1.4F =

* Final-state effects: (energy loss? 1'21 E 3

e D-meson nuclear modification factor 0.6 =
Rppro indicates minimal modification 0.4 —
to pt spectrum w.r.t pp collisions 0.2F -

Y SR I PP

* Modification to charmed baryon 0 2 4 6 6
production in p-Pb collisions? p. (GeV/e)

e (strange) /K ratio increases
towards higher multiplicity
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Charmed baryon production with ALICE

A+ production in pp collisions at \/s = 7 TeV and in p-Pb collisions at \/snn = 5.02 TeV

arXiv:1712.09581
Accepted by JHEP

First measurement of =% production in pp collisions at \/s = 7 TeV
arXiv:1712.04242

Submitted to PLB

CERN-LHC SEMINAR 13-Mar-2018 Jaime Norman (LPSC) 16


https://arxiv.org/abs/1712.09581
https://arxiv.org/abs/1712.04242

The ALICE apparatus
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The ALICE apparatus

vertexing, tracking
In| < 0.9

CERN-LHC SEMINAR 13-Mar-2018

Inner Tracking System (ITS)
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% 20 O‘_ 09/07/2013 N
= i » ppNs=7TeV i
;o : . = p-Pb\/s\=5.02 TeV |
_ - 1950 < Pb-Pby\/sy,=2.76 TeV
B : ]
100~ s, B
L .ﬁ N |
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- ... : -+ b :
B 1@ [

I~ [includes primary vertex resolution] e e . 9 |
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The ALICE apparatus

Inner Tracking System (ITS)
VerteX|ng, traCk|ng pumnsiaw. v avh mm a ' aVAN
In| < 0.9

> m—
r _~‘__-

[
]/
il

Time Projection Chamber (TPC)
Tracking, PID via dE/dx
measurement
In| < 0.9

ALICE

PERFORMANCE

2013/10/13

dE/dx in TPC (a
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The ALICE apparatus

Inner Tracking System (ITS)
VerteX|ng, traCk|ng pumasaw. v avh mm a ' aVAN
In| < 0.9

“Ragll] go
| \ =
e I,y//// AL [
, e | —

=
Bl =
I B !
/ |

Time Projection Chamber (TPC) ,I”
Tracking, PID via dE/dx

measurement
In| < 0.9

- ALICE -

p-Pb |5y =5.02TeV |

Time-Of-Flight detector (TOF): j SR
PID via time-of-flight o2 & - ]
measurement N e ST

In| < 0.9 p (GeV/c)
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The ALICE apparatus

Inner Tracking System (ITS)
vertexing, tracking
In| < 0.9

| [l

Time Projection Chamber (TPC) 'I
Tracking, PID via dE/dx

measurement
In| < 0.9

PEERLAW. Y/ 'RAY) IAm -\l‘k :

7
o

BE =
| 1 -
| L -+

Time-Of-Flight detector (TOF):
PID via time-of-flight
measurement
In| < 0.9

CERN-LHC SEMINAR 13-Mar-2018

VO
Trigger

\7‘

_———=

Data samples (from Run 1):
pp collisions: min. bias trigger using VO, SPD
« Js=7TeV:~400x108 min. bias events, L; ;= 6.0 nb-

p-Pb collisions: min. bias trigger using VO
« Jsnn =5.02 TeV : ~100x106 min. bias events, L, = 48.6 pb-
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The ALICE apparatus

N\t baryon | —=c+baryon
M = 2284 MeV/c2 M = 2471 MeV/c2

Quark content udc Quark content usc
CcT =60 pm CT =34 um

A+ — pK-1t+ (BR ~ 6.35%)
A+ — pKOo (BR ~ 1.58%)
A+ — e*Ave (BR ~ 3.6%)

t{ t Data samples (from Run 1):
pp collisions: min. bias trigger using VO, SPD
« Js =7 TeV:~400x108 min. bias events, L, = 6.0 nb-

p-Pb collisions: min. bias trigger using VO
« Jsnn =5.02 TeV : ~100x106 min. bias events, L, = 48.6 pb-

CERN-LHC SEMINAR 13-Mar-2018 Jaime Norman (LPSC) 22



Charmed baryon reconstruction

Hadronic decays

w1 = " L N L R L R

g 1400 "] A Pb-Pb |5,y = 2.76 TeV |8 10*
. . P 0-10% central Inl <0.8 ]
* PID using TPC via dE/dx and B 1200, 25 <p, <30 GeVie,
TOF via time-of-flight s WG 100025
measurement Decay | o tion (%)  eoolk
* no cuts, or Bayesian A — pK-m+ 6.35 ~
* . . T '.-'
approach* to identify particles A+ — pKOg 1.58 g
* Cuts on decay topologies :
exploiting decay vertex 3 20 10 0 10 20
displacement from primary vertex dE/dx - (dE/dx), (a.u.)
(BDT or rectangular cuts) S - { §f .
g ; Ac— pK Tt pp,\s=7TeV = 40 s 7
e Signal extraction via invariant 5% p <6Gevic 1.t
mass distribution in bins of O Gienal (M) e &%
transverse momentum o+ Background (from pp data T M
i 20:_** %‘
. . or 2, -
* B feed-down subtraction using | S Y
pQCD-based estimation of 1 "
beauty baryon production 5;‘ ..
ot L L b b L [ oMb

o Efficiency, acceptance
corrections

CERN-LHC SEMINAR 13-Mar-2018

Cosepointing
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Decay Length (cm)

* See P. Antonioli CERN seminar “PID with
a Bayesian approach in ALICE”

Jaime Norman (LPSC)
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Charmed baryon BDT analysis

Hadronic decays

e BDT analysis performed for the
N+ — pKtitand A+ = pKOg in p-Pb

x - et g

collisions g al ALICE ]

. i ] S [ p-Pb,ysy=502TeV ]

e BDT trained on simulated signal = | :

sample, and background sample from  — 3- . S

simulation or data [ Ao PR :

_ _ 2-_ 2 < P, <4 GeV/c ; b

e |nput variables mc]ude pt of Qecay [ Background / { :

products, topological properties of i

decay, and PID variables -

* Final result merged with std. analysis
taking into account correlation between 0 _ G

analyses x (= BDT response)

Analysis allows for slightly better statistical
precision + gain in signal efficiency
TMVA: PoS(ACAT)040
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p'Pb!

pp, Js =7 TeV

CERN-L

Charmed baryon signal extraction

Entries / 4.0 MeV/c
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23 23
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S
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= |
(2] L
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Hadronic decays

e Signal extracted from
2 <pr<12 GeV/c in
p-Pb collisions

e Signal extracted from
2 <pt<8GeV/cin
pp collisions
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Charmed baryon reconstruction

* PID using TPC via dE/dx and TOF via time of

flight measurement

A\, = candidates reconstructed

 Photonic electrons removed from electron

candidate sample

« el (e
constructed

* Wrong-sign (WS) e'A (e
from right-sign (RS) spectra e+ (e+=)

=) pairs with opening angle < 90°

=) pairs subtracted

3
12 ZOO?JO' N T e 7 T ]
§ L (a) § * ALICE ]
O [ pp, Vs =7 TeV
1501 5 . = A f
i and charge conjugates
100~ § g —
- ° .
50:_ d o ]
i * | i
B :“0 .‘Q:. .
glitesesesesenest? N/, |, iP%0eseseseeey
1.3 1.31 1.32 1.33 1.34
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400

200
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Branchin
Decay ; a _c og
. fraction (%)
A+ — e+Ave 3.6
=.0 = e+="Ve Unknown
L DL L L | L DL
C (b)) —¢— ALICE
i | pp, \s=7 TeV
| _*_ | Egee = Vg
_ — and charge conjugates
B —— _l ® Right sign
- ' - W
B rong S|gn
== L
+
PR B T
1.5 2.5




Charmed baryon corrections

* Correct for:
e Ao 2e-Act Ve 7e-AX (Z,0 — e-=-veX ) contribution in wrong-sign spectra:

« A0 contribution from A2 measurement by CMS* - up to 10% correction

- Z,0production not measured - contribution estimated from BR(b — =)
BR(=b = =-I-vX) and BR(b = Aw9)-BR(A:° = Al-vX) measurements in e+e-
collisions™ - Up to 2% correction

« =0+ — e+ =-0v = e+ ATt—Ov contribution in right-sign spectra for A_+
measurement (2 methods):
1. Determined from measured =_0 cross section and measured
BR(zc+ = e+t=0ve)/BR(=0 = e+=-Ve) ratio
2. ct(\;+ = N+X) < ct(z=c = =+X = A+X) - MC fit to A distance from primary
vertex
— =0~ feed-down fraction = 0.46 = 0.06

« Unfold e+/A(e*=") p; spectra to obtain A+ (=c0) spectra

« B feed-down subtraction using pQCD-based estimation of beauty baryon

' -+ !
production (Ac* onlyl) * CMS: Phys. Lett. B714 (2012) 136-157
. - : ALEPH: Phys. Lett. B384 (1996) 449
Efficiency, acceptance corrections ALEPH: Eur. Phys. J. G2 (1998) 197

_ Phys. Rev. Lett. 74 (1995) 3113
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Systematic uncertainties in pp collisions

.
Systematic unc. source ; ;
Low pT (%) |High pT (%)| Low pT1 (%) |High pT (%)
Hadronic decay = Tackingeffilency [ 4 = 3 7 5
analyses | Cutefclency |41 d2 5 [ 6

Similar for p-Pb (backup)

A+ —> etAve =0 —> et=Ve

Systematic unc. source
4 Low pr (%) | High pr (%)| Low pr (%) |High pr (%)

Semileptonic
decay analyses

Luminosity uncertainty = 3.5%
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N\t pr-differential cross sections

pp collisions p-Pb collisions
N 1 1 1 1 I 1 1 1 1 I 1 1 1 — N T T T T I T I I T I T T T ]
> . §
[4b) i ALICE % - ALICE -
Q) = pp, Vs =7 TeV S p-Pb, |5 =5.02TeV 1
O 1 02 = T AL = o 104 __ % A; -
0 C . . O - _ =
= : lyl <0.5 ] g : O.96<y<(2.04 3 E
- i -e- A, — pKnt 7 — . - Ai — pEon S’_;_SI;_D i
- + 0 = - -.-Ac —>P , -

% - Prs % =E= & A" - pKo*, MVA
> 10F :E: -= Al > e'v., A ~ 103k c — pKm*, _
O : = O S =~ Al = pK, MVA ]
) - ] o - ]
6 e 1 % | =2 -
[+ 3.5% lumi. uncertainty not shown ] |+ 3.7% lumi. uncertainty not shown i

I I I I | I I . . | | | ; 1 1 1 1 | 1 1 1 1 | 1 1 1
0 ) 10 0 5 10

P (GeV/ce) P (GeV/c)

* Good agreement between different decay channels + analysis methods
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Nt pT-differential cross section in pp collisions

. . . O ps=7TeV ]
. N+ pr-differential cross section > il P is=rie b
significantly underestimated by S F = combination of -
o) B - pKr*, pK_ and e'v A analyses_
theory R I yl <0.5 i
, Q_I_ 10E LT —e— ALICE E
* GM-VFNS: Next—to—leadlng order 'g - T ] GM-VFNS 1
QCD with logarithms resumed to o il AV
. 15 =
next-to-leading order Ng - -
* Non-perturbative fragmentation o | | ]
estimated from ote- CO”iSiOn 10 = + 3.5% lumi. unclertalnty not shown | E
data B.A. Kniehl, G. Kramer: 10 & _Ei_“‘—m—_.._ .
Phys. Rev. D 74 (2006) 037502 g g = e =
. MC generator with Crea00 4 =
next-to-leading order accuracy - — -
210

Z =
* PYTHIA parton shower §L>L - :
R T i NN R S E

0 5 10

P, (GeV/c)

GM-VFNS: B.A. Kniehl et al. Eur. Phys. J. C 41 (2005), Eur. Phys. J. C 72 (2012) 2082
POWHEG: S. Frixione et al.: JHEP 09 (2007) 126
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Nt pT-differential cross section in pp collisions

LHCb: Nucl. Phys.B871 (2013) 1-20

= L L L L L ALY BB B NI T —~ I A e S A
§ LHCb § _ pp, \s =7 TeV il
8102— \Ns=7TeV > 102 _H_ A;— _
N ] (@) - —for- combination of 3
S j S N - pKn*, pK_ and e'v_A analyses_
= ] 5 - _ lyl <0.5 .
Q‘[_‘ \ | l_ 10 - AN —
3 \ o LR e o
_g \ : g - PO ] GM-VFNS .
\\ 20<y<45 S - e— POWHEG -
10t N . \D 1 +PYTHIAG -
L ] (QV] = -
: ] © - .
2<y<4.5 Y+_: i i
\\ 1 10~ =+ 3.5% lumi. uncertainty not shown =
- —e—LHCb data NOR SN R .
— — GMVFNS 010 = - _E
_ N off " E = -
'S T Lol 1 Lol 8% - -
o 1 2 3 4 5 6 7 8 s YEV Iz T E
P, [GeV/c] - — .
%)
o §1O 3
. - S .
A, production at forward rapidity < O I e i
. (5 E §§§§ RRARNRRRNNY E
described by GM-VFNS L :
0) 5 10
P, (GeV/c)
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Nt pT-differential cross section in p-Pb collisions

N 1 ' T T T [ T T
§ i p-Pb, |'Syy=5.02TeV -
. A+ pr-differential cross section o £ Ao -
) o _ @) - —— cor_nblnatlon of -
significantly underestimated by theory St pK'x* and pK_ analyses -
3‘ 103 — —-é -0.96 < y< 0.04 —
. MC generator with next- oF - - —e— ALICE
to-leadi d ro; . /. POWHEG ]
o-leading order accuracy S | LPYTHIAG
o 10°= | Shao etal. 3
* PYTHIA parton shower NS : e 1 EPSOSNLO NPDF -
N®) i and multiplied by A |

* Shao et al. : Data-driven model tuned 10 E

on pp data at forward rap|d|ty - +3.7% Iurrlli. uncertainty r|10t shown a

* Parameterises scattering amplitude |3 10 — e e —é

using fit to LHCb A * cross section S% . L. Wz, B

in pp collisions (2 <y < 4.5, - =
Js=7TeV, 2 <pr <8 GeV/c) <10l

+ Both models include EPS09 g | tem—— ;
parameteristion of nuclear PDF > E

0 ) 10 15 20

POWHEG: S. Frixione et al.: JHEP 09 (2007) 126
Shao et al: Eur. Phys. J. C 77 (2017)
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=c0 pr-differential cross section in pp collisions

1:G B | I i -
% ! o ALICE !
EAN- | y <05 §
% : * E(; — e+E_\/e :
Ql_ i | | -
= O

N 107 3 | -
©O - :
> F AR :
I> B :
J['qli ol Not corrected for Z,  decays + .
1\ 10 — + 3.5% norm. uncertainty not shown =

([@N&) _ | L L 1 | L | , l | | | -
f[:\IE]’ 0 2 4 6 3
+ P, (GeV/c)

e —_0production cross-section-times-branching-ratio measured from
1<pr<8GeV/c

 Not feed-down corrected - includes =, - = .0X— e*t="ve

CERN-LHC SEMINAR 13-Mar-2018 Jaime Norman (LPSC)
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N\c+ /D0 baryon-to-meson ratio

(@) I I I I I I I I I I I () [~ I I I I | I I I —]
) - ] ) - ]
— 14 ALICE - ~ 0.9 2<p_<8GeVic —
t o - @ pp,Is=7TeV,lyl<0.5 . to - T .
< o i < - ]
1.2~ ® p-Pb, |s,, =5.02TeV, -0.96 < y <0.04 — 0.8~ ALICE ]
Bl i - ® pp, \s=7TeV n
1.0 ] 0.7 | = p-Pb, |s, =5.02 TeV E
- § 0.6 E
080 | B 0.50 : =
0.6 _+_Jﬂ_|]% o - 0.4F - =
N B E i i 0.3 —
0.4_— [ | |i| ] - .
- g 0.2 —
0.2:— _: 0 1f_ —f
B ] ] ] ] | ] ] ] ] | ] ] ] ] - ] | ] ] ] | ] ] ] | ]

O.OO 5 10 0.0 0 5 4
P (GeV/c) y

« A.,+/D0in pp and p-Pb collisions compatible within uncertainties
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N\c+ /D0 baryon-to-meson ratio

(@) [ [ [ [ [ [ [ [ [ [ [ () - [ [ [ [ | [ [ [ —]
=N . Nt ]
— 14 ALICE - ~ 0.9 2<p_<8GeVic —
+<° - ® pp, \s=7TeV,Ilyl<0.5 ] +<° - T .
1.2~ ® p-Pb, |s,, =5.02TeV, -0.96 < y <0.04 — 0.8 B ALICE —
- ek 0 ’ - ® pp, \s=7TeV ]
- -~ : 0.7 _Pb, s, = 5.02 TeV E
1.0 o pp, Vs=7TeV,2<y <45 y B - | " PP Sy ° .
B y ~ 0 ] 06:_ T LHCb =
0.8 ] — = O pp, \s=7TeV ]
- ] - 0.5 —
' | 2<y<45"’ - t E
0.6 _+_J&]l_|]% B t — 0.4F Jﬁ =
i ) ] 0.3 $ E
O4r L ; i C - : J$L :
: 88 _5p | oz :
0.2:— JéL o —: 0_12_ _
B | | | | | | | | | | | | | ] - | | | | | | | | | ]

0% 5 10 0.0 0 2
P (GeV/c) y

« A.,+/D0in pp and p-Pb collisions compatible within uncertainties

* ALICE measurement systematically higher than LHCb
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Nt /DO baryon-to-meson ratio

 Baryon-to-meson ratio higher than previous measurements in different
collision systems + kinematic regimes (+ LHCb at ~0.2-0.3)

e For a more robust comparison it will be very important to measure the
N+ down to pt=0 with good precision

CERN-LHC SEMINAR 13-Mar-2018 Jaime Norman (LPSC)
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N\t /D0 baryon-to-meson ratio vs models

T T T T | I I I I | I I I o I | I I I | I I I |

o - —
o ., 1 0O  F .
< 1.4 pp, (s=7Tev p-Pb, \'sy,=5.02TeV. 7| — ggF 2<p <8GeVic 3
+<° - lyl<05 -0.96 < y <0.04 g +<° - T .
1.2~ —e— ALICE —=— ALICE — 0.8 ALICE -
[ —— PYTHIA8 (Monash) - - - Shao et al. ] B ® pp, \s=7TeV 3
SEETTIES PYTHIA8 (CR Mode0) with EPSO9NLO nPDF | 0.7 s p-Pb, |s.. =5.02 TeV =
1.0 . DIPSY (ropes) - - | S ]
- -..-. HERWIG7 ) 0.6 LHCb E
0.8— B — - O =7 TeV N
B l i 0.5 + PP s © ]
0.61 + il 1 oar T B =
Z i 0.3 =
04__ || ;%: —_ E ............................................ T@T ................. E
B ] 0.2 —
0.2 — - .
- g 0.1 :::.-_-:'_-.'_'::::.'.':':.::::-_-.-_-:'_-.'.'::::.‘-'uﬁ@%‘* ““““““““““““““““ —
. ] R R R T T S B
o_oo 0.0 0 > 4

p_ (GeVic)

<

A /D0 ratio higher than expectation from MC

PYTHIAS8 tune with enhanced colour reconnection closer to data

« String formation beyond the leading-colour approximation

Shao et al. model (tuned on LHCDb pp result) closer to data

Flat rapidity trend predicted by models not reproduced by ALICE and LHCb measurements
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baryon-to-meson ratio vs models

oe [ I T T T T ]
<061 —
R i i
= ® =
04 [ ® -
g B X S i) c
0.2 — epsosLO pPb \s=5 TeV o
- EPSOINLO 20<p,. <100GeV/ic
- nCTEQ15 T .
| —¢— data LHCb preliminary i

O 1 l 1 1 l 1 l 1 1 1 l 1 1 1 l 1

4 -2 0 2 4

~
*

—— PYTHIAS8 (Monash)

------ PYTHIA8 (CR Mode0)

------ DIPSY (ropes)
- HERWIG7

e YL I AN F R R R

JiEmitiEm LI
PEm o omm g oEm

2< pT<8 GeV/c

ALICE

® pp, \s=7TeV
= p-Pb, |s,, =5.02 TeV

LHCb

O pp, \s=7TeV

-----------------
L]

e A./D0 in p-Pb collisions recently measured by the LHCb experiment
shows a flatter trend with rapidity

CERN-LHC SEMINAR 13-Mar-2018

Jaime Norman (LPSC)
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=0 = e+t="ve /D% baryon-to-meson ratio

_ OQ(D I(b)l I IALIICEI
* Baryon-to-meson ratio > ol op vse = Data il
-0 +=-v.. /DO hiah m 107E e 857T9V /7| DIPSY (rope) [65]
—I‘c; — €7=7Ve _ |? er ‘%’ : yi<>. SN HERWIG7 [67] ]
than expectation from co 102 : i
ur 107
theory - == e
— - . 10_3 E_ _E
e =0 = e+="Ve branching 277777

: . : R R RSSIEEESS
ratio not known: range Iin o+ R

prediction bands , , ,

(0.83-4.2%) is the ST T E——

. p_ (GeV/c)
envelope of theoretical T
I l o = ! ! | ! ! ! | ! ! ! | ! ! TS
predictions 5 [ o ALICE ]
ata
Phys. Rev. D40 (1989) 2955, “ 10k pp, Vs=7TeV -
Phys. Rev. D43 (1991) 2939, W = )1<05 PYTHIA Monash [64] 3
Phys. Rev. D53 (1996) 1457 1 - PYTHIA8 (CR, Mode0) [28] +
%P 1072 ' E

e PYTHIAS with enhanced - -

' 107E RTINS
- NI ST R HK K AAX KK AR A AAA A
? cg) L;);Jt;reC onnection closer - A.”;,;?:9:6232thtzt:t:fte:9t9:9:9:3t32?2/?2?3§2:3:3:z:::;:g:?;.;s:;:;:;:;:;;
1074 E / 2
= T N
P, (GeV/c)

=c0 = et=ve/DO(1 < p1 < 8 GeV/c) = 7.0 +-1.5 (stat.) +- 2.6 (syst.) x 10-3
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pp(pp): Beauty baryon fragmentation

Indications that the fraction of b-baryons depends on the collision system

1. b-baryon fragmentation in pp
collisions over 2x that in ete- at
Z resonance (though
uncertainties large)

Table 1: Fragmentation fractions of b quarks
into weakly-decaying b-hadron species in Z — bb
decay, in pp collisions at /s = 1.96 TeV.

b hadron Fraction at Z (%] Fraction at pp|[%]

Bt, BY 40.4 £+ 0.9 33.9 £+ 3.9
By 10.3 £ 0.9 11.1+£14
b baryons 8.9+ 1.5 21.2+6.9

2. pt dependence for fan/ (fu + fa) [3]

(fq=B(b—By) ) at the LHC

e Similar observation at the
Tevatron in pp collisions

CDF: Phys.Rev.D77:072003,2008

0.2p=

LHCb
0.1f= \Vs=7TeV

0

http://pdg.lbl.gov/2015/reviews/rpp2015-rev-b-meson-prod-decay.pdf

CERN-LHC SEMINAR 13-Mar-2018

5 10
P, (charm + p) (GeV)

Jaime Norman (LPSC)

5 10
P, (charm + p) (GeV)

LHCb: Phys. Rev. D85 , 032008 (2012)
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N\ct nuclear modification factor Rppp

2 AL UL L UL L T
Q:%- 18:— ALICE p-Pb,\(sT,N=5.02TeV _:
1.63_ -0.96 < ¥y <0.04 Ac+ baryon _E
3 - D% meson 3
1of %r'— 3 o
CIA- - . 1 O
(b BRI
0.80]] _+_ 1 Ado  /dp;
0.6F =
N - @A 1 .
- * E Rprb < 1 = suppression
0.4r —4— D mesons (average D°, D*, D) .
- o T Rprb > 1 = enhancement
0.2 ~0~ D° meson —
O:I L1 | | | | | | | | | 1 1 | | | | | | | | | L1 I::

2 4 6 8 10 12
p_ (GeV/c)

* A\t nuclear modification factor Rppb
* consistent with unity I Minimal modification w.r.t pp
. Consistent with D-meson Rpr collisions within uncertainties
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N\ct nuclear modification factor Rppp

o) B | | | | | | | | | | | | | | | | | | | | | | | | | | 1 | | | | | | | | | | | | | | | | | | | | | |
o B I 2
= g 2 A:)L;(;E pc;lzz, \Sy = 5.02 TeV Ed E
R A + T )
1 6E . Nt baryon © _ -
1 b - D% meson i E
C[T] —— I 2
1;'<>___+__#_ """" T' Y_ """"" + """""""" 'l—::— [~ 77&%><><><>(>\ ;:
N 1 9.0 2 % QEQSRIAARRRRIKLLLLELL '///:
H | o | | S
O'8:“ -Y— T g ]
0.6 | ) + —
- A :1 - POWHEG+PYTHIA6 .
0.4 4~ D mesons (average D, D", D) — == with CT1ONLO+EPS09NLO PDF (A,) —
N . I POWLANG transport model N
0.2 ~0— D’ meson oI (charmed hadrons) ~
O_ PR SN T N T N A TN TN T N T T T [N TN W N U TN T A NN N T I N Y T N T T AN T N N U NN U AN WY NN M NN NN MU NN A A

2 4 6 8 10 12 2 4 6 8 10 12
p_ (GeV/c) p. (GeV/c)

* At Ryp, consistent with models assuming cold nuclear matter effects, or ‘hot’ medium
effects

— POWHEG + PYTHIA with CT1ONLO+EPS09 PDF - parameterisation of nuclear PDF
— POWLANG - ‘small-size’ QGP formation, collisional energy loss only

POWHEG: JHEP 09 (2007) 126
CERN-LHC SEMINAR 13-Mar-2018 Jaime Norman (LPSC) POWLANG: JHEP 03 (2016) 123 43



Summary and perspectives in pp and p-Pb collisions

e A+ baryon production in p-Pb collisions similar to that in pp collisions

 Charmed baryon production in pp collisions higher than expectations
from ete- collisions

* |s baryon formation different in pp collisions than in ete-/ep collisions?

* Run 2 data will aid in answering some open questions

Larger pp datasets collected at 5 TeV, 13 TeV
Larger p-Pb dataset collected at 5 TeV
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Summary and perspectives in pp and p-Pb collisions

e A+ baryon production in p-Pb collisions similar to that in pp collisions

 Charmed baryon production in pp collisions higher than expectations
from ete- collisions

* |s baryon formation different in pp collisions than in ete-/ep collisions?

* Run 2 data will aid in answering some open questions

Larger pp datasets collected at 5 TeV, 13 TeV
Larger p-Pb dataset collected at 5 TeV
e pr-dependent baryon production?

e Fragmentation/coherence effects manifest themselves in different baryon-to-
meson pt shapes

* Kinematic range covered by different measurements not exactly the same -
important to extend measurement to pt=0

e Multiplicity dependent baryon production?
e Modification to baryon production could increase at higher multiplicities
e Energy-dependent baryon production?

o Continuity from e*e- energies —» | HC energies?
CERN-LHC SEMINAR 13-Mar-2018 Jaime Norman (LPSC) 45



Pb-Pb: Heavy-flavour production

* Heavy-flavour provide unigque Freeze-Out A time
probe of the hot, dense matter \ f
created in heavy-ion collisions T T

 High Q2 .

J Experience full e
e Short formation time » evolution of the
e Minimal in-medium system
formation/annhilation QGP./
-
P’ V4
v"’(b@ 3
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Pb-Pb: Heavy-flavour production

* Heavy-flavour provide unigque RAA(pT) — dNAA /de
probe of the hot, dense matter <TAA>dep /dp;
created in heavy-ion collisions

ALICE-PUBLIC-2017-003

* High Q2 < 2T T I T T T T T T T T T T
0 4 gf ALICE Preliminary

Average D°, D*, D**, lyl<0.5

e Short formation time

e Minimal in-medium 1 6:_ ¢ 0-10% Pb-Pb |s,,, =5.02 TeV _:
formation/annhilation 145 . g;g:ﬁfﬁigbz@izgng;’\’/"HEP 03 (2016) 081 E
Probe deconfined phase... it 5oy, = 2.76 TeV, JHEP 03 (2016) 081 -
e Significant charm-quark energy loss—— | 1o
1; I Filled markers: pp rescaled reference SOISOE
° Charm quarks participate in the 08:—' Open markers: pp p_-extrapolated reference _:
collective motion of the system 0600 E
<04l ./ - 0.4l ﬂﬂﬁ% H I
£ ALICE o VA{EP, Ini>0.9), {5, =502 TeV ] - I I .
- ® V,{EP, IANI>0}, |5, = 2.76 TeV ] 0.2 EEEE—EI—-E-:H:— B— —
0.3— PRL 111 (2013) 102301 — B e _
: : _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
02 | b I St oe 2015 150 % 5 10 15 20 25 30 35 40 45 50
| - | 0 vz{EP: IA:I>2.}, PLB 719 (2013) 18 : pT (GeV/ C)
0 1}§—H ik A%_ n [.] _:
‘||:|:' — m 2 00
p $ 1 - d°N dN
O~ —— e — = 1+2EVn(pT)cosn(cp—‘P,,)
- Syst. from data o -
N = st:. from B fteed-down 30-50% Pb-Pb ] dcp de 27[: de n=1
Ottt b b b b b b b by b e by 4
0 2 4 6 8 10 12 14 16 18 ZOpT(ZéeV/% —_ V2 =<COS[2(CP—IP2)]>
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Pb-Pb: Heavy-flavour production

* Heavy-flavour provide unigque
probe of the hot, dense matter
created in heavy-ion collisions

e High Q2
e Short formation time

e Minimal in-medium
formation/annhilation
Probe deconfined phase...

* Significant charm-quark energy loss

e (Charm quarks participate in the
collective motion of the system

...as well as hadronisation

e Hadronisation through recombination (coalescence) of
heavy quarks with light quarks close in phase space

—> Modifies relative hadron abundances

—> Modifies hadron pr spectra

* Dsand charmed baryons (e.g. Ac) particularly S I R R R
sensitive to hadronisation via coalescence Parton p; spectrum
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Pb-Pb: Ds production

ALICE-PUBLIC-2017-003

. < 2IIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
* Enhanced strangeness in Pb-Pb n:<1 : ALICE Preliminary

collisions - an enhancement of Ds 0-10% Pb-Pb, /sy = 5.02 TeV

_ lyl<0.5
with respect to non-strange D 1.6 PHSD. A > D D+
- verage
mesons expected from models 1.4 ..PHSD, D’ O
. . - - TAMU, A D", D', D**
including coalescence as 1.2 TAMU ot
hadronisation mechanism P e

Filled markers: pp rescaled reference
Open markers: pp P -extrapolated reference

— hint of enhancement seen in 08¢ - Average D°. D*, D
Pb-Pb collisions 0-63;3’ b _
| | 0.4 | E« i
— same observation by STAR in oof g H |
Au-Au COIliSionS at JSNN — 200 GeV .OEI 11 | | | |'I--I'..I.I | L1l | L 111 | L 111 | L1l | L 111 | L 111 | L 111
STAR: arXiv:1704.04364 0O 5 10 15 20 25 30 35 40 45 50

P, (GeV/c)
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Pb-Pb: Heavy baryon-to-meson ratio

° The baryon_to_meson ratio Plumari et al.: arXiv:1712.00730

AL ARRAN RARRN RARRN RALLN RAREN RARRN RARRN RN | LAAA IRRANRARRN LAARN RARRN RARRN RARRE RARRN LA

" [] lO__ — b —

In the charm sector in Pb-Pb C O STAR(10-60)%  {f e coa}+£ragm 5
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collisions is a sensitive _ b = = raction PYTHIAS) -

probe of: - 1[ = === « only coal !

. Hadronisation TN, Il 4. _
.7 N :

mechanisms in the
Quark-Gluon Plasma
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A C/D ratio
J
|
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* Possible existence of [ud]
bound diquark states in
the Quark-Gluon Plasma

- RHIC: - LHC:

Au+Au@200 GeV Pb+Pb@2.76 TeV
Lee et al.: Phys.Rev.Lett. 100 (2008) 222301 ,
Ko et al.: Phys.Rev. C79 (2009) 044905 UN § ¥ I Y U IR PR FETE PPTEY o | e Y T T PP T .
Plumari et al.: arXiv:1712.00730 6 1 2 3 4 5 6 7 80 1 2 3 4 5 6 7 3
p. (GeV) p; (GeV)

 First measurement of the Ac/DOratio in AA collisions by STAR shows a
significant enhancement with respect to pure fragmentation STAR: arXiv:1704.04364

« Reference measurement in pp or pA collisions essential for interpretation
of results
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Pb-Pb: Heavy baryon-to-meson ratio

P The baryon_to_meson ratio Plumari et al.: arXiv:1712.00730
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. Possible exi N
bound diquark states In :
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Lee et al.: Phys.Rev.Lett. 100 (2008) 222301 ,
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 First measurement of the Ac/DOratio in AA collisions by STAR shows a
significant enhancement with respect to pure fragmentation STAR: arXiv:1704.04364
« Reference measurement in pp or pA collisions essential for interpretation
of results
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Towards Run 3 and 4

p-p & ?
Pb-Pb p-Pb Xe-Xe Pb-Pb Pb-Pb p-p «—>Pb-Pb
| | | | | |
2015 l 2016 L 2017 2018 l 2019 2020 2021 l 2022 2023
J|FIM[AIM|J|I|A[S|O|W]D] I |F[M|AIM|]|I|A|S|O(WID] ]| F|M|A[M[]I|]I|A|S|®IN(D|I|F|M|AIM[I[][A|S|O|W|D]I|FM|AIM|I|I[A[S|O|N|D}I|F[M[AIM]|I|I|A[S[O[N|D]I|F|M|A[M|]|]I|A|S|O|NID]J|F|M|A[M[]I[]I|A|S|O|N[D]I[FIM|A|M|I|][A|S|O|N
EYETS LS2
[11] [T
Shutdown/Technical stop
Commissioning Pb-Pb p-Pb Pb-Pb
Ions
2024 2025 2026 2027 2028 2029 2030 2031 2032

LS3 LS4
2033 2034 2035 2036 2037

J. M. Jowett, workshop on the physics of HL-LHC, and perspectives at HE-LHC, CERN, 30/10/2017

e | arge upgrade to the ALICE apparatus for run 3 and 4, to exploit the higher interaction
rate

e 50kHz Pb-Pb interaction rate foreseen
* Requested ALICE luminoisty of 10 nb-1 (+3 nb-1 at low ALICE B field)
—> 50-100x min. bias Pb-Pb sample from run 2
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ALICE upgrade

Replace TPC wire chambers
with gas electron multiplier
(GEM) readout

Ne:/v Inner Tracking
’ System
New forward
interaction trigger (FIT)
o ti

New Muon Forward

+ New beam pipe Tracker (MFT)
+ New readout architecture

+ Major computing system upgrade (O2 project)
Upgrade LOI: J.Phys. G41 (2014) 087001
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ITS upgrade

e 7 layer silicon pixel detector (Monolithic Active

Pixel Sensors)

e Closer to interaction point
e 39mMm —>22mm

e Reduced material budget

* e.g. inner barrel X/X0 per layer
~1.14% —> 0.3%

* Reduced pixel size

e 50um x 425um —> 28um x 28um
— 400
1350;_ R\SS
3000\
250/
200+
150 . ,.
5OE-—TINQ Pt
OZ

10’ 1 10
P, (GeV/c)

m

T T TTTAIKE

| Current ITS (data) ;
Upgraded iTS

Pointing Resolution

Standalone tracking efficiency (%)

Beam pipe

N S o)
o o o

o
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Run 3+4 projection: A\¢t/DP°

e Actbaryon will be accessible down to low prtin Pb-Pb collisions — sensitive to
baryon formation via coalescence

Rapp et al.: arXiv:1204.4442
Ko et al.: Phys. Rev. C 79, 044905

ITS upgrade TDR: J. Phys. G 41 (2014) 087002 o 10 LI I LI I LI I LI I LI I LI I LI I LI I LI I LI I LI
< 2_I T | ' TT | T | ' TT | T | T | ' TT | T | ' TT | T | T I_ "\Q_
= . : - 0 i Pb-Pb,\/s\, = 5.5 TeV
T 48 Ac—pKn* Pb-Pb)\[s, =55Tev] 2 - '\ NN T 20 .
1.6 L, =10 nb", centrality 0-20% ]  —~a - Line = 10 nb", centrality 0-20% -
C in ’ ] o | \‘ _
F - & ALICE A/KS param (2.76 TeV)
1.4 = @) I I BEETPEREES Ko et al. (200 GeV) |
’ 23_ B < i H % | ——— TAMU, Rapp et al. (2.76 TeV) |
i ﬂ __________________________________________________________ - :
: : : :
0.8 H —
0.6 'H‘ —
i B 4 -
0.2;_ _; _l 11 I 11 I 1 1 I 11 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 1 1 I 11 l—
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Run 3+4 projection: beauty baryons

e Actbaryon will be accessible down to low ptin Pb-Pb collisions — sensitive to

baryon formation via coalescence

e Np0accessible down to 4 GeV/c — also sensitive to hadronisation mechanisms

e Further studies incorporating multivariate analysis techniques (BDTs) to
measure A+ and Ap? production with improved precision are ongoing

ITS upgrade TDR: J. Phys. G 41 (2014) 087002
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Summary

e Charmed baryon production measurements sensitive to hadronisation
mechanisms

— pp collisions: test of fragmentation/ effects beyond leading colour
approximation

— p-Pb collisions: Measure ‘cold’ nuclear matter effect on baryon
production

— Pb-Pb collisions: Quantify the role of hadronisation via coalescence

* First measurement by ALICE of charmed baryon production in pp and p-
Pb collisions intriguing; violation of fragmentation universality?

* Near future: more precise/differential measurements in pp and p-Pb
collisions will help in answering open questions (+ first Act measurement
in Pb-Pb collisions with run 2 data expected)

* Run 3 and 4: Precise measurement of charmed baryon production in Pb-
Pb collisions after the ALICE upgrade
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Strange baryon-to-meson ratio

e Enhancement in the baryon-to-meson ratio is also expected if coalescence
has a role to play in hadronisation

* Proton/pion and A/KOs ratios enhanced in Pb-Pb collisions

e A similar enhancement is seen in high multiplicity p-Pb collisions
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Coalescence? flow? Interplay between both effects?
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pp and p-Pb collisions

k
kB
o 10
* Many of these studies fit into the broader &
scope of understanding many ‘Pb-Pb- 5
like’ phenomena emerging in high 5 o
multiplicity pp/p-Pb collisions: ot IW EHJ [H] EH“H]
* Di-hadron azimuthal correlations to e Hﬂ@ o4’ (16)
CMS:..JHEP09(2010)091 . iﬂﬂ ' il
large An ALICE, Phys. Lott. B 726 (2013 164 : %I ?
ATLAS: Phys. Rev. Lett. 110 (2013) 182302 I : . QIF;,ICJSE=7T6V |
e Mass-dependent azimuthal anisotropy 3 VAR R AL
ALICE: Phys. Lett. B 726 (2013) 164-177
_ CMS: Phys. Lett. B 765 (2017) 193 =i — ETPTSHJAS
* Evolution of average pt vs. multiplicity VA EPOS LHO
CMS: Eur, Phys, J. G 74 (2014) 2647 10 e
* Strangeness enhancement... 0 Ny

ALICE: Nature Physics 13, 535-539 (2017)
(d) CMS N = 110, 1.0GeV/c<pT<3.OGeV/c

What is the origin of the continuity of
phenomena seen from small to large systems?
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pr-differential cross section measurement (Ac+)

Correction factor for feed-down - fraction Extracted raw yield in the fiducial
from beauty decays acceptance
using pQCD-based estimation of beauty

baryon production
< 8% correction \
N
+ Ac
d2ohe 1 1 Jprompt - N|y|<yﬁd 1

dedy N 2CAyApT BR (A X 5)prompt Lint
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pr-differential cross section measurement (=c9)

Extracted raw yield in the fiducial
acceptance

BR d’o= Nzo -
"dprdy ~ 2-AprAy- (A X €) - Lin;- BR=-

w L Efficiency X acceptance for ECO
X
< 10—1 - . > -

10°F E
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Generated pi‘; (GeV/c)
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Semileptonic RS-WS subtraction

0 — T I | — T T L e
= (b) —¢— ALICE ALICE -
o | | pp, \s=7 TeV | pp, \s =7 TeV .
400 —— | Ho — €'Ev, i 2 5 e'Ev,
L —.— and charge conjugates - and charge conjugates _
—— + ® Right sign ® WS Subtracted
i - B Wrong sign
200 — _
' e
_._
_._I
095 25 . .
M(eE) (GeV/c) M(eZ) (GeV/c?)

* Wrong-sign subtracted e= spectrum shape in agreement
with expectation from simulation
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Systematic uncertainties in p-Pb collisions

A+ —> pKOs

A+ —> pK1t+

Systematic unc. source| Low prt (%) |High pT (%)

Low pt (%)

High pt (%)

STD analysis

A+ —> pK1t+

A+ —> pKOs

Systematic unc. source| Low prt (%) |High pT (%)

Low pt (%)

High pT (%)

BDT analysis

Luminosity uncertainty = 3.7%
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LHCb A:+/D0in p-Pb collisions
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LHCb preliminary
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* Lc/DO0 in p-Pb collisions measured by the LHCb experiment shows a flatter

trend with rapidity
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