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Introduction

* Heavy flavour production
— Test QCD: PDF, hard scattering, fragmentation

— New physics search: Background; f;
— pp collisions, reference for pPb, PbPb

proton 1 proton 2




Proton energy: up to 7 TeV (102 eV)
speed: 0.999999991-c




Beauty/charm production

» Large production cross-section @ 7 TeV
— Minibias ~60 mb
— Charm ~6 mb
— Beauty ~0.3 mb c.t. 1nb @r4s)

* Predominantly in forward/backward cones

]- Flavour factory!
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The LHCb experiment

[JINST 3 (2008) S08005]
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The LHCb trigger 5

SR - L0, Hardware

~ > I+
LO Hardware Trigger : 1 MHz — Pt (:ul) XPr (MZ) >(15 GEV)Z

readout, high Et/P+ ignatures — D1 (,U) > 1.8 GeV
— ET(e) > 2.4 GeV
Software High Level Trigger — ET (]/) > 30 GEV

Partial event reconstruction, select

[ displaced tracks/vertices and dimuons ] — ET (h) > 3 . 7 GeV
" Buffer events to disk, perform online K H |gh Level T”gge I

450 kHz 400 kHz 150 kHz
h# H/HH | e/y

detector calibration and alignment

:( Full{offiine-like event selection) mixturej _ Stage 1’ pT’ I P

of inclusive and exclusive triggers

r I b — Stage?2, full selection

12.5 kHz (0.6 GB/s) to storage




Charmonium states

Charmonium spectrum
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Charmonium(like) states

Mass (MeV)

Y (4790) 2023 Charmonia and charmonium-like states
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J /¥ hadroproduction

CO mechanism

T3

> Nicely explain ¥’ surplus by CO contributions

BROY(2S)—=1 ) do(pp—y(25)+X)/dp; (nb/GeV) ]

pr behavior at

Vs =18 TeV: [n| < 0.6

total g 3 =
===-- colour-octet S;+ Py

LO

O colour-octet °S,
_ Mo <+ v+ LO colour-singlet
351[1] pT 8 102 _ \\:.\_\\ ------- colour-singlet frag ]
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107 &
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=
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Credit: Y.-Q. Ma
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Polarisation?
Polarization puzzle at NLO

» | /Y. transverse polarization canceled (why?) in 3558] and 3P][8]

T T 1.0 T T T ]
osk helicity frame // E Tevatron (a) 1 Y(3S) ] v(2S) cMs
I polarization =7 NLO st 17 [r———— —— e |y <0.6
0.6 /,» ______ NL()‘.\‘J‘“] -1 05k 1 ] ——06<lyl<12
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Chao,YQM,Shao,Wang, Zhang,1201.2675 Bodwin, Chung, Kim, Lee, 1403.3612 Faccioli,Knunz,Lourenco, Seixas,Wohri,1403.3970

» P (2S5): cancelation weak, hard to understand data

1.0
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0.4E i { E o6 ]
s 0.4 F
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2 < 0
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o ){;gﬁgifz_;,i<}% 0.4 = ¢ CMS data, |y| < 0.6 ]
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b .. CMS Data . ‘ ‘ Rl A LT $ CMS data, 1.2 < |y| < 1.5
15 20 25 30 35 40 45 50 -1 5 10 15 20 25 30 35 20 1.0 L L L "
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Shao, Han, YQM, Meng, Zhang, Chao, 1411.3300  Gong, Wan, Wang, Zhang, 1205.6682 i oS
s s s g9, 9, s . Bodwin et al., 1509.07904

s 33/62

Credit: Y.-Q. Ma
11



Hadronic decays

* Sizable branching fractions
Bx 10}

pp o0 | ¢K'K pntn AN | E'ET | A(15200A(1520) | ney pprtn

1.35+0.13 J158+0.19| 29+14 unknown | 1.02 +£0.23 | 0.90 + 0.26 - 55+1.9

2.12+0.03 forbidden | 0.83 +£0.11 | 0.94 +0.15 | 1.89 £ 0.09 | 0.97 + 0.08 unknown 17 +4 6.0+0.5

0.22+0.01 §0.80+0.07 | 0.97 £0.25 | unknown | 0.36 +0.02 | 0.45 +0.02 0.31 £0.12 forbidden | 2.1 £0.7
<0.17 forbidden unknown unknown unknown unknown unknown 570+ 50 | 3.3+0.6])
0.076 £ 0.003 § 0.42 +0.05 | 0.41 £0.15 | unknown | 0.13 +£0.01 | 0.06 + 0.01 < 0.09 forbidden | 0.50 + 0.19
0.073+0.003 § 1.06 £0.09 | 1.42 +0.29 | unknown | 0.18 +£0.02 | 0.14 +0.01 0.46 +£0.15 forbidden | 1.32 + 0.34

<20 <1.0 unknown unknown unknown unknown unknown forbidden seen

0.29 + 0.01 forbidden | 0.07 £0.02 | 0.12+0.03 | 0.38 £ 0.01 | 0.29 + 0.01 unknown 34+0.5 | 0.60 +0.04

* High multiplicity in pp collisions, high level of
background due to too many combinations,

chanllenging even for LHCb that has excellent
hadron particle-identification

12



n.(1S) production at 7/8 TeV

[LHCb, EJPC 75 (2015) 311]

], 4000—

* 1:(1S) hadroproduction: |

o= detached

firstly measured by LHCb: =

1000

* Prompt signal suffers from_:
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n.(1S) production at 7/8 TeV

* Results described by NLO CS?
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do/dp(pp—>n+X) [nb/GeV]

104 Total 5 104 Total 5 (O NEEEEE hg:-'PE Total 4 10 4 Total 3
......... ng: ;SE 3 ) ;SE‘: 5 Rl 1S§3] = ;SE s
10 BN e nc: 18[18J i % 10 B DLUONL e .nc: 13[13] i % 10 3 NC e nc: 181181 i % 10 3L NN e .nc: 13[:” i
..... ng 13(181 Q :13&] g ey _13&1 Q ceemy 13&]
102, o ¢ PP ] 2 qo2k ¢ Pl R gk i T PR L8 e T T e P
+ x X
10 F <10 F £ £10 % f
f f i 1
Q Q Q BN
g g g
TE g 'F y T 1t 4
o o ° BN
, 3 2 3
-1 .. Sl ° -1_ ° ° -1_ Tl
0 F ve=7Tev . e 3 10 F ys=7Tev 3 10 F vs=7Tev . 10 F vs=7Tev 3
o} LDMEs: Butenschén et al. Treell of LDMEs: Chaoetal. "-.. Tl o} LDMEs: Gong et al. T of LDMEs: Bodwin et al. BN
10 L I 1 I T . 10 E | | | | e | E 10 L I | I A S 10 E | ! ! | ) | RN
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
pr[GeV] pr[GeV] pr[GeV] pr[GeV]

do/dp;(pp—>n+X) [nb/GeV]
do/dp;(pp—>n+X) [nb/GeV]
do/dp;(pp—>n+X) [nb/GeV]
do/dp(pp—n+X) [nb/GeV]

0 F s=gTev .. el T "0 F s=sTev e a1 O F vs=sTev - \ 10 F vs=gTev RS
of LDMEs: Butenschén et al. RN of LDMEs: Chao et al. el RRE of LDMEs: Gong et al. o of LDMEs: Bodwin et al. RSN
10 1 1 1 1 1 L 1 1 - 10 E 1 1 1 1L 1 IIA 0 L 3 10 1 1 L 1 1 ;" il 10 E. 1 1 1 1 1 1 1 -
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
pr[GeV] pr[GeV] pr[GeV] pr[GeV]

[M. Butenschoen, et al., PRL 114 (2015) 092004]
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n.(1S) production at 13 TeV

[LHCb, EPJC 80 (2020) 191]

 Comparison w/ CS,

% 10° E_ %§§§§§§§§§§§§ —E— This measurement _E
good agreement . Coton. i o
* Theoretical precisions
- . < 10° F =
limited by scale S
. L LHCb

uncertalnty [ V5 =13TeV
6 810 12 4
pT[Ge\/]

prompt) % = 1.26 & 0.11 = 0.08 & 0.14 pb,

Prediction: 1.5673-%3 (scale)*9-38 (CT14NLO) pb
[Y. Feng, et al., NPB 945 (2019) 114662]
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Impact of n.(1S) production
 LHCb data + HQSS helps to constrain (07/¥(*s{)
(O (1s5)) = (0 (3SP))
« A conservative upper limit was set via

Before . After Han etal. (2014);
< (0" (35B) <11.46 x 1072 GeV? '
 § P | — v
I/ polarisation [ I wlmiagél:\g?cr) 1
o5l ==  NLO NRQCD ] osk e 1 HCD ]
s R t " ALICE Data |
P =00 3 oof
Tt I I - 1
L K
-05f 1 -055
ki | B
B 7 ) E O S T S T P R T -10 - > .
0 2 4 6 8 10 12 14 0 2 - 6 s 10 11
pr (GeV) pr (GeV)
QWG2019, TORINO 9 HUA-SHENG SHAO

Tuesday, May 7, 19
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[JHEP 01 (2022) 131]

X(3872) production

First double-differential cross-section
» Consistent with x,(2P) + DOD*O mixture

T T ~~
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= F 546 ] = g 54! E
’; e prompt x (3872) E T i nonprompt y_(3872) 7
= F , 2 0<y<4 5 ] ;5 10" & 2.0<y<4.5 =
1 107 3 P = :
g F ¢ LHCbdata ] F.oL | LHCbdata N
8 102 - = 10°E
£ F E¥NLoNrQep : 3 F EB¥ronL ;
T 10%E EE R E
& i ! | | ! ] \i - :
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In pipeline: J /Yp, ] /YA, ]/, ]/



[PRL 126 (2021) 092001]

O-X(3872)/O-l/)(25) VS. MU|t|p||C|ty

* Clear dependence, interpretation on debate

§' | e s T T T T T T T . ™ 0.14 — ' LHCb' 1 ' ::::. ' 1 ' ' ' ' 1 _—
g C o = 2 R|T C sl 3
2 0.95 = LHCbpp- ta=q'Te¥ A IS K C pp (5= 3 -+ Prompt 4 b decays .
t‘\' : B S~ +§ 0.12 — —
: : N Sl Tnteraction Model, Esposito ef al. 1
ank _+_ X (3 872) E = 3 - omover Interaction Model, Esposito ef al. -
- 4+— cl 5 0 ~ 0.1 4.7 8% Molecule Compact s Molecule ]
- .—* _+_ \II(ZS) Z aQ T = b a} (coalescence) tetraquark ¥ (geometric)
cig ’ i > [n o008 -
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: ] o | °L =
065 - - &
L 1 S S — — - . C M P ] ] .

0 50 100 150 VEL%)()() 0 0 50 100 150 200
VELO
Ntmcks Ntracks
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[JHEP 08 (2013) 117]

B mesons’ production

Measured B mesons’ production at 7 TeV,

agree with FONLL (Fixed Order+Next-to-Leading Log)
[M. Cacciari et al., JHEP 10 (2012) 137]
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[JHEP 12 (2017) 026]

BT production at 13 TeV
New energy, ratlo 13/7 TeV
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[PRD 104 (2021) 032005]

f</fq In beauty system

%0'18 QOIS_ T T
017fF —— B—>J/1/Jh LHCb- 0.17F —— B—>J/1//h LHCb
« Combined analysis = i I S Ty

- 0.14f
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“oxnf — Fit 26t 4 Fosmf - Fit 2fp!
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7 8 9 10 11 12 13 _ _ —4y |
Proton-proton collision energy [TeV] fs/fa (pr,13TeV) = (0263 +0.008) + ((=17.6 £ 2.1) x 1077) - pr
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[CMS, PRL 131 (2023) 121901]

f</fq in beauty system

. . o | CMS
* Confirming p- o, Looret

dependence _
seen by LHCb

* No dependence ..

@qﬂ* l

L ¢ CMS data; lyl <2.4

— Average for p,> 18 GeV
{ LHCb data;2<y <4.5

12<pT<70 GeV

for f,/f, —

20 40 I ) 60 —
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« | L=616f" ¢ Data
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] l [I”“H’i'—i— el o -
T i == .
LN AU | SOttt 5 S N
0.8
lyl<2.4 12<p_ <70 GeV
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[ALICE, PRL 127 (2021) 202301]

Baryon-to-meson ratio

o L}
()] o I.
-~ - ALICE | <% 05 (@ 2 3 4+ 3 5 i
< 1 —e— pp, (5 =5.02 TeV ok SI= =]
i ——— PYTHIA 8 (Monash) ]
-------- PYTHIA 8 (CR Mode 2) °-3[ + -
- e HERWIG 7 - L <+ .
Catania, fragm.+coal. 01} Vs=7Tev 4 _
i M. He and R. Rapp: 7 . ;
0 5 10 0 5 10
——— SH model + PDG | p, (charm + ) (GeV) p, (charm + 1) (GeV)
SH model + RQM
0.5 [PRD 85 (2012) 032008]

. w3 0-9E T T T 3 0.75 T T 7
TS.08F () LHCD 41  T.o6f (b)LHCH 3
= k. E == F —

& E 05f

E 3 04F i 3

3 E 03 7 E

1 (T

E 0.1f 3

of 5 } 3

0 | | | | | | | | | | | | | 7]

5 10
p. (GeVic) [JHEP 08 (2014) 143]

« Clear trend as function of p+, well decribed by, e.g.,
— Pythia8 + New Colour-Reconnection (CR) mode

— Statistical Hadronisation (SH) including additional excited
charm baryons predicted by Relativistic Quark Model (RQM)

— Catania, hadronisation via coalescence + fragmentation
23



[PRL 132 (2024) 081901]

o(A) /o (B®) Vs. Multiplicity
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[PRD 108 (2023) 112003]

Flavour dep. of Baryon/meson

Similar baryon-formation mechanism among
Ilght strange charm and beauty hadrons?

ol.4f '

= [ pp, (5 =13 Tev Monash PYTHIA8 CLR: BLCO

;1_2_AL|CE ly| <0.5 F nonpromptA/DO 1 ~ 18—

@ [ non-prompt AyD® f --A/(B%+B) 1 ¥ | E PRL114(2015) 132001 3
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B. production

« Difficult to produce at ete~
machine. Mainly through
gg—>BC+b+EatLHC ®

* Production rate
— Theoretical prediCtiOn (in nb) [C.-H. Chang, et al., PRD 71 (2005) 074012]

1('So)1) | I(3Si)1) 1("So)s9) 1®S1)8g)  |("P1)1)  |CCPo)1) |CCP1)1)  |(CP2)1)

LHCT 1.1 177. (0.357, 3.21) (1.58,14.2) 9.12 3.29 7.38 20.4
TEVATRON 5.50 13.4 (0.0284, 0.256) (0.129,1.16)  0.655 0.256 0.560 1.35

e Color octet contribution is small
— 0(2S)/0(1S) would be |R,s(0)/R,5(0)| = 0.6
—0(BF)~0.9 ub for /s = 14 TeV



[PRL 114 (2015) 132001]

B diff. production by LHCb

* Double-differential production as (p, y),
w/ 2 fb-1 data at 8 TeV

 pr distribution well described by BcVegPy

o L S B T oler——m—rr———"7———"— 77— ]
O : ] ) L

z o ] Zout a3
[5) = T 4 > C o ]
2 35 = ] I P Slgnal _E 8 012 :_ ++ BCVEGPY _:
o E Background 3§ N C LHCb
I o B> J/yK* 3 ?E:s 0.1

= E 20<p <30GeV/c § 5 008

% 205 20<y<297 < 0.06F

= D E 0.04 &

2 10 3 ol

@) 3H _ 0.02F

0 g_umj;--i:fli'-\:.. N P B i; L :E 0 N N B D
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[PRL 114 (2015) 132001]

B diff. production by LHCb

¢« R =

o(BY)B(BE~1/pm™)

a(B¥)-B(BT=J/PK™)

= (0.683 + 0.018 + 0.009)%

for pr < 20 GeV,y € [2,4.5]

 Using

R(p,) (%)

[ S S S —y

0.6

0.4F
0.2F

o(B}) = 0.47 ub, theoretical prediction by BcVegPy

D A O
LI

B(BF — Jlwrt) =0.33% [C-F Qiao et al, PRD 89 (2014) 034008
o(BT, pr(B) <40GeV/c,20<y<4.5)=389ubat /s=7TeV,
measured by LHCDb [JHEP 08 (2013) 117], scaled up by 1.2 for 8 TeV
B(Bt — J/wK*)=(0.1016 £0.0033)%, PDG’'12
L L L o) 2~2— LA LA L L L L L R DL LA L R LR L L
= S =
- -e- LHCb data —_ E -e- LHCb data
- ) 1.8 = -
BCVEGPY (% 1.6E BCVEGPY ]
3 E 14F =
3 E 12F 3
R Ak o = S — = 3
S i = 0.82— . =
- 3 0.6F ° =
3 E 04F =
N L N L 1 L N L N 1 N L " N L N N N L] 0~2 E_I | | L | PR | =
0 5 10 15 20 2 2.5 3 3.5 4 4.5
P, (GeV/ce) y
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[PRD 100 (2019) 112006]

B production w/ J/yu™X

« Similar trend seen in pt > 5 GeV region
Use (By) = (10.70 + 0.19)%, B(BF — J/Yutv) = (1.95 + 0.46)%

f —
“ =(3.78+0.04 + 0.15 + 0.89)x107° at 13 TeV
futfa
~ W77 3 ~ FT————F————T 3
S 9 (b)LHCb 13TeV 3 2 9F (d) LHCb 13 TeV  ~
X 8F + Data 4 2 8F =
Uk:’ﬁ 7;_ —Fit _z b&:ﬁ 7;_ —|_Data _z
= s 6F Average = = e 6;— Average _
5 E SE E
4F = 4E | _J[_,_J{_,_%i_
3E 3E =
2E 2E E
1E 1E —;
n




DPS contribution?

* Very big as predicted by Pythia
leferent pT spectrum? However..

]
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[U. Egede et al., EPJC 82 (2022) 773] .
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Doubly charmed baryon

e Mass

M(‘-‘cc ~ M(:++)
= 3621.55 + 0.38 MeV

- MW0}) =~ M(EXT) + 100 MeV
* Lifetime 2
- 31(E}) = 3t(N}) ~ 1(EXY) = 0.256 + 0.027 ps
* Production j-w Zhang et al, PRD 83 (2011) 034026]
—o0(cc) =90nb @ 13 TeV in LHCDb
— ffrag u:d:s ~1:1:0.3
o(EXt) =0(E}X) ~40nb
o(2}.) ~13nb

2l 3!



[PRL 119 (2017) 112001]

Observation of 557 » ATK ntm™

« AYK~n*rt identified as the Y
most promising channel + e <= c

d
[F.-S. Yu et al., CPC 42 (2018) 051001] u %W*
* First observation, in 2016 (>120) & Run-| (>70)
fr— [ = ® & © J = & © & | ¥ ¥ 73
¥OF LHCb 13 Tev =
160 =
‘é C —+ Data . 8 F— T T T T 1
z E _?ofal 1 = "°F LHCb8TeV
E 120 £ E 605_ + Data
o) 100 £ 5 SOF —;"gﬂl
é 805 % 40;— ---Background
S wpHt 1S bR
20 313433 3 10f 113421
R '368;)1 - YT R w0 a0 30

G 2
Mg E55) (MeVIc?) Meana(Zee) MeVIET]
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[CPC 44 (2020) 022001]

Measurement of =7

Measured by LHCb w/ 2016 data

Relative to A}, in
4 < pr < 15 GeV,

2<y<45 7
IP;L/,.-” "
O'(:;_c-l_ —_ _
(A5 B(EIT > AZK nntnt)

= (222 +0.27 + 0.29)x10™*

SELEX, 20% AF from £,
[SELEX, PRL 89 (2002) 112001]
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[CERN-LHCC-2018-027, 2021-012]

The LHCDb upgrades
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Upgrade II, 4D detector

Timing, O(10 ps), is essential

Phase-1I Upgrade

............
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The LHCD trigger 3,

LHCb Trigger

1 30 MHz inelastic event rate
g e . (full rate event building)

VB - (= iutu)o(— KHKT)
O B® = D] (& K*K~ 77 )K+

o -Software High Level Trigger

Trigger yield (Arb. unit)
N
I

Full event reconstruction, inclusive and
xclusive kinematic/geometric selections

Run /11

olelo by Libil | P
1 15 2 25 3 35 4 45 5

------------------------------------

: Software High Level Trigger Buffer events to disk, perform online

detector calibration and alignment

[ Partial event reconstruction, select ]

displaced tracks/vertices and dimuons

. . 7 \
detector calibration and alignment and track quality information to selections
. . . Output full event information for inclusive
p - - - . . triggers, trigger candidates and related
F“'@"ke event selectionj mixture primary vertices for exclusive triggers
of inclusive and exclusive triggers \ y

o O O o O O
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Data-taking in 2024

 Calibration / alignments much improved

~ 51(')3 T LI A B A T E
= E 150 - —— Model
NQ 4505 + Data E ——— C(;)m;inalorial
> 400 — Fit Model LHCb Preliminary 2024 3 B 777 Signal
S 3508 \ras) \ 3 ™ ’ I D
@ 300 E— Z109 § o< Py 1 Gevie _E E 100 LHCb Preliminary 2024
Q E %52 Y(3S) § 2<y<45 3 = ¢ € [1.1,6]GeV?/ct
~ 250F - = Background § - <
g E ER
v E \ E 8 75
§ 200F \ ENN
= E \ 3 3
5 150 x 4 Zso0
e \ (R
< E = E A}
S sof &\ = g ;i
O: P DT, N s && [ = /// | | | LI 1
9000 9500 10000 10500 5200 5300 5400 5500 5600 5700 5800
mwur[MeV/cz] m(Ku ) MeV/e’]
2 T T T T ] 5
5§ [ LHCbPrelimi HLT2 Turbo 0.16 < o= r —
S12F ety ] > jr: T0000F LHCb Preliminary
2L 4 2024 Hit](Two)TrackMVA Jows8 = 3
S [ - Run2LOHadron + Hitl(Two)TrackMVA 8 (5 F 2024
T 0 ) iy oA £ p= 60000F
§ b 50000} —+
o L —_ ] 1 = - ats
gosp - Jo.10g S : Data
Bt — Jo.08 8 w40000e 0 L Signal
00 _ - ] 00 :f H; ?{}(]0[)3— [:] Combinatorial
— 40.06 £ E PR
04 — 178 2 Z 20000k [ B—= D" p}
C — J0.045 1 E
02f _—_ H0.02 IUUUU-E_ ) N - |
] S S S ) 5100 5200 5300 5400 5500 5600
5 10 15 20 25

Transverse momentum, py(B°) / GeVc¢~!

m(D" ) [MeV/c2]

- 20
0 =
2 O —2024(13.6 TeV): 9.15 fb™'
18 —2023(13.6Tev):037 b”!
= C 2022 (13.6 TeV): 0.82 fb"
8 16— —2018 (13 TeV):2.19 b
2 E —2017 (13 TeV): 1.71 fb!
= 14— —2016 (13 TeV): 1.67 b
= E 2015 (13 TeV): 0.33 fb'
O 12)— —=2012(8Tev):2.081b’
e F o —2011 (7 TeV): .11 1b7!
@ £ 2010 (7 TeV): 0.04 fb” -
S 10 LS2
S 8 /
&9 £
o /
3 LB / ch
2 e
g = / LS
(] c
e ot yd I | I I |

2009 2011 2013 2015 2017 2019

2021 2023

Trigger efficiency for

hadronic modes improved

by a factor of ~2

2025
Year

36



SMOG (System for Measuring Overlap with Gas)

107

8.16 TeV pPb Other Collision Systems
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Summary

* Heavy flavour production in pp at LHCb
— Charomonium(like) -
— Beauty

% 10°F E
L E
© 10t g 10 15 20
+ p[GeVid]
— 2 L B B A B
C b 07 ¥ Lheo pp \s=13TeV | E
2= | ¥ >0 54 b 3
05F L 3
— Doubly charmed baryon P
o4f £ 1 E
E
03 1 E
0 ‘1:7‘—2—1 —4 pp—bb + X, global uncertainty: ’:z 3

(300 o), much more will be done

* Your suggestions are always appreciated!



