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Heavy flavour physics in CMS

= Measurements and observations of heavy flavour production provide important tests of
QCD and give insight into particle production at colliders

= Hadronization challenging to understand -> measurements needed

= Form baseline or background for other physics 38T Solenoid  ¢oaL
studies at the LHC ? S Q! IRON YOKE
4 ‘ '\ ’\\‘\ ‘\ - Muon System
: I~ .‘“"i N\“;Q‘ Endcap
- ' ’\\ 1//] /\.\..,/ i (CSC+RPC)
= LHC provides access to wide kinematic range -1\ ‘"3‘» ey ~Lls |
v ’ i \N i

with a very high production cross section
if compared to e*e colliders.
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Open charm production cross{f)
section

Open charm mesons reconstructed:

« D** - D%}, —» Kntm),,,

= DV K7t

= D*"-> Kn'n”
Analysed data: pp collisions at /s = 13 TeV collected in 2016
Phase space: 4 < p; (D) < 100 GeV && |n| < 2.1

+ C.C.



https://link.springer.com/article/10.1007/JHEP11(2021)225

Open charm production cross
sectfion

Open charm mesons reconstructed:
*+ O+t O
- D™ > D Tsiow — K Tsiow

= DO K- nt
« D > Kn'n”®

+ C.C.

Analysed data: pp collisions at /s = 13 TeV collected in 2016
Phase space: 4 < p; (D) < 100 GeV && |n| < 2.1
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Only prompt mesons are signal = possible contamination: 3

charm mesons coming from B meson decays 50

NSQC

Evaluated on MC as: contamination = ~10-15%

Npromptt+Nsec
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Open charm production cross
sectfion
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Data are compared to different MC and FONLL predictions (fixed-order next-to-leading-logarithm):
= Pythia predictions are very sensitive to the specific tune

= Powheg heavly underestimates data at low py

= FONLL tends to underestimate data — data points on the upper edge



https://link.springer.com/article/10.1007/JHEP11(2021)225
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Open charm production cross&§)
section

A comparison of CMS data with the previous results obtained by the other LHC
collaborations has been performed to study how the cross section evolves with
the center of mass energy and w.r.t. the different kinematic region analysed

FONLL predictions used for this comparison
« NLO + fragmentation fraction
« FONLL calculations are developed to
obtain stable and reliable predictions
in the conditions pro*mg



https://link.springer.com/article/10.1007/JHEP11(2021)225

INFN

Istituto Nazionale di Fisica Nucleare

JHEP11(2021)225

Open charm production cross
section

A comparison of CMS data with the previous results obtained by the other LHC
collaborations has been performed to study how the cross section evolves with
the center of mass energy and w.r.t. the different kinematic region analysed

29 nb' (13 TeV)

— 10*g
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) ) . . [05) =
FONLL predictions used for this comparison S 10k CMS / LHCb
« NLO + fragmentation fraction Q F
« FONLL calculations are developed to o 10%
obtain stable and reliable predictions g 10 —
in the conditions pro*mg 'a 1L . i
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nature com/articles /s41567-022-01838-y

In 2021 CMS reported about the observation of triple J/y production in a single pp
collision with a statistical significance above five standard deviations.

This phenomenon is not (only) interesting per se, but because it is a probe for triple
parton scattering.

When protons collide, mostly one parton
of each proton undergoes a hard scattering
= single parton scattering (SPS)



https://www.nature.com/articles/s41567-022-01838-y
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Triple / /¢ production

In 2021 CMS reported about the observation of triple J/y production in a single pp
collision with a statistical significance above five standard deviations.

This phenomenon is not (only) interesting per se, but because it is a probe for triple

parton scattering.
Hard scattering

When protons collide, mostly one parton
of each proton undergoes a hard scattering
= single parton scattering (SPS)

As the collision energy increases the densities of gluons Underlying
and sea quarks probed inside each proton grow rapidly 3 »Mge“”"’, events

— double (triple) parton scattering - DPS (TPS) - 7 “’ E e %

can occur P A AT

Second (hard) scattermg


https://www.nature.com/articles/s41567-022-01838-y
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In the assumption of factorization, the DPS cross section to produce two charmonium
mesons Y; and Y, can be written as:

pp-YP2 X

_ Effective cross section in a purely geometric approach is
m=11if ;= Wy, determined from the pp transverse overlap.

m=2 otherwise It contains all the neglected / unknown parton correlations, so
far considered constant and invariant on /s and final state.

pP-oY1YX

a — SPS cross section for the
DPS

W, (y,) production

Combinatorial factor:

e


https://www.nature.com/articles/s41567-022-01838-y
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In the assumption of factorization, the DPS cross section to produce two charmonium
mesons Y; and Y, can be written as:

pP-oY1YX

O' — SPS cross section for the
DPS

W, (y,) production

Combinatorial factor: Effective cross section in a purely geometric approach is

mfé if ;':1: Wa, determined from the pp transverse overlap.
m=2 otherwise It contains all the neglected / unknown parton correlations, so
far considered constant and invariant on /s and final state.

pp-Y1X pp- ll)zXUpp—nleX

T 2y 2 d VR VP VIEY. Gl Osps JSPS SPS
Similarly, for TPS o;p¢ (3,) = —

\NeIf{thS IS Stggtl-?_/ Be;-altEd to O-eff DPS = O-eff TPS — Ko-eff DPS
K =

)


https://www.nature.com/articles/s41567-022-01838-y
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In the assumption of factorization, the DPS cross section to produce two charmonium
mesons Y; and Y, can be written as: e

pp-YP2 X

O.Pp—>¢11/12 _ SPS cross section for the SPS: 0 L Dy
DPS [
W, (y,) production
Co_mlb_ifnatCﬂ‘ial factor: Effective cross section in a purely geometric approach is
m:2 ! ;’:1_ Wa, determined from the pp transverse overlap.
m=2 otherwise It contains all the neglected / unknown parton correlations, so

far considered constant and invariant on /s and final state.

pp-YP1X _pp-yY2X pp-oyPs3zX

imi PP->Y Y PsX _ c g o
Similarly, for TPS ope 17273 (3') SPS SPs SPS
effTPS
eff TPS |S StrICt|y related tO O-eff DPS = O-eff TPS — Ko-eff DPS o,

with k = 0.82 + 0.11

For triple J/y production SPS contribution is negligible wrt DPS and TPS
= pp - J/YJ/PJ/PX is a golden channel for the study of TPS, |
and for an independent measurement of Oeff DPS


https://www.nature.com/articles/s41567-022-01838-y
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The measurement has been performed on CMS Run2 data (133 /fb @13 TeV)

All the three J/y have been reconstructed starting from the u*u~ final state
— 6 muons means a very clear and clean signature.

Both prompt and nonpropt J/y are included

. . . . 109I{|S' e -1?3,fb'.1(.13.T°iV_ 10?"-5. —r— 1'33Ifb"’(1?T'eV- 10?IJ'ISI ——— T 1'33‘fb"‘(1:">T’eV:
Signal yield is extracted with a i L 13 o 134 T
3D unbinned extended maximum 2 & —romm 48 g —roaine B g —Toulft
Iikelihood fit Of the m‘u+ﬂ— E ;;: W JIy Jiy Jly signal EE ;: W JIy Jly Jly signal : ,§ ;: W Jly Jiy Iy signal :é
distributions of all J/y candidates 5t i s 1 s
in the event over the * ¥ F
2.9 < m,+,- < 3.3 GeV range. i ‘- £ g

g. 2.6 2.8 3 3.2 26 28 3 3.2
m,,2 [GeV] m,, 3 [GeV]

e
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The measurement has been performed on CMS Run2 data (133 /fb @13 TeV)

All the three J/y have been reconstructed starting from the u*u~ final state
— 6 muons means a very clear and clean signature.

Both prompt and nonpropt J/y are included

Signal yield is extracted with a g 1O R 5 0P Y 0
g . = 9 ¢ Data 42 9 t Data 4 = 9 t Data E
3D unbinned extended maximum 2 & —tan 18 4 e —Taan
Iikelihood fit Of the m‘u+ﬂ— E ;;: N JIy Jiy Jly signal :gg ;: W JIy iy JIy signal : g ;: N Iy Jiy Jly signal :é
distributions of all J/y candidates 5t i s 1 s
in the event over the * ¥ F
2.9 < m,+,- < 3.3 GeV range. i3 E \| 42
e [ A NG AL TN fLLLL N
2 TSI o\ 295 0 B 1 AN OEdzeddoackodie gk fo) -““\. :

8.9 3 3.1 32 3. 26 2.8 3 3.2 2.6 2.8 3 3.2
m,,.1[GeV] M2 [GeV] m,,.; [GeV]

. . . 3 .
The signal yield is NS{;"’ = 5.077§ with 1.0%53 background events. @

The statistical significance of the S|gnal is evaluated using various methods, anyway above 5o


https://www.nature.com/articles/s41567-022-01838-y
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= SPS cross sections derived from MC

= in a baseline approach that ignores parton correlations, one can extract the value

of the effective DPS cross section that yields the experimentally measured o,/ I
value

=0,ff pps = 2- 71 (exp) 13 (theo)mb

e


https://www.nature.com/articles/s41567-022-01838-y

Triple / /¢ production

= SPS cross sections derived from MC
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= in a baseline approach that ignores parton correlations, one can extract the value

of the effective DPS cross section that yields the experimentally measured o,/

3]/

value
—0 = 2.7 1% (exp) T3 (theo)mb
eff DPS = p
Process: 3 prompt 2 prompt+1nonprompt 1prompt+2nonprompt 3nonprompt Total
ag{,/s;” (fb)  <0.005 5.7 0.014 12 18
: . NY 0.0 0.10 0.0 0.22 0.32
SPS is negligible, as expected —
o (fb) 8.4 8.9 90 95 202
DPS accounts for ~ 74% NI 0.15 0.16 1.65 1.75 3.7
ol () 6.1 19.4 20.4 72 53
No¥ 0.11 0.36 0.38 0.13 1.0
1 event out of 5, is interpreted as A @y 15 34 110 114 79
TPS process!!! N 0.3 0.6 2.0 2.1 5.0

©


https://www.nature.com/articles/s41567-022-01838-y

Triple / /¢ production

The approximation of constant
O.rr pps is not valid.

There is a trend, the nature is
under study

LHCb measurements at forward
rapidities lead to values of
Ocff pps & 15 mb

— confirm dependence of the
0. pps ON the relevant parton
species and x fractions probed

INFN

Istituto Nazionale di Fisica Nucleare

nature com/articles/s41567- 02Y2\ 01838-y

—.— This measurement CMS, Vs=13 TeV, Jiy+Jiy+Jhy This work
e @ CMS*, \s=7 TeV, Jiy+J/y Ref. %
—.— ATLAS, Vs=8 TeV, JAy+Jiy Ref.

—— Measurements Do, i{§_=1 .96 TeV, Jiy+Jhy Ref. %
<— from quarkonia DO*, vs=1.96 TeV, J/y+Y Ref. **
e ‘ ATLAS*, Vs=7 TeV, W+J/y Ref. **
—— ATLAS*, Vs=8 TeV, Z+J/y Ref. *°
| > ATLAS*, Vs=8 TeV, Z+b—J/y Ref. *
—_— DO, Vs=1.96 TeV, y+b/c+2-jet Ref. *°
- DO, Ys=1.96 TeV, y+3-jet Ref. %
- DO, Vs=1.96 TeV, 2-y+2-jet Ref. %
e DO, Ys=1.96 TeV, y+3-jet Ref. **
—— CDF, {s=1.8 TeV, y+3-jet Ref. &
I 3> Measurements UA2, Vs=640 GeV, 4-jet Ref. !
- from jets / CDF, Vs=1.8 TeV, 4-jet Ref. %
—_— photons / W ATLAS, G=7 TeV, 4'jet Ref. 19
- CMS, Vs=7 TeV, 4-jet Ref. 2
} i CMS, Vs=13 TeV, 4-jet Ref. '°
" CMS, Vs=7 TeV, W+2-jet Ref. '
N ATLAS, Vs=7 TeV, W+2-jet Ref. "®
—— CMS, Vs=13 TeV, WW Ref. '®
1 1 1 I 1 1 1
20
{
G ops [Mb] ©
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Dependence of f;/f, on B
meson kinematic et 80

Following the evidence of non universality, CMS studied the dependence of the ratio
between the B? and Bt hadron production fractions f./f,, on B prandy

= decay channels B? - J/Y(—» utu)¢p(—» KTK~) and Bt -» J/Y(- utu )K* are used
= Analysed data: pp collisions at v/s = 13 TeV collected in 2018

e


https://arxiv.org/abs/2212.02309
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Dependence of f,/f, on B
meson kinematic Koty

Following the evidence of non universality, CMS studied the dependence of the ratio
between the BY and Bt hadron production fractions f./f,, on B prandy

= decay channels B? - J/Y (= utu)¢p(—» KTK~) and Bt -» J/Y(- utu )K* are used
= Analysed data: pp collisions at v/s = 13 TeV collected in 2018

The ratio of the efficiency-corrected meson yields Rs; = (Ngo/€go)/(Ng+/€g+) proportional
to the f,/f, ratio

_ BU/Y$)B($—~K*K)
= R = sl 5@ ity

*As a cross check also the f;/f, ratio is measured, using the B = J /(= ptu™)K*¥ decays, results
in backup.



https://arxiv.org/abs/2212.02309
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arXiv:2212.02309
20-23 GeV pT bin Accepted by PRL
10°F

Dependence of f./f, on B
meson kinematic

§ Data E L=61.6fb" § Data
10°F CMS — Fit result [ {S=13TeV — Fit result
B meson are selected with 12 < pr <70 —ismd_ | — Sinal o
— Comb. bkg. — . :
GeV, |y| < 2.4, a decay length larger than Bg B Jiy Ko .y B* - B dp
3 .. B> Jhp K*X

S times its uncertainty, and a dimuon-
plus-track(s) vertex y?probability > 10%.

Events / 5 MeV

Meson yields measured by fitting the
invariant mass distributions.

= for 12 pr bins (integrated over y)

= or 7 |y| bins (integrated over py)

-
o
n

5.30 5.35 5.40 5.45

My ¢) (GeV)

ranges defined to keep a similar number of  °*

events in each bin.

1
5.0 5.2

M(Jp K

5.4
(GeV)

)

[
5.6


https://arxiv.org/abs/2212.02309

Dependence of f./f, on B

meson kinematic

B meson are selected with 12 < pr < 70
GeV, |y| < 2.4, a decay length larger than
S times its uncertainty, and a dimuon-
plus-track(s) vertex y?probability > 10%.

Meson yields measured by fitting the
invariant mass distributions.

= for 12 pr bins (integrated over y)

= or 7 |y| bins (integrated over py)

ranges defined to keep a similar number of
events in each bin.

The ratio of detection efficiencies ego /eg+

is needed to convert the ratios of signal
event yields into R observable.
— Efficiencies are evaluated in simulations

Events / 5 MeV

-
o
N
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arXiv:2212.02309
20-23 GeV pT bin

Accepted by PRL

10°p

CMS } Data F L=61.61b" § Data
3 — Fit result [ Vs=13TeV — Fit result
— Signal - — Signal
0 — Comb. bkg. — Comb. bkg.
--B’—Jhp Kz~ it - B'=Jdmp '
Bs 10°F B .. B Jhp K¥X

11 I L1 1 1 1 L1
5.30 5.35 5.40

My ¢) (GeV)

lIIlIl
5.45

1 1
5.2 5.6

M(J/Ap K

11 1
5.25 5.0

5.4
(GeV)
Signal peak is fitted by the sum of 2 Gaussians

with common mean and independent widths.

Combinatorial background is fitted by an
exponential function

©
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Dependence of f./f,, on B

meson kinematic

(2]

C
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0.1

0.08

575 o,

CMS
L=61.61b"

Vs =13 TeV

Hibp g

¢ CMS data; lyl<2.4
— Average for p, >18 GeV
! LHCbdata;2<y<4.5

iy

12<pT<7O GeV

| 20 40 - 60
p;(GeV)
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arXiv:2212.02309
Accepted by PRL
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Dependence of f./f,, on B
meson ki

(2]

C

0.12

0.1

0.08

nematic
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arXiv:2212.02309
Accepted by PRL

CMS
i L=61.61b"
PR 's=13TeV |}
- i % L
H%HHFP : i +++JI1F‘H’ ‘{TL_Q—
$ CMS data; lyl <2.4 \ No dependence

— Average for p_> 18 GeV 12<p_<70GeV on |y|
— §{ LHCbdata;2<y<4.5

1 | 1 I 1 1 | | I | 1 | | | | | | | | | | | | |
0 20 40

1 1 1 60
p.(GeV) ° T

(%)
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Dependence of f./f,, on B

meson kinematic
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(2]

c L

B
012
Clear dependence on
pT, with a flat trend i
for higher pr

Medium for pr > 18
GeVis R, =0.1102 +

0.0027 -
0.08 —

LHCb measurements

o
| ] 1
\:

[= = =]

L=61.61b"

l CMS
Vs =13 TeV

{-{*{%

¢ CMS data; lyl<2.4
— Average for p, >18 GeV
! LHCbdata;2<y<4.5

12<pT<7O GeV

confirm CMS points. o

| 20 0 - 60
p;(GeV)

0 1 2

Iyl
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Accepted by PRL

- \ No dependence

on |y|
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Dependence of f./f,, on B

meson kinematic

(2]

C

0.12
Clear dependence on

pT, with a flat trend
for higher pr

Medium for pr > 18
GeVis R, =0.1102 +

0.0027
0.08

LHCb measurements
confirm CMS points.

Measurement important per se, and crucial for measuring the B
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Bz

CMS
l L=61.61fb"
iy, /s =13 TeV
i {

¢ CMS data; lyl<2.4
— Average for p, >18 GeV
! LHCbdata;2<y<4.5

12<pT<7O GeV

0

20

0 60
p;(GeV)

0 1 2

Iyl

decay rates such as B - uu
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- \ No dependence
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Flavour
physics
group in
CMS is
active and
competitive

Open charm production cross section
measurement put the basis for possible
measurement of total charm cross section in

CMS

Triple J/Psi production observation can be
the key for accessing triple parton scattering
for the first time

Observation of f./f, dependence on B
meson kinematic is of crucial importance
for the B) -» uu decay measurement

Istituto Nazionale di Fisica Nucleare  |[f#==

©






Open charm production cross{g
section

= “prompt” produced mesons = coming from PV or charm excited states

\ X

= D% decay length ctx 10?cm — Decay vertex != generation vertex

Selection applied:

= Look for “high quality” tracks -> no PID in CMS

= Secondary reconstructed vertex with CL > 1%

= Parallel direction of the meson w.r.t. the PV-SV distance

= Cuts on the decay length

©


https://link.springer.com/article/10.1007/JHEP11(2021)225

Open charm production cross{g

section - Selection
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Variables D** D’ Dt

PV selection: largest ) p% largest }_ p% largest ¥ p=
Tracks: pt™" [GeV ] 0.5 (0.3 for the 7)) 0.8 0.7
Tracks: reduced x? < 2.5 (3 for the 7,) <25 <25
Tracks: N Tracker Hits > 5 (> 2 for the ) =5 Z9
Tracks: N Pixel Hits > 2 (none for the 7t,) > 2 >2
Tracks: IP,, [cm ] < 0.1 (sig. < 3 for 7t,) < 0.1 0.1
Tracks: IP, [cm ] < 1 (sig. <3form,) M| <1
|M_,q — MPPC| [GeV ] < 0.023 < 0.10 <0.10
SV fit CL > 1% > 1% > 1%
Pointing, cos® > 0.99 >0.99 > 0.99

L significance: >3 >5 > 10
Arbitration min AM min [M(Kr) - MFPS(DO)) in [M(K7t7t) - MPPG(D )|

e
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k/pi swap treatment in the DO
reconstruction

Since CMS has not a PID we have an ambiguation in the K*r- and Kn* states.

We manually assign the mass hypothesis to the tracks according to the charge, but since the
DO is a neutral particle the disambiguation between D° and D° has to be explicitly done.

A RooPlot of "mass (GeV)"

Contribution of the wrong mass assignment evaluated
in a MB MC sample using the gen level info as truth

Events / ( 0.0055)
3 83
[T
——
——

Gaussian contribution (¢ =0.075 +/- 0.007 GeV) to be considered
as signal component.

$+

:r|||||\|||||\|||||\|||||1|||||||||[||||
1.78 18 1.82 184 1.86 1.88 19 192 194 1.96

— A third wide gaussian has been added in the signal shape modelling in data: i
= Width obtained bin by bin from MC

= Normalization defined w.r.t. to the other two gaussians in data, so that for every bin the integral for
the two contributions (wide and thin) is the same.

Signal yield taken from the thin contribution to avoid double counting. @
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Open charm production cross
sectfion

Only prompt mesons are signal = possible contamination: charm mesons coming from
B meson decays

Contribution evaluated on MC as: contamination =£ Nsec ~ lO-IS%j

Nprompt+Nsec
13 TeV 13 TeV
c C
S [ cms « D" 5 [cms “ Dt
g 0.3~ Simulation D° & 0.3 Simulation D°
F + = r | +
§ ° 5 P
c < 0
o 5 L
O 02— | O 02—
! B »
[y = o i + - l
= A L n 1 & L
0.1 k8 o1, 1t
0 T S S Y Y S oL+t | PR TR N TN TN SN S (N T N SO N |
0 20 40 60 80 100 0 05 1 15 2

p, [GeV]

The visible cross section is corrected bin-
by-bin for this contribution

s



Systematic Uncertainties
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Luminosity - measured by CMS for 2016 => 2.5%
BR — uncertainties taken from the latest PDG edition

Tracking - 2.3% per track

= For the D* an additional 5.2 % has been introduced for the slow pion
Slow pion pT cut - affect only the fit D* pt bin
MC statistics - the statistical error from the enriched MC
Contamination - the statistical error from the MinBias MC

Signal yield instability - due to the dynamic inefficiency in the tracking during the 2016 data taking -> evaluated including
the different PU scenario for each run

PU reweighting - Bin by bin the statistical error related to the weight w=data/MC has been evaluated. The cross section is
calculated using the upper and lower values.

L/sigmaL cut - several studies done to check for possible bias of the cut -> we conclude that it is not possible to isolate and
directly quantify the L/sigma systematic, since it can’t be disentangled by the fit method effects.
Fit modelling — Signal and background alternative models:

= Signal: a single gaussian, a 3gaussian sum and a crystal ball function were used for the signal description. The biggest
deviation between the three is taken as syst.

= Background: a fourth degree polynomial was used for the bkg description

= In addition to that has been found that the peaking background has a no negligible contribution for the D+ meson, v
it is flat for the other two particles
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Systematic uncertainties

Relative uncertainties (%)

D*t DO D+
Signal efficiency calculation 03 03 3.5
Secondary decay contamination 2.9 0.8 1.4
PU reweighting 1.0 1.0 2.0
Branching fraction 1.1 08 1.7
Tracking efficiency 94 42 6.1
Signal modeling 3.6 5.0 4.2
Background modeling 12 48 8.0
Luminosity 25 25 2.5
Time-dependent inefficiencies 14 14 1.4
Total 11.0 87 12.2

The dominant ones are:

- Tracking efficiency

- Signal / bkg modelling

Data taking instability -> due to tracker inefficiency during the 2016 data taking @
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29 nb™ (13 TeV)
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MC and theory models used td{i
compare data

The cross-section values are compared to

= FONLL predictions [1] shown as boxes representing the upper and lower limit for a
given bin

= Central values: mb = 4.75 GeV for bottom, mc = 1.5 GeV for charm, uR = pF = pu0 = sqrt(m2 +
pT2)
Scales uncertainties: p0/2 < uR, uF < 2p0 with 1/2 < yR/pF < 2.
Mass uncertainties: mb = 4.5, 5.0 GeV for bottom, mc = 1.3, 1.7 GeV for charm, summed in
quadrature to scales uncertainties.
PDFs uncertainties: calculated according to the individual PDF set recipe, and summed in
quadrature to scales and mass uncertainties.
No fragmentation fractions (unless specified above) are included for the heavy quark -> heavy
hadron fragmentation. This means that all heavy quarks are hadronised as if they fragmented
into the chosen heavy hadron. To construct the proper mixing, the correct fragmentation
fraction (FF) must be provided and the results summed separately. The DO and D+ already
include feedown from D*. The correct branching ratios (BR) for decays into leptons and other
hadrons are instead provided by default.

Pyth 1 a 8 ( sever al tune S) [ 3] [1] The pT spectrum in heavy-flavour hadroproduction, M.Cacciari, S.Frixione, P.Nason,

JHEP (9805) (1998) 007
[3] A Brief Introduction to PYTHIA 8.1, T. Sjostrand, S.Mrenna P.Skands, arXiv:071

= POWheg [4] [4] Jet pair production in POWHEG, S. Alioli, K. Hamilton, P. Nason, C. Oleari, E. R@P
1104 (2011) 081
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Comparison with measureme
done at 7 TeV

= ATLAS
D* 1 D+ 1
29 nb” (13 TeV) . 29 nb" (13 TeV)
> 10°e cMmsS 2 10°E cms
S 108 O 10°=
Pe) R 4 CMS Data s=13 TeV, || < 2.1 Kol = 4 CMS Data ys=13 TeV, |n| < 2.1
= 107 2N FONLL ys=13 TeV, In| < 2.1 =3 10° E it FONLL ys=13 TeV, n| < 2.1
- # 4  ATLAS Data {s=7 TeV, n| < 2.1 - - % 4  ATLAS Data {s=7 TeV, | < 2.1
g 10 & Nucl.Phys.B 907(2016)717 g 10 E B Nucl.Phys.B 907(2016)717
; 1L ] FONLL {s=7 TeV, In| < 2.1 § 1T L . FONLL {s=7 TeV, fn| < 2.1
’ D 10_1 iE —m +D 10_1 ;E T ————

T ) = T —2 B —
Q 10° o 10°F
(@} = = . g S F . 4
B 10°E g 10°F I
© = © = .

10 y 10 ¢

10—5 E | ! 1 | | ! ! | 1 | | | L L 1 | 1 1 L 10_5 - L L l L ' L l L : L l . . . l . . .

0 20 40 60 80 100 0 20 40 60 80 100
p. [GeV] p, [GeV]

— N p— g—

Same kinematic range but different binning
We can directly see how the cross section scales with the center of mass energy @

e




Comparison with measureme

cdone at 7 TeV

— —
2 2

6(pp—D X)/dp._ [1b/GeV]
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CMS Data s=13 TeV, | < 2.1
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JHEP 01(2012)128

FONLL {s=7 TeV, |y| <0.5

T
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= CMS 4+ CMS Data s=13 TeV, n] < 2.1
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E ™, JHEP 01(2012)128
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D +
29 nb™ (13 TeV)
10*= CMS
10°
10, e
10 i, e
1 e R .
10 -
10°2 4 CMS Data ys=13 TeV, n| < 2.1 *
0 FONLL ys=13 TeV, n| < 2.1
1073 4  ALICE Data {s=7 TeV, |y| <0.5
9 JHEP 01(2012)128
10 FONLL ys=7 TeV, |y| <0.5
10*5 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 5 10 15 20 25
p, [GeV]

Different kinematic range CMS data shown « only for pT < 24 GeV
Factor 2 since the cc are not included in ALICE

e

—

L




INFN

Istituto Nazionale di Fisica Nucleare

Comparison with measureme
done at 5.02 TeV

= CMS group performed a Pb-Pb measurement at 5.02 TeV and used the pp cross section

to normalise 29 nb™' (13 TeV)

CMS Data Ys= 13 TeV, n| < 2.1
FONLL ys= 13 TeV, ;| < 2.1
CMS Data {s=5.02 TeV, |y| < 1
Nucl.Phys.A 956(2016)781

# FONLL ys=5.02TeV, |y| <1

10*

T

do(pp—D°X)/dp_ [ub/GeV]

1072 X
wote
_6 1 1 I 1 ] 1 l 1 ] ]
10 60 80 100
p, [GeV]

| Different kinematic range’and binning
Evolution (theory / data) in good agreement




Comparison with measureme

done at 13 TeV

LHCb
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D+
29 nb™ (13 TeV)
= CMS
E Preliminary
=
- 4 CMS Data {s=13 TeV, n| < 2.1
E FONLL ys=13 TeV, || < 2.1
E 4 LHCbData {s=13TeV,2<y <25
L JHEP 03(2016)159
E  ws% FONLL Ys=13TeV,2<y<25
B 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1
5 10 15
p, [GeV]

Complementary acceptance => Ongthe first y bin is shown for LHCb
CMS data are reported only for pT < 16 GeV to have a better comparison.
-> Good agreement in the scale for the three mesons




Triple / /¢ production

Pure prompt production:

p—%

SPS: s

DPS:

Jj

J/

Ji

Nonprompt contributions:
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Triple / /¢ production

The total inclusive triple-]/wp cross section is expected to correspond to the sum of the
contributions from the SPS, DPS, and TPS with both prompt (p) and nonprompt (np)

contributions
3/ 3/ 3]/
Oiot — Ugps +
2plnp

— (5P pinp , 3np
= (‘7 sps T ¥sps ~ T 0spg ~ T Ugps
2plnp 1p2np 3np 2plnp 1p2np 3np

3p 3p
+ (‘TDPS + 0pps” t dpps +‘7DPS) + (‘TTPS +0rps ~ Tt Oppg +‘7TPS)

Under the simplest assumption of
factorization in terms of SPS

i 3/ _ M3 1p 3 1np) m, 1p\2 Inp , 1p [ Inp)2
cross sections oy = |:(0’SPS + (0538) " | + =2 (osbs) 2 + oaks (2
eff, TPS eff, TPS
A 4
Iy . MYy 2p _lp 2p _Inp 1p _1plnp lplnp Inp lp 2np 2np _Inp
Opps = Osps¥sps T OgpsOsps + Ogpslsps 1 Ogps -~ Ogps + OgpsPsps + Ogps Ugps

aeff,DPS O
e
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Triple / /¢ production

Considering the momentum fraction
X = \/p%,v +mj +e"/\s

At midrapidity (|n| < 2.5), quarkonia are produced mostly in gluon-gluon scatterings carrying

a fraction x ~ 5x107*, whereas mostly quarks with x ~ 1072 participate in the production of
EW bosons.

In LHCb measurements of double-quarkonia and quarkonia-plus charm at forward rapidities
(n = 2-4.5), processes that originate in parton scatterings with asymmetric fractional momenta

x; =~ 107™* and x, ~ 1072, lead to values of 0. pps ® 15 mb, larger than those measured at
midrapidity for similar final states. '

—seems to confirm the

©
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Dependence of f./f, on B mesd
kinematic

Motivation
Essential for measuring b-hadron cross sections and branching fractions (e.g B_ — u+u-)

Ne [£,]e5

> € -

BB - utu")= BS+ LRE BB = J/yK) B/ = utuT)
N fs Etot
obs
at — uty B* - u*v Bg > utu 2—)1({(
e B — utu- f B — utu- g BY — utu-

b Ty t b ,“+
w I % B _x_+_ B
B ¢ v B t W_XO Bt v
w- - s / = S w- -
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kinematic Motivation:l non-universality

CDF: Phys. Rev. D77 , 072003 (2008)

—~ 0.50=
— - p0  =0.384 +0.008
t 0.40E pl  =-0.0073 +0.0004
<0305 ‘|. + |
0.20: |
0.10E
0.004 q0 20 30 40
p(n-charm) [GeV/c]
Phys. Rev. D85, 032008 (2012) Phys. Rev. D 100, 031102 (2019)
= 0251 —— 17—
Y L L
0.6 . r T ; - C i
B (a) 1 ) | S~ ;: 0’,:_ LHCb —:
2<n<3 3<n<5 “E Vys=13 TeV |
04 -+ = E a
..e.‘?: 0.3 N— ¢ - 0'15:_ _:
L —~ B FEb e ]
LHCb 0.1 -
0.1} Vs=7Tev - _ - -
o....é....;o...o ..... 5....1|0... 0.05:_ _:
p, (charm + y1) (GeV) p, (charm + y1) (GeV) : :
, , , , , , R N N :@
Fragmentation fractions were considered with no kinematical dependency. p (H,) [GeV]

This seems not to hold anymore.



Dependence of f./f, on B mesdig) (NN
kinemcatic

A measurement fs/fu implies extracting the B_and B" yields, as function of p. and rapidity.
Preliminary results are shown below

Channel Value

Bf=J/wK* (1.026 £0.031) x 107
fio_ N B(B™ — J/pK™) & B J/p(1020)  (L08+008) x 10°3
fu Ng+ B(B) = ]/ ¢)B(¢ — KTK™) & $(1020)~ K+K- (489+05)%

Branching fraction values from PDG

Given the close relationship between fs(fu) and B (B") branching
fraction measurements, we actually measure:

_ fo _ B(BI=T/p$(1020)) x B(¢(1020) »KTK™) Npo €5+
“h B(B+ —]/pK*) - Np+ €0 o

R
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Dependence of f./f, on B mes
kinematic

Motivation: non-universality

= MR 1 TR FEL B B I g . L v . . . s . . .
g’\‘ b el The ratio of the B and B™ fragmentation fractions f, and f, is studied with
——— LHCDb average (£10) 0 , b e g L ; - :
NS - LHCb B 1 B! = Jip¢and BT — Jip K™ decays using data collected by the LHCb experiment
s Distribution mean | . ° " e i : ; :
058 ('d ) oy kep? in proton-proton collisions at 7, 8 and 13 TeV center-of-mass energies. The analysis
5 4 b \My s memeaw ) > () — ° . . . .
i FAT) 1 is performed in bins of B-meson momentum, longitudinal momentum, transverse
8 4  momentum, pseudorapidity and rapidity. The fragmentation-fraction ratio fy/f, is
- 4 observed to depend on the B-meson transverse momentum with a significance of
0.26 T;:’#ﬁ“‘hp-} =1 |6.00. [This dependency is driven by the 13 TeV sample (8¥ o) while the results for the
g — other collision energies are not significant when considered separately. Furthermore
O ... 1 the results show a 4.8 ¢ evidence for an increase of fs/f, as a function of collision
0.24}+ "4 energy.
A A A A l A A vl A l . A A 4 l A . A - l A
0 10 20 30

40
p,l; [GeV/c]

Phys. Rev. Lett. 124, 122002 (2020) 6 sigma observation on p, dependence @
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Dependence of f./f, on B
meson kinematic

The analysis also includes a measurement of the ratio between the B° and B* fractions,

f,/f,, using the B° yield determined with B® - J/y¥ (- utu")K*? events, where the K** mesons
are reconstructed in the K** - 77K* decay channel

R, — Ngo / Np+ Ul BB’ —J/p K**)B(K*® — 7~ K)

€g0 €g+ - B(Bt—J/pK™)
< cMs
: . . - L=61.61
Under the assumption of strong isospin (5 - 13 TeV

symmetry, the f;/ f, ratio is predicted to be 2| I

independent of kinematic variables and _H, :
18 _
] —— _-+HH'-H— |

identical to unity
¢ Data; lyl<2.4 s 12 < p, < 70 GeV

— Average -

— no dependence on pr or |y| is observed.
The average over all the py points is 1.015 + ]
0.051, compatible with 1 N T

1 1 1 I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0 20 40 60
p.(GeV) 0 R




