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Introduction

Heavy quarkonium family
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Introduction

B. meson family

BOTTOM, CHARMED MESONS

(B= C= +1)

T .. wr
Bl =cb, B =Tb, similarly for B7's

B-l—

C I, J, P need confirmation.

1JP) = 0(0™)

Quantum numbers shown are quark-model predictions.

Bt MASS

VALUE [MeV) DOCUMENT 1D TECN _ COMMENT

6275.1 &+ 1.0 OUR AVERAGE

6274.0 £ 1.8 £ 0.4 1 AL 14AQ LHCB ppat 7, 8 TeV

B} DECAY MODES x B(5 — By)
B; modes are charge conjugates of the modes below.

Mode Fraction (' /T) Confidence level

The following quantities are not pure branching ratios; rather the fraction
F;/T x B(b— Bg).

My J/4(18)¢T vpanything (52 T34 )x10°

[ J/4(1S) ,U.+ vy

r; J/w@as)=* seen

ry J/w@AsS)K™ seen

s J/(S)rTata~ seen

Mg J/4h(15) a1 (1260) < 1.2 % 1073 90%
7  J/(IS)KTK-wt seen

g J/WQAS)rtatata ™ seen
g ¥2S)r+ seen
Mo J/¥(15) D: seen
My J/¥(15) D;+ seen
Mo J/¥QS)ppr™ seen
M3 D*(2010)™ DY < 6.2 x 103 90%
Ma DT K <020 x 1076 90%
s DTPK*© <0.16 % 10~6 90%
Me DY K <028 x 106 90%
M7 DIK <04 x 1076 90%
Mg DIo < 0.32 % 10~6 90%
Mg KTKO < 4.6 % 10~7 90%
Mo BYxt/B(b— Bi) (23717037 x 1073
+ P = -
B.(25) 1(JP) = 0(07)
OMITTED FROM SUMMARY TABLE
Quantum numbers neither measured nor confirmed.
B.(25)* MASS
VALUE (MeV) EVTS DOCUMENT ID TECN  COMMENT
68421415 57 1 AAD 14AQ ATLS ppat 7, 8 TeV

1 Observed in the decay mode BC(2S)"‘ — B'C":T"'ﬁ_ (B'c" —  J/imT) with 5.2

standard deviations significance.
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Introduction

Heavy quarkonium and B meson properties
(see the talk by Prof. Chao-His Chang)

1) Itis composed of two heavy flavors
c, b, C, b

2) The quark relative velocity is small

v ag(mv)

v? a2 0.3 for the J/4 v2 >~ 0.1 forthe Y

3) Multi-scale system

Quark mass: M
Momentum: Mv M >> Mv >> MvZ~Aqcp

Energy: Mv?2
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Introduction

Nonrelativistic QCD (NRQCD)

1

Ell,l'_':ht- — _4

light flavor

"CNHQ'[:.'-D — ﬂlight + Ehmwy + OL.

r-)ii:biliuu:a,r

Im, Ja g Z q EE} q. :8;;3 [T (D*)*) — x'(D*)*y]

+— 2 [pH(D-gE—E-gD)p + (D gE — E - gD)y]

8m3
. : e . .
L i D* +8njz [07(iD x gE — gE xiD) - a¢ + x'(iD x gE — gE x iD) - o)]
ﬂ'{:hc\m} = (E'Df + )1 + X ('EDt Y )"\, 4
my, 2 " gl (0B )= (6B )|
Operator Estimate Description
ag v effective quark-gluon coupling constant C ‘”
P (Mw)3/? heavy-quark (annihilation) field S E
X (Mv)3/2 heavy-antiquark (creation) field rH _ —4 <H| O ‘H>
D, Mo? gauge-covariant time derivative HE Q
D Mwv gauge-covariant spatial derivative ”
gE M2? chromoelectric field C ( H
gB M2 chromomagnetic field O — E t‘E "y < ‘O ,” ‘ >
g¢ (in Coulomb gauge) Mov? scalar potential Hi'(jq
gA (in Coulomb gauge) M3 vector potential




B. decays into P-wave charmonium

The first evidence for B. decays into P-wave
charmonium

40

30
20 F

10 F

f -
. 1 LHCb, PRD94,
31 091102(2016).

o +
25 X B(BY = vaort) =

(9.8 50 (stat) + 0.8(syst)) x 107°.

Candidates/(0.020 GeV/c?)
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B. decays into P-wave charmonium

Form factors of B¢ decays into P-wave

charmonium
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RGP (PH 4t = =P g (i),
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B. decays into P-wave charmonium

LO results for the form factors

8vV21(0) g0 (0)p, (2 + 1)3/2(32 + 1)C4Crav,

L_rh.c 2 _
(€)]eo 25/me\ (y—2+ 1%y +2—1)2

164/2m0(0) g ()5, (22 = 1) CaCrag (—y?(32 +2) + 523 + 822 + 92 + 2)

Ah-,; (2 Lo = —
0 (g )| c 22 /2(2—0—1)??!-;15\’}((2—1)2—3;9)3

Al (@)oo =

SV2mih(0) g " (0) . (2 4+ 1)32CaCrag (—y? + 522 + 22 + 1)

252m (y? —(z = 1)2)* (32N, + N.)

8v27m10(0) g (0) /2 + 1(32 + 1)C4Cpag (y2(1 — 32) + 15

1T 1T — 1)

Ahc {2 o = —
5°(q7)|Lc 25/2m¢ N, ((2—1)2—?)2)3

(e — 8\/211'1,-";(())Bcfg.-'fs’((])xco\/z(z + 1)CyCpag (—y* + 2y (=222 + 24+ 5) + 924 + 623 — 62 —9)
¥ o == - )
23mENe (2 —1)2 — y2)?
oo (2) 8V6m(0) g 1" (0)y .0 (2(2 + 1)) 2CACrag (—y?(52 4+ 3) + 923 + 922 + 112 + 3)
g Lo = — .
24322 =22 — 1)ymiNe (y2 — (2 — 1)2)?

V(One™ = e (hele ) (-5 Do) ¢
L I I | - _ z = mC/mbﬂ y — _2
'(0) _ ( |1 ( ! ﬁ o) x|0) mb
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B. decays into P-wave charmonium

Relativistic corrections to the form factors

Supposed: |Xa( ”T?) .| Be) cf\kF(mX;FAEQL

OA(k)
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B. decays into P-wave charmonium

Heavy bottom quark limit

Supposed:
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B. decays into P-wave charmonium

Phenomenological discussions

Form factors NRQCD LO NRQCD LO+RC LFQM [20] QCD SR [13]

Ve (0) 0.207003 0.2015:05 0.12 0.48
Ale(0) 1.327019 1687038 0.64 0.03
Al<(0) 0.127501 0.137001 0.14 0.08
Abe(0) —2,02+0-28 —2.601531 —1.14 0.21
e0(0) = £X0(0) 10370 8g 1.33%015 0.47 0.67
VXeL(() 2.7310-38 3.371548 0.64 0.47
AXe1(0) 0.107008 0.1515:05 0.13 0.03
AXeH(0) 0.55760% 0.671 00 0.24 0.08
AXeH(0) 1.3575 15 160153 0.53 0.21
VXe2(0) 4387088 4941051 0.68
AX(0) 1.381019 0981018 0.86
AXe2(0) 1.5070 3% 1.85702% 0.81
AX°2(0) 1.7156350 1.953052 0.68
. P _ ; _ — +
Branching ratios (10~3) NRQCD LO+RC LFQM QCD SR a(Bg) % B(Bf — v orT) =
j 3 . + C C /T
B S ho 47t 6.17+1-56 0.90  0.002 o(BT)
BEf 5 xoo+ 7t 4.20+158 0.53  1.07 9 .
: c o " +'3'4 14 ¢ . YT ’ _b
Bét = el 1+ ogE 0‘054_-8:83 0.04 0.002 (Q.(\_{_&O(bt-c-_l-t-) Zl: U'(\;(b}bt)) X 10 .
BE — xe2 + 7T 0.74175-17 0.57
Bf - h.+ K= 0.4710-12 0.07  0.0002 (B
BE = xco + K* 0.321041 0.04  0.08 — L~ 23 x 1073
BE &y + K* 0.004+%9% 0003 0.0002 o(BY)
BF — xoo + K* 0.056 0013 0.043
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B. exclusive two-body and semileptonic decays into
S-wave charmonium

The measurements for B. decays into J/psi

B(B*+ — Jjbn+)

R B(Bf — Jfbpty,)

—f— | HCb measurement

R = 0.0469 4+ 0.0028 4+ 0.0046.

¢ Predictions

Chang Anisimov El-Hady Colangelo Kiselev — Ebert  Ivanov Ke
1994 1999 1999 1999 2002 2003 2006 2013

LHCb, PRD90,032009(2014)
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B. exclusive two-body and semileptonic decays into
S-wave charmonium

The properties for B decays into J/psi

1 1
B The exclusive two-body decays ( \/ ' ( '
. g .
include the factorizable and b ° b =
. : 3 e
nonfactorizable diagrams ¢ S ¢ 9
A[B(_ — J),'tr'l"[”r )T ) = (Jflzr'l“(vr )T |Hl.'“- | B(_)
Gr
= \/—%l{j’d Veo (Co(p)(Qolp)) + Cs(p)(Qs(12))) -
B The semileptonic decays depend ;j<
on the form factors. , S

> >/ o
dFL o GEFA(qE)l,f?,lvchl?,qE |H 2 |2
W B 19277311% olg)I%

dr; _ GEMG) 21V g
dg? 19217311%\

(1H-(gH)* + [H-(g*)]),
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B. exclusive two-body and semileptonic decays into
S-wave charmonium

The properties for B decays into J/psi

1 1
B The exclusive two-body decays ( \/ ' ( '

. o .
include the factorizable and b ® b =
nonfactorizable diagrams ¢ S ¢ 9

A[U; = Jjp(ne)n™) = (J/'fr“‘('lh.-)ﬁ_ |Hl.'ff | er_)
Gr
= \/—%‘-{Zﬂiﬁ (Co(p)(Qolp)) + Cs(p)(Qs(p)}) -
B The semileptonic decays depend Af<
on the form factors. , S

> >/ o
dFL o GEFA(qE)l,f?,lvchl?,qE |H 2 |2
W B 19277311% olg)I%

dr; _ GEMG) 21V g
dg? 19217311%\

(1H-(gH)* + [H-(g*)]),
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B. exclusive two-body and semileptonic decays into
S-wave charmonium

NLO corrections indicated form factors diagrams
dominate the contributions in two-body decays.
B NLO QCD corrections j\{f_ B ){éj_
g 0 iég:: wg )
M 8 )%

w..b”“’f DO Y E u‘g% 0 o
CTD O30 T %‘ 7\%[ 7\% %

B The relativistic corrections

z lagogeoo

Q
Q0

Q00

y/. QQQQL

y? (2422 4272 4 5) — 122 £ 8723 £ 17122 +692 4+ 5

LrRC(g?) = |k|2[/LO(q ) ()mg 2+ D@2+ D) (2 —1)2—12)

—3y* — 29? (1427 4522 = 3) — 42 4 8524 4 3482 + 21427 3

ARC 2\ (1|2 ALO 2
AF9(q®) = |k*AF7(¢?) 24,”,1_3 3zt 1)2((z—1)2 —¢2)

WRC(R2) = [kPARO () —452% 4 7212° + 155421 + 195423 + 80722 + 1252 + 4
1= 12m222(32+ 1) (= =12 — ) (—y%(22 +1) + 423 + 522 + 62 + 1)
Q(UQ(SQ 72 74)+484+ 58027 + 51227 + 1322 + 8)
CR2mE2 B2+ 1) (2 — 12— ) (4?22 + 1) + 423 + 522 462+ 1)
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B. exclusive two-body and semileptonic decays into
S-wave charmonium

The semileptonic decays depend on the form
factors curves.

m Pole models g0 f(0)
f {ff } T ) 7 4 4 .
1 —g /nz[mlc — By /mpnlc

based on pole models, NRQCD prediction gives R ~ (.48

which is consistent with the data

i : 11— | : : : :
B Lattice calculation 12 —
Lot fr(a?).® . al & ms
: Q
0.9} ] . o
f () = 1f HPQCD Preliminary
0.8 @ o)
@ < 09}
0.7} @ @ i ® ® A
8 0.8k &
06 @ i
HPQCD Preliminary 0.7 . " . ‘
0.5 L— L L . ._ L 5 6 7 8 9 10
0 2 4 6 8 10 M, [GeV]

7 [GeV?

A. Lytle, 16" ICBP, France
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B. exclusive two-body and semileptonic decays into
S-wave charmonium

The data challenging the lepton universality in
B/B. decays. (see the talk by Guy Wormser)

['(B — DY i)

R (w) — . . H :
H Rp D (B — D®e/uw) 2.3 sigma/ 3.4 sigma
Rp B p-
Experimental average | 0.407 £ 0.039 & 0.024 | 0.304 £ 0.013 £ 0.007
SM prediction 0.300 £ 0.010 0.252 4+ 0.005

A. K. Alok et al., arXiv:1710.04127

]_—(_BC —r jjfr"if-"' T i‘._f]
(B, — J/¢uw)

B Rypsi Ry = — (.71 +£0.17+£0.18, over 2 sigma

LHCb-PAPER-2017-035.

The standard model predictions from NRQCD, PQCD, RQM, LFQM,
QCD SR liein the range (0.2-0.3).

19



B. exclusive two-body and semileptonic decays into
S-wave charmonium

The model independent investigation of Rypsi

B Model independent determination of form factors (Unitary constraints)

18 12
1 e L6 7 MonoPole ] Lok - Mol::j:le o]
f — y ~ Ll k af - LFQM . ] - -~ LFQM e
F(f) o P—— Z U N(t’ ILU) _ 14. Q / ] _ o8} ,/-"”// 1
(t)(%)(t) —0 e < - o
N = Lop // e ] T 04l //-/ o
08F T ] -
1+ =(t:t0)
] — 0475 2 4 6 8 10 0275 2 4 6 ] 10
l — Z(ffu) F(GeV F(GeV
1.0p— r . : : . 1.0
. 0.9¢ 7 uuuuuuuuu ] :
| X(t)|2 1 (t —_ t_;_)z (f; — t_)a"fz t— tD 0.8f - LFQM o 0.8r -
o 4877 (n) (B4 —Bo)1/2 7F2 t T = 1 Sl e
T oe 1/ e ] A _//// R o
5 5 a5k —— ; I
t_|_ = (ch + mJ/¢) ; t_ = (TJ’LBC — m‘]/w) 0.4
0375 2 4 6 8 10 0275 2 4 6 8 10
(GeV ¢ (GeV

It still can not explain the data.

Distinguishing the SM and BSM contributions precisely is important!



Summary

Some decay channels of B¢ into P-wave charmonium

have large branching ratios, which can be tested in LHCDb
experiment.

The uncertainties of form factors are reduced. The
branching ratios except the Rjpsi can be understand.

More precise calculation and model-independent
determination are needed to understand the anomalies.
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Thank You
for vour attention !



