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Where do we stand now?
@ Big success of the SM and no hints of NP = Precision physics (Higgs, flavor, etc.).
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Triumphs of flavor physics

@ 1963: concept of flavor mixing [Cabibbo].
@ 1973: quark-flavor mixing with 3 generations incudes CP violation [KM mechanism].
@ 1974: prediction of the charm mass from Ko — K mixing. [Gaillard and Lee].

@ 1987: prediction of the top mass from By — By mixing observed by AUGUS (DESY) and UAI
(CERN).

@ 2001: large CP violation in B meson decays [BaBar and Belle].

@ 2004: direct CP violation in B meson decays [BaBar and Belle].
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Why flavor matters in the LHC era?

@ Indirect probe of BSM physics beyond direct reach.
> EFT parametrization of BSM physics:

n>4 i

> Dimension-n operator QE") is SU(3)¢ x SU(2); x U(1)y gauge invariant.
> Higher dimension operator Q§"> suppressed by the large scale.
> Two examples: (a) leading NP operators of D = 6 for AF = 2 processes

0}y =ar g [@ry),

(b) unitarity of the CKM triangles.
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Why flavor matters in the LHC era?

@ Find the underlying principle for the flavor structure.
Suggestive pattern of masses and mixings.
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» Why are the quark masses (except the top) so small compared with the vev?
» Why is the CKM matrix hierarchical?

» Why is CKM so different from the PMNS?

» Why do we have three families?

» Sources of flavor symmetry and violation?
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Why flavor matters in the LHC era?

@ Excellent opportunities to explore the strong interaction dynamics:

QCD factorization theorems, effective field theories, resummation techniques,
non-perturbative QCD dynamics, QCD sum rules.
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Why power corrections?

@ Understanding the general properties power expansion in EFTs (HQET, SCET, NRQCD).

@ Interesting to understand the strong interaction dynamics of heavy quark decays.

> Factorization properties of the subleading-power amplitudes.
> Renormalization and asymptotic properties of higher-twist B-meson DA.
> Interplay of different QCD techniques.

@ Precision determinations of the CKM matrix elements |V,;| and |Vp|.
Power corrections, QED corrections, BSM physics.

@ Crucial to understand the CP violation in B-meson decays.
Strong phase of <7 (B — M| M,) @ m,, scale in the leading power.

@ Indispensable for understanding the flavour puzzles.
> P anomalyin B — K*(T(".
> Color suppressed hadronic B-meson decays.
> Polarization fractions of penguin dominated B(;) — VV decays.
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Power corrections in SCET

@ Subleading soft theorems [Larkoski, Neill and Stewart, 2015]:
Generalize the tree-level Low-Burnett-Kroll theorem to the loop level.

@ Subleading helicity operators [Kolodrubetz, Moult and Stewart, 2016]:
Building Blocks for Subleading Helicity Operators.

@ Inclusive B-meson decays:

> B — X,lV(X,7), [Beneke, Campanario, Mannel and Pecjak, 2004].
> B — X7, [Benzke, Lee, Neubert and Paz, 2010].

@ Exclusive B-meson decays:

> Soft contribution in B — ¥/ v.
> Non-factorizable charm loop in B — K*¢/.
> a¢in B— PP,VP.
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General aspects of B— y{ v

@ Tree diagrams:

Kinematics:

np_
pe=ptq=mgv, p=-—ri, q=

@ Decay amplitude:

A5 =709 = T2 (i) {1 ) P (1= v+ 0 7 (1) .

Hadronic tensor:

Toalpa) = [de OT{ven(). [a0(1- 15 O} B~ (r+ ),
= vep[—iguvpon’ VO Fv(np)+guy Fa(n:p)] +vvpuFi(n-p)
+vupvFa(n-p)+v-pvuvy F3(n-p)+ p:f%ppv Fy(n-p).
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General aspects of B— y{ v
@ Ward identity [Grinstein and Pirjol, 2000; Khodjamirian and Wyler, 2001]:

ypv T (p,q) = —(Qp — Qu) f5 Pl -
|

Fav-p)=—Fi(v-p),  Fav-p)=— 2~ Qufams

(v-p)?
@ Reduced parametrization:
Tvu(PJ]) = _iV'Peuva'anGFV(”'P)"" [gqu'P_Vqu} ﬁA(”‘p)
(Qb —0u )fB mp
— 2 ZWIBTE vy
V-p

contact term

@ Absorb the photon emission off the lepton [Beneke and Rohrwild, 2011]:

- P Ouf
[guvv-p—vvpu] Fa(n-p) = —Ocfsguv+ [guvv-p—vvpu] [FA(H -p)+ ey
~—————
Vyp
+E 0y fi Fa(n-p).
v-p
irrelevant after the contraction with &
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Current status of B — y{ v

@ Factorization properties at leading power [Korchemsky, Pirjol and Yan, 2000; Descotes-Genon and
Sachrajda, 2002; Lunghi, Pirjol and Wyler, 2003; Bosch, Hill, Lange and Neubert, 2003].

@ Leading power contributions at NLL and subleading power corrections at tree level [Beneke and
Rohrwild, 2011].

@ Subleading power soft two-particle correction at tree level [Braun and Khodjamirian, 2013].
@ Subleading power soft two-particle correction at one loop [this talk!].

@ Three-particle B-meson DA’s contribution at tree level [this talk!].
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Dispersion approach
@ Basic idea [Khodjamirian, 1999]:

Toulpea) = [ 5™ O {jeno), [0 = 18] O}B (0 )] -

. B _ ~B _
v-p {_lsﬂvpa”p VGFVH}” (”'lh”'l’)""gtv FAHVk ("‘Pﬂl‘l’)] +

@ Power counting: n-p~0(my), f-p~0O(A).

@ Dispersion relations:

o0 By /
By _ 2 fomp 2mp 51 , Imy Fy, 70 (n-p,00’)
F . . = P~ \% — dof —— ~ " 7
\4 (l’l p,n p) 3m’2)_p2_i0m8+mp (q)+7f.wj w/—fl‘P—iO )
o0 ~B—Y* /
SRy _ 2 fomp  2(mp+mp) o 1 JAmg By (nep, @)
F . . = — A — dey ——4 -~~~
A (nepiiop) 3 m3 —p*—i0 n-p l(q)+7r.ws @' —ii-p—i0

@ LCSR for the B — p form factors:

2
2 m 2 1 [0 /
,fpﬂEx N Lv(f) — ,/ da e /o [Imw/Fgﬂﬁ(n-p,w’)],
3 np n-py | mp+np T Jo
2 fopmp my | 2(mptmp) o, 1 /"" P B
L na) = L[ ol e [y B 0]
3 np Xp - pow np 1(q7) 7 Jo o e mgy Fy " (n-p,0)
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Dispersion approach

@ Improved dispersion relations (setting 7 - p = 0) [Master formula I]:

mE—w'n-
Fy(n-p) = 7/ dw’np p{ pn Don b [Imwagw(n-nw’)],

nonperturbative modification
1 1
+— da) o [Imw/F Yk(n P, )]
T Jo,

@ Comparison with the HQE result [Master formula II]:

1 /= 1
Fop) = o [0l G [img T p. o)

HQE expression, not always well defined
2 ’
1 o n-p mg—o'n-p 1 Byt
Z [ aw TPy | B {1 F -,w’].
o (e[ ) L iy )

@ Spectral density at tree level: o)
Quf Bmp

B—y* (

1
ZImy By (np, @) 95 (0, 1) +0 (s, A/mp).
——

of ﬁ(l/A)[ (1/my)] for @' ~ O(A)[@' ~ O(A%/my)]
Power suppressed soft contribution!
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Power suppressed soft contributions at one loop
@ Perturbative QCD corrections to Ty, (p,q):

B - ~B—
Fy 3L (np.i-p) = Fi 37 (n-p,ii-p)

_ %‘Qm’fg(n.p,u) /O dwd’a’i(_i%u(nmﬁ-nw,u)-

@ B-meson light-cone distribution amplitude [Grozin and Neubert, 1997; Beneke and Feldmann,
2001]:

iFaa(H) 95 (0, 1) = 5— /dte’“” (01(@s Ys) (1) 5 (Y] b,) (0) B(v)) .
> One-loop renormalization of ¢7 (@, 1) [Lange and Neubert, 2003].

> Renormalization of [g,(77) I'b,(0)] does not commute with the shot-distance expansion
[Braun, Ivanov and Korchemsky, 2004].

(@ ¥ ERAT (¥ b)O))e =/ ¥ 5 [2:(0) (n- DY #T,(0)]
= P! R

> Eigenfunctions of the Lange-Neubert renormalization kernel [Bell, Feldmann, YMW and
Yip, 2013].

@ Evaluating the hard and jet functions using the method of regions [Beneke and Smirnov, 1997].
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Power suppressed soft contributions at one loop

@ Weak vertex correction:
> Hard function only from the weak vertex
diagram and the wavefunction renormalization
of the external b-quark field:

1— as (1) Cr
4r

L

mp

Ci(n-p,u)= {21 zn” +5In

. 1 s 3r=2
—2Liy <17;>7ln r+ = lnr+E+6}.

> Hard-collinear contributions obtained from the
NLO corrections to the vacuum-to-B-meson
correlation function for B — & form factors
[or replacing 7i-k — - (k—p) in B — y4v].

@ Expansion by regions:

- 1
Tweak , _ —i YC /
v (pg) 6 Cru? (2o + 12— + 0] (p — k+ 1) + i0][2 + i0]

x {n~l[(D—2)ﬁ~l+2mb]+2n~p(ﬁ~l+mb)+(D—4)12} 0 (p,q).

R 2y (0 1) T3¢ ()
&R (2m)P [mpn-1+i0|[n- (p+Da-(p—k-+1)+12 +i0][2+i0]
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Power suppressed soft contributions at one loop

@ Electromagnetic vertex correction:

> Only contributes to the jet function.

> Partonic amplitude:

ngECF 2¢e / le

npn-—p)* ) @mp
1

[2+i0][(p— )2+ i0)[(I— k)2 + i0]

(k) Yol v ) ¥ )y (1—175) b(ps) -

TS (p.g) =

@ The scaling behavior of the scalar integral is m;, /A.
The Dirac algebra must induce a power-suppression factor.

@ The resulting jet function:

o5(1)Cr | In(1+n) u? u?
J = SeoF 2t (1 3l-m—F 4
L,em AT n nfpz Il( +TI)+ nﬂ-pﬁ'(/\’fp) )
—_— —m—————
n = -—nk/ap consistent with B — y/v

@ Can be also obtained in SCET, but more complicated [Pirjol and Wyler, 2003].
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Power suppressed soft contributions at one loop

@ Renormalization of the internal quark propagator:
> Only contributes to the jet function:

() Cr w?
J1wfe = 1
Lwfe 47 nn-pr‘r(k—p)

+1

Free of soft and collinear divergences.

. No leading-power hard-collinear contribution:
@ Box diagram:

D
M) = -0ugicru [ 15
1
[(py +1)% = m3][(p — k+1)2][(k — 1)][2]
ak) o =0 v =K+ v (1—%)
@b+ +mp) ¥ bpy).

Different from the vacuum-to-B-meson correlator for
B — 7 form factors [YMW and Shen, 2015].
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Power suppressed soft contributions at one loop

@ Jet function at one loop:

oo pine ) =1 - U {“‘2 n~l7((52—71~p) B %2 -1
P 2
Pl 5-,;0) [1 %Hnn p(al)tn > +3H
@ Factorization-scale independence:
LR npp) = ().

dl[l/J V.,2P

@ Static B-meson decay constant:

fB(H’) :fBK_l(ﬂ,mb), K(ﬂﬂmb)zlJr% {3ln%72] 5

@ Resummation for the hard functions at NLL:

d U
. = | —Tcus In— P,
T Culopu) = [T )2t )| €L aepon),
three loops twoloops
me(ﬂ) =7(u) fo(1).
twoloops
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Leading-power contributions at one loop

@ Leading-power HQE expression [Beneke and Rohrwild, 2011]:

FLENLL (4 Qufl.B mg

V2P = CL,RG(”‘pvu) K]{(I}(“vmb)

n-p
o +
></ deJL(n‘p,ﬁp:O,w,,u).
Jo

2 2 2
=25 (1) {1+ Ofs(:l;CF {ln2 nI:?ﬂo +2111n.’;u0 o1 (1) +ox(p) — a *1}}

@ Inverse-logarithmic moments:

= d " = do
W= [, o w =) [ DB of ).

As (o) o (o) Cr | u
o n—
Ap(l) 4 Uo

dliu O',E”) (1) = O(0y) = No [o(11)]° In(1 /1) due to the evolution .

u 1 >
2-2In— —4oy ‘w,u()i o(a?).
Ho

@ Not aiming at resummation of In*(u/pp).
Resummation in the “dual” momentum space [Bell, Feldmann, YMW and Yip, 2013].
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Power suppressed soft contributions at one loop
@ Soft contributions at one loop [Master formula II]:

: Oufpmp
P ) = R CLranp ) K ()

2 !
-p mpfa) n-p 1
/ do' { Exp {n.pr “ Op o (@' 11

@ Hard-collinear corrections absorbed into ¢ (@', 1t):

+ / _ FSY as(p) Cr o 2 2 u? +
¢B’eff(w7”) - ¢B (wmu)+ 471: o d(() CO*(!)/ In n-p(a)’fco) +¢B (wvu)
o ;o 4
7(0’/ dw { ! - In ® a)] 95 (O 1)
0 0—w o |, 0]
! poo —m +
+9/ dom?| 2= | 4 {% (w’“)}
2 Jo w’ 0]

+3In

o—o ZnZ}i

3 |do

n
+
¢B ((D, “’)
[
End-point divergences in QCD factorization.
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Sub-leading power corrections in QCD factorization

@ Power corrections from the hard-collinear light-quark and the b-quark propagators:

HQE
FV?\’LP( p)= FW/‘\/CIP( )+F‘]7,CN1_P(”'P)7

HQE LC
FA%LP( -p) = FYip(n-p) +Finp(n-p).

@ Subleading-power local contribution [Beneke and Rohrwild, 2011]:

Oufgmp = Opfpmp
7+ )
(n-p) n-pmyp
Oufgmp  Opfgmp|  20ifp
2+ + .
(n-p) n-pmy, n-p

LC
FV,NI.P(” ‘p) =

FkSVLP(” ‘p) =

@ Subleading-power non-local contribution:

FxI\/I‘ITVCLP("'P)Zé(V'P); (;%) Conep(n-p,p)
in - 2g
« [ as <o [@Y] (s7) Tgﬁ(l_ys ) [¥] 5,](0) B(V)> Tner (f—p) .

Can & (v p) be matched onto F})%, [Braun and Khodjamirian, 20131?
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Three-particle B-meson DA’s contributions

@ Subleading power corrections from higher Fock states:

> Quark propagator in the background gluon
field [Balitsky and Braun, 1988]:
(0IT{4(x) ,4(0)}|0)|c

e A R AR RALLR i 1 1 )
D o xiz/o du [xoa,,fmuxay,;]

X GP (ux) .

PP
——
=g TGy

@ Three-particle B-meson DA’s contributions [Khodjamirian, Mannel and Offen, 2007]:
(Olita(x) Ga.p (ux) by(0)[B~ (V)] 2y

= Fll) o ["agetentio [ { o - ) a(0.6) - (0.

X)Vp —XpV, X, — X
i1y W (0.8) - EE2x (0.8) + BBy 0.8) b

See also [Kawamura, Kodaira, Qiao and Tanaka, 2001; Geye and Witzel, 2013].
@ Work in the coordinate space, compute the / d*xe integral, and do the power counting.
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Three-particle B-meson DA’s contributions

@ Three-particle contributions at tree level:

Fﬁf("'lﬁﬁ'p) :FBHY*(I’!']),ﬁ-p)

e [ [ [l )
pé?(uawfé):‘Pv(wy€)+(1+2u)‘PA(w7é)a P (,0,8) = —2(1+2u) Xa(,8),
@8 = [Camxmg). @8 = [ amvm.e).
@ Small-momenta behaviours (@ — 0,& — 0) [Khodjamirian, Mannel and Offen, 2007]:
Wy (0,8) ~Pa(w,E) ~EX, Xp(0,8) ~ &7, Ya(0,8) ~ 0.

LO QCD sum rule analysis, assume the “true" behaviors reproduced by the perturbative analysis.
@ HQE result for the three-particle DA’s effect:

e L Y N P
1 B 2 2 In w+§}
o8 Ewtl) &

End-point divergences in QCD factorization (speculated in [Braun and Khodjamirian, 2013])!
= Three-particle contributions cannot be written as a “pure" HQE expression plus a correction.

do+&
o> (0+8)?

Wo(0,8)+ XA<w<,é>}.
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Three-particle B-meson DA’s contributions

@ Nonperturbative modification [Master formula IJ:
Fyap(n-p) = Fapsop(n-p)+ F3pjaa(n-p),
——

IR cutoff : wyy.

—a)n
[ o |2 [ P ]

n-p oy

F3psoi(n-p) =

Q= y|=

B
F3P,/lm‘d(n 'p) = / dwl a [Imw/ FV,?I?'fk (Vl'p,a)')} .
J Wy

@ Power counting.
Leading power contributions [Beneke and Feldmann, 2003]:

FHOE

1/2
HOR(n- >~<y<p)|zzm<y>m%§%rbv|3(p+q)>w(mﬁb) 7

Three-particle contributions:

3/2
@y ~ @y ~ N /my = Fapsop(n-p) ~ F3p jara(n-p) ~ <;b) .
> Three-particle contributions power suppressed.

> But both the “soft" and “hard" effects from the three-particle DA are of the same power.
> Can be speculated from the rapidity divergences of the HQE result.
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Final expressions of the B — ¥ form factors

@ Adding up the leading and subleading power contributions:

Fy(n-p) = Fy5p(n-p)+Fyap - (n-p)+Fyap(n-p)+FiSup(n-p),
Fa(n-p) = F5pnep)+E5N " (n-p) + Fasp(n-p) + FiSup(n-p).
@ Breakdown of various contributions [Ag = 354MeV]:
X Numerics with central inputs:
1.0}, Fy(2E,)
RSt (mg) = 035,
FyoyC(mp) = 029,
Fmp) = 031,
..... Fysitmg) = —0.027,
M oo mg) = —0.022,
: FLC s = 0013,
FES plmp) = —0.093,
Fy3p(mp) —0.0031.
_0.2.0 2.5 3.0 3.5 4.0 4.5 5.0
2 E, (GeV)

Fixed-order corrections dominant. Resummation effect comparable to the power corrections.
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Ap dependence of the B — v form factors

@ Sizeable soft two-particle correction at small Az:
2

(=]

LP, NLL Fy(2 GeV)

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Ap (GeV) Ag (GeV)

> For Ag(lo) = 100MeV, & (45 %) [ (100 %)] correction at n-p = mp [ 2 GeV].
> NLL correction to the soft two-particle correction around & (20 ~ 40) %.

@ Power counting analysis:
mp\ 1/2
Fifp ~ P~ (") for (o) ~ A /my,
AN 12 AN 32
F‘L,PZP~<—> ,Fw;W(f) , for  Ap(to) ~ A
’ my ! myp

Only consider Az(uo) > 200MeV.
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¢4 (@, 1) dependence of the B — y form factors

@ Two models of ¢, (@, 1) from QCD sum rules:

(O
¢El(waﬂo)=;§€ /o,

1 k 1 2(o1 (o) — 1) _ o
k|, k= o

+ — _
Opn(©:H0) = e BT e e

Constructing the models of q)g' (o, 1) with OPE constraints [Feldmann, Lange and YMW, 2014].

@ Numerics of the B — 7y form factors:
0.6 2.0

0.5} \, .
1.5) " _Fy(2GeV)
0.4} . N

AN

0.3

0.2

0.1

0.0 0.0
0.20 025 030 035 040 045 050 055 0.60  0.20 025 030 035 0.40 045 050 055 0.60
Ag (GeV) Ag (GeV)

Solid curves for ¢z (@, o), dashed curves for ¢ (@, Lo).
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Photon-energy dependence of the B — ¥ form factors

Including power suppressed two-particle and three-particle corrections:

@ Dominant uncertainties from Ag (o),
01(Ho), 02(Ho) and [

@ F4 — Fy depends only on fp:

Fy(n-p)—Fv(n-p)

_ 2/fB 0 — Qumg  Qpmp
np [°0 np my
-05 Only local symmetry-breaking effect!
10 @ Faster growing Fy than F4 with the
20 25 30 35 40 45 5.0 decrease of Ej.
2 E, (GeV)
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Partial branching fractions of B — /v
@ Integrated decay rate ABR(Ecy):

ABR(E, "2 e, A (5 e
=1 — (B—ytv).
(Eew) = /ECul " dE, (B—7tv)
@ Ap(lo) dependence of ABR(Ecy):
12| s
Sk, 10%BR(B y1v) ‘\‘ 10BR(B- y 1v)

Ey>1.0GeV

0.40
Ap (GeV)

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.60
Ap(GeV)

Belle 2015 data: ABR(1GeV) < 3.5x 107 =
> No interesting bound on A (o) for the model ¢£1(Wv%)~

> (o) > 214MeV for the model ¢z (@, o).
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Photon emission at large distance

@ Long-distance photon contribution:

> “Hadronic" photon effect power suppressed [Beneke and Feldmann, 2003].
> Can be described by the photon DA [Ball, Braun and Kivel, 2002]:

<0|¢_](Z) Oap q(—Z)W(Q)) = quem w@@ [é]ﬁ Ea —qa Eﬁ] ./01 du ei(Zufl)‘I'Z ¢7(u7“) .

magnetic susceptibility, xvmp &~ 2/m’2) , Oy (u,p) = 6u(l—u).
» Long-distance photon contribution divergent for y*7 — 7y in QCD factorization.

“Hadronic" photon effect in B — y¢v calculable in HQE?
> Double counting when adding the “hadronic" photon effect and F2p 5o [F3p so5¢] together?

@ “Hadronic" photon effect from LCSR with photon DAs and j [Ball and Kou, 2003].
> Twist-2 photon DA’s contribution: F’\X;,S".z(n ~p)V: ﬁk‘i’}i,s"z(n.-p). .
> Higher-twist phton DA’s contribution: F i‘,‘_(’:‘/he"fiwm(n -p) = FX'_%,heHWN(n -p).

> Fyy(mp) =0.0940.02, 4 5(mpg) = 0.07£0.02. = 30 % hadronic photon corrections.
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Future Work

@ Yet higher-twist contributions:

‘11‘11_‘1 ) LLL"\.‘_H
Two-gluon-field-strength terms and the covariant derivative of G*V terms [Balitsky and Braun,
1988]:

Dy G*(x :—gs):q (x)7" T 4(

Can factorization of four-particle DA be trusted?

@ Why is it interesting?
Lesson from the pion-photon form factor [Agaev, Braun, Offen and Porkert, 2011]:
Soft dominant = Correspondence between power expansion and twist counting lost.
= Contributions of all higher twists yield the power corrections suppressed by one power of 0%
True for the B-meson-to-photon form factor [Braun and Khodjamirian, 2013]?
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Concluding Remarks

@ Understanding power corrections in B — y/v important for precision flavour physics.

@ Power suppressed contributions in the dispersion approach.

>

vyVvyVvyVvyy

NLL two-particle soft correction approximately (10 ~ 30) % at Az = 354MeV.
NLO correction to the soft two-particle contribution around (10 ~ 20) %.

Soft two-particle correction grows rapidly with the decrease of Ag(Lp).
Three-particle contributions (soft & hard) of order €'(1)%.

“Soft" and “hard" three-particle contributions are of the same power.

Rapidity divergences of three-particle contributions in QCD factorization.

@ The inverse moment Az (i) not sufficient to describe B — (v in general.

@ Can the power suppressed soft contributions be identified as & (E;) in QCD factorization?
Non-local subleading power corrections in SCET.

@ Understanding the symmetry breaking effects due to the yet higher-twist photon DA.
Mismatch of the power expansion and the twist expansion.

@ Perturbative corrections to the three-particle contribution in the dispersion approach.
Renormalization properties of the three-particle B-meson DAs.
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