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Outline 568 o

& LHCDb detector

& Heavy flavour production measurement at LHCb

% Y (nS) production cross-sections at 4/s = 5 TeV
% ]/ production cross-sections at \/s = 5 TeV
*  x01(3872) production cross-sections at /s = 8 TeV and 13 TeV

& Summary and outlook




LHCb detector 8% o

& Designed for the studies of b and ¢ physics

& Single-arm forward detector, forward region: 2 <n < 5

% ~4% of solid angle, but ~25% of bb quark pairs accepted

LHCb MC
{s=7TeV

% Complementary to other LHC experiments
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pr —n coverage of current detectors
at the LHC. [arXiv:0708.0551]

JINST 3 (2008) SO08005, IIMPA 30 (2015) 1530022



https://arxiv.org/pdf/0708.0551.pdf

LHCb detector (6% &

& Data collection (Run1+Run2)

% Totally ~9 b~ pp collision data at 5/7/8/13 TeV

LHCb Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 2.19 /fb 5 -

ST ................................... 2018201b
a 2016 (6.5 TeV): 1.67 /fb :

2015 (6.5 TeV): 0.33 /fb i i
. 2012 (4.0 TeV): 2.08 /fb ~~~~~~~~~ 16,7 52017

2011 (3.5 TeV): 1.1 /fb 5
2010 (3.5 TeV): 0.04 /fb

2.2

1.8
1.6
1.4
1:2

R Rs R RR e AR RRAR il

0.8
0.6
0.4

=
no

Integrated Recorded Luminosity (1/fb)
ITI

ar May o al sep Nov
Month of year




Y (nS) production cross-sections
at /s =5TeV

arXiv:2212.12664 [hep-ex]



https://arxiv.org/abs/2212.12664v3

Motivation 80 o

& Heavy quarkonium (cc, bb) production at high energy hadronic collisions is
Important to probe QCD

& The heavy quarkonium production can be factorized into two processes
% Quark pair formation: perturbative QCD
% Hadronization: non-perturbative

perturbative QCD

non-perturbative QCD
(nOCD) b Q

Hngener‘gy Low energy

QQ == ﬂ@@

@B

Quark pair Formation

Hadronization

& Different treatments of the nonperturbative hadronization process lead to
different theoretical models for quarkonium production




Theoretical models 68

ed

colour-octet stat;f %‘
reen ’) '
g P 4 1’%

colour-singlet state
Color Singlet Model (CSM) : Phys. Rev. D14 (1976) 3115 /

% Colourless intermediate QQ
% Same spin-parity quantum number with final state

% Underestimate production cross-section

non-pert. transition
(gluon emission)
to the observable state
Quantum’numbers'change'!'

Non-Relativistic QCD (NRQCD): Phys. Rev. D51 (1995) 1125

% Consider all possible colour-spin-parity quantum numbers A SR I
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https://inspirehep.net/files/97f186a1137bdb2f44465cf9bfaef0c7

A“aIySiS Strategy arXiv:2212.12664 [hep-ex] % @?@

% Dataset:LHCb 2015 pp collision at /s = 5 TeV
% Integrated Luminosity:9.13 + 0.18 pb~1
—r . 1 r T 1

LHCb, Vs =5 TeV
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>
=
_ . —3$— Data
& Channel: Y (nS) - utu S 1400 : - Signal
%1200 v 2% Background
& Double-differential cross-section: 2 1000 ". ol
@) [ O<pT<20 GeV/c
\ 20<y<45

800

d’o Nopservea¥Y' (nS) — ﬂ+ﬂ_)/£tot 600
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Kinematic range: 0 < pr < 20 GeV/c,2.0 <y <4.5 : Eia e
9000 9500 10000 IV

% Fit to invariant-mass (u* ™) distribution to obtain yield N



https://arxiv.org/abs/2212.12664v3

Cross-sections arXiv:2212.12664 [hep-ex]

& Integrated cross-sections of ¥ (nS) (0 < pr < 20GeV/c, 2.0 <y < 4.5) — 6000
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X
o(T(3S)) x B(Y(3S) —» ppu~) = 242+ 16 (stat) £ 10 (syst) pb. xq 20001~ 5
EE &2 B 2 A
% 5 10 15
) ; ) . Vs [TeV]
© Differential cross-sections of Y(DS) Integrated cross-sections as functions of /s
j L e L 31600_"--|"-'|-"'l|)""|'
L e on gt LHCb » LHC
2 v, ;E(): 5 TeX,S 9.1 pb! 2:1400 - Is= ; (’)I‘E\;{g.l pb’! =
@) 2 - O<y<4. ] = o p < ¢ E
2 E e, R N T
= PRI —t— +Y(GS) X : _ +Y(3S) ;
_%‘F LT - Q800 - :
E 10 —i_ —f__+_ ) = 600 —+— s
x I ) - ]
B 200f =
fo 5 10 15 20 2 25 3 35 4 45
P, [GeV/c] y
do/dpr of Y'(nS) do/dy of Y'(nS)



https://arxiv.org/abs/2212.12664v3

Cross-sections .. ..., 1,61 ey o) (6% &

& Comparison with NRQCD [Chin. Phys. C 39 (2015) 123102, Jianxiong Wang, Yu Feng, Bin Gong etc.]
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https://iopscience.iop.org/article/10.1088/1674-1137/39/12/123102/pdf
https://arxiv.org/abs/2212.12664v3

J/y¥ production cross-section at
Vs =5TeV

JHEP 11 (2021) 081




Analysis strategy JHEP 11 (2021) 081

& Differential cross-section:

d*o _ NobservedJ /W — .u+ﬂ_)/£t0t
dydpr AyXAppXLXB( /Y - putu~)

Kinematic range: 0 < pt < 20 GeV/c,2.0 <y < 4.5

][ — 2PV
& Two-dimensional fit to mass and pseudo decay time t; =
Pz/™y
N°9000IIIIIIIIIIIIIIIII.IIIII 2 E T T LI
; —+— Data LHCb (\! 105 E+ Data LHCb |
9 8000 E-— Total fit function {5=5TeV, 9.1 pb E E — Total fit function {5=5TeV,9.1 pb é
< 7000 E=— - Prompt J/y 2 <pr<3GeVic 8.10* fr— Prompt J/y 2<pr<3GeVic T
ﬁ 6000 -~ Nonprompt J/y 30<y<35 § - - -~ Nonprompt J/y 30<y<35 3
85000 PV mis-association :_‘g 10° E PV mis-association ,'|~ 3
] S Non J/y : ]
8 4000 5 10 i
S 3000 @) : N\
2 2000 10 § \‘
© 1000 | B
3000 31050 13100 3150 3200 -10 =5 10 4 5 10
I 2 .
: i my.,- [MeV/c?] : : t, [ps]
1 I
: ! 1o
S [/ fromb |
I
\

e prompt [/WY__ ______________ ’

s Ao

@ b-hadron

_ @ prompt]/yp
® j/yfromb

1

I I

: B¢
1 I

Zpy Zj Beam axis z

* Use t, to separate prompt J /i
and J /Y from b




Cross-sections 8% o

JHEP 11 (2021) 081
& Integrated cross-sections (0 < pr < 20GeV/c, 2.0 <y < 4.5)
Oprompt = 8.154 + 0.010 (stat.) & 0.283 (syst.) ub
Ofrom—p = 0.820 %+ 0.002 (stat.) + 0.034 (syst.) pb

= T T S B F R = E —T T T T T
> = + 085 S from-b 4 pua :
[5) 103 E4 = W\ NLO NRQCD ) 5 -
& 10°E =Y - O 102k ] ronLL -
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— 10 bl B
& a 10F .
% 10 LHCb pp % - LHCb pp
o 5TeV,9.13 pb™ o I 5TeV,9.13 pb
Prompt J/y 1 3 J/y from b E
1 20<y<45 - 20<y<45 ‘
0 - 3 - 10 — 15 20 0 I o - 10 — 15 l EO
p. [GeV/c] p. [GeV/c]
% High pp: NLO NRQCD Phys. Rev. Lett. 106,042002 * FONLL JHEP 10 (2012) 137
% Low pp: NRQCD + CGC Fixed Order plus Next-to-Leading Logarithms

(Color Glass Condensate effective theory)
Phys. Rev. Lett. 115, 192301

& Good agreement with predictions both for prompt / /Y and | /1 from b.




Xc1(3872) production measurements at
Vs =8TeVand 13 TeV

JHEP O1 (2022) 131




Introduction to y.,(3872) (6% &
AKA X(3872)

& An exotic hadron discovered by Belle in 2003, and quickly confirmed by BaBar, CDF and DO.
Phys. Rev. Lett. 91, 262001 o

S OE =mpo +mp0o—m =70+ 120 keV
D D Xc1(3872) Phys. Rev. D102, 092005 JHEP 08 (2020) 123

& JP¢ = 1** determined by LHCb

Phys. Rev. Lett. 110, 222001
& The nature of y.1(3872) is still unclear

¥ Charmonium?

- Mass inconsistent with predicted y.; (2P) & Isospin breaking Phys. Rev. Lett. 110, 222001
Phys. Rev. B590, 209

% Hadronic molecule? phys. Rev. B590, 209

DO -
* Compact tetraquark? pj, ¢ rey D71, 014028 év
Y% Mixture of states? Phys. Rev. D96, 074014 n
- Xc1(2P) + D°- D0 @ o
D Diquark-diantiquark

D°-D"° “molecule”



http://www-public.slac.stanford.edu/babar/
http://www-cdf.fnal.gov/
http://www-d0.fnal.gov/

Hadro-production of y.4(3872) at LHC

& CMS results do/dpr < LO NRQCD for D°- D*0 molecule jier 04 (2013) 154

s Ao

O ATLAS results are consistent with NLO NRQCD prediction for a mixed y.;(2P) — D°D*Y state JHEP 01 (2017) 117
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O LHCDb: x-1(3872)/Y(2S) vs multiplicity in pp collisions
% Prompt: y.1(3872) suppressed relative to y¥(2S) as multiplicity increases

¥% From b: no significant dependence on multiplicity is observed

JHEP O1 (2017) 117
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Production measurements of y.1(3872) help us better understand its nature |

Phys. Rev. D103, 071901 Phys. Rev. Lett. 126, 092001



Analysis strategy ..., ...,
B(xe1(3872) — Jpmtn™)

R =

& Two-dimensional fit to mass and pseudo decay timet, =

O x.1(3872)

O+p(28)

B(y(25) = Jipmtm-)
Kinematic range: 4 < pr < 20 GeV/c,2.0 <y < 4.5
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177!

Y(2S) from b
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Vs=13TeV
1.7 6!

x,(3872)

% Use t, to separate prompt
Xe1(3872) /1(25) and x¢1(3872)/




Cross-section ratios y.(3872) /Y (2S5) .0 vor 101
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- X¢1(3872) production is enhanced relative to Y (2S) in high pr region

% Nonprompt: consistent with a flat trend as functions of pt

% Prompt & nonprompt: no significant dependence on rapidity

#% The double ratio of y.1(3872) /Y (2S) at 13 TeV and 8 TeV is consistent with unity
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Esy

x-1(3872) Cross-sections ;. ..., -,

& Y (2S) production cross-section is taken as an input
Eur. Phys. J. C80 (2020) 185

) 102 1 T IR | ) — T 1 L T
> F LHCb E > 10 L— LHCb —EI
(?:3 10 Vs =13 TeV . %’ F fs =13 TeV ]
= : 54fb7! - = 1F 54fb7! E
& 1 prompt x (3872) = 8 - nonprompt x (3872) 7
5_ = cl 3 g 1 cl
X C ] X 10 E 20<y<45 E
1 107 F B T 5 ' - |
S "t LHCbdata R £ 2Lt LHCbdam . -
8 102 = g : E
< | 2 NLoNrQep 5 < [ EZFonLL ]
S 10° . i 10°¢ E
I E = F .
B 44 Lo 1 1 A | '3 4 L e
10 5 10 15 20 s 10 5 10 15 20
p; [GeV/c] P [GeV/c]

& Prompt compared with NLO NRQCD, and nonprompt compared with FONLL
% NLO NRQCD: Phys. Rev. Lett. 106, 042002
- Assume ¥.1(2P) — D°D*% mixing mode
% FONLL  JHEP 10 (2012) 137
- Fixed Order plus Next-to-Leading Logarithms




Summary and outlook (6% &

Heavy flavour production measurements are important topics at LHCb.

& Latest heavy flavour production measurements in pp / RIS \\\ %

collisions at LHCb are reported /

Magnet SciFi RICH2

Tracker —

& Y (nS) production cross-sectionsat 5Tev & /./__/ ’ =il \\
J /Y production cross-sections at 5 TeV = S 7218 ;’/;; Il
% Results are consistent with theoretical predictions ZJHF aye Bl 0 A

&  x1(3872) production measurements at 8 and 13 TeV
% Provide new inputs to probe its nature

2.3 s 2023 (6.8 TeV): 0.02 /b

In the future, with huge increased luminosity at /s =

2022 (6.8 TeV): 0.82 ffb 2018 2 '12
. a1 BBEMERR L T
13.6 TeV, LHCb will prosses more analyses on heavy flavour al] ¢ meEsTeniem S {/ 20117
- 2012 (4.0 TeV): 2.08 /b
production tep : muEsnine /2016

Integrated Recorded Luminosity (1/fb)

Nov
Month of year

Run3 data taking
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Thank you for attention!
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LHCb detector o (3G TS

K @ prompt)/y
® j/yfromb

U

Secondary vertex +

Primary vertex

& Key detector systems for heavy flavour production measurement X

Example: J /Y production

% Vertex reconstruction with Vertex Locator (Velo) Ring-imaging Cherenkov
detector Muon system

i - : e(K > K)~95% €(u = wW~97%
Separate primary and secondary vertices misID e = K)~5% misID €(t — #%
| | . 7 T \
% Track reconstruction with Tracking System // \

 Tracking System HCAL
. / @ M35
- Resolution of momentum from 0.5% to 1% Vertex Locato 0/ ~(0.5%, 1.0%) SPDIPS g

opp = 20 u%‘
o; = 45fs

'
/ o Magnet
/

¥ Particle identification ( & Muon System)

- Charged hadron: ring-imaging Cherenkov detector

- 1: muon detector " 1/ I

& Anideal laboratory for heavy flavour production studies

JINST 3 (2008) S08005, IIMPA 30 (2015) 1530022




Bottomonium studies at LHCb 568 o

r—111200_—

> L
=PI R (S O Y(nS) production measured via pup
— - Y(S) 0 e s
5 L= T % 2.76TeV: EurPhys.).C 74 (2014) 2835
10800 sees- oz zzzo e
D % 7 & 8TeV: JHEP 11(2015) 103
togoop— ) X, OGP e e BB_ % 13TeV: JHEP 07 (2018) 134
104005_ Y(38) [~ & Y(nS) polarization measured via uu
[ h, (2P)%, (2F) % 7&8TeV: JHEP 12 (2017) 110
102001 - 1 Y,(1D)
:nb(_25)Y(25)
10000 2= | 7 b apyx (1P) : :
i A e O xp(nP) production measured via Y(nS)y
9800F | | e % 7 & 8TeV: Eur.Phys.J.C74 (2014)3092
9600
i (1S) )
9400 : . - -
'S, s, 'p, *Pyss 'D, D, 0, F, *Fys, G, 3G3’4,5 This analysis: ¥ (nS) production at new energy point
The current status of the bottomonium spectrum. * Dataset: LHCb 2015 pp collision at /s = 5 TeV
[Rev.Mod.Phys 90 (2018) 015003] % Integrated Luminosity:9.13 + 0.18 pb~1
The dashed lines: LHCb-PAPER-2022-036

The solid lines:

24


https://arxiv.org/pdf/1708.04012.pdf
https://inspirehep.net/files/aa15eb3afe45543dc74253bc6ac606c8
https://inspirehep.net/files/f152ae6d469b9efbb0fefac6c3fa4d70
https://inspirehep.net/files/c3237eac88392b26971576df2a319cd9
https://inspirehep.net/files/6596c2a4450973191c86a7a2324cba66
https://inspirehep.net/files/c2fac9f833f2a9f4ce38233ee14e3042

Nuclear modification factor ..., e 1o (6% &

I T I T T T I T T T I T T T I _

— l pPb(/SNn) 214 LHCb Preliminary =

Rypp (VSnn o :
A (9 12 pPb |5 =5TeV ]

ppr(/Snn) ]

1SN

© Y production cross-section in pp collisions (64,,,) was used 0.8 =
as a reference to determine the nuclear modification 06F —¢— EI:;)Z Y(]fg) .
at 3
factor R, py in proton-lead collisions at /syy = 5 TeV 0.4 EPS09 at NLO g
Energy loss .
[JHEP 07 (2014) 094, 0.2 ElossEPS09 NLO E
LIS
% Opp (5TeV,pr < 15GeV/c,2.5<y<40)Is EPS09 at LO arXiv:1110.5047 Y
EPS09 at NLO arXiv:1301.3395
U(Y(lS))XB(lS) =1.12£0.11nb Energy loss arXiv:1212.0434
% Obtained by a interpolation of previous LHCb FlossTEPSOI NLO ariv: 12120434
measurements The updated Ry,pp:

1.02+0.19+£0.10, (—4.0 <y < —=2.5)
Rpr —

O Update the Rypyp, using the directly measured 0.76+0.08+£0.05, (2.5<y<4.0)

o(¥Y(1S))xB(1S) = 1.34 + 0.02 + 0.05 nb



https://inspirehep.net/files/d77ddbf08dc3043bea95a02bfbb7e18d
https://arxiv.org/abs/2212.12664v3

Nuclear modification factor .., ..., o

O Rypp at 5TeV was calculated using interpolated pp collision cross-sections

O Rypp Is updated using direct measured pp collision cross-sections

a 18 1 r r r 1 7T
e 1.6 LHCb
1 4 pr, m =5TeV

pp, (5 =5 TeV

—4— Prompt J/y
P, < 14 GeV/c

; SAIAEEEEAAAREAAARAAAALAAARARE
CERTEATRARAARAARRAANAANY

g PO AL VWA

— )

0.8
0.6 EPS09 LO
0.4 = (1] EPS09 NLO
nDSg LO
e
—4 -2 0

% Agree with most predictions

o 1.8
™ 1.6F

14F
1.2f

0.8E
0.6F
0.4F
02F

<|: LHCbI | —+—Norllprompt J/!/I/ E EPSO9 LO
pPb, sy=5TeV ~ p <14 GeV/c 3 Phys. Rev. C88, 047901
pp 15 =3 TV 1  EPS09 NLO
,H. 34 Int. ). Mod. Phys. E22, 1330007
+ +4+. 4 nDSgLO
+ 4 Phys. Rev. C88, 047901
EPS09 LO E FCEL
nDSg LO E Phys. Rev. Lett. 109, 122301
R T s

% EPS09 NLO provides a poorer description in the forward region for prompt /i




Ratios LHCb-PAPER-2022-036 % @!@

& Cross-section ratios between different Y states.
% Most of the systematic uncertainties are fully cancelled

0.7 —— (Y ——

———T——— T —
LHCDb Preliminary

iS/1S

— T
LHCDb Preliminary

= 0.65— {s=5TeV,9.1 pb" — & 06F {5 =5TeV,9.1 pb’ 3
F 20<y<45 3 F P, <20 GeV/e 3
05 E —-+ Y (28)/Y (1) E 05 E -+ Y (28)/Y(1S) E
04 E - YGS)Y(1S) B 04 E_ - Y(S)/ Y (1) E
0.3§+ +_+_ - 03— e =
02f T4+t . 3 02F -t —t 3
c 3 E —

0-15*++++++ ; = 0.1F—+ + —
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Py [GeV/c] y

& Cross-section ratios between 13 TeV and 5 TeV.
% Systematic uncertainties are partially cancelled

> T B L B E 75' 'LHCb Preliminary ' ' ]
o 2 reliminary ] ) F {s=5TeV,9.1 pb’! 3
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ISe) F + — F ]
g 4F 169 3 5 4 +TG9 E
F o 3F 3
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Systematic uncertainty ............... (6% &

d’o . Nobserved(y(ns) - ”+ﬂ_)/£tot

B (nS) » prpu~)x

dydpr AyXApr XL
Variable Sources r1s) 7T(2S) 73S) Comment
- Signal yields Fit models 2.5 2.8 3.1 Bin-correlated |
Trigger 0.7-1.9 0.7-2.1 0.7-1.9 Bin-correlated
Track reconstruction 1.7-3.1 1.7-3.2 1.7-3.4 Bin-correlated
MuonID 0.5-5.3 0.5-5.1 0.5-5.2 Bin-correlated
Efficiency € = Kinematic spectrum 0.0-4.9 0.0-4.5 0.0-6.3 Bin-independent
Final-state radiation 1.0 1.0 1.0 Bin-correlated
Simulation size 0.5-4.5 0.4-3.3 0.4-3.4 Bin-independent
Liminosity 20 20 20 Bineorrelted
& Polarization: Assume .unp.olarlzed Y (nS) °‘2§*§* L. +
* Only small polarizations have been found e S o =
% Assume Ag~0.1, cross-sections vary less than 1.0%. <7 o s T N ]
T e T R e

Y (1S) polarization in pp collisions at Vs =7 TeV and 8 TeV (LHCb)
[JHEP 12 (2017) 110]
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