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




Beauty/charm production

* Large production cross-section @ 7 TeV
— Minibias ~60 mb DY
= Charm "6 mb ¢ ]- Flavour factory!
— Beauty  ~0.3 mb cf.1nb @r(45)

* Predominantly in forward/backward cones
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Beauty/charm signature

Beauty Charm
M= 5 GeV M= 2 GeV
LAY A e

. .
[P

. Comparéd to minimum bias (background)
— Relatively high mass - high transverse momentum
— Relatively long lifetime - large impact parameter (IP)

* Requires excellent vertexing, tracking, particle-
identification



[JINST 3 (2008) S08005]

The LHCb experiment
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Vertex Locator
Tracking (TT, T1-T3)
RICHs

Muon system (m1-M5)
ECAL

HCAL

10m

Opv x/y ™ 10 pm, OpPV,z ~ 60 um

Ap/p: 0.4% at 5 GeV/c, 10 0.6% at 100 GeV/c
(K — K) ~ 95%, mis-ID rate (x — K) ~ 5%
e(u — u)~97%, mis-ID rate (x - u) =1—-3%
og/E ~10%/VE©1% (E in GeV)

og/E ~70%/VE ©10% (E in GeV)




The LHCb trigger 5
* L0, Hardware
O

e (i) XPr(g) >(15 GeV)?

readout, high Er/Pr signatures — Py ( ,u) > 1.8 GeV
, — Er(e) > 2.4 GeV
“'Software High Level Trigger . —Er(y) > 3.0GeV
e e oo ameens | — E7(R) > 3.7 GeV
CE— disk, perform online o High | evel Trigger

detector calibration and alignment

450 kHz 400 kHz 150 kHz
u/pp e/y

5 — Stagel, pr, IP

of inclusive and exclusive triggers

r I b — Stage?2, full selection

12.5 kHz (0.6 GB/s) to storage

( Ful‘offline-like event selection| mixtureJ




The LHCb trlgger (Run3)

= LHCb Tri

5 oo 30 MHz inelastic event rate
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o Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

i Run /11 .
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- removed detector calibration and alignment
Partial event reconstruction, select
displaced tracks/vertices and dimuons Q
s : r y
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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Indirect search for New Physics

o SM NP
* Precision measurement S s

of heavy hadron decays

— Flavour-Changing NC
— Flavour-Changing CC

* Probe New Physics at
high energy scale
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Indirect search for NP (cont.)

* Overconstrain the CKM triangle
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BO N K*O,U-I_,Ll_

* Described by g% = m*(£7¢7)
and 8,, 0y, ¢

 Many observables!

1 d3(C'+7T) 9
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[PRL 131 (2023) 151801]

* Firs

Candidates / (8 MeV/c?)
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[JHEP 05 (2013) 159]

BY - K*0e¢te~
First measurement using low-energy electron
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Lepton flavour universality

* In SM, three lepton families (e, u, T) have identical
couplings to the gauge bosons

q -« q q < q
b > > C h —>»
W~ £~
V¢

— which means, e.g.,
B(B+ N K+,u+,u_) 0(10~*%) uncertainty

1 [C. Bobeth et al., JHEP 12 (2007) 040]

B ‘B (B+ - K"' e + e _) 0(1%) QED correction
[M. Bordone et al., EJPC 76 (2016) 440]

e Lepton flavour universality violation? New Physics!

Ry

IR
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e All consistent with S

LFU in b = s£7 £~ decays
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LFU in b — cfv decays
Deviations from SM seen by Babar/Belle/LHCb
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B. meson ® <

* Formed by two different heavy quarks, unique

in the Standard Model. Both b- & c-quark can

decay, or annihilate Vie Vis Vo
—b > W™, 20%, g, J/Yety, [\\2: \\2 \\2:}
—c > sW*,70%, e.g., Bdn™ m -
—cb > WHt,10%, e.g., TV, ( m e )




B. production

e Difficult to produce atete™
machine. Mainly through gg —

 Production rate
— Theoretical prediction (in nb)

[C.-H. Chang, et al., PRD 71 (2005) 074012]

1("So)1) | 1(3S1)1) 1(So)s9) 13S1)sg)  |(PP1)1)  |CPo)1) ICPi)1)  |(BP2)1)
LHCT 711 177. (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

* Color octet contribution is small
—0(2S5)/0(1S) would be |R,5(0)/R{5(0)| = 0.6
— 0(BF)~0.9 ub for /s = 14 TeV
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Before LHC started

CHIN. PHYS. LETT. Vol.27,No. 6 (2010) 061302

Experimental Prospects of the B. Studies of the LHCb Experiment *

GAO Yuan-Ning (/5 7)1*?, HE Ji-Bo(f]#%¥#%)"****, Patrick Robbe*, Marie-Hélene Schune?,
YANG Zhen-Wei(FfieHh) 123

! Key Laboratory of Particle and Radiation Imaging (Ministry of Education), Tsinghua University, Beijing 100084
2Department of Engineering Physics, Tsinghua University, Beijing 100084
3 Center for High Energy Physics, Tsinghua University, Beijing 100084
*Laboratoire de I’Accélérateur Linéaire, Université Paris-Sud 11, CNRS/IN2P3 (UMR 8607), 91400 Orsay, France

(Received 3 February 2010)

The experimental prospects of the B. studies of the LHCb experiment are discussed. Production rates of B.
mesons at different center-of-mass energies are estimated with the dedicated generator BCVEGPY. Theoretical
estimates and experimental measurements of the BE inclusive production cross section at Vs = 1.96 TeV are
compared. The possibilities of studying B. production, B. spectroscopy, B. decays and CP violation in B. decays

in the LHCDb experiment are evaluated.

identify, as discussed above. A fast simulation shows
that the mass of the B.(235;) state would be shifted
down by the mass difference of M (B**)— M (B.) and
the mass resolution is not affected much when the
B.(23S1) state is reconstructed only with Bfrtn~
and the photon is missing. Thus the 2S5 states will
probably be observed at the LHCb experiment, and
it will also be possible to distinguish the 235, state
from the 215, state if the mass difference between the
BT and Bl mesons is sufficiently larger than that
between the 235, and 215, states.

LHCDb experiment. Taking the inclusive cross section
of the B meson as 0.9 ub and the branching ratio
B(Bf — BYrt) as 16.4%!! and assuming the effi-
ciency of reconstructing B from B7T as 30%, we
will be able to observe about 100 B — BY7™ events
with BY — J/Y(uTp")¢p(K+TK™) and about 120
BFf — BT events with B — D7 (KTK -7 )nt
from 1fb~! of data, which may be not very interest-
ing for the CP violation studies of the B? meson, but
we can at least measure the branching ratios of such
decays and test the theoretical predictions of their
branching ratios.

21




Progress in the past 17 years

P
Bf  1(J7)=0(0") 1.J, P need confirmation.

Quantum numbers shown are quark-model predictions.

2 O 2 5 Expand/Collapse Al

B! MAss 6274.47 £0.32 Mev v
My — mpg 907.8 0.5 Mev -
B, MEAN LIFE (0.510 +0.009) 10~ %5 v

~ POLARIZATION IN B,f DECAY
B= 1P = o(0-) Ty/Tin B — J/yD% 0.34 4£0.09 v
C I, J, P need confirmation. Ap(E:) B0 B010 v

B, DECAY MODES x B(5 — B,)

The following quantities are not pure branching ratios; rather the fractions I';/T" x B(b — B,). B,
modes are charge conjugates of the modes below.

Quantum numbers shown are quark-model predictions.

BE MASS 2 008 Mode Fraction (T'; /T) chgen;ag% P(Mev/c)
3 Ty J/(18)¢ v anyhing 07 qeen v
VALUE (GeV, DOCUMENT ID TECN  COMMENT I, TH(18)uty, seen 2372 v
6.276 +0.004 OUR AVERAGE Iy J/H(18)r v, seen 1932 v
6.2756 0.0029 + 0.0025 1 AALTONEN  08M CDF  pp at 1.96 TeV I IS seen 2370 v
6.4  £039 013 2 ABE 98u CDF  pp at 1.8 TeV I JOSK soen at v
e o o We do not use the following data for averages, fits, limits, etc. o o o s Jp(18)r+0 2363 v
6.2857 +0.0053 +0.0012 1 ABULENCIA 06C CDF  Repl. by AALTONEN 08M L JpaS)rtete seen 2350 v
6.32 £0.06 3 ACKERSTAFF 980 OPAL ete~ — Z r IMAS)Km 9941
1 Measured using a fully reconstructed decay mode of B — J/ymr. Ty J/P(18)K K K 2073 v
2 ABE 98M observed 20.4:2% events in the Bc_ —  J/¥(15) Lyy with a significance of T J/%(15)a1(1260) not seen 2169 v
> 4.8 standard deviations. The mass value is estimated from m(J/¢(15)€). Ty J/$(18)K* K~ seen 2203 v
3 ACKERSTAFF 980 observed 2 candidate events in the B — J/(1S) =t channel with Ti J(AS)rtrt i seen 2309 v
an estimated background of 0.63 = 0.20 events. Iy @S <eon 2051 v
Ty  y@S)rtr = 2026 v
BE MEAN LIFE T ESKKT 1838 v
T J/Y(1S)D°K seen 1539 v
VALUE (10712 ) DOCUMENT ID _ TECN COMMENT Ty J/w(18)D (2007 K seen 4 v
0.46 +0.07 OUR AVERAGE B J/1(18)D*(2010) " K*° seen 919 v
0.46310:073 10,036 4 ABULENCIA 060 CDF  pp at 1.96 TeV T J/6(1S)D K™ seen N2 v
046 1018 40,03 4 ABE 98M CDF  pp 1.8 TeV I o e
7 —0.16 = ) Ty J/p(18) D} seen 1727 ~
4 The lifetime is measured from the J/¢(1S) e decay vertices. Ty J/(1S)ppr seen 1791 v
| VPR 2205 v
B DECAY MODES x B(b — Bc) Tu AL
T 2126 v
BZ modes are charge conjugates of the modes below. T2 not seen 2970 v
ry DK seen 2837 v
Mode Fraction (I';/T) Confidence level Tss  D'w nof seen 2
T DO not seen 2814 v
. . . . . Ty BUE not seen 2792 v
'rl'?frfgjlo;;%\gjugcn;lles are not pure branching ratios; rather the fraction o biF v Ca90% 2483 v
Ty D D" <3.0x10* CL=90% 2483 v
M J/¥(1S)€* ypanything (52124 x10-5 fn DD <19 %10 Ls0% 2521 v
My J/¢(15)7r4 <82 % 10—5 90% Iy DD° <14 x107 Cl=90% 2521 v
r3  JQAS)atata™ < 5.7 x 1074 90% rs DD <53 %107 Cl=90% 2425 v
(E1 J/¥(15) a;(1260) 4 ) x 1073 90% Iy D;D (2007)° <46 x10°4 Cl=90% 2427 ~
rs  D*(2010)*tD° <62 x 103 90% Ly DD <9 %107 CL-90% 2425 v
Tas D} D*(2007)° < 6.6 x107* CL=90% 2427 v
Ty D'(2010)°D 3.8 X107 CL=90% 2467 v

Ty D*(2010)*D , D** — D*n® / » not seen v



[PRL 114 (2015) 132001]

B production

* Double-differential production as (p, y),
w/ 2 fb1 data at 8 TeV

* pr distribution well described by BcVegPy

Candidates / (10.0 MeV/c?)

I
—+— Data =
— Total =
----- Signal

Background _g
------ B> J/yK" 3

20<p_<30GeV/c 3
20<y<297

b
. R

I S
6300

6400 6500
M /'y 7*) (MeV/c?)

d

Normalized y
=) )
S L =
(0% —_ N

o 0.16 ———
S 0.14F

||||||||||

+4-Data J
— BCVEGPY

LHCb

15 20
p(B:) (GeVic)
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[PRL 114 (2015) 132001]

¢« R =

o(BY)B(BE~1/pm™)

B production

a(B¥)-B(BT=J/PK™)

= (0.683 + 0.018 + 0.009)%

forpr < 20 GeV,y € [2,4.5]

* Using

R(p,) (%)

[ T e T

0.6

0.4F
0.2F

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

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

D A O
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22— 7T 3

2
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1.6
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u . 1.2
= +H+ ~ 1
::+_++ —; 0.8
C 3 0.6
3 04
0.2

-~ [ HCb data =o— [ HCD data

R(y) (%)

BCVEGPY BCVEGPY

o4
-

-IIIII|III|II|III|III|III|III|III|III|II

P S T L " PR SR I S S S
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)
&)
W
W
)
n
N
A SN I Y Y | Y O e e P |
)

P, (GeV/ce)
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BCJr lifetime
* Bf > J/ym*, 1=513+11

[PLB 742 (2015) 39]

@)
_lﬂ
wn

M= T 3 1.5 T

Q E 4 = B
_|g oL a) LHChL 1 < 4 b) LHCD simulation E
210 ERE S 3
a L ] £ 3
— wp ;
F E 11; E

~ [ ] = { 3
Z5 1013 O BT = JywKT™ E I o e = R % "" —
e, ® Bf — Jrt 09E . 3

20 | oy _ = ]

10°¢ e 08) 3

= e 3 [l ]

[ —— ] 0.7 =

10 — E F i

£ 3 0.6 —

F R E E

1 T IS NI NI ST EN TR N RS N 0.55—— IS I ST I R R R R

0.2 04 0.6 0.8 1 0.2 04 0.6 0.8 1

[mm/c] [mm/c]

° B+ —)]/l/)'u-l_X T = 509 -I— 8 -I— 12 fs [EPIC 74 (2014) 2839]

N\‘-’ - & 10° E — Bl > Jlyut v, X
> 100 LHCb b LHCDb Combinatorial bkg.
é’ g S 10te - Misid. bkg.
s C & E ----- Prompt peak
\n T a 10 - - - Fake J/y bkg.
o 102 - £ g 9 Wrong PV bkg.
& SR T Ty, —— Total
8 k=] E N = s —— Data
3 N/ NG
5 10 O 10§
=
<
O / 1
| [ = R S B L | -
35 4 4.5 5 5 5

My, [GeV/ c?]
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Excited B states

* B. has a rich spectrum

7600

~
(\®)
-
-

6300

Mass (MeV)

6400

6000

7565 7571 7568

7563 7

7269 7276 7271]

(7572 7588
B 7455 7475 7487
- — 7472 7365 7376 7380
7250 7272 7372
B 7122 7150 7164
i 7145 7028 7041 7045
[ 6855 10854 70
n 6768
| | 6706 27730 ILLE
— 6741
s ﬁ,n
[V e B. Mass Spectrum
6271 =
i Y

7266

TR W TN NN (NN SN TN SN SN NN SN N SN M |

's, ’s, °p, P, °P, D, D, °D,°F, F, °F,
[S.Godfrey, PRD 70 (2004) 054017]

State Decay GKLRY * Godfrey

135, 11S,+y 100 100
18P, 135, +y 100 100
1P, 1385 +v 6 12.1
1Sy +7y 94 87.9
1P, 135, +y 87 82.2
1S +7 13 17.8
13Py, 138, +y 100 100
215, 1'Sy+=nx 74 88.1
1P, +y 9.4
1Py +7v 2.0
13S1+Y 0.5
238, 138 +=xxm 58 79.6
13P2-+-')/ 8.0
1P, +v 1.0
1Py +y 6.6
13Py+7 4.0
21Sy+y 0.01
11So-+-')/ 0.8

*U.P.Gouz.etaL,Phys.AKMn.NucL67(2004)1559]

T[S Godfrey, PRD 70 (2004) 054017]
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Observation of B( )(ZS)+

* Mixture (?) by ATLAS, then

both states by CMS and LHCb:

-
=
— B (29" [PRL 113 (2014) 212004] 2
B.(25)* . > 7T g §
S g5 ATLAS Q.. =288+5MeV 3 1
o < SOéJ.Ldt=19.2fb‘1 GBM_18+4MeV i
T “g F Is=8TeV Bnn_35+13
Tt 5 250 e Dawm
sl ™ Ligciae ¢ :>
—_ B:* 15F- 5 _
B} __,,/"y S 5 ) i %
0+ 1-- 5F - ﬁ
cb OZ--"““i‘““"“""“"""“": o
0T 100 200 300 400 500 600 700 =
m(B_xr)-m(B,)-2m(x) [MeV] %
2
o
M(B:(2351)%)rec = 6841.2 £ 0.6(stat) + 0.1(syst) + 0.8(B}) MeV/c?  §
LHCb 1 M(B.(25)*) = 6872.1 + 1.3(stat) + 0.1(syst) +J0.8(BF )[MeV/c?

M(B.(25)*) = M(B2(25)");ec = 31.0 + 1.4(stat) &+ 0.0(syst) MeV/c?

M(B.(235;))rec = 6842.0 + 1.0(stat) + 0.0(syst) + 0.8(BF) MeV/c?

CMS { M(B.(25)%) = 6871.0 + 1.2(stat) + 0.8(syst) j{ 0.8(BC+)'VIeV/c2
M(B,(25)*) — M(B(25)")rec = 29.0 + 1.5(stat) + 0.7(syst) MeV/c?

[PRL 122 (2019) 132001]

C cwms ¢ Data

: L=1431b" — Fit result

:_ fs=13TeV Signal

- B.(wK') n'n
50 Comb. backg.
40F ~
30
20 {

10 *
0 ; e R e
6.7 6.8 6.9 7.0 71
M(B; ntnT) - M(B;) + myg. (GeV)

E L BN R A B AL AL IR B AL
SE —— Dau E
40FE LHCb Run 1+Run 2 i E

3 B;S)" 3
o BB 5.5 E
30 =iz Combinatorial —
25 E_ Same-sign _E
20F 3
15 | i
10 § ;

5 =

0 e ML s . PR | BRSRS &)
500 550 600 650 700

AM [MeV/c2]

[PRL 122 (2019) 232001]
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¢ SiX decay modes, with all Run1+2 data,
& & & 20F T 3
— g ]1§H—C»|;/u/zr | é 150 ILfHS;/wppir % IéHg}/"’D VKK % r lé;{gl;?w anE ]
(o) =5 4000 ~+Data 1 = E 400 ] E e E
(Q\| "O\i — Tota it % 100 g < E
< Z Signal > > 2 100 .
P ézooo ..... Background ] g + + ++ _:"‘-'; 200 % ]
= S 50 E 2 sof .
8 S ~ S S I M i
; o , L L L | 1 1 1 0 L 1 1
S e T edte 0 saweneia " e
S
N~ LHCb Decav mode Vield Fitted mass Corrected mass  Resolution
o ¥ [MeV /2] [MeV /c?] [MeV /2]
0. By Jhpmt 25181 £217 6273.71 £ 0.12 6273.78 £ 0.12 13.49 £0.11
L Bt iy zn . Jprta ot 9497 £ 142 6274.26 + 0.18  6274.38 £ 0.18 11.13 £0.18
:_E> Bi—>J/yppr* ° Jpppr 273+ 29 6274.66 £ 0.73 6274.61 £ 0.73 6.34 £ 0.76
—— B! >J/wD{(K*K 7*) ——e—t J/p D;_(K+K_7T+) 1135+ 49 6274.09 &£ 0.27 6274.11 £+ 0.27 5.93 = 0.30
B! —»J/yD!(w+n %) - J/¢Dj(ﬁ+7r_7r+) 202+ 20 6274.57 £ 0.71 6274.29 + 0.71 6.63 £ 0.67
Bt —Jiy D (K 7K™ H " J/@DDO(K_7r+)K”r 175+ 21  6273.97 &+ 0.53 6274.08 & 0.53 3.87 £ 0.57
B:—>B\(Jly p)z* . Bl (J1p o) 299+ 37 6275.87 + 0.66 6275.46 + 0.66 5.32 +£0.74
B} combined mass "
6274.47 + 0.27 + 0.17 MeV, taken as WA by PDG
| | | | | |
6271 6272 6273 6274 6275 6276

M(B?) [MeV/c2]
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[PRL 111 (2013) 181801]

+ 0.+
B, — BJm

« Observed w/ Run1 data, A

production ratio forn € [2, 5]
a(B)
a(By)

- B(BF - BIm*) = (2.37 £ 0.31 4 0112317 (z,) ) x1073

10000 LHCh = " T
> C (a) 1 = (b) LHCb
é" o000 - Y . B’— Dt — § ....... B’ > J/
n : . v
) C B 53— D, n* 1 w»n - [ Combinatorial
— 6000 |~ B 3’ Dt — 10000 C
- - ] ~
8 : B A 1 3
3 5 D 0
S 4000 B 35— D+ - =
E 3 8% Dyp* 1 3 5000 ]
O 2000 [ Combinatorial — §
0 L 232° L P S eas B OYPC IIPIPIRTY Y Womstrstimasirsass st o
5200 5400 5600 - 5800 ?250 5300 5350 5400 5450 5500
m(D;n*) [MeV/c?] m(J/y) [MeV/c?]
— —r T 9 & wF i - . - T 3
N Q< -
S LHCb 32 " 35%8 LHCb
© ®  Data ] § C (b) . e Data
E B> BY—> D, nt)n* 3 o Sy Bi— B (— J/yo)n*
1 < C
N/ S G | Comb. bkg. ] - oo 0l e Comb. bkg.
~ — - 4
2 BT 1Tl B> B'p* 1 8 20 ut . Bl - B!— Bp* 7]
k= Bi—> B'n* 4 3 _ \ B{— Bn* ]
.= b 1 - s L
"g + 1 % 10 fah ]
< l“];# ‘}. & “ m i“ih m Q O
U P -
" L & L | S 1 bl ; R

L 1 ' L L L L L 1 L
6400 6600 é)OOO 6200 6400

6600

m(B’n*) [MeV/c?] m(B’n*) [MeV/c?]
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[JHEP 07 (2023) 066]

B(B; - Bym™)

« Measured w/ Run2 data,

helps constrain I'(b — ctv)
B(B; — Bym™)

B(B; — ] /yn*)

Candidates / (5 MeV/c2)

=91+ 13

= B(Bf - Bdn*) is 8% - 30%
depending on B(BS — J/Yynr™)

150

2

W

G
LHCb

LU I S S S S S S S

—F— Data
v BE— BA— JAy @)1t
Background

— Total fit

t

LA B S S S S B S S S S B

5.4 b

fd

5.4 fb! —3— Data
- Bt— BY(—=D;n*)rn*

401

§ Background
—— Total fit

3 STTTRT AT T BTN ST N N

Candidates / (5 MeV/c?)

6200 6300 6400 6500
m(B°7*) [MeV/c?]

6200 6300 6400 6500

m(Bz+) [MeV/c2]

Based on 2201.06565

Credit: R.

5 0
Re[Cs]
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Doubly heavy baryons

* Production @ 13 TeV, in LHCb acceptance -
— J(S(TCJF) = a(ucc) ~40 nb, a(.() -)~13nb I

g

* Mass

M(EL) =~ M(EXT):3.5-3.7 GeV, M(2},), +0.1-0.2 GeV
- M(Hbc ~ M(Zp,): 6.8-7.1 GeV, M(23,), +0.05-0.1 GeV

 Lifetime

- 1(&%) =~ 1(Q%) ~ T(u“) T(£4:7): 0.2-1.05 ps

5t B, 09.:0.1 0.5 ps



£+ @ SELEX

e SELEX claimed [PRL 89 (2002) 112001]

=+ + -+ 8 )
. > A K ™ (6.30) el
— M, 35191 MeV a ol
—1, <33 fs @90%CL ‘% 2l
Ll
% A o+ 2 M
+ - a2 347 sm2
° 3.42 3.47 3.52 3.57 3.62
Also = “CC — pD K —2r wrong-sign (b)
E’ 4 k ) 4-bin Poisson Prob § ° [
:;, , | Lic>1.0 3 0 -
[PLB 628 (2005)18] 512 | @
2 W g
1.j 4 I
] °

32 33 34 35 36 37 38 39 4.0

o i ‘ +K ot 2
46 348 35 352 354 35;("03’5(1: M(AKT") [GeVicT] 32



=.. @ LHCDb & others

 SELEX results not confirmed by FOCUS,
Babar Belle & LHCDb

« Ef. > ATK~n™ searched by LHCb w/ 2011 data
~ AL L I L E AL B ] ) 101_ g — & g
L 12 =t LHCb @) : LHCb Soc - 100fs (500 B80S
% 10:_ ce JHEP 12 (2013)090__ § " JHEP 12 (2013) 090 »1' —333fs  —400fs i
E - ‘1' % 1072 sy I .»"}*\‘,w'*/"-& A ke i AN F
- 8r ? — o Wi
- C ] =
'QE) 6 ] 8 3 =
2 i lilll ..
AN T e AL A
400 500 600 700 800 400 600 800

dm [MeV/c?] dm [MeV/c’]

« However, LHCb already had lots of B events,
and double-charm events...
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[PRL 119 (2017) 112001]

Observation of 557 » ATK ntm™

» AZK"n*n™ identified as the AV

most promising channel &+ e
PV d
[F.-S. Yu et al., CPC 42 (2018) 051001] u %ﬂ

* First observation, in 2016 (>120) & Run-| (>70)

o T I T ] T T I I
180 |~ =
- LHCb 13 TeV 1 = — ———
160 F- 4 = F LHCb8TeVv E
S 4 T Daa 4 2 9OF 4paa E
= F — Total 5 sof — Total E
= 120 g Signal - Eo Signal .
g 100 = --* Background § 40 ---Background
£ soF E 30F } :
S F 1 ST X =
2 60 { . il ]
313 + 33 B E S | 3
20 P - 3500 3600 3700
s 3 . —t
0 1 1 1 1 1 oo 1 g 1 1 ] 1 1 - mcand(‘:CC ) [MeV/CZ]
3500 3600 3700

m_(Z55) (MeV/c?)
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[PRL 119 (2017) 112001]

ETT properties

¢ Z1Y* mass measured:
3621.40 £ 0.72(stat.) &= 0.27(syst.) & 0.14(A}) MeV/c?

SELEX: M(51)=3519+1 MeV

Isospin partner?

* Decay weakly, mass
peak remains after
lifetime cut

—Measurement of
7(£77) needed

Candidates per 5 MeV/c?

)—Ay—kp—k

x O
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(\]
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n
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1 1

INGENON
S S
| LI

L I A
— LHCb 13 TeV
: —+ Data
L —Total

E Signal
. ---Background +

@)
LI

3500 3600 3700

m, (5 [MeV/c?]



[PRL 121 (2018) 052002]

—~++ I '
=T lifetime |

. Control mode /1O - /1+3n

LHCb
g

Arbitrary scale
o o o
s o 3
an A AR
e
———
B _+_
-
£ &

0.05 } —

Vv vy ]

C V- g

0.00 [=rommmmmmmmmmmmmmmmm e e 2 ++'¢""++_¢_{_
L P T SR

0.5 1 1.5 2

Decdy time [ps]

ACEAY

= 0.256%00%3 + 0.014 ps
at lower side prediction: 0.2-1.05ps

 Weakly decay nature
established!

PV

107" E

1072

/q')\ - ¥ ’ ¥ | ’ kL . v | | ]
= s LHCb simulation .
g 061 45 E
i 0.5F d +;o £
g k¢
5 04— +_ E
= ]
S 03F 4 Yy o f**‘ g
S S L‘*" e = * + .
5 02f B
& - -+
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< 0 :"n_.-n PR L | PR L 1 1 1 PR
0.5 | 1 .5 2
Decay time [ps]
Q’.S F I | L
N LHCb
Ts LE E
() : - Data
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PR P I N A
1.5 2
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[PRL 121 (2018) 162002]

Observation of 517 - Efm™

« 51t - EXnT expected
to have large BR

[F.-S. Yu et al.,, CPC 42 (2018) 051001]

* Re-discovery with
2016 data, 5.90

 BR ratio measured

BEXT > Ernt) - BES » pK )
B(EXT > AFK—ntnt) - B(AF » pK—nt)

= 0.035 £ 0.009 + 0.003

0 ':
3500 3550 3600 3650 3700
m(EFnt) [MeV/c?
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Candidates / (6 MeV/c?)

Measurement of
« Measured w/ 2016 data

Oprod ° B =

» Accompanying c¢c dominates: @

90
80
70
60
50
40
30
20
10

N =0p0q L B¢

|ntngger

(a) TOS

—+— Data
— Total

--------- Background

116+23

1 | L L
3500

3700

3600
m(AJK mtrt) [MeV/c?]

=+ +
“CC

N
eL

production

a 1 T —
§ 140 (b) exTIS LHCb E
[ - —+— Data -
120

2 - — Total ]
C 100 - Signal
> g Background +
o
S 60F | L LUt .
'g ]
= 40f -]
@) - +

20 210+29

oF ]

L 3600 I 3700
m(AJK mtrt) [MeV/c?]
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(2020) 022001}

[CPC 44

Measurement of

 Relative to A7, in

ETT production

4 < pr < 15 GeV, I;l/i

2<y<4.5

o H-|-+
(£ )‘B(SCJFCJF ATK mtnt) «

o(A¥)
= (2.224+0.27 + 0.29)x10™*

SELEX, 20% A/ from E7.?

. —(a)

[ —+ Data
. — Total

[ -~ Non-prompt

log (X (/1+))

10 "*1P
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X

& . —
> Precision measurement of m(Z2.*

* Preparing to search for excited states,
event-selection re-optimised

0]
]
)

—

i Data

LHCb f Data L LHCb ome

R o AK — Total B [ B oExt -
- - - Signal 600

-'- Background

400 F

[JHEP 02 (2020) 049]
Candidates / (5 MeV/c?)
T
Candidates / (10 MeV/c?)

400
- ] 200 [ -: |'. -
200 p ;v 1598164 - J— ' 616147 -
0-' ] ) ) 1 A | PR S " ] ) ) ) 0-- | ’.l~".'“‘1'.;lr.. - .-‘:\. P T S
3500 3600 3700 3400 3500 3600 3700 3800
—tt —tt
m_ (Zc) [MeV/c?] m,_ (5" [MeV/c?]

m(EX*Y) = 3621.55 4 0.23 +£ 0.30 MeV/c? taken as WA by PDG
cf., 3620.6 + 0.65 + 0.31 MeV/c*
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[JHEP 05 (2022) 038]

=44
=cc

« 2016-2018 data,

=/t
— =5, T

=+ _y oot
=it > Efw

wt+ 5 2t 7t +
Zcc o ap V)T
g —— g '—II—'D;ta ....... ,LHCb,
> > 500 F — Total PDF 54 b
g g - = ENLENSER  SoEn
E 5400 TIS sample
T 200¢ -’ ’ Category =it — =E frt
2 150F ¢ 300 TOS 262 + 53
s f = TIS 494 + 63
i) [ =) o
-_é x _é 200 R ]
< X < H *lm'*ﬁl-ﬁ#
O s50F 3 O 100 ‘ + 2
0:.1..(.|..\l.l~'.}..l....' 0.l..l',.l.“—.I“..-'-...l....
3400 3500 3600 3700 3400 3500 3600 3700
M(E %) MeV/c?) M(EI7*) (MeV/c?)

* Branching fraction ratio

B(EL — Em)
BEL ~ Ein)

— some tension with existing predictions

=141+0.17 £ 0.10

159 £ 32
379 £ 32
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Summary of DHB studies

First search, Hintiscoma 64 (2021) 101062] First searchcpc 45 2021) 093002
+ 0
Nz (ccs) Ny (bcs)
o+ =+
'-'cc (Ccu) —cc (CCd) “bc (bcu) ‘-‘bc (de)

Observationpry, 119 (2017) 112001 Hint/Evidence First search First search
Massji:p 02 (2020 049] [SCPMA 63 (2020) 221062, Hint [JHEP 11 (2020) 095]
Lifetime[PRL 121 (2018) 052002] JHEP 12 (2021) 107] [CPC 47 (2023) 093001]

Production cpc 44 (2020 022001

Decay Ec+7-[+[PRL 121 (2018) 162002]

ol P

Sc TU[JHEP 05 (2022) 038]

70+ -+

Sc Tl TU [JHEP 10 (2025) 136] 42



Candidates / (5 MeV/c?)

Candidates / (5 MeV/c?)
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150

Summary of DHB studies

200 [

o+t
~cc
L L — T T ™
L LHCb - Data
EZL.*—)A:K’H*H* — Total
- - - Signal ]
- -'- Background ]

L 1 L
3500

o
3600

L 1 L
3700
m, (Zab) MeV/c]

(ccu)

200

Candidates / (10 MeV/c?)
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PRL 119 (2017) 112001, PRL 121 (2018) 052002, PRL 121 (2018) 162002,
CPC 44 (2020) 022001, JHEP 02 (2020) 049, JHEP 05 (2022) 038
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Background

4000
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SCPMA 64 (2021) 101062
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CPC 47 (2023) 093001

Candidates per 5 MeV/c?
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43



> Excited =0 stat
xcited =/ states (csd)
. _ <0 0
Lots of singly charmed baryons : "fasrme o we
S » New excited =/ states in i
Q m(/1+K ) :
8 I22I50I — 2300 I+I I23:50
g % 2000 T m(pK 7+ [MeV]
~ - ] .
& - 22923 > AK
< E - ] - 22939 O ATK-
N 1500 7 Z.(2965) —>A+K-
e § EETL Y A RSN ] =.(2923) —)A+K_ *
g_:' S 1000E y (3055)"~ At HK-
o &S | 1 @ E.(3055)> ALK
— = ’ . £.(3080)' ALK
o : i Z.(3080)°— ALK
500 e 1 ---- Background
/\I \y \\ § Additional component
ob L s X X .
0 100 200 300

m(AK") - m(AQ) - m(K”) [MeV]
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[PRL 131 (2023) 131902]

Two new charmed hadrons

* Five states observed in m(E7K ™) in 2017, two new
1.(3185)%,0.(3327)° in 2023, nature unclear

— Excited 22 (css), molecular, pentaquark (cssqq)?
0.3065)° — EH(SEYK mmmmns 02,3000 — EIK-

B 2.(3090° — EF(>E}Y)K™ =mm==- 02,3050 — EK°

02.3119° — EHSEY)K™ ==mnn=- 02.3065° — EFIK-

Bl 2.(3185° = EfK-  eeeess 02,3090 — EIK-
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X(5568)" - Bdn* (bsud)
e DO @ Tevatron (Fermi) claimed observation

* First tetraquark with open-bottom? @B
@

High Energy Physics - Experiment

0
5

Observation of a new Bgﬂii state = f
= DO Run 1, 10.4 &'
DO Collaboration PR 117 (2016) 022003 o, 80F —

O —
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[PRL 117 (2016) 152003]

X(5568)7

Bs(‘) T T (b5ud)

Not conflrmed by LHCb ATLAS, CMS
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Charmonium(like) states

Y (4790) 2023 Charmonia and charmonium-like states
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Samuel C.CTing

[F-K. Guo (EBZ=1H), PoS LATTICE 2022 (2023) 232]
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Quarkonium production

QCD corrections to the CSM for Y at colliders

CO mechanism

J.Campbell, F. Maltoni, F. Tramontano, Phys.Rev.Lett. 98:252002,2007
PArtoisenet, J.Campbell, JPL, EMaltoni, F. Tramontano, Phys. Rev. Lett. 101, 152001 (2008)

. . . . —_ Y
> ! 100 —— Por
Nicely explain ¥’ surplus by CO cfontrlbutlons E 1 TS promot data xR
PErT— ‘ umw(:s)\«u‘ummw*w&la;—xmwmhuw s 10 & LO a:'s‘P?TS
LO g & 1
3,1 pr® w0 o
35,08 pr x 01t porY
w0’} <
15,181 pr® >
oo ps L ‘ g 0.01 | s
" o - & 0001 |
10 3 +  ATLAS data E
fras ‘5; el _8 0.0001 L L L L L L
% RN 0 5 10 15 20 25 30 35 40
£l 1N = _ B Pt (GeV)
o ;' ) N v Attention: the NNLO™ is not a complete NNLO
wsf O<bml <075 §'m of Ys=7Tov e See a recent Sl‘udy by H.S. Shao juep 1901 019 112
810 F <075 |
‘rﬂ 10 20 0 0 50 0 ™ 10 15 20 25 30 35
pr(@eV) PrlGeV] P,
- e Quarkonium production Iz

Credits: Y.Q. MA S s
redits: $.Q Polarization PuZZIC at NLO The current situation in one slide ...

» | /y: transverse polarization canceled (why?) in 3S£8] and 3P][8]

10

e

a9 T @9 For an up-to-date review, see JPL. arXiv:1903.09185 [hep-phl (Phys.Rept. 889 (2020) 1)
Tevatron (@) 1 Y@ ves Lo

@ Colour-Singlet Model (CSM) long thought to be insufficient

[ IR It ...not as clear now
Yo o|e— o — W] N
§ COF data, RUN | % L3 = [large NLO and NNLO correction to the P spectrum ; but not perfect — need a full NNLO]
o : f:;:;'z‘z“g‘l;' 1 Elsna i o P.Artoisenet, J.Campbell, JPL, EMaltoni, E. Tramontano, PRL 101, 152001 (2008); JPL EPJC 61 (2009) 693; H.S. Shao JHEP 1901 (2019) 112
W C % e o CSM is doing well for the Pr-integrated yield
G pr (GeV, p, [Gev)

S.J. Brodsky, JPL PRD 81 (2010) 051502;A. Colpani Serri, Y. Feng, C. Flore, JPL, M.A. Ozcelik, H.S. Shao, Y. Yedelkina PLB 835 (2022) 137556

@ Colour-Octet Mechanism (COM) helps in describing the P spectrum

> Y (ZS): cancelation weak, hard to understand data @ Yet, the COM NLO fits differ a lot in their conclusions owing to their
: S w— ] ) u assumptions (data set, Pr cut, polarisation fitted or not, etc.)
b i T e " e Colour-Evaporation Mechanism (CEM) <> quark-hadron duality

= o wiPilg L HCWE=TTY) tends to overshoot the data at large P — issue shared by some COM fits

RICHE - o ?EESNE(ELE’E{"LJ\Z 2 All approaches have troubles with ep, e¢ or pp polarisation and/or the 7. data

T CMS data, 1.2 < 1y < 1.5
" o ) ’ nrmx(;p\! ! b
i 33/62
Credits: Y.Q. MA Cusronium productn S
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[EPJC 75 (2015) 311]

n.(1S) production

* 11.(1S) hadroproduction
firstly measured by LHCb

* Prompt signal suffers from

high background
* Dedicated trigger

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures
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doldp(pp-n,+X) [NbIGeV]

doldpy(pp-+m, +X) [nbiGeV]

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

« LHCb data + HQSS helps to constrain (07¢(*sf))

(071 (155%)) =

)

* A conservative upper limit was set via

pr (GeV)
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The last piece in the puzzle the ﬂc

=8 TeV and 2<y<
» «ESTV d 2<y<4.5

e NLO Prompt
— il

do/dp; (nb/GeV)

P
pr (GeV)
Data LHCb : EPJC 75 (2015) 311 (plot from H. Hanet al. PRL 114 (2015) 092005)

7]c X-section measured by LHCb very well described by the CS contribution (Solid Black Curve)
Any CO contribution would create a surplus
Even neglecting the dominant CS, this induces constraints on CO J/¢ LDMEs
via Heavy-Quark Spin Symmetry : (01/#(18)) = (07 (35*)) < 1.46 x 102 GeV?
Rules out the fits yielding the 15([J8] dominance to get unpolarised yields
Even the PKU fit has now troubles to describe CDF polarisation data
Yet, the constraints actually is (O/% (15[)) = (07 (35!#1)) < 5 x 1073 GeV? when the CS
contribution is appropriately accounted for
Nobody foresaw the impact of measuring 7 yields: 3 PRL published right after the LCHb data

came Out (Hamburg) M. Butenschoen et al. PRL 114 (2015) 092004; (PKU) H. Han et al. 114 (2015) 092005; (IHEP) H.E. Zhang et al. 114 (2015) 092006

[Additional relations: (O (1)) = (O1/%(3s¥)) /3 and (0" (1PF)) = 3 x (01/¢(3PF))]
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[EPJC 80 (2020) 191]

Results confirmed with 13 TeV data
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[JHEP 01 (2022) 131]

X(3872) production

First double-differential cross-section
» Consistent with x,(2P) + DOD*O mixture
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[CERN-LHCC-2018-027, 2021-012]

The LHCb upgrades

2021 2022 2023 2024 2025
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Upgrade II, 4D detector
Timing, O(10 ps), is essential

Phase-1I Upgrade
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[CERN-LHCC-2018-027, 2021-012]

Prospects

 LHCb upgrades

(2025: 23 fb1, Upgrade-II: 300 fb1)

Observable Current LHCD LHCb 2025 Belle IT Upgrade II ATLAS & CMS
EW Penguins
R (1< ¢? <6GeV2ich) 0.1 [274] 0.025 0.036 0.007 .
Rk- (1 < g% < 6GeV3cY) 0.1 [275] 0.031 0.032 0.008 =
Ry, Ry, Ry - 0.08, 0.06, 0.18 = 0.02, 0.02, 0.05 =
CKM tests
v, with B — DF K~ (+37)° [136] 4° - 14 -
v, all modes )l ) il 1.5° 1.5° 0.35° -
sin 23, with B® — J/4¥K? 0.04 [606] 0.011 0.005 0.003 =
¢s, with B — J /¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [607]
¢s, with BY —» DD 170 mrad [49] 35 mrad - 9 mrad -
85 with BY — ¢¢ 154 mrad [94] 39 mrad - 11 mrad Under study [608]
ag 33 x 107 [211] 10 x 1074 - 3x10™4 -
|Vl /| Ves| 6% [201] 3% 1% 1% -
BY,B°—>ptu~
B(B® = p*u~)/B(B? — utp) 90% (264] 34% = 10% 21% (609]
TBO syt~ 22% |264] 8% - 2% -
S = = = 0.2 -
b — ¢~ LUV studies
R(D*) 0.026 [215,217] 0.0072 0.005 0.002 =
R(J/Y) 0.24 [220] 0.071 - 0.02 -
Charm
AAcp(KK — 7m) 8.5 x 1071 [610] 1.7:%:10~4 5:45¢10~* 3.0x107° -
Ar (= zsin¢) 2.8 x 10~* [240] 4.3 x107° 3.5x 1074 1.0 x 1075 -
zsing from D° — Kt~ 13 x 10~ [228] 3200104 46x10™* 8.0 x 107° -

z sin ¢ from multibody decays

(K3m) 4.0 x 107°

(K%7rm) 1.2 x 1074

(K3m) 8.0 x 107°
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Summary

* |Indirect search for New Physics

— b - sft¥¢~, BR, LFU

— b - ctv, LFU

* Experimental study of QCD

1

<

dB(A)—A(1520)u* 17)/dg? [GeV e

— Conventional hadrons

* B} physics, Doubly heavy baryons
e Quarkonium production

— Exotic hadrons
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Your strong & continued supports always appreciated!



