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Something well known to start with...




Heavy to light decays induced by b — u transition

B—>X/1lv Bo>rnlv, plv ..
B —nr, pp...

e relevant for the determination of Vub

g possibility to constrain one of the sides
of the Unitarity Triangle

(p.)

« form factors describing exclusive
semileptonic modes enter also .
. C ~V
in the description of some

non leptonic decays
in the QCD factorization approac
(0,0)

g possibility to constrain one of the angles
of the Unitarity Traingle (o)

(1,0

» description of rare B decays induced by b to s transition:

B—>Kr, KO0 Ky...



Heavy-to-heavy decays: heavy quark symmetries

Give the possibility to relate the various form factors describing exclusive processes

iInduced by b — c transition
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At leading order in the heavy quark expansion one finds that
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all form factors are related

to one Isgur-Wise function



Heavy-to-heavy decays

In the kinematic regime when Q interacts with the light antiquark
only through soft gluon exchanges heavy quark symmetries arise (HQET)

< >

H<my m, M= my,
HQET reproduces correctly : Short-distance corrections,
the long distance physics of QCD to be computed in perturbation theory

a(m,)~=0.2

—

Hard vertex renormalization




Heavy-to-light decays - Form factors

(P(P)|gy,b|B(p)) —  f.(4°). fo(g")
(P(p"|go..b|B(p) —  fr(d%)

V(' e)ar,A-y)bB(p)) —  V(@*), 4d°), 4,(q%), 4(q*)
V(p.e)go,, A-y)bB(p)) — T(q¢*), T(q¢*), T(q")

Are there symmetry relations also for heavy-to-light decays?




Heavy-to-light form factors at large recoil

Large energy of the light meson E—% << M P qz << j\42
2

If one assumes that the b and u still interact with the spectator
only through “soft” gluon exchanges symmetry relations can be derived

for the heavy-to-light form factors
Charles et al. PRD 60 (99) 014001



Heavy-to-light form factors at large recoil

(P(p")
(P(p")
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Symmetry relations
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Symmetry relations

@ Are valid for the soft contribution to the soft form factors at large recoill
neglecting 1/my, and o corrections

@ Corrections stem from

o ;- .

H_J
Hard vertex factorizable spectator
renormalization Interaction

The inclusion of such corrections leads to a factorization theorem



Energy scales

— =
\ \ \

AQCD Hye =4 my, A m,
Soft scale, <£| I——L> Hard scale

typical of energies and momenta
of light degrees of freedom

Hard-collinear scale
In interactions between soft and energetic modes
in the initial and final state

Separation of scales achieved in SCET Bauer, Fleming, Pirol and Stewart

Beneke, Chapovsky, Diehl and Feldmann

@ u<y, SCET, (integrate out hard modes) Becher, Hill, Lange and Neubert

@ pu<p, SCET, (integrate out also hard-collinear modes)



Beneke and Feldmann, NPB 685 (04) 249
Factorization theorem See also

Hill and Neubert NPB 657 (03) 229

Lange and Neubert NPB 690 (04) 249

Bauer, Pirjol and Stewart PRD 67 (03) 071502

Short-distance functions Light-cone distributions

f> Arise from integrating out hard modes: 4, <M,

fi(qz) =C(E, 1))S(E, 1)+ T(E, 1) @D (11) @D p (1) + ...

/ Hard scattering kernel (perturbative series in o)

Contains the effects of both h and hc dynamics 4, < K.

Soft form factor

It is universal for each meson
and does not depend on the Dirac structure Subleading terms in A/m, | «—— |
of the current

The second term is the symmetry breaking one.
The first enters already at tree level, while the second is O(a.,).
However, the first could be Sudakov suppressed.

v—> Their relative weight is a debated issue



SCET — matching heavy-to-light currents

Vector current

77.b— C(w) [zyih, |+ {Co)n , + Co(w)v, | [7h,]

H— _
¥ = Wé: —  Hard-collinear light quark field = (l,0,0, 1)
L n* =(1,0,0,1)
Wilson line
At tree level C;(m,)=C,(m,)=1 C.(m,)=0
The running is obtained solving RGEs in SCET
== (M(p)|aTH{BO)) > X C()(M (p)| 7T | BO:Y) +AF,
/ " -

Wilson coeff. In SCET

Soft contribution

Hard, symmetry-breaking
factorizable contribution




B— P

(P(p)|7h,|B(v)) = 2E@

(P(p)|x7sh,| B(v)) =0
(P(p)|7y,h| B(v))=0

B— V

(V(p.&)|xh,|B(v))=0

V (p.8) Zrsh, | BOY) = ~2m{E(E)(v- )
V(p.&)|7,7:h|B(v))=2 @ icl"e,




Form factors

SCET provides a theoretical framework to achieve factorization
of short and long distance physics.

However, non perturbative quantities should be determined through
other theoretical approaches (lattice, QCD sum rules).
This is just the case of soft non-factorizable form factors

Other approaches (attempts to factorize the soft form factors):

- pQCD approach Li, Mishima, Sanda

- zero-bin approach Manohar, Stewart



Light-cone QCD sum rules

Symmetry relations arise when the b quark decays to a highly energetic u quark
and both interact with the spectator through “soft” gluon exchange

g soft contribution to the form factors

The two quarks in the final light meson are in an asymmetric configuration:
one of them takes almost all the meson’ momentum

g end-point of the wave function
In conventional light-cone sum rules soft contribution is related
to terms proportional to the wave function at the end point (in the limit m, —» o« ).

g a-posteriori identification of the soft form factors



Sum rules in SCET

The external state
Is the heavy meson

The starting point is a correlation function: .in contrast to usual LCsr
/
/
. 4 '
M(p)=ifd*x & (0T, (x)J: Q)] B(p, = m,V))
/ )
Interpolating current Current inducing the transition
for the light meson

We work in the frame: pi=v, =0 noV=n_-v=1
2 independent variables = n,-p'=2E=0(m,) 0>n -p =O0(A)
we work for fixed values of (n, - p') ,so that IT=TI(n_-p")

B—> m o (3) =, (x) = =7 (), 752 (x) = i(Z (), 754, (x) + h.c.)

Jr(0) = J,(0) = 7(0)A,(0)



B— V

Correlators: I, (n -p')= ijd“x e’ (0|T[J} (x)J5(0)]| B(v))

e T p) =i dx e O[T () O] BO))

Currents — Jll(x) =—i z(x)n, x(x)—i (7(x)n,q, (x) +hc.)
i Ji(x) = 7(x)in, y" )+ (7(x)in, y"q.(x)+he.)

J(|)| :}?(_?/5)}2\/
Jo- =x(r")h,

Matrix elements <O‘JH V(p' 8)> =my,(n, &) fV”

(O V (p',€)) = (n, - p') & f}




Tree level sumrule:B — =«

The procedure consists in writing the correlator in two
different ways (as with all QCD sum rule calculations)

Hadronic side

using (OJ,|7(p")=(n.-p")f,

H][M}[H_pf: =II(n_p')

Ires

+ H[H_lu"r}

ot

v

contribution of the pion

(7(p")

Higher states and continuum;
starts above an effective threshold @,

Jo(0)|B(myv)) = (n, - pE, (n, - p', ;)

—> II(n_-p)

__ (. -p)e,(n -p)f;

res

n_-p'




SCET side

. he Z "7‘!__
Hard-collinear quark propagator Sr = RN

k* being the momentum of the soft light quark

- Jr w=n_ _
' that ends up as spectator in the B
By,
. &_}_ T
Result; O(n_p') = meBf d (w)
w—n_p —1in

where the B light-cone distribution amplitude enters through

(0lg

n_
qs (x—)j/S

B(p,)) =ifym, [dwte "% ¢ (@)

This has already the form of a dispersion relation in 71_ -p':

Im[ (w)]
[I(n_p') “/ dw oy — in
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Also H(n_-pY) . can be written as a dispersion relation where,
assuming global quark-hadron duality, we identify the spectral density
with the expression obtained in SCET

¢° (w)

w—n_-p'—in

[I(n_-p')

o0
cont. - meB J.ws da)

Sum rule obtained equating the two representations:

(n,-p)e,(n. -P)J, Q)
- , - meB jo dw P
n_-p w—n_-p —in
. - 1 1 —olw
Borel transformation: B(w,,) = e

wo-n_-p @,

Final Sum Rule — tree level
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Tree level sum rule: B =V, V]
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Radiative corrections from hard-collinear loops




Results

£ _ Sy mri 't ' —o'l oM geff
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Renormalization scale dependence

The renormalization scale dependence of the form factors should cancel against that
of the Wilson coefficients:

d aC'E
' — 7 "
dln p i) A (

r) In i+5) Ci(u) + ...
mg

This can be checked knowing the scale dependence of ¢

d . &CF

¢plw;

(I‘J_:.,'"" I.-L-I.-L-
pTh j 51 41) G (@ ) +

anomalous dimension

1 - 1 H )y O —w) > T.Feldmann, G. Bell
ﬁ'(—j(""‘!""‘f-’t) - ]-_f:u]sp ln,_ —2 5(""’ _""") Fgujsp— -
arXiv:0711.4014

£

Complete cancellation of u-dependent terms



Numerical results I: Soft form factor for longitudinal vector mesons

V:p 0.7
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n+'p’:mB Oq_
~ 04t
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: : B
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Numerical results I: Soft form factor for longitudinal vector mesons

_I_O.OS

0.03
—0.06 T

—0.02

l

dependence on the B meson wave function

+0.05

2

& (n, - p'=m,)=0.33+5%

by

1) ‘a)M

N

dp(w) = — e~W/wo wo(1 GeV) = (0.48 + 0.05) GeV Lee, Neubert

Adding errors in quadrature:

& (n, - p'=m,)=0.333%

Compatible with the value obtained from traditional sum rules

Ball, Braun
Ball, Zwicky
Beneke, Feldmann,Seidel



Numerical results I: Soft form factor for longitudinal vector mesons

Energy dependence

————— Tree level

30

35 40 45 50
(nyp') (GeV)

Fitted curve:
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b
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+c(n, -p’)]

c=0114+024

Including only
the uncertainty

on a)M



Numerical results Il: Soft form factor for transverse vector mesons
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Numerical results Il: Soft form factor for transverse vector mesons

Energy dependence

————— Tree level

Fitted curve:

n _ _ b C
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the uncertainty
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Numerical results lll: Soft form factor for pseudoscalar mesons
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Numerical results lll: Soft form factor for pseudoscalar mesons

Energy dependence

————— Tree level

Fitted curve:

s (n.-p)=¢, (mB)(— a+

¢ = 0.23+09

b
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Numerical results : modifying the sum rules

Possibility to decrease the sensitivity to sum rule parameters:
Dividing for the sum rules relative to the decay constants
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Reduction of the uncertainties
dueto @,, Wy,

but introduction of an unknown
systematic error:

Are the sum rules really correlated?




Dependence on the shape of the B meson wave function

Default model;

L 1 — it
Ppp(w) = —e /0
L0
Alternatives:
@B{w) — —exp|— [ — ?
Wi W
: I
1 o\ w
#aw)=—(1- f(z_ )“’ (s — )
wo V wa J wa
0.7 — _ _
: [0 204 ]
0.6f s ?
0.5¢ ;
. 0.4} e 5
I 03f -
02t~ ;
0.1
1| - ;
0.2 0.4 0.6 0.8 1.0

w‘o(l Ge\s") = ([)48 -+ 0'05) CeV

>

Sizable dependence

More information on ¢-5 required



Form factor ratios

ratio:

&/ Fr) = (E) /5Dy

(&1/55) - €l

original sum rule

modified sum rule

1 14037
1187575,

[a—

+0.06 | /-
0575704 £ (7)syst.

1.027 5]

=~+0.06 .
08"3]_12 + {?}S}-’st.




Symmetry breaking corrections

Stem from: ; a
A B I
— I L
| !
Hard vertex Hard-collinear spectator
renormalization interaction
EXplICIt calculation gives Beneke and Feldmann, NPB 592 (01) 3

Q:Z—E[u @.Crry o1, %Cr M(M—22E) AF”j
f. M 4 Ar (QE)* £

Where AF_parametrizes the factorizable form factor contribution:

- 87sz Ul (Z)]Ud (u))



Factorizable form factor

H(p)=i[d*x " (0|T[J,(x)/,(0)]| B(py)) Jy =7 ghih,

Hadronic side a.C, f,,mf;

BIIL (@) |,00=— 17 20 P
M |

l

gives access to the factorizable term

~m2 (n,-p') oy,

The final sum rule has the same structure in the three cases:

AFx(p,nyp’)

with X =, 10||’10L

the parameters depending on each of the three cases



Factorizable form factor

Inserting the leading order sum rule for the decay constants:

Ar? [} = M2 emk /M (1 — gm0/

M? =wy(n,-p), so=o,n,p)

'] P i @
B . tﬁﬁ“jggfy * dw . :
g AFx(p,nyp) = ———— — -f.-"'JE[\wiﬂ,] X
meg Jo oo W
_ &g a2
B —= ., 50 —wngp /M 50 .,
1 ¢ f Q(w ”_H,]r) ¢ (n_l_p’ W)

X —5

l —e M2

In the limit

s, <<w(n,-p") the QCD factorization result is recovered




original sum rule

Corrections to symmetry relations: numerics

02 04 06 08 10
wiy (GeV)

1.4F
1.2
1.0

AE o8

QCDF 1::'45'
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0.2
0.0t

AFy,

QCDF

AF,
QCDF

- modified sum rule
AN :
N |
i) S —
0.6 :
0.4} :
0.2} ]
00502704 06 08 10

war (GeV)

* the dependence on @,,
IS milder for the modified sum rule

* qualitative agreement at this level
of accuracy with the QCDF result
l.e. no enhancement of the symmetry
breaking term



Conclusions

* light cone sum rules for exclusive B decays at large recoil
can be derived within SCET

e non perturbative ingredients:
- light cone wave functions of the B meson
- sum rule parameters

» outcome consistent with full QCD results

e main result: possibility to separate from the very beginning
soft - non factorizable term from the factorizable form factor

 hierarchy among soft/hard contributions in agreement with QCD factorization



At next to leading order

2y _ £
) 4+£c5} wwrp e
ity

Az(qz) =&, (E)C;
fo((12)=éf(E)2£{C4+(l—£JC5} V(g®)=¢.(E)C,
m

B Mg , E
f:(@*) = E(E)Cyy ol )“ +C5[1_m_gﬂ

T(q°)=¢.(B)C,

T,(¢%) =&, (E)2—C,

mpg

T(q") =&, (E)C,




Factorizable form factor; B —> 7 case

The spectator scattering terms can be identified by comparing B —
form factors for different Dirac structures

Tree level matching (in the light-cone gauge) gives:

_ 1 _ 2
v —>Jo———J) yi,Q—2J,-—J,

n.-p mb
JO - ;?hv Jl - ZgA;;:hv

2 2

_ ., m m
77,0 B(p))=f. (qz){pﬂ +p, —q—fqﬂ} + fo(qz)q—fqﬂ

Using: (7(p)

(z(p)|gb|B(p)) = %fo(cf)
and qzsz(mB—n+-p') |

_ 1 .
Il]'::> mg _f,:, — -::I’I'|J|:||B: Ea— :I’I'|J1|B: )
nyy

| 2 \
(n4p') fr + mp fo = 2(r|Jk|B) — p— (m|J1| B} .

2.:11: TlI[lB o )
— — Z Ofay)
my (w|Ja|B) + L“'If

mp




Factorizable form factor

Comparing the two expressions for the ratio Jo
3 U 2 5
PR ACF AFy = —— (x| 1| B) + ...
dm my

!

In SCET-QCD-sum rules we need to consider
a correlator involving the current J;




