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Why heavy-to-light form factors?

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

> Factorization properties of exclusive B-meson decay amplitudes.
> Renormalization and asymptotic properties of B-meson DAs.
> Interplay of different QCD techniques based upon the HQE.

@ Precision determination of the CKM matrix element |V,|.
B—mlv,B— plv, Ay —plv.

@ Fundamental inputs for QCD descriptions of FCNC decays and hadronic decays.
B— K" U,Ay— AlU,B— TR, Ay = pT.

> Sensitive to the BSM physics.
> CP violating asymmetries and the CKM angles.
> More complicated than FFs.

@ Crucial to understand the flavour puzzles.

> Important source of theory uncertainties.
> Systematical treatment of sub-leading power/twist contributions.
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Anomalies in FCNC processes

A few “anomalies” exist in B — K™ ¢t ¢

[LHCb-CONF-2015-002] ——LHCb -=—BaBar —Belle
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@ Indication of BSM physics or ignorance of QCD dynamics?
@ P anomaly below 6GeV? more serious [power corrections].
@ Violation of lepton flavor universality [QED corrections].
@ Need more data and theoretical efforts.
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|Viup| puzzle

3 o tension between exclusive and inclusive |V,;| [arXiv:1504.01568].
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right handed current, underestimate of QCD uncertainties?
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Semileptonic B — m /v decays

Hadronic matrix element:

(7(p)|ayublB(p+q)) = far(a*) |PB+P— Lzmﬂq

+fg7r (qZ) 612

@ Lepton spectrum:

£ _ Glz': I Vub ‘2
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@ Still the best way to determine |V,,;| exclusively in the continuum approach!
@ A, — plv decays also become important now [LHCb, arXiv:1504.01568].

|Vip| = (3.27i0.23> x 1073,
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B — & form factors in QCD factorization

@ QCD factorization of B — & form factors [Beneke, Feldmann, 2001]:

Fi(?) = G(E) &p(E) + @5(0) © Ti(E:In,v) © Pr(v)

@ QCD correction to B — & form factors:

Ep(E) = fi(g?) [factorization scheme],
o= e (15 poan) aZCFAfm
2 (1
Mo M 2Egﬂ:fIifP /dl ¢+ +) /d
NeM

@ SCET factorization of B — P form factors [Beneke, Feldmann, 2003]:

Filg®) = G(E) & (E)+C"V(E,1) 2 Ep(1.E),
— ~——
PONEWI B (POINEWe) (WS iDer We) (rn) hu|By)
Ep(’C,E) = JP(T;V.w)iCq)B(w)éCq)p(\’).

> &p(E) defined in SCET].
> Three-particle DAs contribute to &p(E) at LP.

@ Factorization of €p(E) in SCETy: missing field modes?
SCET; operators describing the endpoint region and overlapping with the pion DAs.
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Alternative approaches to B — 7 form factors

@ Traditional QCD light-cone sum rules [Braun et al; Khodjamirian et al]:

> Replace the B-meson by a space-like interpolating current.
> QCD factorization of the correlation function at leading twist.

correlation function ~ Z ™ ¢7(rn) -

n

Twist-3 factorization only in the asymptotic limit.
> No separation of hard and hard-collinear scales.
= No resummation of large logarithms.

@ QCD light-cone sum rules with B-meson DAs:

> Replace the pion by a space-like hard-collinear current.
> QCD factorization for the vacuum-to-B-meson correlation function.

_ do SWANTER
i(n-p,a-p) ~ ZC (n-p, 1) = J,-<”< —) 2 (0,1).

w—n-p n-pw n-p

Hard matchmg coefficients of the QCD weak currents.

> Reproduce the structure of QCD factorization for B — 7 form factors.
> Can be formulated in SCET [De Fazio, Feldmann and Hurth, 2005, 2008].
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B — & form factors from LCSRs with B-meson DAs
@ Starting point: correlation function [Y.M.W and Y.L. Shen, 2015]

Ou(pq) = /d4x eP0|T {d(x)pysu(x),a(0)yub(0) } |B(p+q))
= M(n-p,ii-p)ny +T(n-p,ii-p)iiy,
2 L)
np = "L Gpn0),  pra=mpv=""(ntR).
mpg 2

Similar to B — y{v decay: replacing the pion current by the e.m. current.

@ Inserting complete set of pion states = hadronic sum:

> 5D
-|— Zh
Fi(n-p.i-p) = ) &
T VI

q P

fx(n-p)mg {H'P

n-p /er do’ p"(n-p,0')
2(mZ —p?) | mg

[oN a)’—ﬁp

Fialn-p) +f£,,<n-p>}

relative sign changes for I1(n-p,7i-p)

Yu-Ming Wang (UW) Heavy Quark Decays Martina Franca, 29. 06. 2016 8/22



OPE calculation of the correlation function

@ Light-cone DAs of the B-meson [Grozin and Neubert, 1996]:

0 (n-p,in-p)

= fgﬁ(np)

§ +oo
0On-p,a-p) = meB/ do'
0

Factorization at tree level:

05 (@)
o —i-p—i0’
0,
"
s fa(nep) +0(as).

- 1 ; _
impfp 95 (@) = 53— /dfe’“” (0(gs Ys) (em) it 5 (Y by) (0)|B(v)) -
> One-loop renormalization of q); (o, ) [Lange and Neubert, 2003].

> Renormalization of [g,(¢71) I"b,(0)] does not commute with the shot-distance expansion
[Braun, Ivanov and Korchemsky, 2004].

(@Y AAT b))k ¥ 2 [2,0) (0 Dy T, (0)]
p=0 P R

> Eigenfunctions of the Lange-Neubert kernel [Bell, Feldmann, YMW and Yip, 2013].
> g () defined in a similar way, renormalization kernel available [Bell and Feldmann, 2008].

@ QCD correction involving ¢ (®') at NLO must be IR finite.

@ Symmetry breaking of the form-factor relations at NLO must be IR finite.
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Factorization of the correlation function
@ Light-cone OPE: [ii-p| ~ O(Aqcp)-

HH A

@ Cancellation of the soft divergences.

2090000

@ Diagrammatic factorization:
M, = MY+00+. . —dpeT
= o 10+ [0 070 +af) 070+
I

o o1V =1 — o) e T®.
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Sample calculation: the weak vertex diagram

@ Strategy:
(i) Identify the leading regions of the QCD amplitudes.
(ii) Evaluate the leading contributions with the method of regions [Beneke and Smirnov, 1997].
(iii) Perform the soft subtraction [the same as the QCD amplitude in the soft region].

@ QCD amplitude:

!

) g% Cr dD 1 1
W,weak = /

2(-p—) J 27)P [(p—k+1)2+i0][(mpv+ 1) —m2 +i0][12 + i0]
d(k) it Vst Yo (B —FK+A) Yu (mp -+ +mp) ¥P b(pp)

soft |} region

2n-pmy Y

> Leading contributions from the hard, hard-collinear and soft regions.
> Important that the collinear region absent at leading power.

@ Soft subtraction [Wilson-line Feynman rules]:
o) 7O  _ giCr / d°l 1
Bweak < 2(-p—w) ) 2m)P [A-(p—k-+1)+i0][v-I+i0][1 + i0]
d(k)it vs 7t Yu D(pp) -

Precise cancellation of the soft contribution.
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Sample calculation: the weak vertex diagram

0 Hard contribution:

mn  _ uCpf [1 1 u ) 1
b d Wyweat = 47 {'1u{£7+g 21nﬁ+1 +21In o
™ 2P ety (CT) 1 2 e T
" r) r=1 12

b
U
))}i] p +ny {% (l+glnr)] }ﬁ(o)(n-p,ﬁ-p).

Hard function only from the weak vertex diagram and renormalization of the external b-quark field.

@ Hard-collinear contribution:

(ke _ &Cr /le 2myn-(p+1)
(

pweak = 2(f-p—w) ) 2m)P [n-(p+Da-(p—k+1)+ 2 +i0][mpn-1+i0][12 + 0]

(k) 5 7 Yu b(ps) -

Can be also obtained from the hard-collinear contribution in B — y¢v.

@ Compute the hard-collinear contribution with the light-cone projector [Beneke, Feldmann, 2001]:

ifgmp | 1+
ME =~ {

4

d
n—+ l— vy .
05 (@) + 95 (@)~ =5 005 (o WMHM
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Factorization of the correlation function

@ Factorization of the correlation function.
2

~ ~ N ~ Codo ~ u « (k)
. . — z k) (. k) (=~ % (k)
(n-p,i-p) meBki c™(n p.,u)/ . J <n ' >¢B (o,u).

Similar factorization formula for II(n-p,7 - p).

@ Hard functions:
Oinop) = & (np.u) = Vpop ) BECF LT _np
Conpp)=Cn-pp)=1,  C7(n-p,p)=—— ?[?lnrﬂ], r=a
> ; -1 2— 2
oG e s P o () P e B s
4n n-p n-p r 12

() (n. -
C(n-p,u)=1 -—

@ Hard matching coefficient of the QCD weak current [Bauer et al, 2001; Beneke et al, 2004]:
G b= [Cafiy+Csvu] & by+ ...

Perturbative matching coefficients independent of the external states =

1 - 1
cH) = 5Cs: ¢t =Ci+5Gs.
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Factorization of the correlation function
@ Jet functions [Y.M.W and Y.L. Shen, 2015]:

1 o C 0]
(7 = 7. _%Cr (P _ =
o = 110@pemn =% (1220 (1= 2 ),
J<7>(ﬁ177w,l»1) = 17
2 . 2
=) (7. - 1 o, Cr In? U 91 n-p*wl u
S0P, o) T M aple—ap " wp nple—ap)
PR = = 2
,mzw,(lﬂ”)m"_ “’,Ll]
n-p o n-p 6

In agreement with the jet functions computed in SCET [De Fazio, Feldmann and Hurth, 2008].
@ Cancellation of the factorization-scale dependence:

T C ) = *aiip{41“£+5}C(7)("'p’“)7
A 3G pon = B {‘““ i ]7(7)('_1'17’@’#)
dlinp 47 n-po
+OtZCF /O°° do' o T (@, 0, 1) 7O (A-p, 0 1),
aing o0 @] = =5 [ain £ 5| gy (0. 0]
(xJCp

/ do' o TW (0,0’ 1) [fz 5 (o' 0)],
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NLL resummation for B — & form factors

@ No common scale u to avoid the large logarithms in the hard functions, the jet functions,
/(1) and the B-meson DAs.

@ Resummation for the hard functions [see also, Beneke and Rohrwild, 2011]:

Cnpou) = Ui(n-popann, 1) € (n-poam)
frw) = Us(wio,u) /(W)
RG evolutions at NLL:
d
dinit Ui(n-p,pi,1u) = |:_rcusp(as) 1“% +y(ay)| Ur(n-p,upi, 1),
at (o) at O(o?) [Asatrian et al, 2008; Bell, 2008]
d N
dingt Uz (o, p) = Jas) Uz (Hi, 1) -

at (o) [Ji and Musolf, 1991; Broadhurst and Grozin 1991]

@ Resummation of parametrically large logarithms in the B-meson DAs ignored.

dey (o, 1) I3
Lo OB~ (@) nh 4y (@) 45 (@) -0 [“anTon.a) 65 (.10,
dln u N — \—,—/
at 0(o?) at 0'(a?)
> Unclear whether the structure of the renormalization kernel holds at & (asz),
> Whether Bessel functions are still the eigenfunctions of the evolution kernel at & (otf)?
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B — 7w form factors from the B-meson LCSR
@ B-meson LCSR @ NLL:

f &R/ P 0) { L nep), f(n -p)}
mg
~ (28 , ~
:[Uz(um,#)fB(uhz)]/O da e/ {VC(H(H-P?MWEC«(“”,M)

(U1 1y 1) € - )| 9 (0 10)

n-p—mp _ _
LA ] <c<+> (19, 12) 95 o (@' 10) +CO) (-, 10) 05 (0, u))} .
mpg R ) N —
“hc” correction hard correction
@ Effective DAs:
O CF

< do
+ / — +
q)B‘cff(w’lJ')*O + 4t /a)’ © q)B (CO,[J.) 3

_ SN a—g o, Cr /w’ 1 2 - o —o B
Pperr(@', 1) = 9p (@', 1) + i { A do o 21nn-pa) 41n p N o5 (0,1)
oo 2 2 P 2 _
7/ do |In? B _ 21n L +3 lnw w+21n£ +7L,1 M .
o' n-po n-po o' ' 6 dow

@ Power counting: o~A, @y ~ @y ~ O(N*/mp) = @' ~ O(A*/my),
=In((0-0") /o) ~In(w/0") ~In(m,/A).
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The B-meson LCDASs

@ Light-cone distribution amplitudes of the B meson:

oa1(0, 1) = % e /o, [Grozin and Neubert, 1997]
0
1k 1 2(cs-1) ®
¢Bn(“’ Ho) = ity @41 |11 @ Ink| , k= TGV’ [Braun et al,2004]
2
¢B+,III(O)HuO) = w.%w% e’(w/wl)z, o = %, [De Fazio, Feldmann, Hurth,2008]
L ;-0 4ay

(D;IV(CO,‘LL()) [De Fazio, Feldmann, Hurth,2008]

oo /o 2w, — o) i

Perturbative constraints on the B-meson DAs at large @ [Feldmann, Lange and Y.M.W, 2014].

@ The shape of f;; (¢%) less model dependent. 08

blue curve from pion LCSR, solid,
dotted, dashed and dot-dashed curves
from Model-I, II, IIT and IV.

fitting ]"b,t[(q2 = 0) = 0.28 £ 0.03
from pion LCSR =

Model-I: @y = 36073 Mev |

@

.
fen

Model-I: @ = 375782MeV | 02
Model-II: @y = 395733 MeV
Model-IV: @y = 31073Mev . ool s - - .

Determination of @ from B — y{v. @ Gevd)
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B — & form factors from the B-meson LCSR

@ Factorization scale dependence and radiative correction:

0.5 1.4
fix (@P=0)

12 [faR(@Ine / [fP1L
1.0
0.8
0.6

0.1 0.4

1.0 12 1.4 16 18 2.0 0 2 4 6 8
#(GeV) ¢ (GeV?)

> Dominant radiative effect from the NLO QCD correction instead of the QCD resummation.
> Resummation improvement does stabilize the factorization scale dependence.

> Radiative effect can induce 20 % reduction of the form factor.
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B — & form factors from the B-meson LCSR
@ The predicted form factor fl;rﬂ(qz):

1.0

: B-meson LCSR @ NLO, sl 5 @D
Blue band: pion LCSR @ NLO. ’ ex .
0.6f

Rapidly increasing fl;"”(qz) from gg4f
B-meson LCSR:

(i) Different pattern of higher
power/twist contributions?

(ii) Different quark-hadron quality
ansatz? O.CO

0.2

o* (Gev?)
@ Exclusive |V,| from B-meson LCSR @ NLO [Y.M.W and Y.L. Shen, 2015]:

) x 1073,
exp.

@ Exclusive |V,;| from B — 7V [Belle, combined two tagging methods, arXiv: 1503.05613]:

[Vip| = (3.2&33&) x 1073,
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Three-particle B-meson DA’s contributions

@ Quark propagator in the background gluon
field [Balitsky and Braun, 1988]:

(01T {q(x) ,4(0)}/0)|G
i1 gl
ﬁ ;/0 du [fcaﬁ 74iuxayﬁ]

X G (ux) .
——

=g TGy,

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

= Futll) [Pao [Tage o | 1) {oa - m) a(0.8) - (0.8
i Wy (0,6) - BTy, BTy ) ]

See also [Kawamura, Kodaira, Qiao and Tanaka, 2001; Geye and Witzel, 2013].

@ Work in the coordinate space, compute the / d*xeP™ integral, and do the power counting.
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Three-particle B-meson DA (Braun, Manashov and Offen, 2015]

@ One-loop renormalization of the three-particle DA W3(z;,z;)

d d o .
a“ +ﬁ(gs) 92, + 2”% Fstat(”)\{l’j(zlvz%“) =0,
W5(z1,22) =Pa(z1,22) — P (21, 22) s # =N.Hy+N.'6H.
An additional “hidden” symmetry for Hy: [Q1,02] = [01, Ho] = [Q2, Ho] = 0.
@ Eigenfunctions:
)
s ! duuﬁeix(u/zl+lft/zz) )

=E(5,%) Yix(z1,22),  Yiplz,22) = 5
223 Jo

HoY.(z1,22) =
AE = E(s,0)~ E(s,i/2) = 2y(3/2) — w(2) — y(1).
N N——
continuous spectrum ground state
@ Expansion, “asymptotics" and RGE of ¢
1 [t
_dxn(s,xp) vx(lezZ):| .

li’3(21722#):/0 ds {Tlo(‘ W)Y (z1,22) +5
| S —
“asymptotical” behaviour

[fi (o1 + o) —fo (@1 + @)] + oy [fi (01 + @2) —fi ()]

WY (@1, 0, 10) = ww+w2
o (0.0 = [ a5 65 s + (0.0 2@,

continuous spectrum of ¥3 (21,22, 1) irrelevant
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Concluding Remarks

@ Heavy-to-light form factors as fundamental inputs of describing heavy hadron decays.

> Factorization properties not fully understood in QCD.

Can reproduce the factorization structure in QCD light-cone sum rules.
Diagrammatic factorization of the correlation functions with the method of regions.
Different B — 7 form factor shapes from different sum rules at leading twist.

vvyy

@ Further developments:
> Higher Fock-state contributions to B — 7 form factors.
= Renormalization properties of three-particle B-meson DAs.
> Power suppressed contributions from the B-meson LCSR.
> Factorization of {p(E) in SCETy;.
> Factorization of B — D®)¢v and A, — A¢( in QCD.
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