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O Outline

@ QCD light-cone sum rules (LCSR):
basic elements, sources of the input,

@ B — 7 vector form factor from LCSR:
first statistical (Bayesian) analysis and |V,;| from B — w{v,

further improvements in B — 7 calculation?

B — wru,

Ap — plvy from LCSR

LCSR’s with B-meson DA’s, B — /v,

@ B — pfrom LCSR
disentangling B — pfv, from B — 2w/,
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O B — 7 form factor from LCSR: scheme of derivaiton

« the correlation function

calculated in terms of
Operator Product Expansion

at(p+9q)?,¢> < m
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O The correlation function and OPE

d +
[F(9?, (p+ 9)®)]ope = S
1 p+aq
= > /DU T (s, mp; @7, (P + )%, u, 1) o0 (U, 1)
t=2.34... 5 i) 1)

{ perturb. diagrams with b-propagator} ® {pion Distribution Amplitudes}
® pion DA’s: twist ® multiplicity® polynomial (conformal partial wave) expansion:
n=2,4,..

A0 (u, 1) = 1O(p) {CO(U) + ¥ aﬁ‘”m)cn(u)}

® OPE and input

expansion level: O(as), t<4,{99,q9G},n<4

Lacp parameters: ag, My,

pion DA parameters: £ (115), a5 (110)

e variable scales: p, (0 + Q)% — M? ~ mpx,= ms>> x> Agep
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OJ Distribution amplitudes (DA’s) of the pion

@ standard definition: expansion near light-cone, (x?) ~ 1/(mpx)

:
(0/G(x) [, 0115 d(0)] ™ (P)) g = iD= / due™ P o, (1, 1) + twist 4 + .
0

@ twist 2 DA: v (u, ;1) = frox(u, 1), expansion in Gegenbauer polynomials:

prlt =6u(t —u)[ 14 Y a0 *eu- 1),

n=24,.. \U,

~ [Log(n/Ngcp)] ™" — Oat p — oo

[Efremov-Radyushkin-Brodsky-Lepage evolution]

@ input: the pattern a3, (0)

obtained fitting LCSR’s for pion e.m. form factors to experiment,
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O LCSRs for pion e.m. form factors — pion DAs

7" (@) — =° form factor v*(@Q®)n*t — =+ form factor
[A. K. (1999)], ... [V.Braun, A.K., M.Maul (2000)]
[S. Agaev, V. Braun, N. Offen and F. Porkert, (2011)] [AK, T.Mannel, N.Offen, Y-M.Wang (2011)]
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FIG. 2: The pion transition form factor for the model of FIG. 1 (color online). The pion e.m. form factor calculated
the pion DA described in the text. The estimated theoretical from LCSR [17,18] as a function of Gegenbauer moments

a7(1 GeV) and a7 (1 GeV) and fitted (solid line) to the experi-

uncertainty is shown by the shaded area. The experimental ‘mental data points taken from [19].

data are from [2] (squares) and [4] (open triangles).

® Belle ® CLEO e JLab

both sum rules sensitive to the twist-2 pion DA
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O Use of 2-point QCD sum rules

® correlation function (0| T{bv,b(x), by,b(0)}|0) saturated by T states

= non-lattice determination of m;, (in MS scheme)
[K. Chetyrkin et al (2011); A. Hoang et al (2012)]

® correlation function (0| T{bvsu(x), Tysb(0)}|0):

b fg
q - —
IR N e
- " — o2
l(mpu gluon exchange B~ 9
(0[BysulBn) (Bl By b10)
o3 OBUB B
B
g & "
quark condensate gluon condensate quark-hadron duality
® .My, as, <aq>, ...(condensate densities)

® various 2pt sum rules with pion currents: = f,(rt), aZ“) ,t=2.3,4
[P. Ball, V.Braun, A.Lenz (2006)-]
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(0 Hadronic dispersion relation

F(?, (p+9)?) =
e hadronic dispersion relation

(analyticity & unitarity in QFT)

IBlE(6®) g — duality (s§)
'h

M) [ g e

[F(&?, (P + 9)?)]ope =

mg — (p+q)? ( . S(p+ar
Mgx +Mz
e quark-hadron f
"semilocal" duality 00 (s) [IMF(?, )] orel
Ph [MF(q”.s)]ore]
(mB*—{m )? 93 —(p+q)? — f ds == (p+)?
°

® fg from 2pt SR, in NLO
e variable scale: (p + q)? — M? ~ mpx — optimal interval of M?

® sb determined by calculating m2 from LCSR
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O resulting LCSR for B — 7 form factor:

‘ quark-hadron duality ‘

l ‘ Borel transf. (p + q)° — M? ~ mpx ‘

N\

ema/M? (2 3.4) 2
(q 9) = f /ds ImF(S q , Olgy Uy mba )e_S/
2m3| B]2ptSR
i f
‘ QCD SR for fg ‘ ‘ calculated from light-cone OPE ‘
e”’ZB/mz — -2 _p N
{fé] QPISR = < mg ) F(M 75070[37}/“7 mb7900nd)

@ set of inputs
o _ = —2 _
0= (as(MZ) ) mb(mb)79é/24,3, ) Hcond7 M? So M, B) .

@ possibility to calculate derivatives of the form factor

@ mg calculation (differentiating the sum rules) constrains sg, sg

Alexander Khodjamirian b — u Exclusive Transitions from QCD Light-Cone Sum Rules 9/31



O Recent analysis of LCSR for £ (g?)

I. S. Imsong, A. Khodjamirian, T. Mannel and D. van Dyk, arXiv:1409.7816 [hep-ph]

@ calculate the form factor fZ (g?, ) from LCSR;
use 2pt SR for fg

@ input parameters 4 include:

as, b-quark mass

vacuum condensate densities
coefficients of pion DA’s
Borel parameters

effective thresholds

@ statistical (Bayesian) analysis:

inputs (assumed uncorrelated) taken as priors,
constructing theoretical likelihood by imposing [mg] sg within 1% of mg
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0 Some results

@ Posterior of parameter space: one-dimension marginal PDF’s

M2 (GeV?) s§(Gev?)

30 32 34 36 38 40 ) a4
B->pic:sp_0"B@DKMMO2008

B->pi:Mp"2@DKMMO2008

(prior: dashed lines, blue: 68%, light-blue: 95%)
@ 6 quantities obtained from LCSR:

fa(g?) + first + second derivative (value, slope, curvature) at g = 0,10 GeV?,
output approximately gaussian with large correlations
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J LCSR results fitted to BCL parameterization

@ z-series parameterization, including f_(0) g% — 2(g?, ),
mapping SL region to small z, the BCL-version [Bourrely, Caprini, Lellouch, (2008)]

fa(0) 1
2\ __ B 2 2 3 3
fa.(9°) = 1—q?/mz*{1 + b [2(9%, o) — 2(0, tp) — g(z(q 1)° — 2(0,1)°)]
2

+b3 [2(9°, 1) = 2(0,10)* + 3 (2(9, 10)° — 2(0,0)%)] } ,
fa(0) = 0.307 + 0.02 oL 1.000 0503 —0.391
- pBCL — | 0503  1.000 —0.824
bi =-131+042 0391 —0.824  1.000

b; = —0.904 £+ 0.444 p

@ extrapolation
beyond the LCSR region -
lattice results (< 2015):

o -HPQCD , o -Fermilab-MILC

2

0 L L L L L L 2 [GeV?]
12 14 16 18 20 22 24 26
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O Determination of | V| from B — w/v, data

fit of LCSR with the combined BaBar/Belle data at 0 < g° < 12 GeV/?

(2010): |Vy| = (34353 - 1072

+0.26 -3 4.00
(2013): | Vil = (33232 - 10
3.50 <\
T 3.00
blue lines: 68%, 95%, 99% prob. contours for 2010 data g
red area: 68%, 95%, 99% prob. contours for 2013 data = 9250
8> )
~
green line/area - inclusive determination: 2.00
central value / 68% CL interval for GGOU/HFAG
1.50

225 285 345 4.05 4.65 5.25
[Via| [107%]
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@ Comparison with 2015 lattice results

I Ir‘—-l—{ I I This work + BaBar + Belle, B — v
—a— Fermilab/MILC 2008 + HFAG 2014, B — nlv
—a— RBC/UKQCD 2015 + BaBar + Belle, B — miv
. Imsong et al. 2014 + BaBar12 + Bellel3, B — nlv
—— HPQCD 2006 + HFAG 2014, B — wlv
=y Detmold et al. 2015 + LHCb 2015, A, — plv
—&—1 |BLNP 2004 + HFAG 2014, B = X Iv
o UTFit 2014, CKM unita
PPN ERPEVN APRVISN ISR
4. 07 I I FIBGJ“UKQCDIZNS =]

Ivmlxl()3 Imsong et al (LCSR) 2014 &7
This work -

06 [+

(1M (2)

-0.2 -0.1 0 0.1 0.2

figs. from [J. A. Bailey et al. [Fermilab Lattice and MILC Collaborations], arXiv:1503.07&39 [hep-lat].]
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(0 Comparison of shape parameters (preliminary !)

® z-parameterizations of experiment (lattice) fitted (transformed) to
the N = 3 BCL (modified) form to compare with our results

orange: LCSR
E (full with derivatives; lines without )
blue : Lattice with 3 data points

violet: 2010 BaBar+Belle

i ‘ s I brown: 2013 BaBar+Belle
_20 E 1 1 1 1 1 1

-20-15-10 -5 0 5 10 15 20
b

® only parametrical uncertainties of LCSR result are taken into account
® future Belle-2 data on the shape will be crucial
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(0 Future improvements in LCSR for B — =

@ statistical Bayesian analysis of LCSR for fgﬂ(qz)
improves error estimate (within adopted theoretical approximation !)

® analogous treatment of other LCSR’s planned for
[ B— K,Bs— KFFs

B—m? '‘B—m?

global Bayesian analysis including LCSRs for pion FFs and 2pt SR’s

@ further improvement of OPE and input?

® O(as) to the nonasymptotic twist-3 part , may further soften p-dependence
® complete NNLO correction to twist-2, difficult, not a priority task

very small omgﬁo) [ A. Bharucha (2012)]
® tw 5,6 in factorizable approximation

® pion DAs: more accurate pion e.m. form factors
data from BESS and Belle-2 on v*y — 7°

and from JLab on the pion e.m. form factor

@ further improvement of hadronic dispersion relation ?:

® ansatz of semi-local quark-hadron duality:
works well in 2pt SR for fg, LCSR for D — 7; improving OPE — larger M?
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OB — wrv,

accessible at Belle-2

@ observable independent of Vp: (¢ = eor i, m; = 0)

dr(B — wrv;)/dg? _ (% — m2)? ( m2 ) { 3mé (mf — m2)? |f8ﬂ(q2)2}

= 147
dr(B =t/ (@R 2q)' " a(me v 2q@)miet Iiy, (o)

35F B , IE
dr'(B » ntv;)/dq p

sop Az rrvd/ad _T)/ IE
dr(B > mp V,,)/dq2 i —==== SM+ uncert
25F 1
————— =+ hypothetical charged Higgs
2.0F

15¢
1.0F

051

0.0

7% (GeV?) [AK, T.Mannel, N.Offen, Y-M.Wang (2011)]

@ scalar form factor f3_(g?) from LCSR, with the same accuracy

to be updated with statistical analysis
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O Ap — plyy
[AK, Ch.Klein, Th. Mannel and Y.M.Wang (2011)]

@ vacuum-to-nucleon correlation function:
LCSRs with nucleon DAs provided by [V.Braun et al]

@ A, interpolating 3-quark currents:
) = (uCrsd)b
ny,) = (uCys7x d)7 b

@ calculating A, — p form factors,
predicting the A, — pfr, width

P—q q

1

AL(0, G5ay) = Vo2
u

2
max dar
2 2.5 —1 3.2 —1
/() dq g (Ap — plvy) = 5.5t2'0 ps ( = 5.6t2_9 ps )

uncertainties still large
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0 Modifying the method: LCSR’s with B-meson DA’s
@ a different correlation function: p
B -meson on-shell, d

pion interpolated with a current “

[ AK., T. Mannel, N.Offen,(2005) , b
F.De Fazio, Th. Feldmann and T. Hurth, (2005)] q

@ B-meson distribution amplitude (DA), defined in HQET:

(0|g(x)[x,0]h,(0)|B,) = meB/dwe_i“V'X{qﬁﬁ(w) +...}
0

@ limited accuracy:

® O(as) corrections not yet calculated,
® the inverse moment of B-meson DA only approximately known

@ B — ~/lv,, a key process to determine the inverse moment

also involves b — u transition !
recent update in SCET [M.Beneke, J.Rohrwild (2011)],

soft form factor estimated from LCSR [V.Braun, AK(2013)]
Belle failed to detect this process (talk at Moriond-15), hopefully Belle-2 will do
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O B — plv, from LCSR

@ LCSR’s for B — V form factors, V = p, K*,w, ¢

[P. Ball, V.Braun (1998), P.Ball, R. Zwicky (2004,...)]

@ using OPE for correlation functions with DA’s of vector mesons
special treatment of m/-corrections
DA’s of vector mesons, worked out up to twist 4
[P. Ball, V. M. Braun, Y. Koike and K. Tanaka, (1998),...]

@ [y = 0 approximation ("quenched")

@ can the B — plv, determination of | V| be made as accurate as
from B — wlv,?

@ most recent analysis of B — p,w, K* form factors in
[ A. Bharucha, D. M. Straub and R. Zwicky, arXiv:1503.05534 [hep-ph]]

® the same OPE as in Ball-Zwicky '04 paper
® statistical analysis, correlations, errors comparable to B — 7« LCSRs

® the claim: "In summary, in practice the p(— 77) -meson state includes the
non-resonant background in the experimental as well as the LCSR prediction".
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0B — wrly,

@ general B — nr form factors :

® partial wave expansion & resonances: p (P-wave) , f, (S-wave)
® regions of Dalitz plot with specific QCD (effective theory) dynamics
[S. Faller, T. Feldmann, A. Khodjamirian, T. Mannel and D. van Dyk, (2013)]

@ suppose we separate 2 system in P-wave from S-wave

fitting angular distribution with improved statistics at Belle-2

@ non-p(770) contributions will contribute
due to hadronic dispersion relation in the two-pion channel

@ a sum over p resonances in Breit-Wigner /Gounaris-Sakurai
form is a standard solution for timelike pion form factor,

eg.int — v,

@ no model-independent definition of p(770) , p’(1450)

[ C. Bruch, A. K. and J. H. Kuhn, [hep-ph/0409080]]
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0B — wrly,

@ approach without explicit p modelling
available only at small 27 mass and at large q2 with the help of HQ x PT
[ X. W. Kang, B. Kubis, C. Hanhart and U. G. Meissner (2013)

@ B — & form factors at my,, < 1 GeV and small ¢°
from LCSR with two-pion DA’s
® new nonperturbative input: timelike pion form factors (including resonances)
[ D.Mueller et al,(1994); M.Diehl et al. (1998); M.Polyakov (1999), M.Polyakov, Ch.Weiss (1999)]
® first attempts to apply LCSRs to B — 27y, , [ M.Maul (2001)]
B — (7)o, (K)o form factors, using a model for the scalar timelike form factors
[U.-G.MeiBner, W.Wang, (2013)]
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[0 Concluding:

@ B — wlv, remains the best mode to extract | V|

@ B — 7y, is a high priority task (due to the situation in B — Drv)

@ LCSR and lattice QCD are two independent methods to extract
|Vup| and the results seem to agree.

@ expecting from experiment:
® accurate measurement of the g2-shape in B — lv,
® improved measurements of pion e.m. form factors

@ B — wwly, remains a useful tool to analyse angular observables,

@ LCSR calculation of B — p form factors with ', = 0 is
insufficient, should be complemented by the calculation of
B — (nm)plvy and B — (7)) sl to assess the non-resonant
background , modelling is unavoidable
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BACKUP SLIDES
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O The OPE result

@ currently achieved accuracy

F(@ (p+ @) = (T + (as/m) TP + (as/nP T ) @ P

Hr (+(3) (3) (3
+Fb<TO + (as/m) Ty >®w£r)
52
+7” T(4) ® 9924) + ...
MpXx

- LO twist 2,3,4 gq and qqG terms:

[V.Belyaev, A K., R.Riickl (1993); V.Braun, V.Belyaev, A K., R.Riickl (1996)]

-NLO O(as) twist 2, (collinear factorization)
[A.K., R.Ruickl, S.Weinzierl, O. Yakovlev (1997); E.Bagan, P.Ball, V.Braun (1997);]

-NLO O(«s) twist 3 (coll.factorization for asympt. DA)

[P. Ball, R. Zwicky (2001); G.Duplancic,A.K.,B.Melic, Th.Mannel,N.Offen (2007) ]

-part of NNLO O(a2 ) twist 2

[ A. Bharucha (2012)]
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O LCSR for D — 7, K form factors

[AK, Ch. Klein, Th. Mannel, N.Offen (2009)]

@ important cross-check of the LCSR method
@ b — cin the correlation function (finite quark masses !)

T T T T T T T T T T T
L HPQCD (2011)
Dot o 4 % error
b 0)=0666 200 Q1)
Fermilab/MILC (2005) —G—
Sum Rules (2009)

L ETMC (2011, preliminary) ———

r Experiment + CKM Unitarity -
r CLEO-c (2009) [na!
[ Belle (2006) (R N

PR R A NI N N PO B B
01 02 03 04 05 06 07 08 0

f+D->:[ (qz -0 )

FIC. 6: The D — w form factor f2~7(0) from this work ar
comparisons with other determinations ,, .

taken from [HPQCD Collab. hep-lat 109.1501(2011)]
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[0 Second Gegenbauer moment of the pion DA

Method 4=1GeV 4 =12 GeV Reference
LO QCDSR, CZ model |0.56 0.39 35, 36

QCDSR 026703 018755 [a7)

QCDSR 028+0.08 019 =0.06 138

QCDSR, NLC 0.19 +0.06 013 = 0.04 119, 39, 40]

F.,.r, LCSR 0.19+0.05 012+ 0.03 (u - 2.4)|[18]

Fryor, LOSR 032 0.21 (u = 24) 20)

F,,,-, LGSR, R 0.44 031 [41)

Fyypr, LGSR, R 027 019 22

Fe= LOSR 024+ 0.14£008[0.17 £ 010 £0.05 |42, 43]

Fe=LCSR, R 020+ 0.03 014 £0.02 [44)

Fricanty LOSR 019£0.19 013013 45)

Fivaies LOSR 016 011 146

LQCD, Ny =2, CW  [0289£0.166  |0.201 £0.114 QCDSF/UKQCD [47]
LQCD, Ny —2+1, DWF|0.334 £ 0,120 |0.233 £ 0.088 RBS/UKQCD [48]

TABLE L: The Gegenbauer moment a»(2). The CZ madel involves as = 2/3 at the low scale 4 = 500 MeV; for the discussion of
the extrapolation to higher scales, see Ref. The abbreviations stand for: QCDSR: QCD sum rules; NLC: non-local condensates;
LCSR: light-cone sum rules; R: renormalon model for twist-4 corrections; LQCD: lattice calculation; Ny = 2(+1): calculation using
Ny = 2(+1) dynamical quarks; CW: non-perturbatively O(a) improved Clover-Wilsan fermion action; DWF: domain wall fermions.
For convenience we present the results for two scales, u = 1 GeV and p = 2 GeV, the relation is calculated in NLO.

aj(u =2GeV) = 0.1364 + 0.0154 4= 0.0145 V.Braun et al, 15.03.03656 [hep-lat]

Alexander Khodjamirian b — u Exclusive Transitions from QCD Light-Cone Sum Rules

27/31



O Table of inputs in LCSR for B — 7 form factor

Parameter | valuefinterval | unit | prior | source/comments
quark-gluon coupling and quark masses
a,(mz) 0.1184 £ 0.0007 | — | gaussian © 68% C]
Iy (i) 4.18 + 0.03 GeV | gaussian @ 68% 16
m, 95410 MeV — [6] (error doubled)
R=2m, /G, tmy) | M4E15 - — ChPT, [25]
m +ma TE£08 | MeV | gaussian @ 08% 2m,/R
hadron masses
my 5279.58 MeV — 6]
my ‘ 139.57 MeV. ‘ - ‘ 6]
vacuum condensate densities
(a(2GeV)) —rrtEP [ Mev? - m f2/2(m + ma)
(267 [0.000,0.018) | GeV* | uniform @ 100% [26]
mi 0.6,1.0] GeV? | uniform & 100% [26]
Tias [01,1.0] — | uniform @ 100% [26]
parameters of the pion DAs
E 130.4 MeV — 6]
a2,(1GeV) 0.09,0.25] — | uniform @ 100% [10]
ai(1GeV) ~0.04,016) [ — | uniform @ 100% [10]
1=(2GeV) 25+ 03 GeV — m3 (e, + ma)
15=(1GeV) [0.008,0.000) | GeV* | uniform @ 100% [22)
was{1GeV) [~22,-08) | — | uniform & 100% [22]
F(1GeV) 012,024 | GeV? | uniform & 100% [22]
wix(1GeV) [0.1,0.3] — | uniform @ 100% [22)
sum rule parameters and seales
" 30 GeV' — 10, 24]
a2 1B0+£40 | GeV? | gaussion & 68% [10]
s GeV? | uniform @ 100%
w GeV? | gaussian @ 68% [24]
s 129.0,44.0] GeV? | uniform & 100%

Table 1. Input parameters used in the numerical analysis. The prior distribution P(6) 1s & product
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O Bs) and D(s) decay constants from 2-point SR

[P.Gelhausen, AK, A.A.Pivovarov, D.Rosenthal, (2013)]

Decay constant | Lattice QCD [ref.] | this work
196.9 £ 9.1 [1]
fz[MeV] 2071y
186 + 4 [2]
242.0 = 10.0 [1]
fe,MeV] 24217,
224 +5[2]
2189 £ 11.3[1]
fp[MeV] 201712
213+ 4[2]
260.1 + 10.8 [1]
fp,[MeV] 238713
248.0 £ 2.5[2]

[1]-Fermilab/MILC, [2]-HPQCD

® calculated in NNLO, used for LCSR in NLO
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0 Bounds for B — = form factor

@ Parameterization-independent bounds following from the
analytical properties of the form factor and from the unitarity of
two-point correlation function ..., LLellouch (1996),..]

@ form factor value, slope and curvature at one point yield the best
constraints: [th. Mannel, B.Postler (1998)]

@ we use our results S
of statistical analysis °[
at g?> = 10 GeV?

! [GeV?
26

@ bounds critically constraining lattice results up to g2 = 20 GeV?.
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OB — wlvy,vs B— 1v,

® update of the integrated LCSR form factor squared
used previously for | V| determination

qrznax q%ax

G2 1 dB(B — mlvy)
A 2 v CGF / 203 11t (g2)[2 = / 2 {
€0, qmax) = 5, 5 [ G Pxllg ()] VoolPram dq 9 ;
0 0

A¢(0,12GeV?) = 5251998 ps=1 |

® |V,|-independent ratio -test of QCD/SM
[AK, T.Mannel, N.Offen, Y-M.Wang (2011)]

ABg_riv (q27q2) TB— AC(qzqu)
Rop(af of) = “pgeen B (1) - L%

B(B — tv;) Tho 2 /8r)m2mg(1 — m2 /m2)2f2
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