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INntroduction

* Precision studies of
inclusive B-meson decays :
cornerstone of quark flavor
physics in and beyond SM

- Rare decays B =X y

— important for |V |, etc.

— complementary to
collider physics
(bound on top quark
mass and Higgs mass)

— sensitive to higher
scales (constrains on
model building)




INntroduction

Inclusive decay: optical theorem 2Im :E{)Idﬂ

r
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Effective Weak Hamiltonian Forward B-meson matrix
_ _ elements of local operators
[~ Im <B|'Heff Heff|B>

<X8'Y|Heff| B Z Ci () ( Xsv| Qi (1) |B>
1=1...8

* Our notation: “Qj-Q« contribution”

* Describe b—s transitions by an effective
Hamiltonian

« New physics shows up as modified G,
(or as new operators)



OPE Region

Total decay rate has been calculated 1in an expansion about heavy
quark limit using local OPE. (leading power correction~(A/V,)?)

Perturbative QCD corrections require resummation of large logarithms
— a lot of efforts from global community

GQ Calculable using
M(B = Xs7) = o5 [V Visl*mi |C7, 2 local OPE

{1 + O(as) + 0(02) + O(aem) + O ( :E) +O (”‘2)

12 3 m=
/ NLO NNLO

~25% ~7%\ ~1% ~3% ~1%

Local OPE doesn’t
have this order of
power corrections

+ O(1000) similar graphs + 4-loop anomalous
LO from T{Q;, Q,} dimensions, etc...




Event fraction at NNLO

Multi-scale OPE region

Shape function region

A4

OPE region

[Neubert]




Shape-function Region

e OPE breaks down for differential inclusive decay distribution near
phase space boundary (Ey is near kinematical endpoint): most
accessible to experiment

e Shape function method is needed to account for non-perturbative
effect (a twist expansion involving forward matrix elements of
non-local light-cone operators)

e At lowest order in the 1/mv expansion, it is related to the leading
order shape function which is a matrix element of a non local

operator  <Bjh,(0)[0,x]h,(x)|B>

e SCET (Soft Collinear Effective Theory) is a relevant tool




Subleading Shape Functions

e In the SCET based calculation, the (subleading) shape functions
are calculated via a two step matching. QCD — SCET — HQET

¢ In the first step QCD is matched onto SCET and the hard
function is extracted.

e |n the second step SCET is matched onto HQET and the jet
function is extracted.

Py A
Uy(lu’ha Mz) H(y7 )u’h) /(; dw me(y7 mb(P—l- — CD)) lufz) S(@v /J’Z)

e Beyond leading order in 1/mp, the hard, jet, and shape functions are not unique.

e Subleading hard functions are only known at tree level and it is sufficient to
analyze the subleading shape functions at tree level.




Factorization theorem

* At Aaco/ms, the decay rate
factorizes into a convolution of
three objects:

* H - physics at scale 4 = ms
Calculable in PT
e J - physics at scale ;1 ~ v/mpA
Calculable in PT
* S - physics at scale u~/Aacp
Non-perturbative function INeubert

Korchemsky, Sterman
Bauer, Pirjol, Stewart]

d_F ~ HS . J ® S =+ ... [Korchemsky, Sterman

d E Bauer, Pirjol, Stewart]




Factorization beyond LO (subleading shape function)

e Current status of subleading shape function
B — X, v and the Q7, — Qr, subleading shape functions were classified
e Factorization beyond LO:

dr
—— ~H,- J®S+—Zh’“ itk 4

dF

[Lee, Stewart
Bosch, Neubert, Paz
Beneke, Campanario, Mannel, Pecjak]

» What about other operators for B =Xy ?
l.e. Qi-Qx

== remaining part of this talk




Classification of Subleading Shape Functions

* |n order to systematically analyze the subleading shape functions, one
has to match the entire weak Hamiltonian onto SCET.

e The Hamiltonian needs to be matched up to second order in the SCET
expansion in order to extract the subleading shape functions at order
1/Mo.

* From the entire weak Hamiltonian only a few operators will give
subleading shape functions which are not loop suppressed.

* The subleading shape functions that are not loop suppressed arise from
the following contributions:

Q?fy _ QSga QSg _ QSga and Ql _ Q?’y




NLO matching of H.qto SCET

e The effective weak Hamiltonian

Heg = \f Z (A C1Q7 + CQ5 + Z CiQi + C7,Qry + 089Q89> +h.c,

p=u,c 1=3,...,6

_ *
where A, =V Vp,, and

bj)v_a(5;pi)v—a,
bj)v-aD.,(Qqi)v-a,
i) v—a D (@) via

Q7 = (Pb)v-a(Sp)v-a, Q3 = (Pi
Q3= (80)v-a2_ ,(qQ)v-a, Qs= (5
Qs = (8b)v-a)_ ,(q@)via, Qo= (5

JEh, sy = 7? mp50,,, (1 + v5)G*D.




NLO matching of H.s to SCET

* Possible operator basis: \We refer the photon as a “anti-hard-
collinear” (ahc) and the hadronic jet “hard-collinear” (hc).

e Start by listing the fields and their scales in terms of A = Agcp/m

he fields: quark & ~ A!/2

gluon Aj. ~
derivative @'affc ~

(A, 1,A1/2)
(A, 1,A1/2)

ahc fields: quark X ™~

gluon
derivative
photon

A\L/2
A“- ~ (1, X, A1/2)

¢ notation:
at ~(n-a,n-a,a,)

soft flelds: quark
heavy quark
gluon

derivative




Possible operator basis

¢ |n constructing the possible operators we assume that the final
state can only contain one ahc photon

¢ All the other particles need to be hc or soft, but we can have
several ahc and/or soft particles that will convert to an ahc
photon

Operators containing photon: A = Agep/me
O(N3/2): | £AS™h

ON): | gabegemp  gghe gemp,

OT2): | AT AT AT, EALD) AT, ED AT AT, EDOl AT

En- AP ATRL  En M AT EASS0 AT R, EATORR
EAThEE




Operators without photon

-need Lagrangian insertion: cost power counting in- \
L (a) OA'Y?): x(x) — AT + g,

Abe o gem 4 oo 4 g Abe A 4 A 4 A,

Ahe pbe _, gem A
xAle — AP

h_C h_C h_C €m
ATCATCATC — AT,

Ehéx, Ehye, EACATR
E(AY3h, EAMhyy, Eh AR Y, E0Mhyy, EhxO X, EhXD X




Subleading shape functions that are not loop
suppressed

Q7’y:

QSg:

Qlc:
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O(N%/2): LO
O(A3): NLO

O(A7/2): NNLO




Q7y' QSQ

Non-local operators from ahc gluon

® give rise to 4-quark
operators containing
not only s quarks,
but also light u,d
quarks

Subleading shape function

\

IR %/dwé(n-p%—w

Qs
i 077

dF?Sa G%’Oé“/tb‘/;PC?Q’ymg (

db, - 24




Q7y-Qsg (NON-local enhancement)

e Contribution to total rate: (parameterized by matrix element of tri-local operators)

C8g 471'0{3

Al = —T77 / dS/ dt(B| Cp (O1 + O2) — (11 + T5) | B)

C7~ Nemy,

= Y eqho(0) Trq(tn) G(sn) I g ho(0),
q

6 R — — —
= > h(0) TRy Laa(t7) 3(s7) 43T R hw(0),
q

— Z €q EU(O) Mrtaq(tn) q(sn) T gptahy(0),
Non-local operators 1

=3 % ho(0) T 5y Lo taq(th) G(si) v$T g taho(0),
q
Pr=7(14+1)/2

§Due to the interference with (Q7y ,the effect is centered at large photon energy
(cannot be eliminated by a cut)

§Note that in B —>Xsy, one does not sum over all the cut

§Process is not really inclusive (partonic sub-structure of photon)




Q7y-Qsg (NON-local enhancement)

* Model estimates:

* Reliable field-theoretical estimates of these effects are very
difficult to obtain.

* In particular, lattice QCD is unable to handle operators with
component fields separated by light-like distances

* Naive dimensional analysis suggests that

AT [T77 ~ (Cge/C7y) mas(N/myp), which could easily amount to a 5%
correction to the decay rate.

In more traditional applications of the OPE to inclusive B-meson
decays, four-quark operators contribute at order (A/my)® in the
heavy-quark expansion.

* The non-local operators lead to enhanced power corrections of
order A/ms, because the two “vertical'' propagators have
virtualities of order ms/A and so introduce two powers of soft




Q7y-Qsg (NON-local enhancement)

* Vacuum insertion approximation |0){(0]
— motivated by large-N_ counting rules.

— well tested for local 4-quark operator in the analysis of B-hadron
lifetimes.

— Matrix elements of the operators O, and Ty, ,, vanish in the VIA,
either due to the color-octet structure of the quark bilinear Ty, ,, or

due to the fact that there 1s no external perpendicular Lorentz
vector available (O, and Ty 5, ): Oy is the only operator

contribute in VIA approximation

2 ~ ~
(B 01 |Bjvia = e 272 R () 18R ()"

— The integral over the position-space distribution amplitude can be

evaluated to yield 0 oo
— 5B () =
i /_ oods ¢ (s) /O »




Q7y-Qsg (NON-local enhancement)

¢ \Vacuum Insertion Approximation

AT via B

2
~ —0.26¢q (—) ~ —0.05¢q (
77 AB

)\B >_2
0.5 GeV
— where e =2/3 for decays of B mesons, while e, =-1/3 for

decays of mesons. Effect between -0.3 e, % and -19 e, %

(depending on the value of inverse moment of B-meson
LCDA)

Flavor-dependent rate asymmetry

M(B™ — Xsv) —M(B° — Xsv) _ 0.05 ( Ap )—2

(B — Xsv) 0.5 GeV

— this amount to an effect between -2% and -19%, which is
consistent with the recent BarBar measurement:

(1.2+11.6 1.8 £4.8)%




Q7y' QSQ

Operators from hc gluon /dw bon ) = =L { / dy. / o-,

(<B|B<0>¢¢NA<O,o>sﬁ<o,o>Qﬁ<o,z+>Qn<yf,o>mTAsz<x7,o>h(x7>\B>
— (BIR(0) (35N (0, 0)87(0, 024 (0, 24)Qu (-, O)hh(13) TS} (-, 0) ()| B) )|

+[/_O dy_/_o dz,

(BIR(O)AN(0,0)54(0,0)2a(0, 24)Qu(y-, OWHT S} (~a—, 0) ()| B)*
— (BIR(0) (357N (0,0)57(0, 002 (0, 24)Qu (-, O (35) TS} (——, 0)(—2)| B)" ) |

Subleading shape function

A, 274

ATy GralVaVil*C7mj (E2 Csg

es7roz3— dwd(n - p+ w)frsp(w ))
C,

e usual 1/mb? corrections

¢ contribution vanish in the VIA: soft quarks in the shape function are strange quarks




QSQ' QSQ

Relation to previous calculations

CzCYCFl
=T 2 — {641
" 90? 41 mb{ n[mb(

] } [Ali, Gerub

my — 2E.) Kapustin, Ligeti, Politzer]

Y IEy—my/2

We should be able to recover this result by using SCET

000060000000¢

2 (BJh(1 — 5)1th| B) C3 asCr 2 (B|h(1 — v5)1th|B)

902 Ar my M;g By 9CE 4w my, Mg

1 2
x{ 1,1 x{——2—7E+ln47r—ln[m§]},
€ € 7

Each diagram is divergent, but the sum is finite and equals to
the previous calculation

E,—my/2




QSQ' QSQ

 Interpretation:

— The soft fields in the second diagram should not be contracted. Instead their
diagram gives rise to the subleading shape function.

— The contribution from the first diagram should be interpreted as part of the
calculation of a subleading jet function.

— After renormalization this equation will have the structure of a subleading jet
function convoluted with the leading order shape function. (again, factorization
work)

/dwe 2“””Ef QMB/ dy+/ dzy

(BIR(0)#AN(0,0)55(0,0)Q5(0, y4+) D (., 21 )ighSi (-, )N (2, x-)h(x-)| B)

00000000¢

—(BIR(0) 5N *(0,0)5:(0,0)2a(0, )2 (2, 24 )itshySi (2, )N (-, x_)h(z_)| B)
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Q7C'Q7Y

Non-local operators from 4-quark operator (from loop matching)

—ee 1 _
C — C 1 . F . o o ﬁ . ,U,Bpa' |
Ql ( A2 ) (ny + qg)g [ (’I”)] Z(Qy + qg )67 (1 75)gGuah € Fpa

F(r) = 4r arctan® ( ! ) r = mg/QQ, ¢ = (g1 + QQ)2

Var —1

Taking mc to be heavy, contribution to the total rate is given by

Oy A [Voloshin
['7. = _F77O—_2 Ligeti, Randall, Wise
77 Me  Grant, Morgan, Nussinov]

Taking mc to be hc: WORK IN PROGRESS

Subleading shape function (1/mb suppression compared to LO)




Summary

e A complete basis of subleading shape function for B =Xy is analyzed

using SCET: The effective weak Hamiltonian is matched onto SCET to
NLO in 1/my and first order in the strong coupling constant gs.

e The result is used to calculate the subleading shape functions
originating from operators other than Q7

¢ \/\Ve have identified a new class of enhanced power corrections to the total
inclusive decay rate from Q7,-Qsg, wWhich cannot be parameterized in terms

of matrix elements of local operators. After the perturbative analysis of the
decay rate being completed, the enhanced non-local power corrections will
remain as the dominant source of theoretical uncertainty. (~5%)

* SCET reinterprets the previous calculations for Qgg-Qsg




