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LHCb detector (for Run1+2)
@ Single-arm forward spectrometer JINST 3 (2008) S08005
@ detector before the upgrade IJMPA 30 (2015) 1530022

Hadron ID £(K > K) ~95% misIDe(m > K)~ 5%  Vertexres: el
. = PRI
Muon ID &> p) ~97% mis-ID £(r > 1) ~ 1 — 3% Time res. o, =45fs  forBY - J/Ydor Dim
ECAL Momentum res. Ap/p = 0.4 ~ 0.6% (5 - 100 GeV/c)
res. =19 /
AE/E = 1% © 10%//E (GeV) Mass G, =8MeV/c? for B - J/pX
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https://inspirehep.net/literature/796248
https://arxiv.org/pdf/1412.6352

LHCb data

@ The table displays important details (such as L;,; and \/5) about the
data that will be discussed in the following work.

LHCDb Inf

ted Recorded Luminosity in pp by years 2010-2024

45

Year Lint NG
2011 1.0/ 1 7TeV
2012 2.0/ 1 8TeV

4.1

i |

3.6
3.2

I

27

Integrated Recorded Luminosity (1/fb)

2015 0.3fb ! i . o
2016 1.6/b~! 18- 3 :

_; 13TeV vl § . 0
2017 1.7fb! i w\/ 2
2018  2.1fb71 os|- et

-/ (I s
lay ) Sep Nov
Month of year

o 0(bb):200~500 ub @ 7-14 TeV
@ All b hadrons: BY, B, Bgc, BS...
e LHCb: o(pp— B )ina = 0.3 ub
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physics

Unique state that contains two heavy quarks of different flavors
Mass Spectra are calculated in QCD models
o B was first observed by CDF (PRL.81.24(1998)32) in 1998,
confirmed by DO
o A precise measurement of the Bl meson mass at LHCb (JHEP 07
(2020)123) M=6274.47+0.27(stat)40.17(syst)MeV/ c?
o Precise measurement for B (2S), BX*(2S) at LHCb (PRL
109(2019)232001)

Decay modes: f f
-~ 0 w w c
e b quark decay ~20% : ol & i Wqﬂ

e c quark decay ~70%

e annihilation ~10% c——————¢ b—b b /v

Precise measurements of mass, lifetime, branching fractions can
provide information to validate theoretical models
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.2432
https://link.springer.com/article/10.1007/JHEP07(2020)123
https://link.springer.com/article/10.1007/JHEP07(2020)123
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.232001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.232001

B studies at LHCb

@ 30+ results about B reported

M(BF — J/+47T)(PRL 109(2012)232001)

M(BI — J/4 D] )(PRD 87(2013)112012)

Mass M(B} — J/4ppm™)(PRL 113(2014)152003) M(BJ — J/9D*K*) (PRD 95(2017)032005)
most precise measurement (JHEP 07(2020)123)
Lifetime (B — J/¢p" v, X)(EPJC 74(2014)2839) (B — J/¢rmT) (PLB 742(2015)39)
. o(BNB(BI=J/¢y=T) o (B)B(BI~1/vrT)
Production | &y o pe ey (PRL 109.(2012)232001) S EBE 1ok (PR 114.(2015)132001)
production asymmetry (PRD 100(2019)11,112006)
B — J/ym T« (PRL 108(2012)251802) Bf — BnT (PRL 111(2013)181801)
B(Bl—=J/yKT) B(B+4>1/;(2S
—Cc /YT (JHEP09(2013)075 =2 7T (PhysRevD 87.07(2013)1103
B on +}( (2013)075) BB o) ) (PhysRev (2013)1103)
BY— J/yKT K™ " (JHEP 11(2013)094) m (PRL 111(2013)181801)
< B(B, +J/w”+3r
B(B > J /T
B} — J/y3n2m (JHEP 05(2014)148 — /Y7 1 (PRD 90(2014)032009
Decays A . /y3m 2w ( (2014)148) B(BPJ/Wi ( (2014) )
B(BI5y(25)nT) B(BF— /9K
=2 ZIT ) (PhysRevD 92.07(2015)2 BB/ vKT) (yHEP 09(2016)1
B(BBJ/Wﬂ (PhysRevD 92.07(2015)2007) BE5 /o) @ 09(2016)153)
BF — ppm T (PLB 759(2016)313-321) B — K+K*7r+(PRD 94(2016)091102)
+ +
B — DK™ (PRL 118(2017)111803) B—(BM (PRL 120(2018)12,121801)
B(B&=J/dputvy)
Bf — D((S)) B0 /D((:))+ D)0 (NPB 930(2018)563-582)
B — DI D° (JHEP 12(2021)117) c€ and three light hadrons (JHEP 01(2022)065)
BF— BJ7™ (JHEP 07(2023)066) Bl — J/YKTK™ ntnTn™ (JHEP 07(2023)198)
B — J/¢mt 7% (JHEP 04(2024)151) B — 7T (EPJC 84(2024)5,468)
B — xcmT (JHEP 02(2024)173)
B 25)" | o x B €(0.02,0.14)095%CL (JHEP 01(2018)138)  6.35,2.20 (PRL 122(2019)23,232001)
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https://inspirehep.net/literature/1188009
https://inspirehep.net/literature/1228506
https://inspirehep.net/literature/1309880
https://inspirehep.net/literature/1505591
https://link.springer.com/article/10.1007/JHEP07(2020)123
https://inspirehep.net/files/e62e3bd34946e81af6906676b38f10ff
https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2014-060.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.232001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.132001
https://inspirehep.net/literature/1762092
https://inspirehep.net/literature/1097092
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.181801
https://link.springer.com/article/10.1007/JHEP09(2013)075
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.87.071103
https://inspirehep.net/literature/1252556
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.181801
https://inspirehep.net/literature/1288067
https://inspirehep.net/literature/1305287
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072007
https://link.springer.com/article/10.1007/JHEP09(2016)153
https://inspirehep.net/literature/1432698
https://inspirehep.net/literature/1477400
https://inspirehep.net/literature/1508166
https://inspirehep.net/literature/1636198
https://inspirehep.net/files/c126656acd74bdec820b85231863ac67
https://inspirehep.net/literature/1915973
https://inspirehep.net/literature/1960979
https://inspirehep.net/files/c7ecd4b939779afc758905827e526f2f
https://inspirehep.net/literature/2138845
https://inspirehep.net/literature/2756705
https://inspirehep.net/literature/2738554
https://inspirehep.net/literature/2739188
https://inspirehep.net/literature/1642726
https://inspirehep.net/literature/1727660

B mass

JHEP 07(2020)123
@ The most precise B mass measurement so far using full 9 fb~1
LHCb dataset

o M(B}) = 6274.4740.27(stat)+0.17(syst) MeV/c?

Decay mode

Yield

Fitted mass

[Mev/e?]

Corrected mass

[Mov/c]

Resolution

[MeV/c?]

Jppmt
JppmraTnt
Jfbppret

D (K+K%)
Jpp D (ntn—nt)
I DK w K
BY(D;at)nt
BY(Jpp dy+

25181 + 217
9497 + 142
273+ 29
11354+ 49
202+ 20
1+ 21
316+ 27
299+ 37
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6273.71 + 0.12
6274.26 + 0.18
6274.66 &+ 0.73
6274.09 4 0.27
6274.57 + 0.71
6273.97 £+ 0.53
6274.36 + 0.44
6275.87 + 0.66

B mass

VALUE (MeV)

627447 £0.27 +0.17

627428 +1.40 2032
62740 418 404
6216.28 4144 2035
67413416
62756420 425

6300 £14 +5

6273.78 + 0.12
6274.38 + 0.18
6274.61 £ 0.73
6274.11 +£ 0.27
6274.29 + 0.71
6274.08 + 0.53
6274.08 + 0.44
6275.46 + 0.66

DOCUMENTID

T aay

13.49 +0.11
11.13 +£0.18
6.34 +0.76
5.93 4+ 0.30
6.63 +0.67
3.87£0.57
4.67+0.48
5.32 +0.74

6274.47 + 0.32 Mev

TEN

20208 1HCB

*  We do not use the folowing data or averages, fis,lmit, elc. + +

2 a0
3 a0
“any
S anD
 AAITONEN
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201440 1HCB

201345 1HCB
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LHCb
Byt —e———
Biosllyn'n o' ————
Bi—Jlyppa* L —Y
Bi>JlyDIK'K 1) ——tt
BL>JlyDi(nt ) TR —
Blolly DK 7K' H———H
Bi>B(DImh)m it
BBy ) H—————— i
B! combined mass [r——
| | | | | |
6271 6272 6273 6274 6275 6276
M(B) [MeV/c2]
COMMENT
a7,8, 137y
Repl by AR 20200
Repl. by AALI 20208
Repl by A 20200
Repl by AR 20200
PPt 1.96TeV
pal1 96TV
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https://link.springer.com/article/10.1007/JHEP07(2020)123

(9]

lifetime

BZ lifetime smaller than other b-mesons
Predict 300-700 fs based on various frameworks in theory

World average value: 452 4+ 33 fs averaged by PDG in 2013
semileptonic decays:
BX— J/yputv,X:

o EPJC 74(2014)2839 s

2012 data in LHCb, 2 fb~1,
Vs =8TeV

o 7(B}) = 509+8+12 fs

Bt — J/rt:

o PLB 742(2015)29-37 - 3

o 2011-2012 data in LHCb, 3 fb=1, i - e
/5 = 788TeV

o 7(BF) = 513.4+11.045.7 fs

7(BF) = 0.51040.009 ps, 7(B*) = 1.638+0.004 ps in PDG
LHCb measurements dominate world average

DoCumENTD N

OUR EVALUATION  (Produce by HFLAY)
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https://inspirehep.net/files/e62e3bd34946e81af6906676b38f10ff
https://arxiv.org/pdf/1611.06676

Production cross-section

@ Obtain the ratio of two decay channels

@ Measurements of the B production cross-section have been
performed at LHCb using different final states

o BXf— J/ymT o BXf— J/yrmt
(PRL 109.(2012)232001): (PRL 114.(2015)132001):
R — o(B)B(B/yrt) R — o(B)B(B=J/ym)
c/u = o(BY)B(B=J/yKT) c/u = G(BNB(B—=J/YKT)

(0.6840.10-0.0340.05(lifetime))% = (0.683 + 0.018 + 0.009)%
o Bf— J/yutv, (PRD 100(2019)11,112006):

- ; b Rexp = #Cfd X B(Bf— J/¢Yutv,)

S 3 = (7.07 £0.15(stat) & 0.24(syst)) x 107°
¢ aprgy (7 TeV)
¥ 1 = (7.36 £ 0.08(stat) + 0.30(syst)) x 107>
(13 TeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.232001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.132001
https://inspirehep.net/literature/1762092

Measure absolute o(B;")

Absolute branching fractions have not ever been measured. PRD 100(2019)11,112006
0 Rexp = 0(BI)x B(BF— J/yutv,) = (7.36 £ 0.08 £ 0.30) x 107°
o Take B(B— J/yutv,) from theoretical prediction

Ref\Mode Jhpp v

@ The first try to measure absolute o(B.) using

17 6.4
18] \ Bf— J/¢utv, at LHCb

19 1.

20] 7.5 @ A significant range in the available theoretical
% ;g predictions, making it harder to draw firm

% ?Z conclusions

25 17 fu+fd = o(BY)

o " = (3.63 £ 0.08 £ 0.12 + 0.86(theory) x1073
28] 23 (@7 TeV)

o i = (3.78 £ 0.04 4 0.15 + 0.89(theory) x 1073
31 25 (@13 TeV)

32 13

33 1.4 @ Looking forward to more precise theoretical
% i; predictions...

36 2.2
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https://inspirehep.net/literature/1762092

Recently B decays at LHCb

@ B to charmonia plus multi-hadron final states

JAp KKt at

Rt o (33.7£5.7£1.6) x 1077,
R = (285+87+20)x 1072,
RIS = (rEE36408) x 02,

Confirmed! LHCD NEW! LHCD First evidencel LHCb

80 9~ 9™ 97"

Candidates/ (6 MeV/c?)
2
Candidates/(6 MeV/c?)

Candidates/(10 MeV/c?)

i 1) ' Jilj#’

625 635

ot
My GO/

Bf — Jpprta®

JHEP 04(2024)151
B(B} = Jfip ww°)
B(Bi=—=Jfip )

=280 £ 0.15 £0.11 £+

0.16
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625 635

s
R

Candidates/ (10 MeV/ )

SR
Mﬁwﬂm

o

o]

JHEP 07(2023)198
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=
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3

a
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6
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https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2022-025.html
https://inspirehep.net/literature/2756705

B annihilation

e Bf— ntutu~ EPJC 84(2024)5,468
o No evidence for an excess of signal events
over background

o %< 2.1 x10* @90%

confidence level.

% » g Li‘ICB - . 'Data' - I g
N -
ol L -
| TT;{] JW T#Tf i ++++++++HH@1¢”'H+ i

6200 6400 6600
m(z* ) [MeV]
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https://inspirehep.net/files/6b5aeffcf547305bf3058542b477e102

Prediction for Excited B states

State Decay  GKLRY* Godirey! Phys Atom.Nucl. 67(2004)1559-1570

3 i|
I i 190 1% PRD 70(2004)054017
7P, 135 1y 100 100
1P 1?S1+7 6 12.1 @ States below BD threshold can
TP 132‘1’3 Z‘; 2;'2 only undergo cascade radiative or
1S +y 13 17.8 pionic transitions to the BJ state
1P, 138 100 100 - .
2130 1‘33117: =i . @ Prediction of production:
0 5
1Pl +y 9.4 0(25)/0(1S) = |R2s(0)/Ris(0)[?
1P1+Y 2.0 ~ 06
1°Sy+y 0.5
B8, 198, + nx 5 756 CPC 197(2015)335-338
3
1;2:7,7/ ?'g e BF(2S)— BIXntw~ and
’ .
1Pi+y 6.6 Bt (2S)— (Bt — B y)rtn~
18Py +y 4.0 - o
e 0.01 are re.Iatlver easy to find in
1S+ 0.8 experiments
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https://arxiv.org/pdf/hep-ph/0211432
https://arxiv.org/pdf/hep-ph/0406228
https://doi.org/10.1016/j.cpc.2015.07.015

Excited B states in Experience

Mass (MeV)

BOTTOM, CHARMED MESONS (B = C= +1)

Spectroscopy of Mesons Containing Two Heavy Quarks

0(07)

0(07)

7600 Mws sirs 7387 %ﬂ
A2 7365 7376 7380

7250 1272 — Bm 1260 7276 111
7200 F_ n» 71;4: 7164 _ R Bt=c3 B =5b,

zs T ﬂ';ﬁ;‘s& 1D BD similarly for BX's
6400 ;ﬂ B B, Mass Spectrum |

1 - [PRD 70 (2004) 054017]

oo ]Sﬂ 3S‘ 31)0 PI 3P.'! :‘Dl DZ 3D3 3Ff‘. F} 3F4
@ The ground B state was observed by CDF in 1998
e BX*: photon too soft to reconstruct
@ B.(1P): search through B} v
@ B.(2S): fully hadronic mode with large branching ratios
@ B.(1D): mainly decay radiatively to B-(1P)
°

Above BD threshold: suffer from much smaller branching ratios of the

whole decay chain

Tiange Li (IHEP)

July 29, 2024

14/18



BE*)(25)+ in Bfmtm~

B.(28)" - Bfntn~
b decay

B.(25)*

Tiange Li (IHEP)

/= cdecay

— B(25)*

B

Be(2S)*t = Bt (= Bfy)nt ™

]/ b decay

¢ decay
annihilation

annihilation

@ With the low-energy photon not reconstructed,
the BV (25)* peak remains with

o M(B:(25)")rec =
M(B:(25)") — (M(B:F) — M(BZ))

o M(Bc(25)") -M(BZ(25)" Jrec=
(M(B:") — B(B)) — (M(BZ(25)" —
M(B.(25)"))

@ Most predictions give
M(B:(25)1)>M(B:(25) " )rec
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Candidates / (8 MeV/c?)

B (25)* at LHCb

® M(B>(25)")=6842-t4(stat)+5(syst)MeV/c? in 2014 at ATLAS (PRL 113,21(2014)2004)
@ measured o x B €(0.02,0.14)@95%CL in 2018 JHEP 01(2018)138
@ CMS observed two state B (25)T and Bc(2S)" for the first time with significance > 5 o

(PRL 122(2019)132001)

@ LHCb observed B} (25)™ with significance >5¢ and hint for B.(25)™ with global (local)
significance of 2.2(3.2) o PRL 122(2019)23,232001
@ the search with the full Run 14-2 data

T

LHCb Run 1+Run 2

800
pT(B(*) > 10 GeV/e
600 —— Data
Total fit

5

)
=3
=]

=]

Bi>Jlyrn*
B B:—>J/yK*
R Combinatorial

6200 6300 6400

1
6500

MUy r*) [MeVic?]

3785 + 73 Bf signals

Candidates / (3 MeV/c?)

T T T

45F —— Data E
40F LHCb Run 1+Run 2 Total fit 3
sk Y 8.2 E
OF BB B.(2'S,)" E
30K e Combinatorial
25 E Same-sign E
20 F 4 4
15} Nl z

Nk

10 [ N
5 ’% =
; N T

500 550 600 650 700

AM [MeV/c?]

51+ 10 B;(2S5)*; 24 + 9 B,(25)*

@ M(BZ(25)")rec=6841.2+0.6(stat)+0.1(syst)+0.8(Bt) MeV/c?
@ M(B(2S)")=6872.141.3(stat)+0.1(syst)+0.8(B}) MeV/c?
@ M(Bc(25)")-M(B(25)" )rec= 31.0+1.4(stat) MeV/c?
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https://lup.lub.lu.se/search/files/2247545/4933603.pdf
https://inspirehep.net/literature/1642726
https://arxiv.org/pdf/1902.00571
https://inspirehep.net/literature/1727660

What's next?
Phys.Atom.Nucl. 67(2004)1559—1570 PRD 70(2004)054017

7.5

£ 4D state | ['yr, KeV | dominant decay | BR, %

B mode
BD threshold 115, 0.06 | 178, + 7 106
P — = ] 218, 67.8 | 1480 + 7 7
s 215, 86.3 | 118, + 7 58
70 - = 211 65.3 | 115 + 7 100
= > 2p 1t 89.4 | 118, + 4 87
' z 2P 1" 139.2 | 1'8+7 g4
= i P 1029 | 1'S) + ¢ 100

I B

" 31 48| 2'9 4+ 57
3P 1t 65.3 | 218 + 7 19
6.5 - 3p 1+ 08 | 25 1 ot
= r 3y 716 | 218 4+ 69
o 3092~ 95.0 | 2P 1% + 47
35Dy 107.9 | 2P, + v -
F0, 155.4 | 2Py + v 51
6.0 3D 2 1220 | 2P 1" 4 o 38

@ Below BD threshold:
o B.(25): B +rtr— observed
o BIM+—s By with AM ~ 67 MeV/c? = too difficult
o B.(1P):— Bﬁ*)ﬂy with AM ~ 300 MeV/c? = most promising but
challenging
o B.(1D):— B.(1P)~y = further away
e B¥*t— BD ...
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https://arxiv.org/pdf/hep-ph/0211432
https://arxiv.org/pdf/hep-ph/0406228

Summary & Outlook

@ Summary:

e LHCb detector designed specifically for studying particles containing b
quarks or ¢ quarks
o 30+ result about B reported
e More B decay discovered
o More precise measurement for BJ (25), B (2S) at LHCb
@ LHCb measurements dominate world average

@ Outlook:

o c— s decay for BT (only one seen
now): Bf— BTK~n"...

o BZ annihilation: Bf— K*K~ 7™,
Bf— pprt... ]

o Excited B states: B.(1P)... 3

e Bl CP violation

current LHCb — Upgrade | ——— Upgrade Il—»

Max Luminosity [10%/cm?s]
Integrated Luminosity [fb"]

P L I L3
2010 2015 2020 2025 2030 2035
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