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Theoryland:  Were Dreams Come True

Exclusive at low-q2 Exclusive at high-g2
 Soft-Collinear factorization at - 1/02 expansion ("OPE" in g2?):
eading power (SCET-II) -

only integrated spectrum is

- Inputs: Form Factors, LCDA oredicted

- Leading uncertainties: - Inputs: Form Factors, HQET
non-local power corrections, matrix elements
form factors (K*) o it OPE == True:

nonlocal PC = False

Inclusive at low-g?2

- OPE

- Parametric inputs under control
- Leading uncertainties:
resolved photon contributions |

Inclusive at high-g2

- OPE breaks down but the ratio
b — stC/b — ufv with the
same g2 cut is well behaved

| - Leading uncertainties:
(SCET-I) S o s 20 1/m; HQET matrix elements
q* [GeV?] (Weak annihilation)
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“xclusive: form factors

- Light-Cone Sum Rules (low-g?): some uncertainties have to be ball-parked but allow access to all form factors
[Bharucha, Straub, Zwicky, 1503.05534]

. Lattice QCD (high-g?)
» B — K: multiple calculations
[see FLAG 2024 review, 2411.04268]

» B — K*(alsoB — pand B, = ¢, K*) are
complicated by the resonant nature of the final state
» Calculations with stable resonances in the narrow width

07 FLAG2024
‘ o 2T REEE approximation
06 fo N AR R — [Horgan, Liu, Meinel, Wingate, 1310.3722 and 1501.00367]
R ‘" ]@-i\’fé:f;\}l\fmﬁg ig m [RBC/UKQCD 2016 - preliminary results]
& fo, Ny =2+ 1HPQCD 13 10— - , . .
= 05 [ fo. Ny =2+1FNAL/MILC 16 —o— ] » Calculations based on the Luscher formalism (volume
i dependence of energy levels)
T 04 - _ Rendon et al, 2006.14035 - Kr scattering amplitudes]
q |eskovec et al, 240319543, 2501.00903 - B — p form factors
03 L — e ] Boyle et al, 2406.19194 - mass and width of K* and p]
e Li et al, 2603.16266]
A T S R L L Di Carlo, Erben, Tsang et al, ongoing]
015 019 005 z(qozﬂgpt) 005 010 Oy Currently a combination of Lattice and LCSR is used
|Gubernari, Reboud, Dyk, Virto, 2305.06301]
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- XClusive: non-local power CerecuonS

/t*

o Power corrections at low-¢*
» Within SCET-II, nonlocal matrix elements, like (K™ | TJ™0, | B), are
factorized up to unknown subleading non-perturbative functions
» These power corrections are usually estimated at the O(10% — 20%) of the Ieadmg povver amplitude

» The presence of anomalous thresholds (associated to triangle diagrams) could possibly lead to large effects:

l—

*Im ¢

Re t

» Use parameterizations, dispersion relations, understand the analytical structure 'See S. Mutke’s talk]
[Mutke et al 2406.14608; Gubernari, Reboud, van Dyk, Virto 2305.06301; Gopal, Gubernari 2412.04388;

Balz et al, 2510.25584; Hoferichter et al, 2604.01284]

# Direct calculation using lattice-QCD (in O(5) years) [See L. Silvestrini's talk]
|Frezzotti, Gagliardi, Lubicz, Martinelli, Sachrajda, Sanfilippo, Simula and Silvestrini, in progress]
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Exclusive: non-local power corrections

. g* dependence of DD and D D* rescattering [Isidori, Polonsky, Tinari 240517551, 2507.17824]
vs fit results (assuming NP in C9) [Bordone, Isidori, Machler, Tinari 240118007]

0.30

0.25 -~

0.20 A

—
Vo
&)
=~
(@)
QO
o

0.10 -

0.05 -

0.00 -

1 2 3 4 5

g’ [GeV?]

» Globalfits: [6Cy/Cy| ~ 0.25
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* Monopole (dipole) contributions have opposite (same) sign at low and high qz.

= Simultaneous large and same sign effects at low and large-g? are difficult to arrange.
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[nclusive: OPE

- Up to power corrections the inclusive rate is free of hadronic uncertainties:

2 3 2
AQCD Apep AQCD

I''B—- X7 =110—- X701+ O

2 3 7 2
mpg mj mg

s The leading power contribution is most
"'ou".‘ d% . .
Oy 5 ( yommon o expressed as a series in o, and k = a,,,,/a, and
—
: is known (almost) up to and including a3 :

(B|bb|B) =1
(B|bD?*b|B) ~ A, (B|bo,,G"D|B) ~ 4,

- The OPE breaks down at high-g2:

TS i .
b S X S b Px. = (P — @) = my + g~ = 2myqq

2
/ / Aqcp
< mzf +q° —2my\/q° = (mb - 612) expansion in v

mb_\@

- This breakdown manifests as very large power corrections

Enrico Lunghi, IU 6/25 Santiago de Compostela, April 2026



Inclusive: workaround at high-g2

. Power corrections proportional to | Cy 1 |* are identical to those which appear in B” — X,/ v
[Lee, Ligeti, Stewart, Tackmann]

mg 9) dF(B — Xsf+f_)
), dg"———
90 q

ml% ) dF(BO — Xufv)
| dq 2
dq

> Using the neutral B semileptonic rate the (poorly known) weak annihilation matrix elements cancel in
the ratio

» Currently the differential B = X v spectrum has been presented only for the isospin average channel
[Belle 210713855 (711 fb), Belle 11 2512.08056 (365 fb1)]

> Non-perturbative effects associated to other operators (| C, 1, C,Cy) do not necessarily cancel
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[Nclusive: resonances

- We use ete™ — hadrons data [BESII, BaBar, ALEPH; Keshavarzi, Nomura, Teubner] and perturbation theory for

asymptotically large g? [Harlander, Steinhauser: rhad

Low—c]2
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« Impact at low-g2issmall (~2 %)

Perturbation theory anc

» Impact at high-g2 regionis larger ( ~ — 10 %)
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o 2
Vs [GeV] [s =qg~]

dispersive approaches agree because below threshold we are mostly sensitive to
the total integral over Rnag Which is well described in perturbation theory



nclusive: resonances

- Non-resonant color octet effects at high-q2 can be calculated in perturbation theory for the integrated rate,
they are local and scale as Ag,/g” [Buchalla, Isidori, Rey]:

b s } S
N

A _
‘Asb’)-'g — — T —

B, o S,

9

(B|bo,,G"b| B ( 6m§) A

mz q° q°

. Non-resonant color octet effects at low-g2 and with a cut on my, are nonlocal and can treated using SCET

Hurth, Benzke, Fickinger, Turczyk]:

Y
» Power corrections remain non-local after my cut is released

7" = so-called resolved contributions
h
X > — » Depend on mostly unknown subleading B shape functions
%S » A rough estimate yields an irreducible uncertainty of about 5%

. Effect of resonant non-factorizable charmonium production at low and high g2 is being investigated
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[Nclusive: resonances

These effects correspond to the problematic nonlocal
power corrections in exclusive decays
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ISSUES

EITors

results

nclusive: theory summary

NNLOqcp + NLOgqep

cc resonances: included using ete™ data via a dispersion relation (Kruger-Sehgal mechansim)

QED radiation: soft/collinear photons treatment at B-factories and LHCb needs to be taken into account

ny cuts: at low-g2 removal of double semileptonic background, b — (¢ — s€v)fv, requires extrapolation in my

Dominant uncertainties:
- Low-g2 = resolved photon contributions (irreducible 5%) and scale (N3LO)

- High-g2(BR) = power corrections (OPE breakdown)

- High-92 (v — s¢7/b — uzv ratio) = parametric (CKM) and power corrections (5x smaller than in BR!)

RB[1,6],, = 1729 (1£4.4%, 1. ¥1.1%,, £2.3%¢,, *1.2%,, £0.5%, £0.1%cxy * 1.5%pr + 0.7%; 5% cqo1eq) X 107
=(17.29+1.28) x 10~ [7.4%] 519

Bl > 15150 gep = 259 (1£8.1%, . +1.2%, + 1.9%,, +7.3%, +0.2%, +0.08%cxy % 1.5%gr +3.9%, £10%, +21%, ) x 1077
— (259 +0.68)x 1077 [26%] ) 3 50

R(15)m0 gep = 27.00 (1 £0.93% e £ 1.1%,, £ 0.41%c,, % 0.63%,, *0.56%, £4.3% 1 £0.26%, £1.4%, +5.3%, )x 10~ 4Ax reduction

A\ - 7

— _4 <
= (27.0+1.9) x 10 [7.2%] 5.5%
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[nclusive: theory summary

- The inclusive calculations that we need for current phenomenology are:
B[1,6],,=(174+1.3)x 107’ [7.4%]
Bl > 15],0 opp = 239 £0.68) x 1077 [26%]
R(15)m0 opp = (17.00 £ 1.9) x 1074 [7.2%]

» In order to use #(15) we need the B — X /v normalization:
[Belle, 210713855, 711 fb ]

—~ 0.16 ‘ 1 - —:— '?:tt:I uncertainty - —~ — L —4
§0.14 _ 1 | '_i_l { :— Eltya;r:Jdn;e_)r)tZilrLtLC_; “ %(B —> Xufl/)[ > IS]GXP — (1.52 i 0.28) X 10 [18.4%]
Tow iy 0 OFN :
:,3 0.10 | _F {_' { ; U«
o 1 - ]
5 0.08 | ] I=¥=' : a
g 0.06 | I:%: Bl > VSlsm,g = AUS)gm X BB = X, 0D)| > 15],,
R '*i*‘t;:;# = (4.10+£0.81)x 1077 [19.8%]

0.00 ——— i 2r0-°—|===.;?. The total uncertainty is dominated by

g’ [GeV?] the B — X Zv partial rate

[see also the recent the Belle-Il analysis, 2512.08056]
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[nclusive at nigh-g? as sum of exclusive

« B> |K+ K* + (Kn)g_yaye + Knn| ptpu~ saturates B — Xu*tu~ for g* > 15 GeV*

This allows for a measurement of the inclusive at high-g? using LHCb measurements
[Isidori, Polonsky, Tinari, 2305.03076; Huber, Hurth, Jenkins, EL, Qin, Vos, 2404.03517]

- Limitations to phenomenological uses of this measurement are
> branching ratios of charged an neutral B — J/wK™ (used as normalizations by LHCb)

» BY — X ¢v branching ratio for g* > 15 GeV* (required for a clean theoretical prediction for B — Xu*u™)

= both normalizations will be measured with improved accuracy at Belle |l

. |In the following I'll focus on two issues:

> How to combine all existing B — J/wK") measurements taking into account
1. the correct branching ratios £+~ and % of Y(4S) into B*B~ and B'BY
2. uncertainties associated to isospin invariance assumptions used in the branching ratios measurements

> The construction of new observables that can help disentangle Non Perturbative charm contributions from
New Physics ones
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Impact of #(Y4S) — B*B~) # B(Y(4S) — B°B°) # 1/2

- Almost all but few of the most recent Belle measurements assume £~ = % = 1/2

- This issues have been recently addressed in:

Bernlochner, Jung, Khan, Landsberg, Ligeti 2306.04686]

Jung, Schacht 2604.08391]

Belle Il, Michele Mantovano @ Challenges in Semileptonic B decays 2026, Bad Honnef]

- Currently PDG and HFLAV ignore this problem and simply average all measurements together (irrespectively
to whether the = = % = 1/2 assumption was or was not made (/)

0.51 -

0.50 -

+—
» {f = 0511 £ 0.010 [Symmetrized averages]
% =0.4851 = 0.0088

$

B(B° — K*°J/1)ave = (13.23 £0.54) x 10™*.
B(B° = K*°J/¢)ppc = (12.65 + 0.46) x 10~ *.
B(BO — K*OJ/¢)HFLAV — (12.78 T 044) X 10_4.

0.49 -

fOO

0.48 -

0.47 -

0.46 - 1
048 049 050  0.51 052 053 054  0.55

f
- Similarly for all other normalization modes [Capdevila, Alvarez, EL, Matias, to appear]
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BB — KW uu) averages

. For each measurement, reconstruct what is truly measured: Z(K'™) = BB — KOuu)/ BB — KJ/y)

. Average (if more than one measurement exist, i.e. BY — K uu we have LHCb and CMS)

« Reintroduce the normalization calculated as detailed above

_ For instance forg? € [1,6] GeV? we find:

R(K) By, = (1.188 £0.046) x 107 . R(K M) =(1.265+0.27) x 107
K x
- R(KHNre = (1.228 £0.051) x 107* BB — K pp)gy = (1.77 £ 0.40) x 107
R(K )y = (1206 £ 0.034) x 10~ BB — K Oup)l5y = (1.578 £ 0.081) x 1077
low __ —7 %
BB™ = K )y = (1.228 £0.048) X 10 For B — K ’uu, LHCb adopts a normalization which is adjusted
*0
‘%(KO)II?I\{VCb _ (0995 + 018) % 10—4 K O my, - € [0.7459,1.0959] GeV.
KV ) 0 o » This quantity can only be reconstructed from the most recent Belle
BB~ — K- pp)yye = (090 £0.16) X 10 measurement which adopts the HFLAV values for £~ and £
BB — Kup)s = (1.202 £ 0.046) x 10~ BB — K*pp)gy = (1.585 £ 0.079) x 10~
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Inclusive at high-g? trom LHCD

. For g* > 15 GeV?* the inclusive rate is saturated by X, = K, K*, (K7)«.\yaye, Kzm modes

- Putting together the averages above we get:

K+ K*.(2.628 = 0.094) x 10~/ [LHCb, 1403.8044 (3 fb), 251218053 (8.4 fb), CMS 2401.07090]
((Kﬂ)s-wave: (0.11 £0.04) x 10~/ \ 251218053 (8.4 fb)]
Kz (0.06 £+ 0.04) x 10~/ (using isospin) [LHCD, 14081137 (3 b))

K(nr),.,: (0.00 £0.04) X 10~/ (estimate)

total non-resonant:

BB — K(nm)uw)| > 15] = (0.176 = 0.070) x 10~/
\

y
Combining K, K* and K(nx) modes:
1.6
Bl > 15]¢p = (2.80£0.12) X 1077 €——— B[ > 15]gy 5 = (4.10£0.81) x 107
Capdevila, Alvarez, EL, Matias, to appear] [Uncertainty is dominated by the B — X Zv normalization]
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Inclusive at high-g? from LHCD

. For g* > 15 GeV~ the inclusive rate is saturated by X, = K, K*, (K1)« ave, Krm modes

- Putting together the averages above we get:

K+ K*.(2.628 = 0.094) x 10~/
[COmpared to the SCET-II calculation (3.75 £0.28) x 10~/ \ [Alguero et al. 2304.07330]

(Kﬂ)g wave: (0.11 £0.04) x 107/
[compared to the yprestimate 0.55 (1 £0.5) x 10~/

[Isidori et al, 2305.0307/6]
Kz (0.06 = 0.04) X 10~/ (using isospin)

K(nr),.,: (0.00 £0.04) X 10~/ (estimate)

total_non—resonont: B[ > 15]gm 5 oxel = — (430 £ 0.39) x 1077
BB — K(no)uw)[ > 15] = (0.176 = 0.070) x 10~’

Combining K, K* and K(nx) modes:
B[ > 15],,, = 280 £ 0.12) x 107 ——2T— B[ > 15]gy 5 = (4.10£0.81) x 10~

Capdevila, Alvarez, EL, Matias, to appear| [Uncertainty is dominated by the B — X Zv normalization]
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Current status: experiment vs oM

. : Belle [hep-ex/0503044, 140 fb]

15.2+6.2

o | BaBar [1312.5364, 424 fb-]

16.2+4.6

. ; Belle2 [Moriond 2026, 400 fb]

13.7£2.6

ol ] Exp: Average
14.412 .1

® | SM: BR
17.4%1.3

110 | | | | 115 | | | | 210
BR(B — X, (1¢7)[1,6] x 107

Enrico Lunghi, IU
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Including recent B — K Yuu update

—e— [BaBar+BeIIe+BeIIeZ Rescaled to 3
y

3.15+0.77 g> > 15 Ge

LHCD (isospin)
2.80+0.12

: SM: R+*BR(b-ulv)
4.10+0.81

SM: Sum of excl
4.30+0.39

|Capdevila, Alvarez, EL, Matias]

A I I B B [Isidori, Polonsky, Tinari 2305.0307/6]

BR(B — X707 )[> 15] x 107

The inclusive at both low and high q2 show a s

de
CO

ficit with respect to the SM predictions [whic

ight

N are

mpletely independent from exclusive calculc

tions]
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[esting unknown rescattering efrects

- While low and high—q2 exclusive BRs are conjectured to be affected by potentially large rescattering effects, this

IS not the case for the inclusive high—q2 branching ratios

. This suggests the introduction of the following “exclusive fraction” observables:

BB — K(*)//t/’t)[l.lﬁ]

(*)
g[1.1,6] _ 3?>15 _ @(B — K /’t//t)>15

K BB — XLE) 6 KO BB — X,L6)s s

. Properties of these observables:

“ Reduced sensitivity to Cé\IP g [ +0.228 (CY° + CK ) +0.0325 (C)P + CK )2
F 715 = (0.270 £ 0.065) - ’ ’

2
“ Enhanced sensitivity to Cy . [+0.234 G5 +0.0293 G5

© |t can be measured by LHCb without need of external normalizations
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[esting unknown rescattering efrects

0.254[— Ft19 ) | 0.70- — PG
: 1 68% CL 1 68% CL
H— A () | R G
{1 esw oL 0.607 7 68‘7(1>5CL .
0.20‘_ ______ FE'LG] Experimental : I;l 612 %7 CEE{perlmental
: 1 68% CL 0.50 CNP fi (1. 2, 30)
11 Cyt fit (1, 2, 30) | ] v ' J
0.15 - ]
| — 0.40
| NS ]
_ o :
) T = VA A = Ay A A A A & ———
0.107 Z 0.30—: ////////////;/}///
_ 0.20_: /%
0.054 “—— :
0.10-
o00b—4—>7¢p--+—"——"—F———F————— 77— R e T T T S
—3.0 —2.0 —1.0 0.0 1.0 2.0 3.0 —3.0 —2.0 —1.0 0.0 1.0 2.0 3.0
NP/ K NP/ K
CQ (C9, Res> C9 (C9, Res)
. _
B(K*pp) + B(Km)gup) + B(B — Krmpp)
oz [1.1,6] 9>15 _ +
FUL0I =0.076 £0.018 K Loy = B K)
exp  [LHCb,CMS, Babar, Belle, Belle2] HH

= 0.309 = 0.015
[LHCb, CMS]
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[esting unknown rescattering et

ects

— A ) o — (e
0.30 - L1 68% CL 1 68% CL
' — Y () 1.50- — FiP (CF )
I 71 68% CL 1 68% CL
0254 FE;I’G] Experimental --=- FZ!° Experimental
] 68% CL 1.25- 1 68% CL
1 CiY fit (1, 2, 30) - CiF fit (1, 2, 30)
0.20‘_ / : -
“ _ 5 1.00
3 T 075 .
I OIS II IS =i s |
_ 0.50 - /W/
0.05-
| 0.257
0.00-
I—ZI3.OI o I—I2.OI - I—Il OI - 0.0 - 110 - 2|0 - SIO | I—ZI3.OI o I—I2.OI o I—Il OI - 0.0 - 110 - 2|O - 3IO |
CEJ\I ; (69[,( Res> Cé\IP(CgReQ
B(Kup) + B(Kr)gup) + BB — Krmup) |
[95{13,61] = 0.100 + 0.024 T = [T 93,(5 )
exp  [LHCb,CMS, Babar, Belle, Belle?] : HH
= (0.629 = 0.021
[LHCb, CMS]
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Future expectations

. Without updated B — J/I/IK(*) measurements from Belle 1, all exclusive branching ratios will be eventually

dominated by the normalizations. In this scenario we find:
SF=49% — 3.1 %

5F 2> =33% — 2.1%

- LHCb can determine these ratios without making use of normalizations!

For instance, for the %B(K*uu)/ B(Kup) ratio very naively and schematically one gets:

normalizations

<K*O’K*+> o K0 _ R*() 93*0 § \/55 0 692 5%
SIna

%k KO, K+ K+ R, %A+
K _ ( ) S \/§5+ — 20/20,
K K% Kt large 458ma11 . OB — (0
(——) ~ ~ = 24/20¢ma11
KO’ K NG NG

- In both instances, these results will benefit immensely from the upcoming B — X v differential branching ratio

measurement at Belle Il (which currently dominates the theoretical prediction)
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