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B decays are important!




Categories of B decays
leptonic, radiative or hadronic; tree or penguin; ...

Inclusive Exclusive

Cleaner theory v

Easier experiments v

More channels v

Inclusive and exclusive B decays
» Play an important role by themselves

« Complementary to each other



Inclusive vs Exclusive

—— an example: inclusively and exclusively extracted Vub & Vcb
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see also talk by De Cian et al [HFLAV,1909.12524]



Inclusive vs Exclusive

— b — s£¢ anomalies
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« Ps: an angular-distribution observable
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Inclusive vs Exclusive

— b — s€¢ anomalies

Question: why don’t we study the correponding inclusive
channel B — X £ "¢ "as a cross check?

Answer: lack of data for a precision study.

Good news — —Belle li



Inclusive vs Exclusive

— b — s€¢ anomalies

Belle Il precision for B = X £ (expectation):

Observables Belle/0.71%b ™" Belle Il 5ab™"  Bell¢/Il 50,ab™"
Br(B — X t¢7) ([1.0,3.5] GeV?) 29% 13% 6.6%
Br(B — Xt ¢7) ([3.5,6.0] GeV?) 24% 11% / 6.4%\
Br(B — X T07) (> 14.4 GeV?) 23% 10% 4.7%
Acp(B — X0707) ([1.0,3.5] GeV?) 26% 9.7 % 3.1 %
Acp(B = X 0107) ([3.5,6.0] GeV?) 21% 7.9 % 2.6 %
Acp(B — X H07) (> 14.4 GeV?) 21% 8.1 % 2.6 %
App(B — X0T07) ([1.0,3.5] GeV?) 26% 9.7% 3.1%
App(B — X0T07) ([3.5,6.0] GeV?) 21% 7.9% 2.6%
App(B — X 0T07) (> 14.4 GeV?) 19% 7.3% 2.4%
Acp(Arpg) ([1.0,3.5] GeV?) 52% 19% 6.1%
Acp(Arg) ([3.5,6.0] GeV?) 42% 16% 5.2%
Acp(Ap) (> 14.4 GeV?) 38% 15% 4.8%
\/

Better by one order!

[“The Belle Il Physics Book”, by Huber, Ishikawa and Virto]




Inclusive vs Exclusive —— b — s£¢ anomalies

B factories (red, green)

> Belle Il ( )

Ry [Huber,Hurth,Lunghi,’15]

To exclusive anomalies, the inclusive channel serves as
» a strong cross check (different theoretical framework)

» a solid cross check (systematic OPE)

» a practical cross check (Belle ll)




Theoretical calculation

Radiative corrections
Within OPE {

Power corrections

Factorizable
Beyond OPE {

Non-factorizable



Theoretical calculation —— within OPE

Operator product expansion: [Falk,Luke,Savage, 93]
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. matrix elements extracted from data
+aQ5 o corrections
\_ b > > S J




Theoretical calculation —— within OPE

Perturbative &s e corrections include

e NNLO QCD corrections [Misiak et al,’92,’99:Greub et al,’01,’02,’03,’04:Seidel,’04]

» log-enhanced corrections [Huber et al,’05,’07]
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» multi-particle contributions as b — sZ1¢ " gq

[T. Huber, QQ, K. Vos, 1806.11521]
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Contribute from LO!
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Theoretical calculation

Power corrections include

I'x Cy+C, 'u—” + CGM—G + CDP—D + CLS—
mj; mj my
O0(1/m})
Iuﬂ' o IMG

Heavy meson decay data
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Theoretical calculation —— beyond OPE

Long-distance contributions induced by charmonium resonances and others

[\
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q? [Gev?][Ghinculov,Hurth, Isidori,Yao]

Cut off the resonance region?

The tail effects are still considerable!



Theoretical calculation —— beyond OPE

Two kinds of long-distance contributions:

Ol

*k /y*
N
C
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Factorizable Nonfactorizable
(color singlet) (color octet)



Long-distance effects (factorizable)
[T. Huber, T. Hurth, J. Jenkins, E. Lunghi, QQ, K. Vos,’19,'20]

2.0 0f

o The current-current-operator matrix element is in general written as

N\

T ) 2 nuvipKS/ 2 167T2 - 4 1qx L

l@q " —q9 h’q (¢7))= 90 1 | d'x e <O|T]q( ) Jem (2 )|O>
q

N—"
the Kruger-Sehgal function [Kruger,Sehgal,96’]

o Extract it from data — — the R-ratio & Tau decays.

[see Keshavarzi,Nomura, Teubner,’18]



Long-distance effects (factorizable)

[T. Huber, T. Hurth, J. Jenkins, E. Lunghi, QQ, K. Vos,'19,'20]
The R-ratio give the imaginary part

3s o(eTe” — hadrons)
R — = 121 ~
had (8) = - 5 0had ($) o(e~e™ = ptu”)

I(q°) < h>(g?)

The real part is obtained by dispersion relation

Re[hy™(s)] = Relhg™ (s0)] +

S — S /00 o Im[hffs(t + i¢€)]
o

| 0y t—so)(t—s—ie)
N )
perturbative input, s, = — (5 GeV)
two-loop match [de Boer,’17]

Phenomenologically, the decay rates are modified by
o ~95% in the Iow—q2 region
o ~15% In the high—qr2 region



Long-distance effects (non-factorizable)

So-called resolved-photon contributions, operator matching
[See Voloshin,’96;Buchalla,lsidori,Rey,’97;Benzke,Hurth, Turczyk,’17]

(I + @)a
-
a non-local operator

(gluon momentum in the denominator)

{F’uaé’ug + G’uaﬁ’uﬁ} 51“175751“219

Calculation of nonlocal operator matrix elements

» seriously dependent on modeled shape functions of B meson
» phenomenologically, ~5% uncertainty is assumed




Observables

2

q" = (pe+ +pe—)2

We consider the observables in two kinetic regions q2 e [1,6] GeV” and

g° > 14.4 GeV?, to reduce the resonance effects, including

o The branching ratios in the low- and high—qr2 regions

o The angular-distribution observables in the Iow-q2 region

0~ < T

H% 2y _ dz
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P+ o @PT(B — X 00
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B

» The ratio between B - X £¢~ and B’ - X, Cv the high-g? region to reduce
power-correction uncertainties [Ligeti, Tackmann,’07]
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SM predictions

10°- B[1.6],, =178 £ 0.13 1.78 + 0.085c4/6 ¥0.09esdved % - -

10°- B[1,6],, = 1.73 £0.13 = 1.78 £ 0.084 416 = 0.0%c50lved £ - - -

exp: |B(B— X 1) = (1.58+0.37) x 107°

107 - B > 14.4],,, <2.38 + 0.8T 3 2.38 £ 0.2755410 £0.7%p0ue




Lepton-universality observables

B(B — Xsutu™)
Rx. = _
> B(B— XgseTe)

Rx,[1,3.5] =0.961 % 0.004 .

Rx.[3.5,6] = 0.984 & 0.002 ,

Rx.[1,6] = 0.971 £+ 0.003 ,

Rx.[>14.4] = 1.17+0.08 .

to be tested at Belle II!



New-physics analysis

BI1, 6], =|0.288327 | Ry | + 0.00384785 | Ry| * + 156513 | Ry |

+11.3588 | Ryo| * + 0.0232071Z (R, R§) + 0.00507683Z (R, Rs)

+ 0.0266804Z (RgRy) — 0.000544487 (RgR7g) + 0.068984R (R;Rg)
— 0.89029R (R;Ry) + 0.015688R (R;Ry) — 0.101342R (R Ry)
+0.00188925R (RgR]y) — 0.109829R (RyR}y) + 0.0303878Z (R;)
+ 0.00630353Z (Rg) + 0.0479887 (Rgy) — 0.002986497 (R,)

— 0.245038R (R;) — 0.0336275R (Rg) + 3.44232R (R,)

— 0.571287R (Ryy) + 3.00949} x 1077,

00)eff 11
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CLPM (1) 4o (o)




New-physics analysis

Projected Bounds [50 ab™"]

@ 7:[1,3.5,6] ® H.[1,3.5,6] @ H4[L,3.5,6]
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New-physics analysis

Exclusive vs Inclusive

o ® B — X,up (50ab™) © B — X,uu (current) 7
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Exclusive vs Inclusive
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C,LLNP

[O B — X up (current) + By — pp (current)
® B — X,uu (50 ab™") + B, — pp (300 th™1)

® B, — pp (current) © B, — pp (300 fh1)

____ Exclusive (37) * SM

-

Judgement on B anomalies at 50 level




Summary

» We have systematically studied the inclusive B — X .7
decay, to the state of the art

» We make predictions for its br’s, angular observables and
observables to test lepton flavor universality

o Our results, together with the Belle Il data, will be able to
judge the anomalies from exclusive b — s£¢ decays

Thank you!



Backup



Phenomcnologg

% New physics analysis for B — X /70~

1,3.5] [3.5,6] [1,6] > 14.4
B |31% 26% 20% 2.6%
Hr| 24% 15% 13 % -
Hr | 55% 50% 37% -
M, | 0% 33%  -% i
Hy | 240% 140 % 120 % -
Hy | 140 % 270 % 120 % -

Table 4: Projected statistical uncertainties that we expect at Belle II with 50 ab™! of
integrated luminosity. The first row gives the considered q2 bin in GeV®. The total
projected error is obtained by adding a 5.8(3.9)% systematic uncertainty to all low-g*
(high-¢°) observables.




Phenomcnologg

% New physics analysis for B — X /70~
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Exclusive vs Inclusive
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Long-distance effects (factorizable)

o Use latest data from BESIIl, BaBar and ALEPH

[see Keshavarzi,Nomura, Teubner,’18]

 The matching point is calculated at the two-loop level. [de Boer,’17]
ol | — Im[h,[s]] Re[h,(s)-h,(-25)]
8 E___ _______________________________________ 1 e perturbatve-0 [ =W @ === perturbative-0

perturbative-1

perturbative-1

13}

5 10 15 20 25 5 10 15 20 25
7 42

Asymptotic behaviours of perturbative and Kruger-Sehgal functions

Phenomenologically, the decay rates are modified by
o ~ 9% in the Iow—c]2 region
o ~15% in the high—q2 region



SM predictions

for branching ratios (high—qz)
B[> 14.4]¢c = (2.04 % 0.28cq16 £ 0.02,, & 0.03¢ . + 0.19,,, & 0.002ckm + 0.03gR,,

+0.0064, % 0.13)£F 0.57,, =0.547 ) - 1077 £ (2.04 + 0.87))107 7,

B[> 14.4],,, = (2.38 £ 0.27gca1e £ 0.03,,,, £ 0.04¢ . £ 0.21,,, £ 0.002ckm £ 0.04pR,,

+£0.0064, £0.12), £0.57,, £0.547, ) - 107" = (2.38 £ 0.87) - 107" .

R(14.4),., = (21.53 + 0.54 ., + 0.25,, £0.15¢,, =0.09,, £0.06, £ 0.92¢km

+0.11,, #0338, +1.54; Px 10" :>< 107",

R(14.4),, = (25.33 £ 0.27n10 £ 0.29,, +£0.14¢,, +0.03,, £0.07, = 1.09ckm

+0.04,, +£0.83, £1.29; )x 107" =(25.33+1.93) x 107"



SM predictions

for angular observables

Appll,3.5]e = (—7.28 £ 0.674y +0.01,, +0.11¢,, +£0.23,,
+0.19, % 0.04 + 0.51 0q01vea) % € (728 % 0.@

Apg[3.5,6]., = (8.57 £ 0.744qe £ 0.01,, £0.13¢,, +0.37,,

£0.18, £ 0.1, % 0.60,501,c4)% €(3.57 = 1.05)%

Appl[l, 6] = (—0.18 £ 0.794.41e & 0.004,, £ 0.13¢,, +0.30,,,

+0.20,, £ 0.02y, £ 0.01eq01vea) % €(0.18 £ 0.88)% D

H[1,3.5].c = (2.91 + 0.15,40 £ 0.03,,,, + 0.05¢,,, =+ 0.02,,, =+ 0.005, + 0.003¢ks
+0.04gg_, £ 0.01, £ 0.004 ) £ 0.15,0501veq) - 107 = (2.914£0.22) - 1077

Hp[1,6]cc = (12.35 % 0.534000e £ 0.13,,, £ 0.29¢,,, £ 0.14,, £ 0.09, %+ 0.01ckys
+0.19pg_, £ 0.03y, £0.11 ) £ 0.62g010q) - 107 = (12.35 £0.92) - 107"



