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Local B — V Form Factors

1. Definition: Fi(g*) ~ (V(R)|Grib|B(q + k))

2. Necessary for:
- Semileptonic decays: B — pfv, Bs — K*{v, ...
- Non-Leptonic decays: B — K*mr, ...

- “Rare” FCNC decays: B — K*bv, B — K*¢+¢~
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Local B — K* Form Factors

T T T T 7 2.0
2.0 BK*[ 2 7
~F () y
LQCD (Horgan, Liu, Meinel, Wingate 2013+2015) |
] 1.5
1 1.0

LCSRs (Gubernari, Kokulu, van Dyk 2019)
Virto 2019)

(See also Descotes Genon, Khodjamiiar

0.5

0.0

q2 [GeV?]

» Two main approaches: (1) Lattice QCD (large g*)  (2) LCSRs (low ¢?)
» Two approaches to LCSRs, in terms of  (Left) K* LCDAs  (Right) B LCDAs

» g° dependence can be parametrized model-independently
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Subject of this talk

However:

- p,K*,... arenotstable in QCD  (e.g. K* — Kx strong decay)

- Form factor calculations done in the narrow-width limit

This talk:

B—KX ————— B—=KnX

Naively, corrections from finite width are

W~1+coeff.><%+~~

Target precision: ~ 10% /M ~ 20%(p), 6%(K*), 0.5%(p)

But there are also “non-resonant” effects (higher resonances, S, D-waves, ...)
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B — Kr Form factors

Definition of Lorentz-Invariant Form Factors:

i(K™ (Ri)w " (ko) [39"DIB (g + k) = FLRY
—i(K™ (ki) (R[50 sbIB(q + k) = Fekt' +Foky + Fy ki
(K™ (k)" (R2)[50"qubIB’(q + k) = FLRY
(K™ (R)m* (R2)|30™" quysb|B°(q + R)) = Fo R + Fj R

Functions F(K2, ¢%,q - k). Partial-wave expansion:

Foe(K,q'q-k) = Z\/M TF(R, g%) P (cos bx)
£=0

PS)(cos k)
sin Ok

Fui(R,q%q-k) = ZV” F“\( )

=1

Javier Virto Form Factors and High-Mass Moments in B — Kmé4 Virtual Durham, April 3rd 2020 5/36



A toy model with a new (light) scalar

Consider a new scalar particle ¢ that couples to the pseudoscalar current 5+sb:
Lspo = —gSysbd 4+ h.c. .

The B — &K 7" amplitude to leading order in g is
2
IA(B — oK 717) = _%Ft(k2’ M, 0k)

and the differential decay rate is given by

dr o 1 V /\)\Kﬂ'
drR?dcosOx  (2m)332m3} 2R2

A

Integrating over the angle 6x and using orthogonality of Legendre polynomials:

ar 1 9°9* V2 kx 2 M2\
dr? — (27)232m3 (mp + ms) ZkZZ‘F (ks ma)[”
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A toy model with a new (light) scalar

dar 1 a2 kr 2
dk2 = (@2m)232m3 (mp + ms) 2kzz‘F (F, me)[*

L
0.8 1.0 1.2 14 1.6 1.8

Vs (GeV)

The K* contribution : take only the £ = 1 term, with only one resonance:

V5 Tk (s)

|F(l 1)| 32725\ l
B (M. —S)? + sTk=(s)

3g201/2 |Fice (M) [* A(S, mi=) 5 A(s, M=) =
K
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A toy model with a new (light) scalar

The K* contribution :

V5 Tk (s)

1
(M2, —5)2 + ST (s)

|F(4:q)|2 -~ 32725\
t

= | Fies e(M&))> A(s, M=) 5 A(S, M) =
1/2 ’
3q2AK{r

— 5(s—myx)
Notice [ dsA(s, mg=) = 1. Integrating around a window containing the K*:

233/2( o *
* _ g X’ (m
F(B = K[ Ko ']) = Wiﬁns)z'? e a(me)l”

We need to compare this result with its narrow-width approximation B — K*®:

233/2( o
* g \’e(mg) BK* /22
M(B—dK)= ———"——|A m .
( ) 167rm33(mb+m5)2‘ o (ms)]

Since the B(K* — K~n*) = 2/3, both rates coincide if Fi- ; = A5X".
But beyond the NWL Fi~ ¢ has a different value!
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The case of B — Kn¢/

dr 9 )
dq?dk?d cos 0,d cos Oxd B?I(q K, 0,05, @ 3 Z (a7, K)2(61, 65, ©)

O InB— K*¢¢: 1(g°, mk) are the usual functions of AP%(g?).

O In B — Krél we must do: APR(q?) — APR(q?, k%)

with
~LR _ VAkx 1RO ~LR _ VAkn LR()
ALY = % AT At = 2 AT
AR = — A0 V2 Ac=—A"/V2 .
and

2m 16 .
AR, 0%,606) = N | (Co F Cro)Fi + q—;’{cyﬂ - ,—”H }} i={L1,0,}

with partial-wave expansion giving A~ (k2 ¢?).
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Light-Cone Sum Rules with B-meson LCDAs

Khodjamirian, Mannel, Offen 2006 [Analyticity+Unitarity+Duality]

Consider a correlation function: Pop(k,q) = i/d“x e X0 T{ja(x), ), (0)}B°(q + R))
Im(s)

2
POREGR?, o) = 1 [ as FEPSTD)

Pi(k*, q%)
Re(s)
21mP;(k, q) = Z/dm (Olja (k) (h(K)|56| B (g + K))
form factor
» Traditionally, h(k) = K* + continuum = 2ImPgy(R, q) ~ fi FE*S(R? — my=) + -+
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Light-Cone Sum Rules with B-meson LCDAs

Khodjamirian, Mannel, Offen 2006 [Analyticity+Unitarity+Duality]
Consider a correlation function: Pop(R,q) = l/d4x e* X (0| T{ja (x), jp(0) }|B%(q + R))
Im(s)

OPE[2 2 _l/w ImP; (s, ¢%)
Pi (k’tI)fﬂ_ ds — —5

Jsm

Pi(k*, q%)
[ ]

Re(s)

20Pull,a) = 3 [ drn (Ol (D) () 50 B(a + )
h

form factor

» Traditionally, h(k) = K* + continuum = 2ImPgy(k, q) ~ f§ FBK*é(I?Z — My ) + -
» Generalization for unstable mesons cheng, khodjamirian, Virto 2017 : h(R) = Km + - -~

LCSRs with B-meson DAs, natural for this generalization.
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Light-Cone Sum Rules for P-wave B — Kz Form Factors

50 —S 2 ~ % =
ds e wi(s,q%) 17 (5) FP7(s,0%) = P (A 00, M)

Sth

- so — Effective threshold

- wi(s, g%) - (known) kinematic factors

_ _ m2—m?
(K™ (R)m* (R2)[37,d|0) = fo(R) Ry + P =fo(R?) Ry
. P(T),OPE

1

— OPE result for the correlation function
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What have we done?

So
[ dse s 1) K5, q) = PG o, )
Sth

t

- Generalize LCSRs in khodjamirian, Mannel, offen 2006 beyond the K* case, including
LCSRs for Ao, Tz73

- Recalculate P"7"°* including 3-particle contributions, and extended
consistently to twist-4 accuracy. Full (numerical) agreement with
Gubernari,Kokulu,van Dyk 2018 (not input parameters)

- Revisitsy = significantly lower value!! - fk« is derived quantity
- Study of Narrow-width limit, Finite-Width effects, and effects beyond the K*
- Applications to B — Knél
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K= form factor

Differential decay rate of 7 — Krv,:

ar N, 2 (amy”
=% (- 2) (22 MR {1+ e B

with the normalization [ Total BR will give |f; (0)|% = 0.99, consistent with fiQCD(O) =0.97]

GI%|VU5|2|]C+(O)| Tshad

N, =
15367

Belle fits to models: [ This gives fi« =~ 205 MeV, compared to fys = 217(5) MeV (NWL) ]

Fie) = ST () =£(0) YD e

VS Ta(s) = M, =5 — 1V/5TR(5)
Model1:  &eaor) =1, &e(soo) = 1-27, &k (o) = 0.954€' "%
Model2:  E(ssp) = 0.988€ 7 Er(iaro) = 0.074 €Y, Eke(a00) = 1.57
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K= form factor

from

Data from Belle, arXiv:0706.2231 [hep-ex]

10¢ Nivenss /bin f |f+(s)]
10 , \
Model 2 [\
1000 Model 1 [\
A 5 / \\
u /
100; i’ o, \  Model2
' il \
f iy '
10 : *}ﬂlﬁ “
1 -
l 0.5 Model 1 )
0.1 ‘ ‘ | ‘ ‘
08 10 14 16 18 0.0 05 1.0 15
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Effective threshold: 2-point SVZ sum rule

Knowing |f+(s)| we can extract so from a QCD sum rule:

Mall) = 1 [ %™ (O[T (@(x),:5(. 5(0).(0)/0)
= (Ruky — R2,) (K) + Rk, ()

N(M?, s0) = ; s oS/ Imf(s / dse™/M Ag”z(sz If+(s)*
Sth
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Effective threshold: 2-point SVZ sum rule

Borel parameter M? Effective threshold s,

1.28 4+ 0.18 GeV? (Model 1)

1.00 GeV? 1.26 +0.18 GeV? (Average)
1.25 + 0.18 GeV? (Model 2)
. 1.33 4 0.12 GeV? (Model 1) )
1.25 GeV 1.31 £0.12 GeV* (Average)
1.31 £0.12 GeV? (Model 2)
) 1.36 & 0.09 GeV? (Model 1) )
1.50 GeV 1.35 £0.09 GeV* (Average)

1.34 4 0.09 GeV? (Model 2)

Table 3: Values for the effective threshold sy extracted from the SVZ sum rules.
Significantly low value compared to the usual s§ ~ 1.7 GeV? ~ (/S + ms)?
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Models for B — Kz form factors

Assume that the P-wave Kr state couples to its interpolating current sI'd
resonantly, through a set of Breit-Wigner-type vector resonances:

(K(Rr)e(ko)[57dX) = ZBWR (o) IR(R, m)) (R(k, m) 5" d|X)

Mg fr Grkr o Pr(S)

f+(s) = _Zmz—s—/\fﬂe(s)

Z Yg?(& q2) Gricr _Fé’T/)(QZ) ei@R(S)

(e=1) 2
s, .
(5. q) - mj —s — iy/sTgr(S)

This model is totally equivalent to the model fitted by Belle for fi.(s).
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Light-Cone Sum Rule + BW model

Z}—Igi)(qz) dg? Ix(So, /\/!7) _ P-(T)’OPE(q27ao,/\/l2)
R

1

with .
N So
In(50, M) =~ / s e~ I Mg ()1 ()]
167 Js,, $9/2\/(mf — 5)? + sTR(9)
and
_ ms+m
dR,J_:_dR,— :(mB+mR) 1 , dR,“ — w , dRﬁt:—mR,

2 _ 2
mg —m
dpo =—dr_=1, dp= (ms — mk) > )
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Narrow-width limit

Consider the sum rule with a single resonance R:

FING) d) 1a(s0. 7) = POTE(G, o9, M)

o) = amafern ) [ e B L M

rtot 0
S 3mefi BR — K ) e MM

= 3mefad]) FO(@?) e ™ B(R — K n7) = POOPE(G? 00, M)

I

This agrees with Khodjamirian, Mannel, Offen 2006
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Finite-width effects

Consider the sum rule with a single K*:

-7‘—,5?,,-(612) d@; Ik (So, /\/I") _ p[(T).,()PE(q27 o0, Mz)

Define the “Width ratio” Wy«:

2
]:}SPJ(QQ) s (SO7M )|rK**>O me*fK* eimi* /MZ

WK* = = =
‘FOEPJ(QZ)NWL k= (S0, M?) I+ (So, M?)

- Wk~ is independent of the form factor type
- W= is independent of g

= BRsare corrected by |W~|?, ratios are uncorrected! + true in g° bins.
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Finite-width effects

112 F
B — K .
110 i o]
B .o
z .
—~ " 1.08 et i
3 .
Sy -
o 1.06 - .t o ] Wi 14+ 1.9
o .o L< Mk
N .
nor 1
: Wicr 1.09 £ 0.01
g 102+ Lot 1
oot Zero-width limit - - - — - - —
0.00 ‘ 0.01 ‘ 0.02 ‘ ‘ 0.03 ‘ 0.04 ‘ 0.05
FK* (GeV)
2
= BRs are corrected by a factor [Wx« |~ ~ 1.2
Virtual Durham, April 3rd 2020 22/36
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Beyond the K*(892)

Consider the sum rule with R = {K*(892), K*(1410) }:

Z}—é?(qz) dg? Ir(S0, M) = Pi(r),()pE(q27 UO’MZ)
R

M?=1.00GeV?  M?=125GeV?  M?=1.50GeV?
Iy 0.1506(23 0.1781(16 0.1992(13
Model 1 Fe(892) () (16) (13)
I (a10) 0.0050(07) 0.0062(07) 0.0072(06)
Ixc(s02) 0.1491(22) 0.1766(20) 0.1975(16)
Model 2
Ix-(10) 0.0048(07) 0.0061(06) 0.0070(06)

Table 8: Values for the quantities Ir for R = {K*(892), K*(1410)} for the different values
of the Borel parameter M? and for the two models for the Kn form factor. The K*(1410)
contribution is very suppressed in the sum rules, with Irc-1410)/Ix-(s92) = 0.03 in all cases.
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Beyond the K*(892)

Set Fix a0y = v Fye(se2) With o a floating parameter

80

Y(s,0)

(=
1

F

1.2 14

V5 (GeV)

a=1: F1(0)=028; a=10: Fir1(0)=022; a=50: Fy,1(0)=0.11.

Virtual Durham, April 3rd 2020 24/36
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High Kr-Mass Moments in B — K

Differential decay rate including S,P,D waves — — [ dQ = d cos 0, d cos Ox d¢ ]

dr 1 I
JPdRda = o 2o @ T(@ k)
=1

The 41 moments f,-(qz, k?) have been measured by LHCb (arxiv:1609.04736) in the bins

Vk? € [1.33,1.53]GeV, q* € [1.1,6]GeV?

F
s T ]
S ok + LHCb ]
ﬁ F 1.1<g2<6.0 GeV¥c* A
o L 4
e L 4
< 200} -
> 200r ]
& f ]
3 [ ]
A 10k + 4 -
[ + Py ]

g | 1 1 £ g t

0 800 1000 1200 1400 1600

mK ) [MeV/c?]
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High Kr-Mass Moments in B — K

Differential decay rate including S,P,D waves — - [ dQ = d cos 0, d cos Ox d¢ ]

2
dq2dfe2d§2 Amzfm (@ F)

The 41 moments f,-(qz, fez) have been measured by LHCb (arXiv:1609.04736) in the bins

VR €[1.33,1.53]GeV, q* € [1.1,6]GeV?

L T T T T
LHCb ] LHCb
osf + .
05 l 11—1~J~+ Lot I.-L+l.-l- ++ +—L~L~l—

SN L & S S
st ;

_1—||||||||1||||||||||_|||1|||||||1|||||||
2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

PR T

L L
TTT T -lvvlvvvu
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High Kr-Mass Moments in B — Kr

Differential decay rate including S,P,D waves — — [ dQ = d cos 8, d cos Ox d¢ ]

dr ,
dq?dR?dQ zmzf(ﬂ (@ F)

The 41 moments [;(g%, k?) depend on S, P, D-wave amplitudes:

i A© T2 (g?) /g o
1] mw [l + |HER + |HEP +|SHF + |D§? + D + | DEF] +1
2 POYD 2 [%RE(H“DL’) + Re(S"HE) + |2 RE(HLD"' HiDE)| +1
3 PYy F (IDEP + |DEP) - & (IHEP + [HEP) + 2 [HEP + % |DE® + 2 Re(S*DE) | +1
4 POy . [— Re(H['D} HLD"‘) +v3 Re(HLDé")] +1
5| Ppyg 2 [-20DfP + [DEP) + 31 D¢ P] +1
6 Y = [UDFP + IDEP) + (1B |’+\HLPJ—2|SLP—2\D.%|?—2|HDLP] +1
7 PoYY [ﬁ Re(HEDE + H"D‘“‘) — 2 Re(S"HI") — 4RE(HDLDDL‘)] +1
8 Y [ﬁ(\%“ \Dbmf ADE[ — LB + |HEF) — 2HEF — ZRe(5"Df")] +1
9 Py [Re(HLDL- + HEDE") + 2/3 Re(HE DY) | +1
10 PYYY —725 [IDF? + DL + 3|4 +1
11| PAV2 Re(Y}) — & [ERe(H 5™ — /2 Re(HEDE) + /2 Re(DEHE)| +1
12 | P12 Re(Y) [RE(H‘-HL‘) + /2 Re(DLSE) + 5. Re(D4DEM | +1
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High Kr-Mass Moments in B — K7

Combinations of moments depending only on P-wave:

AL+ AT = 3%(5?1 — 755 + 5v/516 — 355 — 5v/15[ 6 + 35v/3( 1)
AL+ AL = S (5Fr — 7V + 5VBFe — 353 + 5Vl — 35V/3T2)
(A A+ AAT) = o (VB — V)
Re(ALA] ~ATA]") = i (~5V3F +7ViBl)

Binned LHCb results (arXiv:1609.04736) imply:

75 (|AG* + |A] )
75 (AL + AL %)
T8 (Im(ALAH +ALA” ))
T8 (Re(ALAH —AL/-\ ")

(M) = (1.07 £1.13) x 10~°
(ML) = (0.94 £ 1.06) x 107°
(Mim) = (=0.7540.79) x 10~°
(Mye) = (0.27 £ 0.50) x 107°
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High Kr-Mass Moments in B — Kr//¢

Example: <M”> :

T T T T T T A
10F 10°M in ¢° = [1.1,6] GeV? (GeV ™) N\ ] 10800
3
2
LHCb

1
0

. 0 5 10 15 20

mir (GeV) a

Bounds: From (Mj) : a $11; From (ML) : a $17; From (M) : o $18.
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High Kr-Mass Moments in B — K

Upper bounds on P-wave from differential BR:

dr r AL 2 AR 2 AL 2 AR 2 ALy2 AR2
dqdr T = A"+ AT+ AL+ [ALL + [Al” + Aol + ...
% 't ' " LHCb ] 10% - (B)o10,00y = 1414027 = a <5
S1sF — 108 . (B)paopsgy = 1.60£029 = a6
b + | ] 10° - (B)psosog = 137+026— a<5
Sosf —— ] 10% - (B)sooe00p = 1124026 = a <4
; 10° - (B)s.008.000 = 0.9840.23 = a <3
. . ‘ . .

8
¢2 [GeV¥/cH

=)
[N}
EN
o

Bounds are easily improved with some info on S-wave form factors.

Javier Virto Form Factors and High-Mass Moments in B — Kmé4 Virtual Durham, April 3rd 2020 30/36



- Absolutely no excuse to do the transition K* — K= in your life

- Recalculation of all B — K* form factors from LCSRs with B-DAs with twist-4
accuracy

- Finite-Width effects are 20% at the level of BRs, universal and g?-independent
= Global factor 1.2 in BRs; but ratios (e.g. Pt unaffected.)

- Higher resonance effects can have dramatic effect on B — K*.
High mass BRs and Moments very efficient to bound this possibility

- Measurements of angular moments in bins across the g° and k? spectra =
very useful

Thank You
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Extra
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Form Factor This work  Ref. [12] ~ Ref. [24]  Ref. [15]  Ref. [17]

Fie-1(0) = VEK (0) 0.26(15)  0.39(11)  0.36(18)  0.32(11)  0.34(4)
Fic-)(0) = ABK"(0) 020(12)  0.30(8)  0.25(13) 0.26(8)  0.27(3)
Fie-_(0) = ABK(0) 0.14(13)  0.26(8)  0.23(15)  0.24(9)  0.23(5)
Fict(0) = ABK(0) 0.30(7) - 029(8)  0.31(7)  0.36(5)
FL. . (0) = TF¥"(0) 022(13)  0.33(10)  0.31(14)  0.29(10)  0.28(3)
FE.,(0) =TFE(0) 022(13)  0.33(10)  0.31(14)  0.29(10)  0.28(3)
FL._(0) = TF¥"(0) 013(12) - 0.22(14)  0.20(8)  0.18(3)

Table 6: Results for the form factors at ¢*> = 0 in the narrow-width limit,compared to corre-
sponding results in the literature. The approach in Ref. [17] is a completely different LCSR
approach, in terms of K* DAs.
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FBK* (g2 = 0) VBK®  ABK*  pBK*  pBK* le?zl(' TBK*
Ref. [12] 0.39 0.30 0.26 - 0.33 -
Inputs [12], no g4 0.38 0.29 0.26 0.31 0.33 0.25
Inputs [12], with g4 0.27 0.21 0.14 0.31 0.24 0.14
Our inputs, but sp = 1.7GeV?  0.33 0.26 0.17 0.38 0.29 0.17
Our inputs, our sg, no g+ 0.36 0.28 0.25 0.30 0.31 0.23
Our inputs, our sq, with g, 0.26 0.20 0.14 0.30 0.22 0.13

Table 7: Deconstruction of the different effects explaining the difference between our results
for the form factors at ¢* = 0 and those in Ref. [12]. The difference stems mainly from the
inclusion of the twist-four two-particle contributions. See the text for more details.
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Light-Cone Sum Rules with B-meson LC

Khodjamirian, Mannel, Offen 2006

Consider a correlation function of the type:

Pav(k,q) = ’/‘ d“xe"*(0[T{ja(x),jo(0)}|B*(q + k)

which obeys a dispersion relation:

00 2
PEE,q) =+ [ as G0
Sth

Duality + Borel transformation:

S,

1 0 _
; dse S/MZ Impab(57 qz) = P{?bPE(q27 0o, Mz) )
Sth
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Light-Cone Sum Rules with B-meson LC

Khodjamirian, Mannel, Offen 2006

From Unitarity:

2 T Pas(k, ) = / dmy (Olja [h(R)) C(R)jblB°(q + B))

form factor

> Traditionally,

h(R) = K* 4 continuum = 2TmPgy(R, q) ~ fi FF*§(R* — my=) + - -

> Generalization for unstable mesons cheng, khodjamirian, virto 2017

h(R) = Kr + - --

LCSRs with B-meson DAs, natural for this generalization.
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