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Motivation

% B anomalies in exclusive B decays might be hints for new physics

[BaBar,1205.5442;1303.0571;Belle,1507.03233;1604.04042;1612.05014;LHCb,1406.6482;1705.05802;1512.04442;1506.08614;
ATLAS,1805.04000;CMS,1710.02846;1904.02440...] see Golob’s,Ricciardi’s,Matias’s,Rozanska’s,Pardinas’,Meaux’s,Palestini’s talks

% Precision measurements of inclusive B — X.¢*¢~ channel provide
important complementary information
*x Underlying hadronic uncertainties in inclusive mode are quite
different and independent of those in exclusive transitions
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Motivation

% Inclusive B — X ¢+¢— decay provides more observables

* possible sizeable CP asymmetry
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Methodologg

% Nonperturbative dynamics involved in hadronic matrix elements

<‘O‘> hadrons

% How to solve this? OPE (operator product expansion).

_ _ [Falk,Luke,Savage,93’]
Y (B|O"Xgs])(Xa,s|O|B) .
~ 1/mp power corrections,

extraoted from measurements
x Im B\T{(Tr O}|B)

Ieadlng poyver. _ +ai o corrections
free quark interactions




Previous studies

% Nonperturbative power corrections, up to1 /m% & 1/m3 (in specific

Kinetic regions) [Ali,Hiller,Handoko,Morozumi,97’;Ligeti, Tackmann,07’]

% Perturbative o . corrections, including
o (N)NLO QCD corrections [wisiak et al,92’,99’:Greub et al,01’,02’,03’,04:Seidel,04’]
» log-enhanced NLO QED corrections [Huber et al,05’,07’]
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% Handling of long-distance subtleties (additional nonperturbative
eﬁects) [Kruger,Sehgal,96’,96’;Buchalla,lsidori,Rey,97’;Benzke,Hurth, Turczyk,17’]
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[Huber, QQ, Vos, Eur.Phys.J.C78(2018)748]




';ive~|:>artic|e contributions
T. Huber, QQ, K. Vos, 1806.11521

% Perturbative corrections include not only loop contributions but also

multi-particle final-state contributions as b — d(s)¢™ ¢~ qq

g =U,dand s, but not c

* Expand in couplings up to O(a&?, x°) q q
Oy e /A
% Contributions to observables y
b > Vs

e branching ratio

o forward-backward asymmetry

% Almost all results are analytical




'F‘ive~PartiC|e contributions
T. Huber, QQ, K. Vos, 1806.11521

% Include tree-level interferences of
® (P1U,2,P3,...,6) with (P1U,27P3,...,6)




'F‘ive~PartiC|e contributions
T. Huber, QQ, K. Vos, 1806.11521

% Discard

» one-loop interferences of (Py,, Ps,...s) With (Py ,, Ps,....6)

o and interferences that require fewer-particle cuts involving loops for

renormalisation




'F"ive~|:>article contributions
T. Huber, QQ, K. Vos, 1806.11521

% Adopt two different phase-space parametrizations [Kumar,69’;Heinrich,06]

1— s1+32
dCD5 |M| m mb / ds1/ dSz/ / dU2/ dU3/ dt2/ dt
So / 84

32—8

a M
so(uf —uy)(uf —uz) /(- k) (—t) /(- t3(t3—t)(| |‘3 e T 2 | |‘S34_’s>

X

1

m bl t7 (1 )(1 — t7) 5(t2 Ligt — S14) 2 2
do 2 db...dudls ... dt
/ 5 |M|° = 48,9 / 2 40l 10 TR — limeli— i |M|’t5:0 + |/\/1|}t5:1

0

% Staying differential in q° = (pe+ + pg—)2 allows to perform the
calculation in D = 4 dimensions. Seven integrations are required.

f1(8) = % — arctan(x)

£(3) = 2if, (8) {Li2 (1 _’:X) —c.c.} _ [Li3 (1 _’:X> +c.c.} o 800 e ol B

14+ IXx 14+ Ix
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'F"ive~|:>artic|e contributions
T. Huber, QQ, K. Vos, 1806.11521

% Differential branching ratio and forward-backward asymmetry

oo (S Rbwcrario)

=

dB(b — d¢T¢~qQq)
ds

Vt:;’ th
Vcb

— BB -5 o)

6
o 3 (~REMCT CoAi(3) + c.c.)

i=1

Vi Vis |°
Vcb

dArg
ds

— B(B — Xcelj)exp

* O(1%) correction in the case of B — X ¢t ¢~ ¢* = (pe+ +pp-)?

[1,3.5]GeV? [3.5,6]GeV? [1,6] GeV?
B(b — d¢t¢~qq) (x107°) 9.22 0.30 9.52
Ars(b — deT4~qq) (x107'2) 1.48 0.49 1.97

% (0(0.01%) correction in the case of B — X.¢"¢~ (CKM suppression)

[1,3.5] GeV? [3.5,6] GeV? [1, 6] GeV?
B(b — st™4~qg) (x10719) 2.18 0.05 2.23
Ar(b — st47qq) (x107) 1.57 0.52 2.10
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[T. Huber, T. Hurth, J. Jenkins, E. Lunghi, QQ, K. Vos, in preparation]




l_on g-dista nce eftfects

% In the q2 = (pp+ + pg—)2 spectrum of B — X ,¢T¢~, cC resonances
show up as large peaks

e The B — X — X ./~ BR exceeds the short-distance BR by 2 orders

0.5 T T T T T T T T T T T 1 1 T Tt T 1

dAeg(9?)/ dg?

1 1 L | 1 1 1 | 1 1 L 1
0 5 10 15 20

¢ [Gev?][Ghinculov,Hurth, Isidori, Yao] q* [GeV?][Ghinculov,Hurth,Isidori,Yao]

* In B — X 014~ also light-quark resonances are relevant
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l_on g-dista nce eftfects

% Despite of cuts on q2, we need to capture the tail effects of the
resonances following the idea of Kruger and Sehgal  [kruger,Sehgal,96]
® Replace the perturbatlve amplitudes (factorizable) by data extracted ones

2>

167
(¢"q" — *¢") ' d% 447 (0T T2 (0) T ()]0
. ( 0)
. . . 0]
o Very similar currents contribute to Rpaa(s) = 4;;1(/; c=12m Im[IL, (s)] (and

hadronic tau decays) (¢"q” — ¢g")IL, (¢?) = i / d*z € (0|T Jh, (0)J5y (2)|0)

o Data tells us the imaginary part, and the real part is obtained by the

Iy /00 = Im[th(l‘ + i€)]
0 (

dispersion relation Re[r]5(s)] = Re[hl>(so)] + : I 3
— 58 — S — 1€

(0
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l_on g-dista nce ettects

% Use latest data (including ee collision and tau decays) from BESIII,

BaBar, ALEPH in the resonance regions  [see Keshavarzi,Nomura,Teubner,18’]

% In the replacement of the perturbative function we take into account

all factorizable pieces up to two loops. Separation of factorizable two-loop

perturbative function are provided by St. de Boer. [de Boer,17’]

% Choose as subtraction point so = —(5GeV)?
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Asymptotic behaviours of perturbative and nonperturbative functions
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l_on g-dista nce ettects

% Resolved photon effects cause additional uncertainty of ~5%
[See Voloshin,96’;Buchalla,lsidori,Rey,97’;Benzke,Hurth, Turczyk,17’]

% Cascade decays not covered by either local OPE or KS
[see Buchalla,lsidori,Rey,97’; Beneke,Buchalla,Neubert,Sachrajda,09’]

o Q: More investigation from theory or cuts from experiments?
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[T. Huber, T. Hurth, J. Jenkins, E. Lunghi, QQ, K. Vos, in preparation]




Power corrections

% Computing power-corrections requires HQET matrix elements of
dimension-five and -six operators

A1 = (B|h,(iD)*hy|B)
X2 = (B|hvgo .. G* hy|B)

1
5P1(Gap — VaVp)Vu =

1. . v

(B|hyiDaiD,iDshy|B)

(B|hyiDaiD,.iDs~s7shy|B)

0,
' e =

q (B”=|Q3 - Q18”7

i
2Mpg
2m3
L
2Mpg

e \;, p; were extracted from moments of inclusive B — X .fv spectrum
[Gambino,Healey, Turczyk,16’]

o . . : +.,0
o We extract the weak-annihilation matrix elements /; = from data of
semileptonic D meson decays following [Gambino,Kamenik,10’]
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Power corrections

% Flavor symmetries assumed for weak-annihilation matrix elements

f = £+ 542 g0

foy = 0 SU(2 fi su(3 fo SU(2) it

V/NV stands for valence and non-valence terms
with respect to external B meson states

» (Largely) uncorrelated combinations are fwwvand fv— fav

o Introduce SU(2,3) breaking effects according to [Ligeti, Tackmann,07’]

fiv = (—0.02 £ 0.16) GeV® X' = o — £2 =0.130(21) GeV*

fy — fiv = (—0.041 4+ 0.052) GeV® | A1 = —0.267(90) GeV?

[6f]su@) = (0 £ 0.04) GeV? p1 = 0.038(70) GeV?®

[6f]suzy = (0 4 0.004) GeV?® (f + fyv)/2 = (—0.04 £ 0.17) GeV®

Q: Can lattice QCD compute these matrix elements in analogy to
the ones in B lifetime?
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[Huber, Hurth, Jenkins, Lunghi, QQ, Vos, in preparation]



Phenomenologg

¢ = (po+ +pe—)2

% We consider the observables in two kinetic regions q° € 1, G]Ge\/2
and ¢° > 14.4GeV? to reduce the charm resonance effects, including

e The branching ratios in the low- and hig

e The forward-backward asymmetries in t

» The CP asymmetries in both regions

n—qQ regions

ne low- q2 region

» The ratio between B — X ¢T¢~ and B’ — X, /v with the same
kinematic cut in the high—q2 region to reduce power-correction

uncertainties [Ligeti, Tackmann,07’]

1 D, + p— 1 0
R(So) _ / qs dF(B — AAde 14 ) / / 46 dF(B %A Xufu)
§ 50

ds

0

ds
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Phenomenologg

% Branching ratios and the R-ratio of B — X ¢/~

B[1,6]ce = (7.81 £ 0.375ca1e £ 0.08,,, = 0.17¢,, & 0.08,,,
0.044, + 0.150kn £ 0.128R, +0.05y,) x 107° = (7.81 £ 0.47) x 107° .
B[1,6],,, = (7.59 + 0.35¢ca1¢ & 0.08,,, £0.17¢, 1, & 0.09,,,

+ 0.04q, & 0.14cxym £ 0.11gr,, £0.05y,) x 107° = (7.59 4 0.45) x 107° .
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Phenomenologg

% Branching ratios and the R-ratio of B — X ¢/~

B> 14.4]ce =(0.98 £ 0.124¢41e £ 0.01,,, £ 0.01¢ . £ 0.08;,, £ 0.02ckMm

+ 0.02gR,; & 0.06), @1 1 O.Q@X 1078 £70.98 4 0.38) 3 1075 |

B[> 14.4],, =(1.12 £ 0.12¢41e £ 0.01,,, £ 0.02¢ 4, £ 0.09,,, £ 0.02ckMm

+0.02gR,, £ 0.05), +0.25,, £0.257, ,) x 1078 = (1.12£0.38) x 1075 .

R(14.4)ce = (0.96 £ 0.024¢41¢ = 0.01,,, £ 0.01¢ .. £ 0.002,,, £ 0.01,, = 0.05cKkMm

+ 0.004, 06, + 0.057,)x 10~* =(0.96 + 0.09)x 107*

R(14.4),,, = (1.11 £ 0.014cq1e £ 0.01,,,, £0.01¢ ., £ 0.002,,, £ 0.01,, £ 0.05cKMm

+0.002y, £ 0.04,, £0.025, ,) x 107* = (1.11 £0.07) x 107*.
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Phenomenologg

% Forward-backward asymmetries of B — X ¢ ¢~

Arg|1,3.5]cc =(—7.10 £ 0.675ca1e £ 0.01,,, £0.11¢,, £ 0.22,,, £0.19,, + 0.02ckn £ 0.04y,)%

Apg[3.5,6]ce =(8.60 % 0.745ca10 £ 0.01p, & 0.13¢m, & 0.37,, £ 0.184, & 0.02ckn =+ 0.115,)%

@o + 0.87@

ArB[1,6]ee =(—0.12 £ 0.77gcq1e £ 0.004,,, £ 0.13¢ 1, £ 0.29;,,, £0.204, = 0.02cxnm £ 0.02y,)%

o>

Arg[1,3.5], =(—7.97 £ 0.69ca1e & 0.0, & 0.11¢ . & 0.22,,, % 0.204, % 0.02ckn £ 0.055,)%

= (=7.97 £0.76)% ,

ArB[3.5, 6], =(8.16 % 0.824ca1e £ 0.01,,, £ 0.13¢m, =+ 0.39,, £ 0.19,, £ 0.02ckn = 0.113,)%

= (8.16 + 0.94)% ,

Arg[1, 6], =(—0.70 £ 0.824cale £ 0.004,,, & 0.13¢ 1, + 0.30,, & 0.214, % 0.02ckn £ 0.02y,)%

= (—0.70 £ 0.91)% .

20



Phenomenologg

% The “zeros” of B — X ¢+¢~

(g* where Ars is zero)

(¢2)ee = 3.28 & 0.1141¢ £ 0.001,,, & 0.020 1, £ 0.05,,,

+0.034, £ 0.004cKM £ 0.002,, £ 0.001,, =(3.28 £ 0.13) @

(3), = 3.39 £ 0.12¢a16 & 0.001,,, & 0.02¢, 1, & 0.05,,,

+0.034, % 0.004ckn & 0.002,, £ 0.002), = (3.39 £ 0.13) GeV?
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Phenomenologg

% CP asymmetries of B — X ¢7¢~: order 1%

Acp[1,6]ee = (—1.45 + 0.75gca10 & 0.015,,, = 0.019¢1n. & 0.05,,,

+0.15,, 4 0.03cKm & 0.002y,) x 1072 € (—1.45 + 0.77) x@

Acp[l,6]u, = (—1.32 4 0.714ca10 & 0.014,,, & 0.015¢,. =& 0.05,,,,

+ 0.154, + 0.03cin £ 0.002y,) x 1072 = (=1.324+0.72) x 1072

Acp[> 14.4]ce = (—1.68 £ 0.14gca10 & 0.01,0,, £ 0.12¢,m, £ 0.12,, & 0.054, =+ 0.05¢cKM

+0.28), £ 0.34,, % 0555, ,) x 1072 €= 1.68 +0.74) x 10 2>

Acp[> 14.4],,, =(—1.64 % 0.2140a10 & 0.01,,, £ 0.09¢ 1, % 0.11,,, & 0.044, £ 0.05cKM

+0.24), £ 0.30,, +0.455, ,) X 1072 = (—1.64 £ 0.64) x 107~ .
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Summary and Outlook

* We update the SM theory predictions in inclusive B — X /"¢~ decay
and B — X,/ is on the way

% Further investigate the resolved photon effects and the Cascade
decay effects...

% Study effects of lepton-flavour universality violation, e.g. in the
observable

B(B— Xspup”)
B(B — Xs ete™)

Rx, =

Thank you very much!
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