Study of B} physics at LHCb

Ao (ARKE)

529/
20245

_LHC Mini-Workshop

=12813-16H &M
e PN

e2B9Cang
PR

b
G,

; /7'}» "{'f é«?
@@

A
=
2
R



Outline

> Introduction

> Recent results of B} study
Ob quark decays
Oc quark decays

» Summary and outlook
OSearch for annihilation decays and CPV



LHCb detector

RICH1 & RICH2
e(K -» K) ~95%
T - K mis-id: ~ 5%
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B} physics

> Unique state that contains two heavy quarks of different flavors
OOnly decay through weak interaction

> Rich decay modes
O b quark decay ~20%
O ¢ quark decay ~70%
O Annihilation decay ~10%
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» Precise measurements of mass, lifetime, branching fractions can
provide information to test theoretical models
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Integrated Hecorded Lumlnosity (1/fb)

0

2023 (6.6 TeV)- 0.37 70
2022 (6.8 TeV): 0.82 /b
2018 (6.5 TeV): 2.18 /b
2017 (6.542.51 TeV): 1.71 /b + 0.10 /b
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b

LHCb data samples

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2023
2

2010 20112012 2013 2014 2015 2016 2017 2018 2018 2020 2021 2022 2023

Year

> Luminosity levelling L ~ 3 x 1032 cm

-2

S

-1

> Run-I: 3 fb-1, Run-Il;: 6 fb-1, Run-Ill; 14 fb-’

> All b hadrons: B, B*, BY, B> ...

Fraction(%)
Component

BO
40
bd

B+
40

bu

BS
10

bs

b baryons (4, ...)
10 0.1
bgq bc

PRD 85.032008



B} studies at LF

Cb

MBS = ]/ym™)

MBS - J/ym n ™)

Mass M(B; - J/yD) MBS - J/YDH K™
M(BF - ] /[yppr™) M(B — B{m*)

. a(BS) B(BS - J/ymt) a(BS) 0
Production c(BT) BB > /K" (B9 B(Bf -» BYn™)
Lifetime (B — J/Yutv,X) (B - J/Yr™)

Bf » J/yntnm*t Bf - yQRSn*n n*
B(B - J/YK™) Bf - (Y (2S) - J/Ypntn)m?
B(BS - ¢p(28)n™) Bf - (Y (2S) - J/Yntn )ntn
Bf - J/YK*K n* B - Y (2S)K* K nt(evidence)
Decays

Bf - J/Y3nt2n~

Bf > J/YK*K ntn~nt

B(Be = ] /Yy ™)IB(B: - ]/ vy)

Bf - J/Y4n*3n~ (evidence)

Bf - ppn™* (upper limit)

+ 0.+
B - Bt

Bf > K*K™n*

+ +
B: = xcjm

+
B: - D°n*

B (28) » Bintn




b quark decays

B - [cC]X



B! — J/yYrtr® with Run-l and Run-II data

» B} - J/Yyn*n® has not yet been observed

> B - J/ymtas a normalization mode

B(BS - ]/ymn*n?) <

R =BG e

1
O
_|_

> In the SM, theoretical prediction R :(2.5~5.7)

> Bt - J/YK*T (- K*n?) as a control mode

O detector resolution

O mass bias
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> First observation
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» Dominance p* and small p*(1450)

R

B(BS = ]/yn*n®)

B(B:— ] /ym*)
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§ S0 LHCb '
> Only two B — 3h decay mode were . | "i“gglm ]
observed R T

» B - J/ym*as a normalization mode S 1
9100_
= BB > u3h) 2 afy

" B(BI - ] [yt dof

-
c I I I 'l
5800 6000 6200 6400 6600 6800

. . . 4+ — 4. ~ M(J/yr*[rn*]) [MeV]
» Theoretical prediction R(J/Yyrn*tn~n™): (1.5~2.3) Phys. Rev. Lett. 108 (2012) 251802

=2
o
T

» R(J/Yyn*n~n*) =2.41+0.30 + 0.33

i
[=]
T 1

» Prefers the latter predictions

» Theoretical prediction R(J/YK* K n™):
(0.49 and 0.47)

[
(=]
T

Candidates/(10 MeV/¢c?)

PRI AT TN S N AR SN N TN S WA NI SR
&915 6.2 6.25 6.3 6.35 6.4

» R(J/WK*K ") =0.53 +£0.10 + 0.05 mypkrk-n+ [GeV/c?]
JHEP 11 (2013) 094
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B! —>]/II)(II)(ZS))h+h h* W|th Run I and Run-Ill data
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2750 + 69

686 + 48
43410 5.2
148 4 22 7.8

Bf = JWpmatamt
F— JWKtK-mt
+— JWWKTK-K+

JHEPO01(2022)065
+— JWWKTamt

Bf = (2S)mtn—

B¥ — P (28)K+K-m+
B+ — ({(2S) — JAp )t

494+ 11
19+6
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https://doi.org/10.1007/JHEP01(2022)065

Bl - J/Y(p(25))h*h~h™ with Run-l and Run-Il data

Ry e % 0.37 £ 0.15 % 0.01 0.16 BLL [27

RWK*“ ™ 0.35+0.06 + 0.01 0.37 BLL [27
JK+K—rct - '

Ripmmns (64£1.0£02) x 102 7.7 x 1072 BLL
JWETK—nt .

Ryumimne 0.185+£0.013£0.006  0.21 BLL

Ryt 0.10£0.03 % 0.01 0.18 £ 0.04 LHChb _11

Ry . (35£06+02)x 1072 (3.9+09) x 1072 LHCb _
JUWETK - nt

Ryiminny 0.185+0.0134£0.006 0.2 4 0.06 LHCb [1,6]

JHEPO01(2022)065

» Agree with BLL model based on
QCD factorisation

» Consistent with Run | result

Value [1072] Reference
JWKTK-K+ .
RJ/¢K+K o+ 7T0+£1.8+£0.2 This paper
Ry 6.4+ 1.0+0.2 This paper
B(B — JApKH)
7.9£0.8 14
BB+ = Jprt) |
— DK+t
B(BT— D Krnm) 0.3+ 5.1 151,69
B(B+— DVt mrt)
B(B’— D Kt nth) . _
B(BY D-rrmrh) 5.8 £ 1.5 [51},69
B(B’— D* Kt nt)
6.5 £0.6 51,70
B(BY— D) 7 L
B(B?— DKt mh) _
2+1.3 51,71
B(BY— D) ? L

» Agree with the ratios of branching fraction for the multibody decays

of B, B® and B?
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B! - J/y(y(2S))nh with Run-1 and Run-II data
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» Agree with BLL model based on QCD factorization (backup)

J/WKTK™nt _ ) J/WKYK ntn~nt
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c quark decays
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> B} - Bdn* was first observed by
LHCb with Run | data

> A wide range of predictions B(B} —» Bdn™):

(16.4% ~2.5%)

> B2 - DXt and B? - J/y¢ as normalization

mode

o(BY)
"R =56

0.31 + 0.11%:

> B(BFf » B2nt) =~ 10%

x B(BF - Bon*) = (2.37 +
) x 1073
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40
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20

Candidates / (10 MeV/c?)
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Candidates / (10 MeV/c?)
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|

LHCb

m Data

B/— Bl(— D, n')m’

-+ Comb. bkg.
-- Bl= Blp

B—:-Bn:

64{}“{]' ﬁﬁﬂﬂ
m(ﬁ”ﬂz ) [MeV/c2]

0
30F

20F

LHCb

& Data
B;— Bl(— J/yo)n

---- Comb. bkg.

-~ Bi— Blp’

B.— B'm’

Soo

' 5411{1 T 6600
m(B’n") [MeV/ec
Phys. Rev. Lett. 111 (2013) 181801

’]
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Study of B} - BYn* with Run Il data

—}— Data

== Bi— BY(=Dix)n” |

24 Background
—— Total fit

65 +12

m(B) [MeV/c?]

Y[ e
» B} - J/ymTas a normalization mode E [ sent |
40|
_ B(B-BYTY) _ g
> R = BB o)) 91 + 10(stat) £ 8(syst) + 3(B) S
E i
> B(Bf » B{nt) = (8.3 + 0.7(stat) + 0.3(syst) + N
ZZ(B))% JHEP 07 (2023) 066
T f e
> Consistent with Run | result 2 of
» The largest branching fraction of B} -.% 7
8 50
)

6200 6300

—}— Data

...... — B _B?If—} Jigo)m™

v Background
—— Total fit

186+25

6400 6500
m(B°7™) [MeV/c2]
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b — sl™l™ decays
» b - sl*l~ decays described by effective Hamiltonian
4G " K (6) Wilson Coefficients:
H=——=ViVis 2; C; 0; + 0

/ AZ ] — Perturbative, short distance physics

. , e — Describes heavy SM+NP effects
New physics can affect Wilson coefficients C; or add new operators 0;
Operators: O,

> SenSitiVity tO Wilson COEffiCientS — Non-perturbative, long distance physics

— Strong interactions, difficult to calculate

b w- s b s A A
I+ [C107687CP]
C“Cwl\ b— slTl™
[+Cs, p] [C7,Co, C10]

7: photon penguin; 9,10: EW penguin; S,P: (pseudo-) scalar penguin

Theoretical uncertainties

° ; L ee—————
> Theoretically clean probes of NP i BETTTN

O Pure leptonic decays

O Ratio between e/u/t

O Special angular observables Ry =
O Differential BF

B{b — sp)

B(b — see)




Search for B’(‘g) >utu inBf >wtutu
» B(s) » utu~ are highly suppressed in

Eur. Phys. J. C76 (2016) 583 J. Phys. G44 (2017) 035001 200

o, 1200 :_Lll-l?b . ?ﬂtﬂ. 1— -

. _ - otal fit ]

SM due tO EM, BF IS ~10 11 % 1000 :_Qﬂ:. -------- H,’H‘-Jfgr[,u‘y'};r"_:

S 800 - gj jﬁ""i‘” - :; K-

Phys. Rev. Lett. 116 (2016)  JHEP 11 (2015) 142 - oo Combingtorial | 3

> Could be enhanced by New Physics £ 40l E
g : 6213 + 89 ]

Int. J. Mod. Phys. A32 (2017) 1750075 Phys. Rev. D97 (2018) 035607 0 &

62[;0. . 6400 6600
» Prompt B(,) have large background m(z* ) [MeV/c?]
from pp interactions i BB - B (o))
Bl wrn)m [Jm = T BB Jhbmt)
» B = J/w(= ptu)m™ as Npore o
B (s)™ & Jppmt B( T/ _
normalization channel Nojom+  €pzort

__ _SES AT
CLBE.[J at -\ BTSE}':.T"_ ;



Search for B’(‘Q) S putpTin B >t utu”

» First measurement, no significant

signal and upper limits on the

branching ratio

?QB"‘EJ (T p= )t/ Thpm™t <

3
r"

Lx 1077,

RB=0(u+p— ot fgpomt < 9.0 X 1072,

m(atut ) [MeV/c?)
Z
=

6700

6600

g

g

=)
I-J
=

T S T o O o |

Candidates per 10 MeV/c*

—
)

LHﬁ.‘b_@ pf‘

m(m ) [MeV/ic?]

[ :.'TI T R I II. T :. T .| H T T T I T T T T I T T T T I_:
" ' : e L i IS LHCb 3
RN A MR 13 Trem - :
- . ' ' - - k]
- S 1= 6 l l =
- o I I R A ;
- ' hd - =
:_; L i .,E E_, 4 ; - [ li—:
- : R 3 E
P N s T =
Tee ™ .o Q] 5 - a E
. . . % = = | B .
e g 0 o L L L
5300 5400 5500 5300 ) 5400 . 5500
m(utu-) [MeV/e2] miu*r) [MeV/ies]
E—LII—ICb I I L:': 7 E_LIHCb . IDiﬂfll s ICc-mtIJinauIJria] I —;
E ofb 'h'?,: 6 9fb — Total fit ~ B:_’ant-“_-“_:' T3
E = E | amem B =B wwy 3
= 5 — e —
= W = = =
£ — 4 F —
5_ Eq 3 E T 3
- - = =
= z ., = =
=2 - < B =
! Ll L ! T IT 111 rj 0 ;., INRRRIP S P P A N - SR TN SN SN S .1.:
E ] . . . ] . | ] ) 3 E 1 1 1 1 1 1 1 L 1 L
6200 6400 66l 6200 6400 Ga00

m{wHrpr) [MeVic?

Arxiv:2409.17209v1
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Summary and Outlook

»Many results on B/ mesons physics by LHCb
O b quark decays: B} - [cC]X
O ¢ quark decays: B(B} - Bdnt)~10%

O Mass: 6274.47 + 0.27 + 0.17 MeV /c?

> Opportunities with Run-Ill (14 fb™1)
O Search for annihilation decay: B} - 3h
O CPV?
O Search for more ¢ quark decays: Bf - B*X,B°X?
O Form factor never be measured

O Lepton universality

20



Outlook of Bf - h*th™h™

> In the SM, theoretical prediction

> Decay modes for B - K"K~ n™

B} annihilation decays :1078~107°) 1. b>g:Bf > K*D°(=» K n*)
b | 2. C—>q:Bf >n"B)(—» K"KY)
>W 3. b—>¢:Bf »nt[cc]l(» K KY)
n 4. bc annihilation: NR
» Any significant enhancement could
Indicate the particles beyond the SM PRD 94(2016) 091102
(ke H*) T T R
b 2 BE R
H* = 208 | E
> © S
D— ob SR

20 30 j
m(KK) [GeV2/cH]

21



No. Final state I'(B]—f) (GeV) [(B_—f) (GeV) Acp

1 YyD** 6.65%107 1 6.53x 1016 0.00954
2 n.D* " 9.42x10" Y 9.00x 10V 0.0179
3 gD 201x107Y 2.80x 1077 0.00383
4 n.D” 4.07X1071 3.89x 10716 0.0226
5 yD¥" 1.76X 1071 1.76x 10~ 1 —0.000480
6 n.D*” 220%x107 P 2.21x107 8 —0.000902
7 D} 8.54x 10 1° 8.55x10° 18 —0.000186
8 n.D; 9.58% 1071 9.60x 1071 —0.00118
9 D*0pt 8.34x 10 1% 8.09x 10 18 —0.0379
10 D%" 8.38x 10718 9.04% 10718 —0.0379
11 D*o0gt 2.80x 10718 2.88X 10718 —0.0154
12 D% 3.11% 10718 3.54%x10 18 —0.0645
13 D*g*+ 5.81x 10 1% 5.13x 10718 0.0622
14 DOk* 5.35x10° 1% 4.72X10718 0.0622
15 D*'g* 7.71% 107 1° 6.46x 101 0.0879
16 DK™ 6.76x 10718 6.16x10 18 0.0463
17 D* T pl 1.94x 10718 1.83x 10 18 0.0302
18 D** 70 0.83x 10" 2° 9.46x 10" 2° 0.0210
19 DT p° 5.90x 10" % 55610 % 0.0302
20 D x° 3.12x1071° 3.01x1071° 0.0185
21 D*Tg#*0 448x107 18 4.41x107 18 0.00822
22 DT k*? 422x10 18 4.15%10 18 0.00822
23 D*TK° 4.10%x1071° 4.03x1071° 0.00822
24 DK" 7.22% 10718 7.11x107 18 0.00822
25 D*" ¢ 5.68x10 18 5.58% 10 18 0.00822
26 D ¢ 2.30% 10718 2.26x107 18 0.00822
27 D*TE*0 2.88x1071 3.76x1071° —0.133
28 DKV 2.60% 10720 3.52x1072° —0.133
29 D} K*° 1.32x10°1° 1.72x 1071 —0.133
30 DYKY 2.40%x 1071 3.14x1071° —0.133

I

Outlook of CPV

PhysRevD.56.4133

Mode
Prediction: A,

B; - J/yD*
Acp = 0.4%

B - J/YDg
A, =0.02%
B} - D°K*
A = 4.6%

B} - D}K*°
A, =13.3%

9.0

9.0

3.0

9.0

\
Precision of

Acp

1135 + 49
~5%

20+5
X

14.0

14.0

9.0

14.0

14.0

[\
Precision of

Acp

~2000
~3%

~100
15~20%
200~300

10%

X
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Resonance structure of B} - J/Y(¥(2S)h*h h™

S AT T 5800 T
= [ LHCb] = 1 LHCD -
T 0 ﬂ, ot 1% [ ofh! ]
g 1601 i"{‘ 4 data | = 600~ 4 data B
. i + [0 simulation (BLL) 1 ?j_, I t B B Jappont
= T + i 1= L 1 Bf — JWRnt ]
% losp | % . E 400(- —— Bf— Jfpmtmomt -
O SR 17 0
50} f E [, 1 - 2001 .
: é: m .,_“. :g:*; ;t;
_5 T 1T 1 71 T 7 7 7 71 1 1 ] 0
0.60 1.25 1.90 2.55 320 025 080 135 190 245 300
([ a—— [GeV/c? [ p— [GeV/?]
e R 77 A e SRR A LHCD
% L 4 data B be—i ] ﬂ%ﬁ 250 -+ data be_i E
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Resonance structure of B — J/y((2S))nh
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