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. Non-perturbative hadronic parameters (like form factors) : main source of uncertainty.

. QCD based methods: Sum Rules (analytical) and Lattice QCD (numerical). See talk by Benoit Blossier for Lattice techniques

QCD sum rules: "The method of expansion of the correlation functions in the vacuum

condensates with the subsequent matching via the dispersion relations”, Shifman
[M.A. Shifman, hep-ph/9802214]
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. Non-perturbative hadronic parameters (like form factors) : main source of uncertainty.

. QCD based methods: Sum Rules (analytical) and Lattice QCD (numerical). See talk by Benoit Blossier for Lattice techniques

Light-cone Q€D sum rules: "The method of expansion of the correlation functions in +he
vacutm-condensates Distribution amplitudes of increasing twist with the subsequent matching
via the dispersion relations”, Shifmen

. Originally developed for hyperon radiative decays and B-meson exclusive decays as a hybrid of SVZ sum rules and the
theory of hard exclusive processes. 1. Balitsky, V. M. Braun, A. V. Kolesnichenko [1986, 1989], V.L. Chernyak, I.R. Zitnitsky [1990]

. The uncertainties in LCSR can not be reduced beyond a point: Lattice will take over eventually.

- Why do we still care for LCSR?

. Large recoil region, resonance final states, etc are not yet accessible to lattice QCD = LCSRs in several cases are the
only available QCD-based method.

- LCSR allows to calculate the so called soft contribution (not accessible in purely pQCD-based methods) to a form factor.

a review by A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]



i Understanding main idea of QCD sum rules |

e Correlation function (CF): Matrix element of quark-gluon interpolating operators taken between hadronic states.
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i Understanding main idea of QCD sum rules |

e Correlation function (CF): Matrix element of quark-gluon interpolating operators taken between hadronic states.

e Correlation functions are of dual nature:
e At g — — 00, short distance quark-anti-quark fluctuations = Can be treated in pQCD.

o At positive g2, decompose in terms of hadronic states => Dispersion relation
p q p p

Perturbative QCD
e Use of quarks & gluons dof.

Dispersion relation B e iironradii.

+ Uses unitarity & analyticity _Ways to calculate CF_ |
of correlation functions. ‘ ST, ' e Treated in framework of

e Written directly in terms of operator product expansion

hadronic states. (OPE).
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i Understanding main idea of QCD sum rules |

e Correlation function (CF): Matrix element of quark-gluon interpolating operators taken between hadronic states.

e Correlation functions are of dual nature:
e At g — — 00, short distance quark-anti-quark fluctuations = Can be treated in pQCD.

o At positive g2, decompose in terms of hadronic states => Dispersion relation
p q p p

Perturbative QCD
e Use of quarks & gluons dof.
e Treated in framework of
operator product expansion

Dispersion relation
e Uses unitarity & analyticity
of correlation functions.
e Written directly in terms of
hadronic states.

Ways to calculate CF  §

N I

Matching the two gives estimates for
the hadronic objects




iLight cone sum rule (LCSR) in a Nutshell]
TOOLS TO
DERIVE LCSR

\Idea: To compute hadronic parameters using |
ithe analytic properties of the correlation function |
e I T e o |

Light cone OPE

(Enables one to write correlation function as
a product of Hard scattering kernel and DAs)

e ——

Dispersion Relation

- (Enables to relate the real part of the hadronic
correlation function to its imaginary part )

Quark Hadron Duality

‘. (Relates the non-perturbative spectral function to
the perturbatively calculated correlation function)

L Borel Transformation
7 (To suppress effect of continuum & higher resonances
to reduce uncertainty due to duality approximation )



iLight cone sum rule (LCSR) in a Nutshell]

\Idea: To compute hadronic parameters using |
ithe analytic properties of the correlation function |
(treated in the framework of light cone OPE). |

SVZ Sum Rules

LCSR

Correlator

Vacuum to Vacuum

Vacuum to hadron

Universal Non-
Pert. Inputs

QCD condensates

Distribution amplitudes

OPE expansion

Short distance OPE

Light-Cone OPE

Expansion

Dimension of local

condensates, etc

Twist
parameter operators
Form Factors, non-local
Decay constants,
Used to effects, strong
threshold parameters, .
compute couplings, threshold

parameters, etc

TOOLS TO

DERIVE LCSR

Light cone OPE

(Enables one to write correlation function as
a product of Hard scattering kernel and DAs)

Dispersion Relation

« (Enables to relate the real part of the hadronic
correlation function to its imaginary part )

Quark Hadron Duality

‘. (Relates the non-perturbative spectral function to
the perturbatively calculated correlation function)

L Borel Transformation
" (To suppress effect of continuum & higher resonances
to reduce uncertainty due to duality approximation )



. LCSR applications |
LCSR techniques have very broad spectrum of applications: from FF calculations involved in various

radiative and weak decays of heavy and light mesons and baryons to determination of strong coupling
constants, amplitude of non-leptonic decays, etc.



. LCSR applications |
LCSR techniques have very broad spectrum of applications: from FF calculations involved in various

radiative and weak decays of heavy and light mesons and baryons to determination of strong coupling
constants, amplitude of non-leptonic decays, etc.

In this talk:

* LCSR for Heavy to Light form factors .

- LCSRs for B = PP form factors

+ LCSRs for non-local form factors in rare FCNCs.

Majorly based on A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]



ht Form Factors

LCSR for Heavy to Li
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- Exclusive determinationof V ,: B — xn, B, - K, B — p, etc

. Rare FCNC decays: B — K,B — K*,D — 7, etc.

°© B — P: Three types of local FFs: f;1, (Vector), fpp (Scalar), /5, (Tensor)

(PK) | ar*b | B(p)) = | (p + ko = ZEZTE que| o (LB T0 0

ifL
(P(k)|Go"q,b| B(p)) = ———— [q*(p + k) — (m3 — m2)q"|
Mg + Mp

° For B — V, the number of local form factors increases to seven.

Two ways of deriving LCSR:

1. Using light meson distribution amplitudes : Quark hadron duality in B-meson channel.

2. Using b distribution amplitudes : Quark hadron duality in light-meson channel.




i An example: B — r Vector FF using Pion DAs |

° Correlation function for f7 :
fB” Invariant amplitude important for f5_
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° Correlation function for f7 :
fB” Invariant amplitude important for f5_

Ft (p,q) = iJ d*x ' (m(p) | T{a(x)y"b(x), myb(0)iysd(0)} |0) = Fp (g% (p + @) p"+F (. (p +q)) ¢

LC-OPE : Hadronic dispersion Relation
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° Correlation function for f7 :
J, Br Invariant amplitude important for f5_
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i Anexample: B — 7 Vector FF using Pion DAs |

° Correlation function for f7 :
J, Br Invariant amplitude important for f5_

Ff(p.q) = iJ d*x e'(n(p) | T{a(x)y"b(x), myb(0)irsd(0)}|0) = Fy.(q*,(p + @) "+ . (q". (p + 4)") ¢

o for fg Required for LCSR for f5_

LC-OPE Hadronic dispersion Relation

© (o) (v oo
i/ - v/} - / +... F(¢%,(p+q)?) = u e u
*‘/"z S 4 e? | ”

S 7
PT4q q

Atg® < mfand (p + q)* < m; PTq PTq

LCSR methods are flexible and universal: s—(p+qg)*

Access to different FFs by adopting right
currents, DAs and constant parameters.

‘L ) ImF(g?, s
+ (g% Z - J ” (97, S)opE
B, 56

From 2-point sum rules
Quark-hadron duality
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| OPE calc

o Three layers of expansion in play:

1. Expansion in a: coming from gluonic corrections to perturbative kernel. Current status of OPE
2. Expansion in twist “¢” multiplicity of DA order in g twist Ref.
.LO t = 2, 3, 4 [A. Khodjamirian, et. al’ 93,94]
3. Expansion in quark gluon multiplicities of DA: _ o [A Khodjamirian, et. al' 97,
NLO t = P. Ball et. al’ g7]
it = 2 t =3 [A. Khodjamirian et. al’ 08,
‘ P. Ball, et. al’ 01]
partlal NNLO t =2 [A. Bharucha, 1203.1359]
m =3 LLO — 3, 4 [A. Khodjamirian, et. al’ 93,94]
m = 4 LLO L= = 6 [A. Rusov, 1705.01929]

Table 1 The calculated terms in the OPE expansion (5). The
multiplicities m = 2,3 and m = 4 correspond, respectively to
the quark-antiquark, quark-antiquark-gluon DAs and to the
diquark-antidiquark DAs in the factorized approximation
(quark condensate ® two-particle DA).

A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]
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o Three layers of expansion in play:

1. Expansion in a: coming from gluonic corrections to perturbative kernel.

2. Expansion in twist “¢”
3. Expansion in quark gluon multiplicities of DA:

o Dependence of each DA on fractions of meson momenta
shared between light degrees of freedom brings another
level of expansion : Conformal partial wave expansion

Twist-2 7-DA: Expansion in Gegenbauer polynomials
V. M. Braun, G. P. Korchemsky, D. Miiller, [hep-ph/0306057]

¢ (u, 1) = 6u(l — w)(1 + af(WC*Qu — 1) + af(w) C;*Qu—1) + ...)

Usually taken up to a; (u).

Current status of OPE

multiplicity of DA order in o twist Ref.

LLO t = 2, 3, 4 [A Khodjamirian, et. al’ 93,94]

[A. Khodjamirian, et. al’ 97,

t =2 P. Ball et. al’
: .al’97]
m = 2 NLO t =3 [A. Khodjamirian et. al’ 08,
. P. Ball, et. al’ 01]
partlal NNLO t =2 [A. Bharucha, 1203.1359]
m=3 LO t = 3,4 [A Khodjamirian, et. al’ 93,94]
m = 4 LLO t = 5,6 [A Rusov, 1705.01929]

Table 1 The calculated terms in the OPE expansion (5). The
multiplicities m = 2,3 and m = 4 correspond, respectively to
the quark-antiquark, quark-antiquark-gluon DAs and to the
diquark-antidiquark DAs in the factorized approximation
(quark condensate ® two-particle DA).

A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]
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shared between light degrees of freedom brings another partial NNLO t =2 [A Bharucha, 1203.1359]
level of expansion : Conformal partial wave expansion P 1.O t = 3,4 [A Khodjamirian, et. al' 93,04]
m = 4 LLO t = 5,6 [A Rusov, 1705.01929]

Twist-2 7-DA: Expansion in Gegenbauer polynomials

Table 1 The calculated terms in the OPE expansion (5). The
multiplicities m = 2,3 and m = 4 correspond, respectively to
the quark-antiquark, quark-antiquark-gluon DAs and to the

- N 7 31207, _ 7 31207, _ )

Pnluts p) = Ou(l u)(l +ay ()G (2u — 1) + a, ()" (2u — 1) + ) diquark-antidiquark DAs in the factorized approximation

Usually taken up to a(u). (quark condensate ® two-particle DA).
A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]

V. M. Braun, G. P. Korchemsky, D. Miiller, [hep-ph/0306057]
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' Inputs and accuracy |
1. my, m,.,mg, o from PGD : mainly provided by lattice QCD (Known with good precision).

2. LCSRs combined with 2-point QCD sum rules are “self-sufficient”: but the accuracy of certain input parameters

(e.g. /5, Jp) is limited: Nowadays using FLAG averages

3. Gegenbauer moments a,,(lz) of , and K DAs calculated in lattice QCD (still large uncertainties).
eg. V.M. Braun, et al., [1503.03656]

4. Duality Threshold S(If . using a daughter (derivative) sum rule.

5. Borel Parameter: usually chosen in a window where FFs are more or less independent of it
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' Inputs and accuracy |
1. my, m,.,mg, o from PGD : mainly provided by lattice QCD (Known with good precision).

2. LCSRs combined with 2-point QCD sum rules are “self-sufficient”: but the accuracy of certain input parameters

(e.g. /5, Jp) is limited: Nowadays using FLAG averages

3. Gegenbauer moments a,,(lz) of , and K DAs calculated in lattice QCD (still large uncertainties).
eg. V.M. Braun, et al., [1503.03656]

4. Duality Threshold S(If . using a daughter (derivative) sum rule.

5. Borel Parameter: usually chosen in a window where FFs are more or less independent of it

Important: to check that higher/continuum states contributionis < 30 — 40 %

The systematic uncertainties related to quark hadron dualities remain the main challenge:

Can not be fully captured or reduced



BCL K = 3 (LCSR)
+ LCSR

1.0 1 I

D. Leljak, B. Meli¢, D. Van Dyk, [2102.07233]



» BCL K = 3 (LCSR)
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o Same analytical results can be easily extended to other local FFs
with appropriate changes in quark content, input parameters and

D. Leljak, B. Meli¢, D. Van Dyk, [2102.07233]

distribution amplitudes.

B. Meli¢, et. al’ 21
A Rusov et. al’ 17
A Rusov et. al’ 17

D. Van Dyk, et. al’ 23
A Rusov et. al’ 17

B. Meli¢ et. al’ 15

FF f1(0) = f°0) f(0) Ref.
B—m 0.297 £ 0.030 0.293 = 0.028
0.301 £0.023  0.273 4 0.021
B— K 0.395+0.033 0.381 £ 0.027
Bs - K 0.364+0.026  0.394 £ 0.023
0.336 = 0.023 0.320 = 0.019
+0.041 +0.041
B—n' 013015035 0.14119-032
B, —»n 021219012 0.22510-0.2
B, - n' 0.25210-923 0.28010-0%2

Table 3 The most recent LCSR results for

B4y — P form factors at g? = 0. Their full g2
dependence is given in the corresponding papers.
A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]
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o Same analytical results can be easily extended to other local FFs
with appropriate changes in quark content, input parameters and
distribution amplitudes.

o For Kaon DAs, the odd moments a1K3 ~ of Gegenbauer expansion

dre 1101-zero.

o FFs for 5, ' final states are complicated: # — ' mixing.

G. Duplancic¢, B. Meli¢ [1508.05287]
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Table 3 The most recent LCSR results for

B4y — P form factors at g? = 0. Their full g2
dependence is given in the corresponding papers.
A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]
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o Same analytical results can be easily extended to other local FFs
with appropriate changes in quark content, input parameters and
distribution amplitudes.

Table 3 The most recent LCSR results for

B4y — P form factors at g? = 0. Their full g2
dependence is given in the corresponding papers.
A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]

o For Kaon DAs, the odd moments a1K3 ~ of Gegenbauer expansion

dre 1101-zero.

o FFs for 5, ' final states are complicated: # — ' mixing.

G. Duplancic¢, B. Meli¢ [1508.05287]
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© LCSRs can only be used for low or negative ¢ values: Convergence of LCOPE.
o Extrapolate to cover the whole physically allowed region: Need for parametrization

o Idea: Parametrize FFs and fit the coefficients to LCSR results (+ extra input from LQCD).

Usually adopted parametrization (BCL):
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© LCSRs can only be used for low or negative ¢ values: Convergence of LCOPE.
o Extrapolate to cover the whole physically allowed region: Need for parametrization

o Idea: Parametrize FFs and fit the coefficients to LCSR results (+ extra input from LQCD).

Usually adopted parametrization (BCL):

Bourrely, Caprini, Lellouch’ 08, Barucha, Feldmann, Wick’ 10

- 1

2 .
2 axl,n(z(q > ST SO)n w Z(Oa ST S())n Img?

_n=0

PNy
Ji(q)—1

— q*/mé,

Based on conformal mapping (BGL):
Boyd, Grinstein, Lebed’ 97

\/Sr—qz—\/sr_so
\/Sr—qz \/SF_SO

s, = (mg + mp)* and s, < sy is a free parameter. N. Gubernari, M. Reboud, D. Van Dyk, J. Virto [2305.06301]

SL region

Z(qza S]"a SO) =

° ForB — m,s, = St K=2: usually enough to provide excellent description of data:
Truncation error?
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o Upper bounds on modulus squared of HMEs : Derived using Dispersion Relations + Unitarity
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o Upper bounds on modulus squared of HMEs : Derived using Dispersion Relations + Unitarity

° Main idea: Compute the inclusive ete™ — bg cross section and relate it to the form factors

[1X(g) =i

. OPE for mg —g° > A2QCD :

» DR: II(g*) = —

T,

r OO

ds

ImII(s)

s — g4

rl

Bharucha, Feldmann, Wick ’10

d*x 50| T { JHCOT(0) } 10)

in general divergent: take derivative, y-| 5.

) 1
Imll(q°) = —

2

dpy (27" 54(q — py) P,,40]J4@) | X)(X | JE(©0) | 0)

XeB* Bnr,... *



Dispersive bounds |
o Upper bounds on modulus squared of HMEs : Derived using Dispersion Relations + Unitarity

° Main idea: Compute the inclusive ete™ — bg cross section and relate it to the form factors

. Bharucha, Feldmann, Wick '10

“(q) = i | d*x (0| T { J#(x)]lf’”(O)} 10)

. OPE for mg —g° > AZQCD : in general divergent: take derivative, yr-| 5

1 (% ImIl(s)

1 o
* DR:I(¢g*) =—| ds D ImIl(q°) = — z , dpy (2n)* 5*(q — px) P, O0|JE) | X)(X|J(0)[0)
" Jo Ny 2 XehBr.."

o Global guark-hadron duality:

)(F‘OPE =)(F‘1pt+)(F‘Bﬂ+

Terms strengthening the bound
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Dispersive bounds |
o Upper bounds on modulus squared of HMEs : Derived using Dispersion Relations + Unitarity

° Main idea: Compute the inclusive ete™ — bg cross section and relate it to the form factors

. Bharucha, Feldmann, Wick '10

“(q) = i | d*x (0| T { J#(x)]lf’”(O)} 10)

. OPE for mg —g°> > A2QCD : in general divergent: take derivative, yr-| 5

. DR: TI(a2 Pyl "Ood ImII(s) X i \ . ) :
: 11(q )_;uo S 778 Imll-(g )=5 Z dpyx (2m)" o (q—pX)PW(O\JF(x)\X)(XlJF(O)\O)

XeB* Bnr,... *

o Global guark-hadron duality:

Xl ope = Xl o g # = a1 O) =il > xrlp,

Terms strengthening the bound

o0
« Result into a bound on parametrization coefficients: Z |a, |~ < 1: Useful in estimating truncation error
n=0 A. Khodjamirian, T. Mannel, D. Van Dyk [1409.7816]
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LAn alternative: B — 7z Vector FF using B-meson DAs

FlgB)(p, Q) — i[ d4xeiq.x<0 ‘ T{ C?(X)}’M}@M(X), l/_t(())}/yb(())} ‘B(p 4+ q» A. Khodjamirian, T. Mannel, N. Offen, ‘ 05, ‘06

OPE

(a) (b) ()

at p? < 0, g% > mlf

o Two particle DA (defined in HQET): 1/my, corrections are unknown.

. o B B
(0]G,(0)[x,01h,,(0)| B,) = ’fBZ’BJ i @ (1+v){¢f(w)— B ¢_(w)x}y5 @ higher twist

0 2V.X
L - fa
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LAn alternative: B — 7z Vector FF using B-meson DAs

FIEB)(p, Q) — iJ d4xeiq.x<0 ‘ T{ CZ(X)}’M}/5M(X), l/_t(())}/yb(())} ‘B(p 4+ q» A. Khodjamirian, T. Mannel, N. Offen, ‘ 05, ‘06

Dispersion relation

OPE

P P
N p :
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at p? < 0, g% > mlf

: . 5 — p?
o Two particle DA (defined in HQET): 1/my, corrections are unknown.

| % [ Bw) — d5(@) ;i Quark hadron duality
(01 G,(0)[x,01h,4(0) | B,) = ”CBZ’BJ dw e~ | (1 +v){ B(w) — >0 = ¢l x} v.| @ higher twist

0 2v.x
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| An alternative: B — 7 Vector FF using B-meson DAs

F/EB)(pﬂ Q) — i[ d4xeiq.x<0 ‘ T{ CZ(X)}’M}/5M(X), l/_t(())}/yb(())} ‘B(p 4+ q)> A. Khodjamirian, T. Mannel, N. Offen, ‘ 05, ‘06

Dispersion relation

OPE

& o
p
—_4a \N\N\] G N |
4.q AR - N _—— SN
&) G G & ol

b I,

“ | -
q “n 1
TR
(a) (b) (c) . 2. B :
b I b

ImF(qg?,
fyzf]_gl_ﬂ(qz) Z - J e mF(q~, $)opE

| &

at p* < 0,q° > m;

: . 5 — p?
o Two particle DA (defined in HQET): 1/my, corrections are unknown.

- Bo) — bP(w) 7 Quark hadron duality
dw e > | (1 + v){gbf(a)) — P+(@) — ¢ (o x} Ys @ higher twist

(0]G,(0)[x,0]h,40) [ B,) = 2v.x

L A Ba

ifpmpg JOO
4

0

o Uncertainties in FFs using heavy DAs are, in
general, larger compared to light meson DAs:
Light DAs are better known and understood.
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An alternative: b5 — m Vector FF using B-meson DAs

F/gB)(p, Q) — iJ d4xeiq.x<0 ‘ T{ J(X)YMY5M(X), l/_t(())}/yb(())} ‘B(p 4+ q)> A. Khodjamirian, T. Mannel, N. Offen, ‘ 05, ‘06

Dispersion relation
P P

—— d: \N\[\j\] ? [\]\’ I\I\ .
N\ e\
Gt e Gl & of

OPE

|

1
w4
() (b) (c) N b ék, 2 b |
2 2 B8
atp° <K 0,9 > m; + 2 ®  ImF(q*,s)
f]Z'fBﬂ'(q ) Z — Jﬂ ds - Sq_pS20PE
o Two particle DA (defined in HQET): 1/my, corrections are unknown. & E
] I Quark hadron duality
(07 S ifgmg [~ T B qbf(a)) — $2(w) . .
q,(X)[x,0]h,40) | B,) = - dw e (1+v)] ¢2(w) — R x 27| @ higher twist
O .
L - fa

Advantages:

o Uncertainties in FFs using heavy DAs are, in .. : . -
. ol 1. Additional independent results to compare & combine with light-
general, larger compared to light meson DAs: meson LCSRs.

Light DAs are better known and understood.
2. Heavy to heavy FFs are only accessible using Heavy DAs.




~Status of results with B-meson DAs |

1 r OO B a),
v +(w, n)

/18(/4) B Jo w

o Possible extraction: B — v,y
o Current limit from Belle IT : A5 > 240 MeV

o QCD sum rules in HQET: /3(1 GeV) =460+ 110 MeV

o Results from lattice are still awaited.
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o Possible extraction: B — v,y
o Current limit from Belle IT : A5 > 240 MeV

o QCD sum rules in HQET: /3(1 GeV) =460+ 110 MeV

o Results from lattice are still awaited.

o Higher twist DA parameters: 415 & 4;; (large uncertainties from two
point QCD sum rules)

Two 1important questions:

1. Size of 1/m,, effects? :Expected to be small.

2. Size of NLO (O(a,)) : Using SCET sum rules
Y. M. Wang, L. Y. Shen, [1506.00667]




o Key input parameter: the inverse moment

1 r OO

+ (o, 1)
= dw
AB(M) Jo w

o Possible extraction: B — v,y
o Current limit from Belle IT : A5 > 240 MeV

o QCD sum rules in HQET: /3(1 GeV) =460+ 110 MeV

o Results from lattice are still awaited.

o Higher twist DA parameters: 415 & 4;; (large uncertainties from two
point QCD sum rules)

Two 1important questions:

1. Size of 1/m,, effects? :Expected to be small.

2. Size of NLO (O(a,)) : Using SCET sum rules
Y. M. Wang, L. Y. Shen, [1506.00667]

,

FF () =r°0) f*(0) Ref.
B—m  0.191+0.073  0.222+0.078 [99
0.21 + 0.07 0.19 + 0.06 81
B— K 0.325+0.085  0.381+0.097 [99
0.27 + 0.08 0.25 + 0.07 81

B — K 0.203 = 0.074 0.260 = 0.087 [99

Table 5 The LCSR results for Bigy — P
transition form factors at g2 = 0 from LCSRs

with B-meson DAS. (| csRs at LO + SCET SRs at NLO)
A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]



o Key input parameter: the inverse moment

1 r OO B C(),
do DL (w, p)

/18(/4) B Jo w

o Possible extraction: B — v,y
o Current limit from Belle IT : A5 > 240 MeV

o QCD sum rules in HQET: /3(1 GeV) =460+ 110 MeV

o Results from lattice are still awaited.

o Higher twist DA parameters: 415 & 4;; (large uncertainties from two
point QCD sum rules)

Two 1important questions:

1. Size of 1/m,, effects? :Expected to be small.

2. Size of NLO (O(a,)) : Using SCET sum rules
Y. M. Wang, L. Y. Shen, [1506.00667]

o Challenges related to Quark hadron duality & Borel
parameters is same as in light DA case.

,

FF () =r°0) f*(0) Ref.
B—7m  0.1914+0.073  0.222+0.078 [99;
0.21 £ 0.07 0.19 + 0.06 81
B— K 0.325+0085  0.381+0.097 [99
0.27 4 0.08 0.25 + 0.07 81

B — K 0.203 = 0.074 0.260 = 0.087 [99

Table 5 The LCSR results for Bigy — P
transition form factors at g2 = 0 from LCSRs

with B-meson DAS. (| csRs at LO + SCET SRs at NLO)
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o Key input parameter: the inverse moment

- B -_—

A, (A i FF +0) = £9(0)  £7(0) Ref.
B —m 0.191 & 0.073 0.222 = 0.078 |99
o Possible extraction: B — v,y 0.21 + 0.07 0.19 + 0.06 81]
o Current limit from Belle IT : A5 > 240 MeV B — K 0.325 £ 0.085 0.381 £ 0.097 [99
0.27 = 0.08 0.25 = 0.07 81
o QCD sum rules in HQET: 43(1 GeV) =460+ 110 MeV .
B — K 0.203 £ 0.074 0.260 = 0.087 |99

o Results from lattice are still awaited.
Table 5 The LCSR results for By — P

transition form factors at g2 = 0 from LCSRs

with B-meson DAS. (| csrs at LO + SCET SRs at NLO)
A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]

o Higher twist DA parameters: 415 & 4;; (large uncertainties from two
point QCD sum rules)

Two 1important questions:
An alternative method bypassing use of semi-local quark hadron

duality is proposed to mitigate the systematic errors associated to
LCSR in trade of the need of going higher in LCOPE

1. Size of 1/m,, effects? :Expected to be small.

2. Size of NLO (O(a,)) : Using SCET sum rules
Y. M. Wang, L. Y. Shen, [1506.00667]

A. Carvunis, F. Mahmoudi, Y. Monceaux [2404.01290]

o Challenges related to Quark hadron duality & Borel
parameters is same as in light DA case. see talk by Alexandre Carvunis



B — V Form Factors in Narrow Width J

o Results for B — P FFs can be simply extended to B — V with proper FF (Ref. [83]) V(0) Ap(0) T1(0) = T»(0)
modifications in input parameters & DAs. A1(0) T23(0)
A12(0)
FF V(0) Ap(0) T1(0) = T2(0) B—p DU R SR N7 0 o TN e
A1(0) T23(0) +0.155 +0.356
A12(0) 0249757103  0-7111457550
B—p 0.327 + 0.031  0.356+ 0.042  0.272 + 0.026 0.26517 hag
0.262 £+ 0.026 0.747 + 0.076 ,
0.297 + 0.035 B - w 0.3571'8::13?1‘; 0.344"_'8213?, 0.3121’8:}3;
B — w 0.304 £ 0.038 0.328 £ 0.048 0.272 £ 0.026 0.270+0-170 o 7er+0.407
0.243 £ 0.031  0.683 & 0.090 N g
0.270 % 0.040 1l G
B — K* 0341 + 0.036 0.356 &+ 0.046 0.282 + 0.031
* 0.245 0.154 0.211
8322 i 8332 0.668 = 0.083 B> K 0.419‘_*0_157 O.382J_r0.109 O.361J_r0.135
: . +0.180 +0.402
Bs - ¢ 0.387 £ 0.033 0.389 + 0.045 0.309 & 0.027 0.30615175 0.7931 955
0.296 £+ 0.027 0.676 £ 0.071 0.973+0.112
0.246 + 0.029 Sk
Bs > K* 0296 £ 0.030 0.314 £ 0.048 0.239 £ 0.024 B
0.230 £ 0.025  0.597 £ 0.076 FE (Ref. [81))  V(0) 31(8) ?(0()) = T2(0)
0.229 + 0.035 2(0) 23(0)
- B—p 0.27+0.14 0.22+0.10 0.24+0.12
Table 4 T;’le LCSR results for B(sy — V transition form 0.19 + 0.11 0.56 + 0.15
factors at ¢ = 0 from Ref. [53]. B K" 0.33+0.11 0264008 0.29+0.10
0.24+0.09 0.58+0.13

A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]

Table 6 The results for B — V transition form factors at
g% = 0 from LCSRs with B-meson DAs.

A. Khodjamirian, B. Meli¢, Y. M. Wang, [2311.08700]
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Table 6 The results for B — V transition form factors at

o Question: Is narrow width approximation really a good N U | con DA,

[} ® e . ’) ° ° ° e
approximation for broad resonances like p-meson, etc: A. Khodjamirian, B. Melié, Y. M. Wang, [2311.08700]



Going beyond Narrow Width Approximation:
LCSR for B — PP Form Factors

Two ways:

1. Using di-meson Distribution amplitudes.

2. Using B-meson Distribution amplitudes.




B O _> 71' 71' Of I/ d ecays a ﬂ d LC S R See also talk my Florian Herren

o p resonance is the dominant part of dipion => B — p FFs are resonance part of B’ — z*z" FFs (isospin 1).

o Form Factor:

B 4 .
(nt (k) 7Ok, | ity (1 — y5)b | BY(p)) = — F (g*, k*, &) ie" g,k 4k, @ axial current form factors
N

Expansion in partial waves (£ = 1,3,3,...): Series in Legendre Polynomials
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o p resonance is the dominant part of dipion => B — p FFs are resonance part of B’ — z*z" FFs (isospin 1).

o Form Factor:

B 4 .
(nt (k) 7Ok, | ity (1 — y5)b | BY(p)) = — F (g*, k*, &) ie" g,k 4k, @ axial current form factors
N

Expansion in partial waves (£ = 1,3,3,...): Series in Legendre Polynomials

° For p resonance, £ = 1 component, Fi”ﬂzl)(qz, k?) is required:

Slight model dependence is unavoidable

V3FE@A ) 8pnr VE~(q?)
\/ﬁ \@ m3 — k? — im,l" (k%) mg+m,

Captures non-resonant effect



— T JZ'O form factors Usmg dlplon DAs

0 D1p10n DAs: 1ntroduced for y*y — 27 processes M. Diehl, T. Gousset, B. Pire, O. Teryaev’ 98 l, | e

o Available twist-2 DAs: D. Muller, D. Robaschik, B. Geyer, FM. Dittles, J. Horejsi’ 94, M.V. Polyakov’ 99 ol /\ / )
(2 (k7o) | 02y, [1,01d(0) | 0) = — /2 kﬂJ A eI, £, k) ; »

O ! 5 \/\ 70 (ko)

kl,ukZV 9 kZﬂklv ¢ :
(n*(k)7"(ky) | @(x)0,,[x,01d(0) | 0) = 24/2i Y du " ®'=(u, ¢, k%)
- ),

Normalised using pion timelike FFs.

C. Hambrock, A. Khodjamirian [1511.02509]
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d T (R)
o Available twist-2 DAs: D. Muller, D. Robaschik, B. Geyer, F.M. Dittles, J. Horejsi’ 94, M.V. Polyakov’ 99 /
+ 0 B L iuk.x g l=1 2 0 0
(m* (k)" (ky) | (), [x.01d(0) | 0) = — ﬁkﬂj du " I (u, £, k?) i
0 ( > \
/ y N4 TT“( l"'_,’]

kl,ukZV 9 kZﬂklv ¢ :
(n*(k)7"(ky) | @(x)0,,[x,01d(0) | 0) = 24/2i Y du " ®'=(u, ¢, k%)
- ),

Normalised using pion timelike FFs.

o Double expansion: Legendre & Gegenbauer polynomials: Coefficients are complex valued functions of k?
Known for only small k?

C. Hambrock, A. Khodjamirian [1511.02509]



,_ =TT JZ'O form factors Usmg dlplon DAs

o Dlplon DAs: mtroduced for ;/ y — 27T Processes M. Diehl, T. Gousset, B. Pire, O. Teryaev’ 98 ,, o
d T (K)
o Available twist-2 DAs: D. Mduller, D. Robaschik, B. Geyer, F.M. Dittles, J. Horejsi’ 94, M.V. Polyakov’ 99 /
- 0 y s iuk.xgyl=1 2 0 -
(" (k)7 (ky) | ti(x)y,[x,01d(0) | 0) = — \/Ek”J du e™ "D\ "(u, ¢, k°) rt
0 ( _— \

kl,ukZV 9 kZﬂklv ¢ :
(n*(k)7"(ky) | @(x)0,,[x,01d(0) | 0) = 24/2i Y du " ®'=(u, ¢, k%)
- ),

Normalised using pion timelike FFs.

o Double expansion: Legendre & Gegenbauer polynomials: Coefficients are complex valued functions of k?
Known for only small k?

o OPE in dipion DAs (known upto LO twist-2) equals to hadronic dispersion relation in B-meson channel:

(n*7° |y, b| B°(p))fpmg (w*7° | iy, b| By,)(By,| imybysd | 0) V )

P d
h o .
HV(Q, kl’ kz) — | /\T B
Il/t m2 _p2 m2 _p2 ' + o]
B B, B i ,_,,,b b b
q"ﬁff }u K

Credit: A. Khodjamirian

C. Hambrock, A. Khodjamirian [1511.02509]



,_ =TT JZ'O form factors Usmg dlplon DAs

o Dlplon DAs: mtroduced for y*y — 2m processes M. Diehl, T. Gousset, B. Pire, O. Teryaev’ 98 /’ F(ky)
. : , g , d T (R
o Available twist-2 DAs: D. Mdller, D. Robaschik, B. Geyer, F.M. Dittles, J. Horejsi’ 94, M.V. Polyakov’ 99 « /\ /
(7wt (k) 7nO(k,) | i 01d(0)|0) = — 2k, | due™®1=1(u, ¢, k* ”
7t (k)a’(ky) | ii(x)y, [x,01d(0) | 0) = = /2K, | due™ D= (u, ¢, k) f
0 - \
{q " \/ 7?'“( l‘,;) )

kl,ukZV 9 kZﬂklv ¢ :
(n*(k)7"(ky) | @(x)0,,[x,01d(0) | 0) = 24/2i Y du " ®'=(u, ¢, k%)
- ),

Normalised using pion timelike FFs.

o Double expansion: Legendre & Gegenbauer polynomials: Coefficients are complex valued functions of k?
Known for only small k?

o OPE in dipion DAs (known upto LO twist-2) equals to hadronic dispersion relation in B-meson channel:

T

(w*7°|ity,b | By)(By | imybysd | O}

(7" | iy, b| B (p))fgms
HX(q, kl’ kz) — Mz 5 it |
mg —p

2 2
Mg —p

Credit: A. Khodjamirian

C. Hambrock, A. Khodjamirian [1511.02509]



,_ =TT JZ'O form factors Usmg dlplon DAs

0 Dlplon DASs: mtroduced for y*y — 2m processes M. Diehl, T. Gousset, B. Pire, O. Teryaev’ 98 ,, o)
. : , g , d T (R
o Available twist-2 DAs: D. Mdller, D. Robaschik, B. Geyer, .M. Dittles, J. Horejsi’ 94, M.V. Polyakov’ 99 « /\ /
(mt (k)2 (ky) | 01d(0)|0) = — \/2k, | due™ D=\ (u, ¢, k> ”
7+ (k)a®(ky) | ()7, [x,01d(0) | 0) = — \/2k, | du ™ !=(u, £, k%) f
! u N m (ko)

kl,ukZV 9 kZﬂklv ¢ :
(n*(k)7"(ky) | @(x)0,,[x,01d(0) | 0) = 24/2i Y du " ®'=(u, ¢, k%)
- ),

Normalised using pion timelike FFs.

o Double expansion: Legendre & Gegenbauer polynomials: Coefficients are complex valued functions of k?
Known for only small k?

o OPE in dipion DAs (known upto LO twist-2) equals to hadronic dispersion relation in B-meson channel:

7 D - = P oyt pi i d
. (n*7° |y, b| B°(p))fpmg (7’| iy, b| By){By|im,bysd|0) f) ; " b@ . h
[1,(q. ki, ko) = TR | ) (A (b
m = p mp = p T (.

OPE,(V) . it
: p (5) Credit: A. Khodjamirian
Quark hadron duality = J ds—- 5 Region of validity:
S —
| ¢ p k* < mi, q* < mf

o Limited by limited knowledge of di-meson DAs: More work needed.
C. Hambrock, A. Khodjamirian [1511.02509]




— - - - o —g = oo ol —g > oy e oo e — & e - oo oo oo L —

BO —> 71'0 form factors Usmg B -meson DAs

, N , , S Cheng A Khodjamlrlan J. Virto, [1701.01633]
o LCSR with B meson DA and iy, d interpolating current.

o Correlation function:

F (k. q) = in“x ™0 T{d(x)y,u(x), @O)y,(1 = 5)b(0)} | Bq + K))

OPE Dispersion Relation

IJ'OO p ImkF (s, q°)
\)
4m?2

2ImF, (k,q) = JdeAO | dy,u| n* 7)Yzt |ay,(1 — ys)b | B(g + k) + ...

F_(s) B = 2z (¢ = 1) form factors



o Resulting sum rule: (eg. for Fi”ﬂ =D of vector current)

PSO

] )
dmz

dse

e VSIBOP

4

672/

F(s)F (s, q%) = fymy

o Similar sum rules for other form factors.

BO — JZ'O form factors Usmg B -meson DAs

03”

70

dde _S(an

9

o The complex phases of B — 2z FFs and F_(s) equal at low s: a usual Watson theorem.

- 3-particle DA contri.

o Not a direct calculation, given the shape of the B — 27 FFs, these sum rules can provide normalisation.



o Resulting sum rule: (eg. for Ff =D of vector current)

PSO

] )
dmz

dse

e VSIBOP

NN

FE()F=(s, ¢%) = fymy

o Similar sum rules for other form factors.

,{ T JZ'O form factors Usmg B -meson DAs

03”

70

dde _S(an

9

o The complex phases of B — 2z FFs and F_(s) equal at low s: a usual Watson theorem.

- 3-particle DA contri.

o Not a direct calculation, given the shape of the B — 27 FFs, these sum rules can provide normalisation.

o Necessary inputs in these sum rules:

1. B-meson DAs.

2. Timelike vector form factors of pion : experimentally well known



S. Cheng, A. Khodjamirian, J. Virto, [1701.01633]

° Ansatz for B — zz FF : inspired by experimental fit of F_(s)

V3F=D(g% k?) y SR VE~R(g?)
\/ﬁ \/@ R mp — k? — impl p(k?) mp + mp
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| Probing p—resonance model |

Dipion invariant mass dependence

P —— 0 —- Model 1 |
S. Cheng, A. Khodjamirian, J. Virto, [1701.01633] 3 ; | —= Model 2
° Ansatz for B — zz FF : inspired by experimental fit of F_(s) S : 5 =E !
30 F ’ l :
(=) .2 1.2 B—R/ .2 1 : ’ ‘
. 2 o 2 N A 000 ]
N ms — k% — impl (k%) mp+ m » / !
k AB Rep.p.p” R R R( ) B R 10 # ‘ 1
0 [T WY T T AN TR TR T WA S WY T YN N TR T N T MR A
Model-1: . VB~?(g?) from LCSR with p-meson DAs ', =0 Ulat 0.2 PSR B
. . s (GeV?
. Neglect p” and substitute in LCSR. )
—> an appreciable contribution of p’is consistent with the fit. R F?P?”ﬁ?'ﬁ‘?el R |
8 == Model 1 :
Model-2: « All three resonances taken into account. [ == Model 2 Z
— o - 27 DAs (1511.02509) :
o Their proportion taken as in F_(s) Belle fit. i 4
::‘ 4|
i
o |
2 = -
0 -1 1 1 1 1 | 1 1 1
0 2 4 6 8 10 12
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| Probing p—resonance model |

Dipion invariant mass dependence

BS 50 — Model 1 -
S. Cheng, A. Khodjamirian, J. Virto, [1701.01633] 3 ; —= Model 2
° Ansatz for B — zz FF : inspired by experimental fit of F_(s) S | f
= 30 ;
&= .2 1,2 B—>R, .2 1 : :
\/gFl (q,k)_ 2 ERnn VTR (g7) &' 20 :
i 2 e 2 : 3
NN mz — k< — impl p(k%) mp+ m i !
k AB Rep.p.p” R R R( ) B R 10 + |
0 [T 8., 1 ¢ VIR S,  y a Ne, WP S
Model-1: . VB~?(g?) from LCSR with p-meson DAs I, =0 el e L R e Ly T
. . s (GeV?
. Neglect p” and substitute in LCSR. )
—> an appreciable contribution of p’is consistent with the fit. i F?P?”ﬂ?f‘?el R r
8 == Model 1 :
Model-2: « All three resonances taken into account. [ =*= Model 2 ]
e 27 DAs (1511.02509) :
X . . . = 6 | -
o Their proportion taken as in F_(s) Belle fit. L ~
:: 4|
TR |
o | ‘
o Applications to B — K¢~ form factors with Kz in P and S waves. 2 | ;
S. Descotes-Genon, A. Khodjamirian, J. Virto, [1908.02267] ]
S. Descotes-Genon, A. Khodjamirian, J. Virto, K. K. Vos, [2304.02973] . 0 5 4 6 8 10 12



Non-local FFs in rare FCNCs




<Qf/l{’R(B —)Mﬂff) = '/V/l

2m.M M
(CoF Ci0)F (qD) + —2L | CF (D) - 162°—L% (g7

q2

o Leading contribution: Local form factors

szLK(q2 = 0)

method

Ref.

0.395 4+ 0.033
0.27 +0.08
0.325 £ 0.085
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B DAs
B DAs © SCET

AK, A.Rusov , 1703.04765
N. Gubernari, A,Kokulu, D.van Dyk, 1811.00983
C.-D. LG,Y.-L.Shen, Y.-M.Wang, Y.-B.Wei,1810.00819

ny,

See also talks by Simone Mutke
and Ariana Tinari



2m, M
g2

ANB = ML) =N, S (CoF Co)F (q°) +

o Leading contribution: Local form factors

M
C;F (g% — 1675°—L% (q°)

See also talks by Simone Mutke

ny, and Ariana Tinari

fr.(q°> =0) | method Ref.

K DAs AK, A.Rusov , 1703.04765
B DAs N. Gubernari, A,Kokulu, D.van Dyk, 1811.00983
B DAs @ SCET | c.-D.Li,Y--L.Shen, Y.-M.Wang, Y.-B.Wei,1810.00819

0.395 4+ 0.033
0.27 +0.08
0.325 £ 0.085

o Non-local effects:

&

Z (k,q) = i|d*xeT(M(k)| T{J"(x), C;O;} | B(q + k))

J

Main contributions: the ‘charm-loops’
Oy = (EU’M(TG)CL) (e (TDy)

iAnatomy of nonlocal matrix elements in B — K¢/ I

5 i ® -virtual photon
weak annihilation

LO (factor.)

s )

b
&

B K

i

<

{ |\.
~—® /l\ &—~ ~ ’ \f *’g i A O~
® v! 7

&_ / B K

Q

-

.00

spectator (nonfactor.) soft (low virtuality) gluons
M.Beneke, Th.Feldmann, D.Seidel (2001) A.K., Th. Mannel, A. Pivovarov and Yu-M. Wang,




on-Local Form Factorsinb — s¢77_ decays|
M M _
méjz B C79/{(QZ) y 16%2?;%/1@2) and Ariana Tinari

o Leading contribution: Local form factors Anatomy of nonlocal matrix elements in B — K¢/ I

See also talks by Simone Mutke

ALRB - M) = N, L (Cox Ci0)F ,(q” 2
A(",z) 1% (CoF Cip)F ,(g7) +

TACAED) method Ref. 0
0.395 +0.033 | K DAs AK, A.Rusov , 1703.04765 - ey

0.27 +£0.08 B DAs N. Gubernari, A,Kokulu, D.van Dyk, 1811.00983
0.3254+0.085 | BDAs @ SCET | cC.-D.Lu,Y.-L.Shen, Y.-M.Wang, Y.-B.Wei,1810.00819 B K

® -virtual photon

o Non-local effects: LO (factor.) weak annihilation

Z (k,q) = i|d*xeT(M(k)| T{J"(x), C;O;} | B(q + k)) o) & )
. b\r‘@/ —~ R S OJ\l/O —~

Main contributions: the ‘charm-loops’
Oy = (SU’M(TG)CL) (e (TDy)

o Small but important as it mimic new physics by shifting C, 4 B

\m/
p. &

o No predictions from LQCD so far. } <

qeloloy l

/ % SN A4 _ /

spectator (nonfactor.) soft (low virtuality) gluons
M.Beneke, Th.Feldmann, D.Seidel (2001) A.K., Th. Mannel, A. Pivovarov and Yu-M. Wang,




10"+ dBR By - Ky p* i)

| B — Ku"j” using LCSR |

Z (k, q) = in4x e (M (k) | T{IS"(x), C,0,} | B(q + k)

dq2

o For g* < 4m62, the integral is dominated by light-like distances: LCOPE

» Method: LCSR @ QCDf (¢* < 0) @ dispersion relation (parametrisation)

A. Khodjamirian, T. Mannel, A. Pivovarov, Y.M. Wang [1006.4945]

= (2.19 £0.33) X 1077
Using more accurate LCSR for f;.(g?)

+ +,,+,,—

BRBT = K1) 0_60 GeVA o
g’ (GeV")

A. Khodjamirian, T. Mannel, Y.M. Wang [1211.0234]

A. Khodjamirian, A. Rusov [1703.04765]



10"+ dBR (By - Ky p* w)

ng LCSR |

Z (k, q) = in4x e (M (k) | T{IS"(x), C,0,} | B(q + k)

B — Ku™p™ us

dq2

o For g° <« 4m62, the integral is dominated by light-like distances: LCOPE

» Method: LCSR @ QCDf (¢* < 0) @ dispersion relation (parametrisation)

A. Khodjamirian, T. Mannel, A. Pivovarov, Y.M. Wang [1006.4945]

BR(BT — Ktu*u™) = (2.19+0.33) x 10~/

[1.0-6.0 GeV]

. ’) ¢’ (GeVY)
Using more accurate LCSR for fpz(g°) A. Khodjamirian, T. Mannel, Y.M. Wang [1211.0234]
A. Khodjamirian, A. Rusov [1703.04765] 10~
o Improved NLO factorisable diags + Bayesian analysis of uncertainties . ] - o
—> smaller soft gluon effect = SM predigl
D) LHCb 2014
N. Gubernari, M. Reboud, D. van Dyk, J. Virto, [2206.03797] O ¢ Babar 2012
. 2 . 1 Belle 2019
+ +,,+,,— — 3 5
— = (2.2 £ 0. Xl °
BRB™ = K™ 1) 6.0 Gevy = (23 £0.2) X 10 u
9) : ) g 4 |
o Presence of relevant sub-threshold: sy = 4m while s, = (mg + mg)~: s |
z-parametrization with dispersive bounds ,_‘% 3' - T.
\i)/ P =
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10"+ dBR (By - Ky p* w)

| B~ Ku"u~ using LCSR |

Z (k, q) = in4x e (M (k) | T{IS"(x), C,0,} | B(q + k)

0.8 dq’

0.6-”
o For g° <« 4m62, the integral is dominated by light-like distances: LCOPE |
0.4} ‘ ‘ s
» Method: LCSR @ QCDf (¢* < 0) & dispersion relation (parametrisation) e i

( 'rj"'
2 1 2

A. Khodjamirian, T. Mannel, A. Pivovarov, Y.M. Wang [1006.4945] 2 W/o non-local contribution

b A | A A 3

L» —7 0.oi AAAAAAAAA L S

= (2.19 £ 0.33) x 10 S T e L
g (GeVY)

A. Khodjamirian, T. Mannel, Y.M. Wang [1211.0234]

+ +,,t,,—
BR(B™ — K™ p )[1.0—6.0 GeV

Using more accurate LCSR for fp K(q2)

A. Khodjamirian, A. Rusov [1703.04765] %10~ |
o o o . o o === BSM best fit
o Improved NLO factorisable diags + Bayesian analysis of uncertainties . ] BSM bendhmark |1
—> smaller soft gluon effect > ol
N. Gubernari, M. Reboud, D. van Dyk, J. Virto, [2206.03797] O ¢ Babar 2012
. 2 - Belle 2019
+ +,,+,,— — 3 5
— = (2.5 £ 0. ]
BRB™ = K™ 1) 6.0 Gevy = (23 £0.2) X 10 u
9) : ) g 4 |
o Presence of relevant sub-threshold: sy = 4m while s, = (mg + mg)~: s |
z-parametrization with dispersive bounds ,_E 3' HH T.
. . . . M "—__}-“_':"“"---H--q— = I""l‘_“ﬁ
o LCSR with kaon DAs: soft gluon effects vanish upto twist-4 in low g* R 2- ST
D. Mishra, N. Mahajan, [2409.00181] P |
2 4 6 8

o Charm loop effects still under investigation.



Factorsinc — u/"¢~ decays|

« Long distance dominated : Heavy GIM and CKM suppressed



[Non-Local Form Factors in ¢ — u/"/~ decays)
« Long distance dominated : Heavy GIM and CKM suppressed

¢ Leading contributions:

Weak Annihilation contributions Loop contributions
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« Long distance dominated : Heavy GIM and CKM suppressed

¢ Leading contributions:

Weak Annihilation contributions Loop contributions

< The artificial momentum £ is introduced at the four vertex to avoid parasitic contributions in the dispersion relation.
(Method used before in LCSR analysis of B — 27 and D — 27, KK)

A. Khodjamirian et. al., hep-ph/0012271, hep-ph/0304179, hep-ph/0509049, 1706.07780



[Non-Local Form Factors in ¢ — u/"/~ decays;
« Long distance dominated : Heavy GIM and CKM suppressed

¢ Leading contributions:

Weak Annihilation contributions Loop contributions

< The artificial momentum £ is introduced at the four vertex to avoid parasitic contributions in the dispersion relation.
(Method used before in LCSR analysis of B — 2z and D — 27, KK)

A. Khodjamirian et. al., hep-ph/0012271, hep-ph/0304179, hep-ph/0509049, 1706.07780

Light Cone OPE (LO twist-2) Dispersion relation in (p + ¢)*
O (OPE) PR i 2 (D —=aty¥) 2\ (oo (s 2 P2 — mz)
s mE (s,q°, P* = mp) =meDA (q)+ dsphD ,q~, " = Mmp,
J s —(p+ qg)? ml% — (p + g)? J. s —(p+ qg)? Quark Hadron duality

c \_ ) - hg p
contribution from D-meson state

\

3|~

"°° o IMFOPE) s, qz, P? = mlz))

|
T Jsp SESEOEE g)?



— g - - . a0 - PNV e — = - 2 g o P me— — g Ty o P e PP 2 g —

Results for DJr — 7z+z/”+z/” usmg LCSR assnsted dlspersmn relatlon
0 Models for I-Iadronlc dlspersmn relatlon AB, A. Khodjamirian, T. Mannel, [2505.21369]

» /-parametrization model

+ % T ¢ k A . py 0 —
D=ty )(qz) — D=ty )(q2)+ [(q — g ) Z vIvApay € +J s (6] 40 )Ph(S)

=gy — g2 — imy D) ) (s — ad)s — g2 — ie)

ok

>0 G — 45 )ph() B Nk

th 1
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Results for DJr — 7z+f+z/” usmg LCSR assusted dlspersmn relatlon
0 Nlodels for I-Iadronlc dlspersmn relatlon AB, A. Khodjamirian, T. Mannel, [2505.21369]

» /-parametrization model

k A L1py oo —
vIvApay € +J ” (q” — q5) pu(s)

AP=TTNg?) = AP TN gd) + [(q — q;) .
Z (m§ — qg)(mg — q* — imy ') (s — g§)(s — g* — ie)

V=p,w, th

ok

J ds @ = 4) £4) ar ([2(gH1* = [2(g)1Y)

(s — gd)s — g —ic) &=

th

 Extended resonance model

to(D+—>7z'+y*)(q2) _ 2 kaVADJZVe | ds pth) .
V=p,w,p (mV q o l\/ FV(qz)) Jsp (S — g — l€)

_I_

= s 1 ol .
J ds—" ”g) —= ) v eff
g =gt —ie) F s My —q* — i/ q*T(q?)  mZe — q* — in/q*T o5(q?)



Results for DJr — 7z+f+ usmg LCSR assnsted dlspersmn relatlon |

0 Models for I-Iadronlc dlspersmn relatlon

» /-parametrization model

(Q[(D+—>7z }/*)(q2) _ tQ{(])Jr—nz y*)(q2) 4+ [(q i q ) Z

V=p,w,

i
ky fyApgy e’

(mv qj )(mv

th

 Extended resonance model

LA COED)

J‘OO
h
S0

ds

Pr(S)

(s—q2—ie)

V=p,w,

2

V/=p/,¢/

ky fyApay €

de (> = ap)pu(s)
s —
o (5—qp)(s—g*—ie) =

M~

s P(s)

(md —q —z\/_ Fv<q2>>

N1
rve 4

(md — g% — i/ q*T'(g?))

_I_

us(f)l (S_qz_i€)

1P,
r ff e

q* — imyI'{)

m3y = 4% = i/ PT (@)

+J ds

th

ar ([2(gD1 = [2(gD)])

dBR(D* — wtutu™)

AB, A. Khodjamirian, T. Mannel, [2505.21369]

(q* — q5) pu(s)

(s — gg)(s — g* — ie)

10~°

10~°

Z-parametrization

Extended resonance model

0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Results for DJr — 7z+z/”+z/” usmg LCSR assnsted dlspersmn relatlon
0 Models for I-Iadronlc dlspersmn relatlon AB, A. Khodjamirian, T. Mannel, [2505.21369]

» /-parametrization model

+ % + % P eiq)" &0 — S
ﬂ(D -ty )(q2) — tQ[(D —aty )(q2) 4+ [(q - q ) Z VfV DrV +J ks (q QO)ph( )

=gy — g2 — imy D) ) (s — ad)s — g2 — ie)

> (g% = 45) Pu(s) S ok e [T
J ds——_ 20T N 4y (g1 — [2@dTF)
S, (s = qo)(s o q — i€) k=1 Z-parametrization
- Extended resonance model
* Extended resonance model <| 1076} |
+
=
r OO0 T I -
Q[(D"‘—)n’ﬂ,*)(qz) . Z kaVADJZ'Ve A ph(S) $ :? | /44«
2
Vapagp M7 — 47 — 1/ q FV(C]Z)) g G—qm—1e) A ¥
E -9
| a1 1079 .
o0 g ! eiqp{, 7 e Peff
J s phg). _ ve N eff
g —gr—ie) L (my— g% — i@ Tw(g?)  mZy— g% — i\/q*T o/ (q?)
0.0 0.5 1.0 1.5 2.OI — I215I — IBiO

o A more sophisticated fit procedure (bayesian methods) may help in reducing the uncertainties.



I Summary and Outlook
% LCSR have a very broad spectrum of applications : provides approximate analytic expressions for hadronic quantities.
% LCSRs have been succesfully complimenting LQCD so far.

% Presently, resonance final states , non-local effects, etc are only accessible using LCSR techniques.

% Non-leptonic amplitudes also studied in LCSR: requires better understanding of final state interactions.
A. Khodjamirian et. al., hep-ph/0012271, hep-ph/0304179, hep-ph/0509049, 1706.07780 ,..
B. Meli¢, [hep-ph/0303250], Y.M. Wang, et. al, [2202.08073], M.L. Piscopo et. al., 2307.07594

% Unknown systematic uncertainties from quark hadron duality approximations: need for alternative methods
% Major sources of parametric uncertainties lies in poor knowledge of LCDA parameters: input from Lattice will be useful.

% Recent applications of LCSR to study dark matter models
A. Khodjamirian, M. Wald [2206.11601], A. Boushchmeleva, M. Wald, [2311.13482]
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® For Q? = — g?> - o0 and |(p — q)*| = o0: The correlation functions are dominated by

regions near light cone (x* — 0).

vl =1p.ql ~1(p =gl ~ Q*> Al —

a(p) )

(
\
g

Fig. : Diagramatic
representation of a typical
correlation function of two
currents between the initial
and the final state
containing pion and
vacuum.

P



® For Q? = — g?> - o0 and |(p — q)*| = o0: The correlation functions are dominated by

regions near light cone (x* — 0).

vl =1p.ql~1(p=@° I ~0*>Apep = =7~

4
® To avoid large oscillations: x; — x5 ~ (ngf) 3 ™~ (25 )
H
4 2
xgzxgz | 0 +0('M—4> — x?~ 1/0%? > 0

® No short distance dominance as x; ~ x3 ~ &/(2u) > 1/4/ 0?

® An expansion in local operators around x=0 is not applicable. Rather an expansion around

x? =0 is possible.

a(p) )

(
\
g

Fig. : Diagramatic
representation of a typical
correlation function of two
currents between the initial
and the final state
containing pion and
vacuum.

P



i Dispersion Relation: Analyticity & Unitarity|
® The dispersion relation relates the imaginary part of these functions to the real part. C

® According to Cauchys integral and Schwartz reflection principle, )

L1(s) y 1 J‘ °°d ImII(s)

1 r®
H(q2)=—,<> ds = S
NS — - 71 ), s — q?

\4
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® The dispersion relation relates the imaginary part of these functions to the real part. C
® According to Cauchys integral and Schwartz reflection principle, 4
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® According to the optical theorem: Fig. : Showing analytical
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® Very less is known about the spectral density p"(s) & —Im(IT(s)).
T

Two types

Global quark-hadron duality Local quark-hadron duality
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tin (S - q2) 4m?

[1"(g?%) — M2P(g?) in deep space like-region (g°> — — o)
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Continuum threshold J

So needs to be fitted and is expected to be close to the mass square of the first excited state.
e T —




® Uncertainty due to quark hadron duality is to be reduced — suppress the higher states contribution

® Borel transform is a mathematical operations which can be used for this purpose.

(_q2)(n+1) n
[(M?) = Bypll(g”) = lim ' (-) I(g°)
—g°,n —> o0 n.

—qg*/n = M?
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® Uncertainty due to quark hadron duality is to be reduced — suppress the higher states contribution

® Borel transform is a mathematical operations which can be used for this purpose.

o 2\(n+1) n
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—g%,n — o n! dq2
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® After Borel transformation,

2 1242 A » [ 1
H(Mz) =f‘2/e_(mV/M ) + J ds e "M (; Im (HQCD (s)))
50

® One finally needs to find the Borel window where the results are stable with variation in the Borel mass.



® Uncertainty due to quark hadron duality is to be reduced — suppress the higher states contribution

® Borel transform is a mathematical operations which can be used for this purpose.

o 2\(n+1) n
[(M?) = B,,01(g%) = lim (=4 (i) [1(g?)

—qz,n — 00 n! dq2
—qg*/n = M?

o 1 1 exp-m¥M?) |
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® After Borel transformation,

2 2 & 2 1
H(Mz) =f‘2,e_(mV/M ) + J ds e —S"M (; Im (HQCD (s)))
50

® One finally needs to find the Borel window where the results are stable with variation in the Borel mass.

5o (the continuum threshold) and M (the Borel mass): Two independent parameters in sum rules

| *_
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® OPE enables one to separate short and long distance physics.

® The short distance physics can be calculated using perturbative QCD and long distance physics can be written in

universal non-perturbative objects like condensates or distribution amplitudes (DAs)
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{Operator Product Expansion (OPE)]
® OPE enables one to separate short and long distance physics.

® The short distance physics can be calculated using perturbative QCD and long distance physics can be written in

universal non-perturbative objects like condensates or distribution amplitudes (DAs)

Types of OPE

/ \

Short Distance OPE Light Cone OPE

Y

= d/'i :

| Hard Sca‘r’rermg kernel ‘

®It is an expansion in canonical dimension. @It is an expansion in twist (dlmensmn-sPln).

LCSR uses the light cone OPE

R e I mm———




i Twist in QCD and Conformal symmetry |

® For practical purpose: Conformal symmetry ——> Scaling Symmetry (no dimension-ful parameter in the theory like )
1
P =——FWF
i .t

® The full conformal algebra in 4 dimensions include 15 generator: % P, (4 translations)
U

* M, (6 Lorentz rotations)

* D (dilatation/scaling)

. * K, (4 special conformal transformations)
® Collinear subgroup of full conformal group: (P_,M_.,D,K_)

o LE, p(a)] = tgp(a) where, E = %(D — M__) and t is the twist.

® Twist (f)= Canonical dimension (d) - Spin (s)

® Spin projection operators

| | Twist-2: Q, =y, yw, = 0"
1_[+ — 5}/—7/+ Il = 5}/_'_}/_
/ / TWlSt‘3: @J_ — l/_j+yJ_l//— + l/_j—yj_l//+ — @1,1/2 + @1/2,1
1 1
) 2 TWlSt‘AI.: @_ — l/_/_}/_l//_ = @1/291/2



® The matrix element of non-local operator,

= 1 AR
(7°] i@(x)y”ysu(0) | 0) > = Z RN (7’| @(0)D"1D*2. .. D*»yPy<u(0) | 0)
n=0 : - )

(_i)n+1pﬂpﬂ1pﬂ2. . .pﬂn%z i (_i)n+1g/41/42p,0p/43. . .pﬂn%z‘ﬂ aL,

Here, z, and A g” are non-perturbative parameters of increasing twist.

® The coefficient of n = 0 implies,

(2| a)y ysu(©0)[0) = —ipPatl = ML,



® The propagator : S(x;, x,,m) = — i <O | T{gq(x,)q(x)} |O> is not gauge invariant.

@ Gauge invariance requires the insertion of a wilson line (W(x,, x,)) between g(x,) and g(x;) in a non-local

operator.
W(x;,x,) = P {exp <igJ QYZ(Z)T“dZ”> }

® Using the &/ x* = 0 gauge i.e. the fixed-point gauge, light cone expansion of the quark propagator is

X1, Xy, M) = e vGH¥(vx — V)X c,, v(X; — X),7,
e ) Cn)* k2—m? |, : Tlo@2—m2 ™ k2—m2 T T )
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f(0) = f°(0)

V(0)

Ap(0)
A1(0)
A3 (0)

Ref.

B — D(*)

0.586 =

0.65

- 0.103

0.08

0.703 -

0.69 +

- (0.160

0.13

0.623 -
0.704 -

-0.112
-0.119

0.803 =

0.60
0.51

- (0.186

0.09
0.09

(115

81]

B. — [)g*)

Table 7 B(s) — D

0.572

B-meson DAs.

(*)
(s)

- 0.115

0.671 -

- 0.168

0.582 -
0.661 -

-0.120
-0.117

0.765 =

-0.163

[115]

form factors at ¢ = 0 from the LCSRs with



