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e Status of exclusive b — sZ¢ anomalies

* Theory of inclusive B = X. £ decays
OPE and its breakdown at large my,
Kruger-Sehgal description of c¢ resonances

Non-local power corrections at low m,,

QED radiation
Weak annihilation

* Phenomenology of inclusive b — s£¢ decays

SM predictions
Experimental results (BaBar, Belle, Belle=11, LHCDb),
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; Sl : + Sl
e Taming uncertainties in K~ — n- v

2/37



Introduction: operators

SM operator basis (g = d, s):

4G g
Lefpy = 73

= Z CiQi +

* Semileptonic
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* Magnetic & chromo-magnetic

O; = 167;2 my,(g LO'MUbR)

Q8=

8 £
1672 mb(QLO-'m/TabR) G/,C[l

ub U
v, V*QZC

6
— Q¥ + ) CigQig + CoQs
=

\ L

J

e Current-current
= (qry, T cr)(Cry, T%b;)
0, = (QLVﬂCL)(ELVﬂbL)
Qi = (qry, T u )@y, I°by)
= ()@ y,br)

-~

for QED corrections

—

The Vuijq

contribution is small for b — s£¢ but important for b — d¢£’¢

3/37



Introduction: typical spectrum

broad resonances

photon pole at high-q?

(only K* and X )

0o 5 0 15 20 C]2
* Intermediate charmonium resonances contribute via:

B - (K,K*,X)w..— (K,K¥X) £~
 Contributions of J/y and y’ have to be dropped

* Theory at low-g? and high-q? presents different challenges
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Exclusive modes: anomalies

Branching Ratios:
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Exclusive modes: global fits

Scenario Best-fit point lo Pullgys | p-value

b— sl Cy —~1.17 —1.33,-1.00] | 58 | 39.9%
Cy —1.18 —1.35,—1.00
+ p— 9 | ) )

b— sbe CH, +0.10 —0.04, 4+0.23] 09 39.1%

....... By — pp+ B — X 00 Fit
fffffff B — KUl Fit
By — opp Fit
------- B — K*0l Fit
—— b — sup Fit
—— Global Fit

ABCDMN*23

VVVVVVVVVVV

[Capdevila et al, 2309.0131 1]

* Many global fitters:
+ ABCDMN [Algueré et al, 2304.07330]
+ AS/GSSS [Altmannshofer et al, 2212.10497]
+ CFFPSV [Ciuchini et al,2212.10516]
+ HMMN [Hurth et al, 2104.10058]
+ GRvDV [Gubernari et al, 2206.03797]

* Low-¢*> B — X.£¢ inclusive
constraints are consistent with the SM
(more on this later)
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Exclusive modes: global fits

* Good agreement between global fitters (if same sets of inputs are used and if treatment of
unknown power corrections are similar):
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[Capdevila et al, 2309.0131 1]

 After the loss LFUYV ratios we need processes in which the same Wilson coefficients are
tested and in which non-perturbative effects have a different nature:

enters B —» X.ZC v



Inclusive theory: OPE

A 3 2
\j7lb 771b4, me
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* The leading power contribution to the width
> corresponds to b — X0~

> is most conveniently expressed as a series in o, and k = ./,

> is known almost up to and including a3 :

[the only missing contributions are proportlonal to the small k and k” terms in the b — X
amplitude]
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Inclusive theory: OPE failure at high-qr2

* The OPE breaks down at high-g

4 4 Pk, = (po—q)® =mp+¢* — 2myqo

b g )r(s g _b < m?+q2—2mb¢?=(mb—@)

2

AQCD )

and breaks down at g ~ m;

= the OPE is an expansion in
iz 2
Mp =N 49
* The breakdown of the OPE manifests as very large power corrections:

> the poorly known matrix elements required to evaluate l/mg power corrections are
responsible for the large uncertainty

> possible progress from lattice-QCD [more on this later]
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Inclusive theory: OPE failure at high-qr2

- Power corrections proportional to | Cy ¢ |2 are identical to the power corrections which
appear in B’ — X /v

* Introduce a new observable obtained by normalizing the rate to the semileptonic rate with the
same g2 cut [Lee, Ligeti, Stewart, Tackmann]:

s
7 1 dq?

DA AL
Ldy) = dr(B° — X £v)

mgd 5
Jq(% : dg?

- Non-perturbative effects associated to the breaking of the OPE in the | C | |2 terms

cancels exactly against those in the denominator

> Non-perturbative effects associated to other operators do not necessarily cancel
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Inclusive theory: My, cuts

* my cuts are required to suppress background from double semileptonic decays (both same
side and opposite side):

» B - (X, » X/ v)f 0 = X,£¢ + missing energy
»ee > (B— (X. > X)) D)(B - (X. - X){*v) = X£¢ + missing energy

* These cuts introduce sensitivity to a hard X
collinear scale (of order 2 GeV) and the rate - /454 d
becomes dependent on the B meson shape Ya N
function

20

15;_ \ f:; > The high-g? region is unaffected
: < :

> Current BaBar and Belle analyses correct

/ A Belle

q < (m,, using a Fermi motion model
_ "y, )2 i > Better modeling can be achieved within
5 : SCET and by using B - Xyand B —» X /v

data to extract the shape function
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Inclusive theory: resonances

e Optical theorem:

Im

> (BIT Qi(0) Q;(=)|B)

(¥

b — S(Cé)had

[Beneke, Buchalla, Neubert, Sachrajda]

~T(B =+ X,) A T(B — X, 0T¢{)

b eptys

BR(B = X)) ~ 1

BR(B —» X(J/y,y') - X)) ~ 104 —— Experimental cuts

BR(B = X.£7) ~ 1

10~® —— Need to control charmonium
contamination away from y/(1s,2s)
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Inclusive theory: resonant color singlet production

* Kruger-Sehgal mechanism:

et e
Rec O'(€+€_ — CC hadrons) Im[A ] = ]TR
had +eo— +u— e
oleren =) el ;[h( >]+S_S°r° s
e = () CS
_ » (O2) = lo sl A )\ 5)
et - . 2
b S perturbative for s, ~ — ju;

* We can include NLO effects [separation of two-loop perturbative functions provided by de Boer]

2 0 0
joleliY ¥ XX )
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Inclusive theory: resonant color singlet production

* We use Rnad data [BESII, BaBar, ALEPH; Keshavarzi, Nomura, Teubner] and perturbation theory

(program rhad) for asymptotically large s [Harlander, Steinhauser]

Low-g? High-g*

Kruger-Sehgal

I|IIII|II

Relh,]

III|IIII

FIm(7,] o

fact
-~ Im[h?*]

perturbation theory

— Re[h®] -1

fact
- - Re[n’™]

KrUger—SehgaI
L I 1 L 1 l 1 L 1 I Il 1 1 I 1 L Il 1 Il
6

_2 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I 2 1 L
0 0.5 1 1.5 2 2.5 - 3.8 4 4.2 4.4 4, 5
Vs [GeV] eVl [§ = qz]

e Impact at low-q2 is small (~ 2 %)

Perturbation theory and dispersive approaches agree because below threshold we are mostly

sensitive to the total integral over Rnad which is well described in perturbation theory
e Impact at high-q2 region is large (~ — 10 %)
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Inclusive theory: non-resonant color octet

* Non-resonant color octet effects at high-g2 can be calculated in perturbation theory and it

scales as AéCD/q2 [Buchalla, Isidori, Rey]:

: s b S
 - 5 _ @ik, 0m8) [ ni iy
$ 9% (ég % mg q* q*

* At low-q? and with a cut on my the charm loop is hard-collinear and needs to be treated

using SCET [Hurth, Benzke, Fickinger, Turczyk]:

*

! - Power corrections remain non-local after my cut is

released = so-called resolved contributions

v > Depend on mostly unknown subleading B shape functions
. y he WA > Work in progress on explicit estimate [Benzke, Hurth, Turczyk]
% > For the time being, we use rough estimates to asses an
s irreducible uncertainty of about 5%
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QED radiation

* The rate is proportional to agm(,u).Without QED corrections the scale y is undetermined
— *+4 % uncertainty

* Focus on corrections enhanced by large logarithms:

< Qo log(my, /my) ~ o/ ag [WC, RG running]  [Bobeth,Gambino,Gorbahn,Haisch]
< a,, log(m,/my) [Matrix Elements]

* Fate of photons emitted by the final state leptons (especially electrons):

Ay

gyl

+

* At B-factories most but not all of these photons are included in the X, system:
= some collinear QED logs survive

* At LHCDb all photons emitted by the charged leptons are recovered (physically and using
PHOTOS) and included in the lepton 4-momentum:
= all collinear QED logs must not be included 16/37



Inputs

og(M,) = 0.1181(11)

ae(M,) = 1/127.955

8‘24/ = sin? HW = 0.2312
ViiVi/Vep|? = 0.96403(87)
VitVie / Vs |? = 123.5(5.3)

Vi Vi /Vep|? = 0.04195(78)
Vi Vip/Vap|? = 5.38(26)

B(B — X.eD)exp = 0.1065(16)
mp = 5.2794 GeV

My = 91.1876 GeV

My, = 80.379 GeV

Ly = 55’_5 GeV

fxv = (0.02 4+ 0.16) GeV?

fv — fxv = (0.041 £ 0.052) GeV?
0 flsuz) = (0£0.04) GeV”

0 f]suz) = (04 0.004) GeV?

me = 0.51099895 MeV

m,, = 105.65837 MeV

m, = 1.77686 GeV

me(m.) = 1.275(25) GeV

mi® = 4.691(37) GeV

Vs Vun/ (VisVip )| = 0.02022(44)
arg [V Vus/ (Vs Vin)| = 115.3(1.3)°
ViaVun/ (VigVin)| = 0.420(10)

arg [V Vun /(VigVis)] = —88.3(1.4)°
Mt pole = 173.1(0.9) GeV

C = 0.568(7)(10)

o = 1207520 GeV

AT =0.111(18) GeV?

A1 = —0.314(56) GeV?

p1 = 0.080(31) GeV?

References for all inputs can
be found in:

2007.04191
2404.03517 (4, , and p,)

Dominant uncertainties
at high-q2
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Inputs: HQET matrix elements

* Power corrections affects mainly high-q2 where the OPE breaks down:

1 = > Extracted in the kinetic scheme
A = 522 (B b,(iD)Db, | B) from moments of the B — X £v
B spectrum [Gambino, Healey, Turczyk]
Y — o (B| Bv(—iGﬂU)G””bv | B) > Converted to the pole scheme
Mp
1 : > Inb — sCC A, and p, appear in
P1 = _<B | bviDﬂ(iV i D)iDﬂbv | B> the combination /12eff = &
sz my,

| é
P, = ——(B| b, iD*(iv - D)iD* (=10,.D, | B)
6mB

1 » Weak annihilation contributions
O,i === Oai q q O’i
fq - 5 (B |Q1 7 Q2 i) (g = u,d, s is the flavor of the
2 spectator quark)

07 = b,y,(1 —y5)q gr'(1 — y5)b, ,
07 =b (1 —y5)q g(1 +y5)b, .
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Inputs: Weak Annihilation

* In the isospin SU(3) limit there are only two WA matrix elements:

b 7}
(B* >< |BY)
L 5 1_9 —

=

b d
(B* >-< |BY)
< d B Z

—

fi = fyy [SUQ@)]

b s
(B* >-< |BY)
< - B Z

12 = vy UG

b U
(B" >--< B)

b

b d
(B" >--< B)
N d b &

e

b

-~

fq =1 [SU@)

b s
(B°] >--< 1B%)
. &

12 = iy 1SUG)

19/37



Inputs: Weak Annihilation

* In the isospin SU(3) limit there are only two WA matrix elements:

SU(2)
fVEfJ_L =" fa

0 SU(2) .4 SUB) g SU(2)

Ny e fsi

» Numerically we adopt upper limits extracted from D%* and D, decays rescaled by a factor
meé/(melz)) [following the analysis of Gambino, Kamenik]

* We found that fyy and fyy — fy are mostly uncorrelated

* We estimate SU(2) and SU(3) breaking effects following [Ligeti, Tackmann]

* Taking into account the adopted normalizations, we need:

S5 s o == + 0 /2 =
BB Ky {Jz (fF +fD12 = Ny

[(B — X,tv) fu = +1D12 = (fy +inv)/2

['(B— Xte) i (fi + D12 = fiyv
I'(B° — X,Cv) fyo=1f2 =6 lsys

R(sp, B = XLTE7) ~
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B — X.£'¢: Error breakdown

e Low-g? branching ratio

B[1,6],, = (17.29%0.76,.,,.+0.19,, £0.39.,, +0.20,, +0.09, * 0.02¢xp = 0.2655_

+0.12; £0.86,501yea) X 10—7
= (1729 +£1.28) x 1077 [7.4%]

e High-g* branching ratio

Bl > 14416 QED = (2.59£0.21,; £0.03,, +0.05¢,, £0.19,, +0.004, + 0.002cky

+0.04gg +0.10, £0.26, +0.54, )- 107"
= (2.59+0.68) x 1077 [26%]

s Bl =F (B - Xyl (B -5 X 1)

§>80
R(14Dn0 QED = (26.02 + 042, £0.30,, £0.11, £0.10,, +£0.12 +112CKM

L0052 033 100 A0 b e e s
= (26.02 £ 1.76) X 10~* [6.8%]

21/37



Inputs: Weak Annihilation

* Promising progress on a direct determination of some weak annihilation operators from
lattice-QCD:

Q > Q Q Q
e N ~ TN 7~ ~
Vs ‘\ ) V5 V5 ( @ é ) 75
S~ . S~— T—
q q q q
to t to + AT to t to + AT

[Black, Harlander, Lange, Rago, Shindler, Witzel]

07" = (€, (1 = y5)s) (57,1 = y5)c)
(Dy| 07" | Dy)

Ne=0"
B i s 5
mDSfDS

= Jy

BA=0MS(3 GeV) = 1.105(13) [preliminary]
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B — X ¢'¢: Experimental Status

 B-factories

* Branching ratios measured as sum of exclusive modes from BaBar (424 fb-!) and Belle
(140 fb-1):

BR(B > X70)" " = (158337} x 107/ 0o =23% " q: e |16] GeV~
BR(B — X,£0);0 = (4.8 £ 1.0)x 107 bp=21%  q”> 14.4 GeV?

- Forward backward asymmetry from Belle (772 X 10° BB pairs):

Fep _ ] 0:34£0.24£0.02 g* € [0.2,4.3]GeV?
5 0.04 £0.31 £0.05 ¢% € [4.3,7.3(8.1)]GeV?

- Still waiting for Belle analysis using full dataset!

- BaBar and Belle include some collinear photons in the definition of g*:
need to compare with calculation which includes QED radiation (there are small
corrections which can be only estimated using the PHOTOS Monte Carlo)

- Belle-ll (as far as we know) is following the same strategy
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B — X ¢'¢: Experimental Status

* LHCb
> Until recently the “lore” was that LHCb cannot perform inclusive measurements

- At low=-¢g~ there have been proposals to measure the inclusive rate from:

- B"* = utu~K* 4 na (only charged particles) and use isospin to reconstruct the full
inclusive rate (this is very similar to current B-factories measurements)

- X, > K"u"u~X, use isospin to reconstruct the X,

system and subtract B, and A, modes b X

( K*

Van

- At high-¢” the inclusive rate is dominated by the K, K* and Kz modes

- Use exclusive LHCb measurements of these three modes (supplemented by Isospin
rescaling ) to produce an “effective” inclusive measurement at high-g>.
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B — X.£¢:BRat g > 15 GeV* from LHCb

. For g> > 15 GeV? we have My < 1.41 GeV the B(B — X pu"p") rate is saturated by the
X K® (K7)g_\waver K7 and K(nr), ., modes with progressively smaller contributions

» Dominant k) modes [LHCb, 1403.8044];

BB = Ktup)[ > 15] = (0.85 +=0.05) x 10~/
RBB° - Koupw)[ > 15] = (0.67 £0.12) x 107’
RBBT - K tuw) > 15] = (1.58 +£0.32) x 107’
BB - K Ouw) > 15] = (1.74 £ 0.14) x 10~/

— BB — Kup)[ > 15] = (0.82 £ 0.05) x 10~/

— BB — K*up)| > 15] = (1.72 £ 0.13) x 10~/

BB - KOuw) > 151 =(2.54+0.14) x 1077

* (Km)g.wave contribution [LHCb, 1606.04731]:

= BB — (KT77) joupt) b 15<g*>< 19
" BB > (Ktn) _opp) + BB = (K1) 11 upt) S\ 0.64 < M, < 1.20

= 0.01919939+ 0 015

F —0.025 —

Using isospin: B(B —» (Kn),¢*¢7) = BB - (K*n™),7¢7) X {

: 3 s

= BB~ (Kn)spuwl > 15] = =~ SF BB - K %) > 15] = (0.05 £ 0.09) x 1077
e

[to be compared with the y,, estimate of the same quantity: (0.58 = 0.25) X 10_7] 25/37



B — X.£¢:BRat g > 15 GeV* from LHCb

 Knr contribution [LHCb, 1408.1137]:

BB+ - KTatn~ uu)[14.18 < g% < 19]
Ag?

—0.06 —

Assuming that the Kzr mode is dominated by 7z in S wave and using isospin we obtain:

= (0.107008 + 0.01) x 107® GeV~>

7 & 3
BB — Knrup) > 15] =~ BB - K(zxr) £ ¢7) = BBT > K (nTn7)gC7C7) X = (0.06 = 0.04) x 10~

[where we simply multiply the differential measurement in [14.18,19] to the [15,19] bin we need]

» K(nr),., contributions are further suppressed and we estimate them as

BB — K(nrn),ouw) > 15] =~ (0.00 £ 0.04) x 107’

where the uncertainty is simply lifted from the Kzz mode.

oo
) V
14 J
e > ) .
\ \
3

e The complete K(nx) contribution is B(B — K(nz)uu)[ > 15] = (0.10 £0.10) x 10~/ and

accounts for only about 5% of the inclusive rate at high-g*

» Combining K and K(n) modes we finally obtain:
BB — X puu) > 15] = (2.65+0.17) x 10~/

Result obtained in collaboration
with G. Isidori, Z, Polonsky and A.Tinari
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B — X £'¢:SM predictions

* Using the Belle [2107.13855] measurement of the B — X /v g* spectrum we can convert

our SM prediction for the ratio %(qg) into a “experiment assisted prediction” for the high-

g* branching ratio.

* This SM prediction can be used to discuss compatibility with the exclusive anomalies under

the assumption of no New Physics in B — X £v

0.18 1
~ 0.16 |

S 0.14
T 0.12

0.00 "
0

Belle, 711 fb~!

||||||||||||||||||||||||||

—e— Total uncertainty 7

aa)

~— 0.10 F
- 0.08 |
- [
Q 0.06 |
© [
m 0.04
o |
~ 0.02 |

3_ { —e— Stat uncertainty _
r L —— Hybrid B=X,{v MC 1
o . { ----- DFN 1
3 ! l i_. BLNP ]

.................

= (1.76 £ 0.32) X 10™* [18.2%]
= (1.52+0.28) x 107* [18.4%]

BB — X, D) > 14.4]
BB — X,£0) > 15]y,

\

B > 14415\ 5 = R(14.4) X BB = X, £0)] > 14.4],,
= (4.58 +0.89) x 10~/ [19.4%]

exp

Bl > 15]gpp 0 = R(15) X BB — X £0)] > 151,
= (4.10+0.81) x 1077 [19.8%]

* The total uncertainty is dominated by the B — X /v partial rate
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B — X .£¢:theory vs experiment

* Let’s begin putting all this information together by “rescaling” the BaBar and Belle inclusive

measurements to something that can be directly compared to the LHCb one:
BaBar (with QED, ¢ = 14.2), Belle (with QED, g7 = 14.4), LHCb (no QED, ¢; = 15).

: ¢ B > 14.4]).; B > 15]
» The required rescaling factors are: ( i QED> —0.96 and i i 2o
93[ > 14‘2]With QED 2 %[ > 14'4]With QED e

* The picture that emerges is not clear:

. | BaBar+Belle there are tensions between the two
4.630.97
" LHCb (isospin) experimental and the two theoretical
2.65£0.17 determinations!
* The two SM predictions are dominated
° SM: BR :
2594068 <« by power corrections and by the
— SM: R«BR(b-ulv) experimental b — ufv rate,
4.10+0.81 «—0 —

respectively.

BR(B — X T¢7)[> 15] x 10°
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B — X .£¢:theory vs experiment

» All results corresponding to a cut at 14.4 GeV? (the LHCb “measurement” has been rescaled)

> A lower g cut corresponds to a larger hadronic phase space for which the heavy quark
expansion is expected to be under better control

® ‘ Belle : f Belle
4.2+1.3 15.246.2

® { BaBar f | BaBar
5.8%1.6 16.2+4.6

BaBar+Belle f ! Exp: Average
4.8+1.0 15.8+3.7

o LHCDb (isospin)
2.73+0.18

e Exp: Average

2.79£0.35
/ better
greement!

[rescaling factor = 2.0]
—e— SM: BR et SM: BR
< 2.67+0.70 17.3+1.3

——e——— SM: R«BR(b-ulv)
3.91+0.79

e SM: Average
3.2110.63

[rescaling factor = 1.2]

I T S Y S — L1 NN S T S ) Y S NS S —
2 3 4 5 6 7 10 15 20

BR(B — X107)[> 14.4] x 107 BR(B — X,(*¢7)[1,6] x 107

* Average Exp and SM determinations (in the latter case we include a 20 % correlation)
* The experimental average requires a PDG rescaling factor of 2!

* Keeping in mind several provisos we see that currently there seems to be good agreement
29/37



Current constraints

G PO s SR T N R ;JM,,. it o
e Exp inputs: BR(B, — puu), BR(B — Xsbﬂf)ﬁ;vfactories’ BR(B — X.¢ Lﬂ)ﬁgﬁb’ BR(B — X /)P egl}l,e
1.5 ]
1.0 ]
0.5 ]
ZDE 0.0 ]

-1.0" [] R%Qj)l(th/Xueu ]
E D BlBizi(igﬁ & BBS—>,uu
e ; 1 Combined i
-2 -1 | 0 | 1 2
o
using %[ 14.4]5y using BR(B > X,£8 )yio

. High-g* constraints are of similar strength because of large error on BR(B — Xufy)Eieglllle
* Overall picture is of agreement with the SM o



Future constraints: low-g* (Belle II)

» Projected reach of Belle Il with 50 ab™! of integrated luminosity

1.5-

1.0 -

b — st
Inclusive Projection
Belle IT 50 ab™*

1< ¢%<6

D BB—>XSM
1<¢*<6

(H1/B) gl x 00

I Combined

Focus on low-g? where the inclusive OPE is
better behaved

Use of normalized angular observables (H;/ %),
lowers impact of the My, cut in the low-g? region

Dashed contours correspond to 36,46 and 56

* is the exclusive best fit from ABCDMN’23

Low-g? observables at Belle-ll should be able
to confirm current anomalies at 40
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Future constraints: including high-g*

» Projected reach of Belle Il with 50 ab™! and of LHCb with 300 fb~! of integrated luminosity

/' We assume (B, — pp) = 4.8 % corresponding

b — stt
Inclusive Projection to 300 fb_l at the HL-LHC
- Belle II 50 ab™!
10- HL-LHC 300 fb™"

* Projected uncertainty on S2(14.4) is obtained
combining:
5B, . > 14.4] = \/ (2.6% ) + (3:9%y)? = 4.7 %

BRI | = 5R(14.4) =T7.0%

1<¢?<6
D HB—>XSEZ

B

o
o
I
/‘\
’ N L
//X\\ V'd
/ S \
|
NN
\
| | \\\\
\
\ o\ (RN
Ny \
\ N\
IR\ 1\
\\P\ o\
\
IR I
A N |
\
\\\\ /o
N A
NS
~N
N =
N
~N
|

B |« Inclusion of high-g* observables allows to
I Combined

— 1 confirm the exclusive anomalies at the 5¢ level
-2 -1 0 1 2
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K" rtip

0

+ + - —
* The very rare Kaon decays K~ — 7~ vr and K; — 7 vD are extremely clean and can be

sensitive to new physics whose contributions to B physics observables are overwhelmed by

QCD uncertainties.

* Experiment [NA62,2412.12015]

BR(K* > 7*uD),,, = (13.03;9 o 1.3Syst) x 10711

* SM prediction [Kaons@CERN 2023,2311.02923 (UTfit inputs)]

; Im4, R Rel, :
BR(K™ = nvn)gy = k(1 + Agyp) I X(x) ) + I X(x) + = (2 EoP )

<8.38 + 0,17, £ 0.36 050 % 0.17paramio.255,3w> x 10711

l l

. dominan
requires % ant

NNLOQCD non-parametrlc
uncertainty

* Small |.50 tension 33/37



K" rtip

e The 0P, . contribution stems from non-perturbative up-quark loop contributions

* While we wait for first principle lattice-QCD calculations we need to rely on ChiPT:
[Isidori, Mescia, Smith, 0503 107]

%

zs Vv o : :
= %5 : s
K é Y3 K o K T K o T °
—O0—0— O
S, d
4G5
Zqcpt TZFW" (v, +7s5a,)q -
—4GF/1 Z C1O* T(DMUD:”UT)_GSFﬁl(ﬂsd DMUTDMU_l_m >
\/5 U s

=

* The tree-level diagrams above (including also W* exchange boxes) yield:

1 22F2 | 41Gy 4
SP. = — Z P, + P%,.(¢%)) = s

et - 34/37



K" rtip

* At the one-loop level there are many diagrams for which not all counter-terms are known

* To take into account these missing corrections
Isidori et al. assigned a 507% uncertainty to the

tree-level central value

* The effective coupling Gy = — VudeSGF/\/EgS
can be determined by NLO fits to K — zx
amplitudes [Cirigliano, Gisbert, Pich, Rodriguez-
Sanchez, 1911.01359]:
gs =3.58x£0.14

* Using the updated g; one gets:
oP., = 0.03(1 = 0.5) = 0.030 = 0.015

[using inputs from [0503107] one gets 0.04 = 0.02

which is the value commonly adopted]
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K" rtip

* In [Ecker, Kambor,Wyler NPB 394 (1993) 101] it was shown that vector meson contributions are

sufficient to reproduce the observed values of all low-energy constants

* Inspired by this result we considered resonant ChiPT (in terms of antisymmetric spin = 1

fields) and used the so-called weak deformation model to estimate the AS = 1 matching;
[Lunghi, Soni, 2408.1 1 190]

v v 4 * We find that p meson effects
Y v v
z z ‘ tend to be much smaller than the
p p p conservative =50 % estimate
K " T s K K ° T K T

adopted in the literature

0.045 —

* Even stronger motivation to get

0.040 -

a first principle lattice-QCD

0.035 |-

Re [0 P]

| — [0P.uweez + [0Prulio0p.z estimate!
— [6P.ulireez + Re[[6P.],] ° Stay tuned for a dispersive

0.030 -

0.025 |-

approach to this calculation

0020+

0.00 002 004 006 008 010 012 [BansaI,JenkinS,Winne)’]
¢ (GeV?)
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Conclusions

b — st b— st K — nvv Ry, R &
inclusive exclusive

[Idea curtesy of Maria Ubiali] 37/37
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SM vs New Physics

SM contributions:

\AZ

t

W

bL
0 S e T

o

NP contributions:

br br SL SI,

g

40

bL e-
A%
t t
SL A% et
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Exclusive modes: theoretical frameworks

* The central problem is the calculation of matrix elements:
(KW0(y)|B) =~ (KWIT J;™(x) O(y)|B)

e At low-q? the K has large energy (large recoil):

Soft-Collinear Effective Theory

The large energy of the K introduces three scales: mbz, Amy, and A

(K| TIE™(x)O(y) | BY ~ C x [ Form Factor + ¢ % J * ¢ge] + O (Almy)

* At high-q2 the K(*) does not recoil:

1
0y = local OPE

(K| TI"())00) | B) ~ C x [ Form Factor] + 0 (A/m,) 7



Exclusive modes: issues

* Form factors
- lattice QCD (high-q?): B - K complete, B — K* and B, — ¢ ongoing
[see the recently completed FLAG 2024 review, 2411.04268 ]
 LCSR (low-g?): some uncertainties have to be ball-parked (power
corrections, ...) but get access to all form factors (including baryons)

* Power corrections

* Presently incalculable

> In global fits they are taken into account via nuisance parameters

> If no form factors relations are used, their impact is not expected to be

too large because they are essentially confined to the the matrix element

<K(*) | T]em02 | B> [see, for instance,thg B — K analysis presented in
# Fermilab/MILC and EL, 1903.10434]

v

If form factors relations are used = construct “clean observables” (e.g. Px)

v

A lot of recent work on extracting information on power corrections

using diSpeI"Sion teChniques [see, for instance, Gubernari, van Dyk,Virto, 201 1.09813
42 Mutke, Hoferichter, Kubis, 2406.14608] /37



Exclusive modes: issues

Resonances at high-q?2

> Unsurprisingly naive factorization fails to reproduce the resonant pattern

observed in B — Kuu at high-q2

> The OPE and quark-hadron duality lead
to a reliable prediction for the integrated
high-g? branching ratio [Beylich, Buchalla]

> Within naive factorization the
contribution of the “wiggles” is
non-negligible

%IB' — Kt pp]/1077GeV ™!

> This has led to some uneasiness about 0
our ability to use the high-g2 region
effectively

All these anomalies need confirmation at Belle |
> different systematics
> access to more observables (inclusive modes)

43

] / @(37—}70)

¥(25)

[£Zwicky, Lyo

n]

(4160)

=

T(4040) |

Nt

Factorisation —
LHCb —

W(4415)

3.6 3.8

4

Vq%/GeV

4.2
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Inclusive theory: observables

e Structure of the differential decay width:

at —§[(1—|—COS29)H +2(1 — cos® ;) Hy, +2cos By Hal
dq? dcosf, 8 i e i
X & 4
o Hr ~@L -8 {ICo + 2CHP + [Cul
7 2 7
. % Y B RCARE S
S, S e B [Co + 26 +C1oP’) Le 2

%

bt H, ~1—cos*0 HA B8 48( )2Re [C]_O(CQ —I_ 2

N

(= W=
Z

C / Hy + H, ~ (1 £ cos6)*
7)] /

q*

 Inthe SM H, is not suppressed by the lepton mass

* There are similar contributions from non-SM operators but there is no
interference between V 4+ A and V — A structures

o Atlow-g° (§ < 0.3) Hy is suppressed (C; < 0)
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Inclusive theory: leading power (b = X .£¢)

* The perturbative expansion has two peculiar features:
e the amplitude is proportional to a,.(u)

e the one-loop matrix element of O, , is “super-leading”

leading contribution og correction
w G m
§<
X, X, X L +0( O(SL O(em(st+O(em(xs
+0(em (XS
C(0)) + C(0y) C(07) + Co{0y) + C1((0y)
a 1
n = S(/’lO) exiy +ﬁ(oo) s(/’tO) g //t_b 27 0(1) e lOg ,Ub >
a(up) 4r I Hg  app) E s,
i o o Expansion in a, and k = a,/a;
a o a
eﬂ0=1+ﬂe(00)e'uolgﬂ—b~l+ \Ho
a(Hp) dr s (o)

45 /37



Inclusive theory: leading power (b = X .£¢)

e Structure of the amplitude (x = a,,/a, and a, = a,/4n):

A =k Ao+ @, Ax o + T ANNLOH T A o+ 0@

s“IN3LO
with A5 < A; g ~ 0.03 and Ay o ~4

+? [ASB + AT+ PAT  + AT +O@D)| + 00)

include only terms enhanced by
m,z/(M%, sin’ &y,) and log(mbz/m;

* Decay width:

|A]” = «? Al + 0241 g AN o + EAY o]
+i’ [&?ALOANNLO + a; <2ANLOANNL0+2ALOAN3LO>]
S [ZALOAEI(I)l o L <2ANLOAEI(I)l + 2ALOA§TIEO)
+a; (2AN1 0AST o + 2ANNLOAEI8+ALOAISIIII\IILO)
i (2ANLOA§111T\IILO+2ANNLOA§IEO+ 2Ans0AL0 T 24104 )] +0(c)

N3LO
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Inclusive theory: leading power (b — X.£°¢)

QCD at NLO (4, ¢, Ax )

W b c
WCs: b—% K
e e ¢ 3

MEs:

\@/
/\

Sy
/\\

QCD at NNLO (Axni o)

WCs:

MEs:

QED at NLO (ASD, AS™

WCs:

MEs:

v A
==

\EEE
sl

o)

W Co
ST

47

Misiak
Buras, Munz

Bobeth, Misiak, Urban

Asatrian, Asatryan, Greub VWalker

Ghinculoyv, Hurth, Isidori, Yao
Bobeth, Gambino, Gorbahn, Haisch
de Boer

Bobeth, Gambino, Gorbahn, Haisch

Huber, Lunghi, Misiak, VWyler
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Inclusive theory: m, scheme and normalization

* b quark mass scheme

o I'(b— X,£7) is arenormalon free observable but m

pole .

b IS hot

* These spurious renormalon ambiguities can be removed by analytically
converting mpOle to a short distance scheme (e.g.m,> or m™")

* We adopt the 1§ scheme using the Upsilon expan5|on

¢ (Choice of normalization

e In order to remove an overall m[f prefactor the rate is usually normalized
to either the total B - X /v or B — X .U rate.

* We adopt the former:

I'(B— X)) =BR(B — X .Av)

VisVio

2

Vcb

%
I'(B— X.2v)
['(B— X,lv)

1%
where c = |4

Vcb

48

C o,

and @, are free of CKM angles.
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Inclusive theory: resonances

e The charmonium in B — X (y,.. — £¢) can be produced by an
underlying color singlet and color octet quark transition:

> the color singlet contribution is modeled exactly over the whole g2 spectrum
using Rhad data for both on- and off-shell charmonium (Kruger-Sehgal mechanism)

- off-shell color octet effects at high-q2 are taken into account by 1/m> corrections
[Voloshin; Buchalla, Isidori, Rey]

» off-shell color octet effects at low-qg? can be described within SCET and yield so-
called resolved contributions which at present can only be estimated

e (Cascade decays B — X (y.. = X £0):

> on-shell effects do not interfere and can be measured and subtracted from the
experimental measurement or added to the theory prediction (luckily they turn
out to have negligible impact)
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Inclusive theory: cascades

B x 10° B x 10°
B> Xz |78+04 v —onlte | 1.4340.07
B— X2 | 3.07+0.21 V=0l | 6.59+0.18
B — X.x, | 3.09+0.22 Y — 700 | 0.076 +0.014
B — XX, | 0.75+0.11 v > n'TeT | 0.196 +0.026

B — X.n. | 4.88£0.97 [111]
B — X X | 3.0+ 1.0 [112]

B — X,h, | 2.4+1.0" [53]

B — X, | 0.12+0.22" [113]

> For instance, the #’ contribution alone yields a contribution which is of the
same order as the short distance b — s£¢"

BR(B - X J/w)BR(J/w — ny'¢¢) =5.1 x 107/

50 /37



Inclusive theory: cascades

n

w

[

B'— K'(y—n ee)

B'— K*(y—n ee)

B'— K'(y—n' ee)

o

2
P
3]

(K+=) Mass [GeV)
F =

(K+n) Mass [GeV]
F N
(K+1') Mass [GeV]

w

[
w
)

o

N
[ )
)

N

______

85

2 2.5 3 8.5 1 15

. 2 25 3
Dilepton Mass [GeV] Dilepton Mass [GeV]

2 25 3
Dilepton Mass [GeV]

* After imposing my < 2 GeV this background becomes <« 1 %!
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QED radiation

* The rate is proportional to Ozgm (,u2) .Without QED corrections the scale U is

undetermined — * 4% uncertainty

* Focus on corrections enhanced by large logarithms:

Q@ Oem log(mW/mb) S CVem/@s [WC, RG running] [Bobeth,Gambino,Gorbahn,Haisch]
Q@ Oem log(myg/mp) [Matrix Elements]

® The differential rate is not IR safe with respect to photon emission the results in
the presence of a physical collinear logarithm, log(m,/my)

2

: | | virtual = Asoft—l—collinear Bcollinear an Bsoft
1.5 7 M . ] 2 —I_ + C
; QED contribution ; e -
1t :
Asoft collinear o = Bsoft
0.5} real = = * : coszcollinesr i C’
[ ] € €
-0.5} § : :
’ ‘ /dq (BCollinear L COllinear) =0
-1} ]

"5 10 15 20
q2 [GeV?] 52 /37



QED radiation

* The rate is proportional to agm(,u).Without QED corrections the scale y is undetermined

— +4 % uncertainty

* Focus on corrections enhanced by large logarithms:

¢ Oy log(my, /my) ~ agp,/ag

¢ ay,,, log(m,/my)

* The differential rate is not IR safe with respect to photon emission the results in the

[WC, RG running]

[Matrix Elements]

presence of a physical collinear logarithm, log(m,/m,)

1.

0.

-0.

2

S

b

1
b
3

b
5 r
b
3

v v v T
3
3
-
p
p
3

QED contribution |

vvvvvvv

b

0’
3
3
3

5'
3

3
3

_1,
3
3

“
4
4
N
-
4
f ‘
“
9
9
4

S 10
q [GeV?]

15 20

[Bobeth,Gambino,Gorbahn,Haisch]
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QED radiation: theory vs experiment

* Photons emitted by the final state leptons (especially electrons) should be technically

included in the X, system:

llwef

* This implies large Qem log(me/ms) at low and high-g*:

the logs cancel in the total rate that is however inaccessible (resonances)

At BaBar and Belle most but not all of these photons are included in the X, system:
Need Monte Carlo studies (EVTGEN+PHOTOYS) to find the correction factor

* At LHCDb all photons emitted by the charged leptons are recovered (physically and using
PHOTOS) and included in the lepton 4-momentum = collinear QED logs must not be
included
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QED radiation: theory vs experiment

@ Photons emitted by the final state leptons (especially electrons) should be technically
included in the X system:

llww]

® This implies large Qem log(me/my) at low and high-q?

@ The logs cancel in the total rate that is however inaccessible (resonances)

® At BaBar and Belle most but not all of these photons are included in the X, system
® Need Monte Carlo studies (EVTGEN+PHOTOS) to find the correction factor:

[ Bhigh]
ee
q=p, .+ +p‘:—+p".’(:oll -1 = 6 8%
BLE|

low
[Bee ] q=p.+ +pe— +p'?’(:oll
B

—1 = 1.65%

q=Pe+ +pe:_ G=Pe+ +Pe—
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QED radiation: size of the effect

® |mpact of collinear photon radiation is huge on some observables
® Cross check with Monte Carlo study (EVTGEN + PHOTOY)

— QCD +QED

%

7'{]‘ +7’{L

Shift on Hyis ~ 70 %!

Hr is smaller than H. (5§ < 0.3 and

C, < 0):
2
Hr ~ 23(1 — §)2 |09 F §C7|2 S5 |010|2

H; ~ (1 — §)2 [|Cg aE 207|2 e |Olo‘2]

g% € [1,6] GeV? q? € [1,3.5] GeV? g% € [3.5,6] GeV?
Opne AOpg  AOpg | Ongss AOn 35 AO[] 3.5 1 Oi3.5.¢ AO;356  AOs ;56
B g B g 01,6 B ) B g O 3.5 B g B, 6) O(3.5.6]
B | 100 5.1 5.1 54.6 3.7 (6.8 \| 45.4 1.4 (3.1 \
Hr | 19.5 14.1 72.5 9.5 8.8 92.1 10.0 5.4 53.6
Hr | 80.0 -8.7 -10.9 44.7 -4.7 -10.6 35.3 -4.0 -11.3
Ha | -3.3 14 \ -43.6 ) -7.2 0.8 \ -10.7 )| 4.0 0.6 \ 16.2 )
56 /37
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QED radiation: size of the effect

@ We calculated the effect of collinear photon radiation and found large

effects on some observables

0.0°

Size of QED contributions to
the Ht and H_ is similar

g? € [1,6] GeV? q? € [1,3.5] GeV? q? € [3.5,6] GeV?
011.6‘ Ao'l.b'] AO[l.ts‘ 0'1.3.5i AO[].:&.:‘:[ AO[].:&.:;] 013..).( AO3 5 6 Ao's.s.ﬁz
B g By g 01,6 B g B g O 3.5 B g B, &) Ol3.5.6)
B | 100 2.1 0.1 04.6 3.7 (6.8 \| 45.4 1.4 (3.1 \
Hr | 19.5 14.1 72.5 9.5 8.8 92.1 10.0 5.4 23.6
Hr | 80.0 -8.7 -10.9 44.7 -4.7 -10.6 35.3 -4.0 -11.3
Ha|-33 14 \ -436 ) -7.2 08 \-107 )[40 06 | 162
57
BE——

T —
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QED radiation: Monte Carlo check

@ EM effects have been calculated analytically and cross checked against

Monte Carlo generated events (EVTGEN + PHOTOS)
[Many thanks to K. Flood, O. Long and C. Schilling]

10 0.7
~ = -
'> 9 N C
S ab B Bk e e - 0'6: B Bk e
QD C L B—>K*ete @ C L B—>Ktete
% 7 [ B—Xse e (MX)>11GeV) o 0.5 [ B—Xse e (MX)>11GeV)
~ = D -
X 65_ ~
~. sE X
= = e\g
: 4— ~
S >
o~ 2F- A
Q = =
3 1= ~
% 0.5 1 o 2 4 6 8 10 12 14 16 18 20 22
¢ (GeV?)
60 100
= 9of-—
50— \: All photons 80 L |:| Most energetic photon (58%)
N\ Photons with E <30 MeV — T
40 O
&{ O
5 A\ >
= 30 2
S 5
NS =
20 2
\ &
10
0& \ \\\\\\—'—M M =
0 1

4 5

2 3
Number of Photons 58
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QED radiation: Monte Carlo check

A 8

-

A g > -"‘\»‘_:,"-. £ -y

@ The Monte Carlo study reproduces the main features of the analytical

results

dBR/dg? x 10° GeV *

dBR/dq? x 10° GeV *

10 12 14 16 18 20 22
¢ (GeV?)

Monte Carlo: Analytical:

¢’ € [1,6] GeV? ¢ € [1,6] GeV?

One AO0ng A0pg One AOng  AOpg
Bis  Bng By ) Bhig _Ong

B | 100 3.5 B | 100 5.1 5.1
Hr | 19.0 8.0 Hr | 195 141 | 725
Hy | 81.0 -4.5 Hr | 80.0 -8.7 -10.9
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QED radiation: Monte Carlo check

@ The Monte Carlo study reproduces the main features of the analytical results:

0.04

0.03F

ABR x 10°
) 7}N

0.02-

x 10° GeV

0.01F

dAT/dg?

of

I
o
1 ,

'0'01:_ . T I T '

_00 _n-:| v b b by b b by b b Py gy 1y 5 10 15 20
) 20 2 4 6 8 10 12 14 16 18 20 22
¢ (GeV?) s (GeV?)

> Take home points on QED radiation and treatment of photons:
> Large impact (up to 70 % for Hy)
> Strong dependence on the observable (e.g. H;) and on the shape of the spectrum
(as shown by the comparison between theory and EVTGEN+PHOTOS)
> Experimental strategies:
> be as inclusive as possible (i.e. include photons in Xs system)
> “remove”’ collinear photons effects with PHOTOS (be wary of dependence on
the shape of the EVTGEN generated spectrum)
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B — X £'¢:SM predictions

* Current LHCb measurements of all modes that enter the sum-over-exclusive determination
of the inclusive branching ratio at high-g* use PHOTOS to “eliminate” QED effects.
* BaBar and Belle measurements, as well as and current Belle-Il analysis strategies include

certain collinear photons in the definition of the g~.

* Breakdown of uncertainties (for the no-QED LHCDb situation) for branching ratios and ratio

A for two values of the g* cut:

Bl > 14.4] = (3.04 £ 025, + 0.03,, £0.04,, +0.22,, +0.005, +0.003cp £ 0.0555 £0.25, £0.11, +0.54, ) x 107

= (3.04 £0.69) X 1077 [22.7%]
B[ > 15] = (2.59 £ 0.21 .y, £ 0.03,, +0.05¢,, £0.19,, +0.004, £ 0.002cxy % 0.045 +0.26, £0.10, +0.54, ) x 107

=(2.59+£0.68) x 1077 [26.3%]

R(14.4) = (26.02 £ 0.42,,,, £ 0.30,, £0.11¢,, +0.10,, £0.12, £ 1.12¢4y £0.33, £0.05, +1.20, ) x 10~

= (26.02+1.76) x 10™* [6.8%]
R(15) = (27.00 £ 025, £0.30,, £0.11.,, £0.17, £0.15, £ 1.16¢x *£0.37, £0.07, +1.43, ) x 1074

= (27.00 £ 1.94) x 107* [7.2%]

» Results at g > 14.4 GeV? have smaller uncertainties and can be extracted with larger

data sets
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B — X £'¢:SM predictions

e Current LHCb measurements of all modes that enter the sum-over-exclusive determination

of the inclusive branching ratio at high-g* use PHOTOS to “eliminate” QED effects.

* BaBar and Belle measurements, as well as and current Belle-Il analysis strategies include

certain collinear photons in the definition of the g~.

* Complete SM predictions

LHCb (no collinear photons)

B-factories (with QED, e/u average)

> range [GeV?] (1, 6] [1,3.5] 3.5, 6] ¢° range [GeV?] (1, 6] [1,3.5] (3.5, 6]

B [1077] 16.87 £1.25 | 9.17+£0.61 | 7.70 £ 0.65 B [1077 17.41 +1.31 9.58 4+ 0.65 | 7.8340.67
Hr [1077] 3.14+0.25 | 1.4940.09 | 1.65+0.17 Hr [1077] 4.77 £ 0.40 2.50 £0.18 | 2.27 £0.22
Hy [1077] 13.65+1.00 | 7.63+£0.54 | 6.0240.49 Hy [1077] 12.654+0.92 | 7.08540.48 | 5.56 4 0.45
Ha [1077] —0.274+0.21 | —1.08+0.08 | 0.81 £0.16 Ha [1077] —0.104+0.21 | —0.989 4 0.080 | 0.89 4+ 0.16

¢* range [GeV?] > 14.4 > 15 ¢° range [GeV?] > 14.4
B [1077] 3.04 4+ 0.69 2.59 4 0.68 B [1077] 2.66 4 0.70
R(q3) [1071] 26.02 £+ 1.76 27.00 +1.94 R(q3) [1071] 22.27 +1.83
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Inputs: Weak Annihilation

* |n the isospin SU(3) limit there are only two WA matrix elements:

SU(2)
=7 1

SU(2) SU(3) o SU(2)
e

e Numerically we adopt upper limits extracted from D”* and D, decays rescaled by a factor
mel%/(melz)) [following the analysis of Gambino, Kamenik]

*  We found that fyy and fyyv — fy are mostly uncorrelated
*  We estimate SU(2) and SU(3) breaking effects following [Ligeti, Tackmann]

* Taking into account the adopted normalizations, we need:
LB X)) %”fs = (fX+£012 =NV

[(B — X,£v) fu = (F +1D12 = (fy +Ny)/2
I'(B — Xsf_'_f_) 5 %( f +f0)/2 =fNV

['(BY - X,/v) e —fa = 6 Ly

BB — de"'f_) G % (fd + )2 = (fV +va)/2
R(sp B = X;7C7) kfaz =1, = [9f Isy

BB > XLHT) ~

R(sy, B > XLC7) ~




B — X .£'¢: new observables

* At leading order in QED and at all orders in QCD, the double differential

width is a quadratic polynomial: " ~ a cos®>@ + b cosO + ¢

* | receives non polynomial log-enhanced QED corrections

* We can build new observables by projecting out with Legendre

polynomials:

1
HI(QZ) = J

°’T

, dg?dz

Wi(z)dz

5 10

Wy =—=Py(2) + —P5(2)
3 3
1 10

W, = EP()(Z) = ?Pz(Z)

4
W, = gsign(z)

W; = P5(2)
Wy = Py(2)

new observables
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Current constraints

* We begin with the current constraints in the [Cé\IP, C%P] plane

* Experimental measurements:

* SM predictions:

RB[1,6]¢, = (15.8 £3.7) x 107’ B[1,6]qp = (17.3£1.3) x 1077
B[ > 14.4],, = (2.79 £0.35) x 107 B[ > 14.4]gy = (2.67£0.70) x 107
BB — X LD > 14.4]¢y, = (1.76 £0.32) X 107 R[14.4]5y = (26.02 = 1.76) X 10~
-9
B(B, — ppt)exp = (3.45£0.29) x 10~° BB, — pp)spy = (3.66 £ 0.14) x 10
i booee 1L borott » B, — pu constrains Cj,
i Inclusive 24 ] i Inclusive ’24 ]
10~ . 10+
g I » High-g* constraints from %
°f [ and X are of similar strength
S oo because of the large
s s uncertainty from B — X £
100 = ol 10 Rl » Overall picture is of agreement
: BBin?Z&BB_ﬁW I B}Bﬁxiie&BBg%
s i Combined " i Combined with the SM
15 10 5 0o 5 10 15 5 10 5 o 5 10 1
cyr cyr
Rl > 144]..,, X[14.4]
Bl > 144].,, & B[ > 14.4 o e 2
[ lep e oA Mo g BB B > 14.4] .

exp



B — X.£¢:BRat g > 15 GeV* from LHCb

* Inclusive measurements are the only direct test of the b — suu anomalies which do not

suffer from the same hadronic uncertainties that afflict the exclusive modes

» We strongly encourage the LHCb collaboration to present an inclusive high-g” measurement

» Aspects of the above derivation of (B — X uu)[ > 15] that can be improved:

> We do not have correlations between the various K and K* modes

> The K*(1410) and K*(1430) resonances lie above the kinematical threshold
(My < 1.41 GeV) but their tails can contribute to the Kz and K7z modes

> More precise integration of the K7z modes
> More serious estimate of K(nx),., modes
> Present LHCb measurements are for g> > g2, = 15 GeV? but the heavy-mass expansion

and the integrated spectrum has an effective expansion in inverse powers of

uhl— \/qczut/mbz); hence it would be preferable to consider g° > g2, = 14.4 GeV?>
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Future constraints

» Projected reach of Belle-Il with 50 ab™! of integrated luminosity
projected statistical uncertainties

10+

‘_10. ‘

" d> N 2 1,35] [3.5,6) [L,6] > 144
Oz = Tide WIs,z] ds dz B | 31% 26% 20% 26%
3 Hr | 24 % 15 % 13 % -
§ 42 > Hr | 55% 50% 3.7% -
50y = WIS, 21 ds dz Ha | ECRCEEECL (N I
72b dSdz [T | Hs | 240 % 140 % 120 % -
= Hy | 140 % 270 % 120 % - :
weight (Legendre polynomial) estimated
+5.8 % +3.9 % <«— systematic
uncertainties
o CurrentBounds — Prpjeptgd Bounds [§0 gbf1] IIIIII Ha at |9W7q? [50 ab"1]‘ -
® B[1,6] O B[>14.4] « SM : : ® Hr[1,3.5,6] © H[1,3.5,6] @ H,[L,3.5,6] : ® #H,[1,3.5,6] ® Combined o SM |
® B — X,up (current) @ B — X, pup (50 ab™t) B[> 14.4] @ R(14.4) ® Combined 7 ——— H4[1,3.5] ----- Ha[3.5,6]
1 10+ 10l - :
g2 5
] D L
ol
4
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B — X .£¢:theory vs experiment

* Comparison with the Isidori, Polonsky, Tinari analysis [2305.03076]

| [2305.03076]
[2404.03517] o SM from sum of
[ *
| . | BaBar+Belle K K*and Kz
4.6310.97 .
‘. LHCDb (isospin) = [ }
2.651£0.17 ~

= | .
= | semi-inclusive
<5 4} (SM)
| 5.07 2042

| SM: BR N
2.5910.68 ‘ inclusive
e .f‘_\i:' '
; o | SM: RxBR(b-ulv) - \ > 45+10 After
4.10+0.81 « : publication
| | | | | 1 EXP we collaboratec
2 3 4 5 6 "_- semi-inclusive and conver‘ged
! (mnons onlv)
BR(B — X ,/T¢7)[> 15] x 107 | 2.74+0.4] | ©nacommon

determination
* Both analyses find a tension between the LHCb “measurement” and the SM from £ X %, _, .,

* The tension between the semi-inclusive (SM) and LHCb is a restatement of the anomalies
e The difference between the 2 X &, _, ., determinations originates from NLO Q,, — Q-4

interference (-9 %) contributions and from long distance cc effects (-4 %).
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Current constraints

* We begin with the current constraints in the [Cé\IP, C%P] plane

* Experimental measurements: * SM predictions:
RB[1,6]¢, = (15.8 £3.7) x 107’ B[1,6]qp = (17.3£1.3) x 1077
AB[ > 14.4]., = (2.79 £0.35) X 1077 Bl > 14.4)g = (2.67 £0.70) x 107/
BB - X L0) > 144, = (1.76 £ 0.32) x 10~ R[14.4]gy = (26.02+1.76) X 107
gg(BS s Mﬂ)exp = (3.45 + 0.29) % 10—9 gg(B £ /’W)SM (3 66 £ 0. 14) X 10_9
Y ] SRy A ] - : NP
1'5§ ?ngusze 24 7 1'5/ i)n:l)u.;ff'e 24 7 BS D ﬂ//t ConStraInS Clo

» High-g? constraints from %

and X are of similar strength

\\\_\/10\\\\\\\\\\\

because of the large

uncertainty from B — X £

108 BE i | Mo Rivive o Overall picture is of agreement
B & By, ) i Byl &By L,
-1.5  Combined 7: _1'5; 7 Combined 7 With the SM
2 a1 o 1 2 2 a1 o 1 2
o oy
Bl > 144, & B > 144],  BL> 188]ep Fl14210n
& BB — X0 > 14.4], 69/37



Future constraints: low-g* (Belle II)

» Projected reach of Belle Il with 50 ab™! of integrated luminosity

* Focus on low-g? where the inclusive OPE is
b — st

Inclusive Projection
Belle IT 50 ab™*

better behaved

* Use of normalized angular observables (H;/ %),

lowers impact of the My, cut in the low-g* region

» Constraints from low-g rate and angular

distributions are somewhat orthogonal

* We include, for reference, the exclusive best fit

1< ¢?<6 i
[—| BB—)XSZE i

: o B point from ABCDMN’23:
L Combied — CN'=—1.18+0.18 and Cj; = 0.10 £0.13
R S [Alguero, Biswas, Capdevila, Descotes-Genon, Matias,
NP Novoa-Brunet, 2304.07330 and Capdevila FPCP2023]

* Dashed contours correspond to 30,40 and 56

» Low-g? observables at Belle-ll should be able to confirm current anomalies at 4¢
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Future constraints: including high-g* (Belle I, LHCDb)

» Projected reach of Belle Il with 50 ab™! and of LHCb with 300 fb~! of integrated luminosity

b— st

Inclusive Projection

Belle IT 50 ab !

ABCDMN’23

HL-LHC 300 fb!

-

’d
~ 7

s

-
—~
23

—_

o —

i

—
—
—

\\
7/
[
|
\
\
N
~

-
e
7z
/ 7
I
N
~

\K—/

- -
—_ - = /-~ Ny
Z o = o \
_ \ \
Y A
e/
/ / /
// 4 4
7 // 4
/ //,
— -
-~ 7
- -
-~
—
-

—

-

—
—

H Rq2>14.4
Lty
B Bs—pp

[ Combined

B Xt/ Xl

0 1 2

* We assume 6(B, — puu) = 4.8 % corresponding
to 300 fb~' at the HL-LHC

 The projected uncertainty on S£(14.4) is
obtained by combining:

6Brurel > 14.41 =1/ (B.9%) + (2.6%) = 4.7 %

5B, [ > 14.4]1=52%
= SR(14.4)=7.0%

* We see that the inclusion of high-g> observables
allows to confirm the exclusive anomalies at the
50 level
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My, cuts

> Kinematics:

\\‘\ \‘\ \‘\\\\\\\\
—

p)i(ZEXih?X\

px [GeV]

Dhae e e i

X is hard-collinear:

2 2 2
AN << my ~ Amy, < my

> The impact of the cuts is universal (n =1
[Lee, Ligeti, Stewart, Tackmann]

/T):

cut

1_-

.. I l;
i i local OPE ¢, .
081 N R
I shape function
06} ]
04 Ly .
[ g/ === ij=9900 ]
02 Vs ——==1ij=79 _
i v, ij=77 ]
L ,/ i
O ] 1 v ! ] ] | ] ] ] | ! !
14 1.6 1.8 2.0 2.2

mg" [GeV]

> Since the universality of the cuts extends to
B — X, v, the following ratio is minimally
sensitive to the shape function modeling;

['(B > X,£0) ey [same my cut]
I'(B — Xufl/)cut
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M, cuts: shape function modeling

> Current status of shape function modeling:
[Lee, Ligeti, Stewart, Tackmann; Bell,Beneke,Huber,Li]

0 L I LI l LI l | I L L I L I L l_ 30 _] LI mTTT I LI I T TT ] TTTT I T TT I 1T l_

— 20 B AH4(1,3.5;m$)

< Ty :

~—10 — <

T 4 ) T o

q - 4 .

-15 ] .

) —10 AH,(3.5,6;mst)

/ A NS N NS RS R R _20;"'l".fllllllllll[l]l[llllllllllllll[lll:

1.6 1.7 1.8 1.9 2 21 2.2 23 1.6 1.7 1.8 1.9 2 21 2.2 23
myt [GeV] m§t [GeV]

5 _l LI | | UL | rTr T I L LI LI |_ 5 _| LI | I rriTi I I | UL I L |—

: : : :

) o 2 — - -

é ,v;f"‘l,z’ 7 § B === n

E e i T / ~

4 7 L = - < - :

_15 —':I L1 1 I | - | | . I L1 1 I | - | | - | L1 I— _15 _I L1 | Ll 11 I | | I | | | L1l | Ll 11 I L1 I_

1.6 1.7 1.8 1.9 2 21 2.2 23 1.6 1.7 1.8 1.9 2 21 2.2 23
m$t [GeV] m$t [GeV]

The same-color curves correspond to a sampling of potential shape functions
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My, cuts: shape function from B — Xy

[Gambino, EL, Schacht - Work in progress]
* SCET at leading power shows that inclusive b — s and b — sy depend on a

universal shape function

* Subleading effects introduce dependence on subleading shape functions which destroy
this universality (in particular the “effective” shape function that appears in b — s£¢

acquires a g dependence

* As an alternative to SCET (and following the kinetic scheme analysis of B — X £v) we

write the b — sy rate with a Wilsonian cutoff (u ~ 1 GeV):

dr dT .
T dk+f(k+9/’t) E — MU

pert k

y
3 A
=T, Z Cl,eff (ﬂb)C]?ff(ﬂb)J dx F(k, //t)ng(é — K, 4, 1)

Shape Function in the kinetic scheme

i<j=1
where  F(x, ) = my, f(mx, p) = (mg — my)/m,
my, = my"(4) r GRamPmy'(u,)? 1V, V|
g 4 tb
& OF o Aon /37



My, cuts: shape function from B — Xy

[Gambino, EL, Schacht - Work in progress]
* Shape function vs hard scattering spectra:

«[ —— Shape Function end-point resonance

5 —— Hard Scattering | \

4t | no Shape Function
: description: need to integrate
over large enough Ey range

2F |

10* x dU'/dE, (GeV ™)

1  perturbative &

O S —

" 1 " N " N | N L N 2 | 2 2

0.0' o 0.5 1.0 '1.5'& '2.5'
exact location of the perturbative/end-
E, (GeV) P

point threshold depends on Shape
Function
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B x 1074

My, cuts: shape function from B — Xy

[Gambino, EL, Schacht - Work in progress]
* We considered data from 2012 BaBar fully inclusive and sum over exclusive analyses (in

the B rest frame) and 2016 Belle results (in the Y (4S) rest frame):

K* peak
BaBar 2012 (Fully Inclusive) BaBar 2012 (Sum Over Exclusive) / Belle 2016
15 T T T T 15 T T T T 1id T 15 T T
[]
10} ] 10} i 10}
THH ] %H% ] T
—3— : : = ]
5t HH3H 1 sf |{| 1 5t = .
HH L _ %ﬁ% : % . T T '{_| i
H
: + 8 ] | : =
0 1 = —— 0 == @ 0 - i
1.4 16 18 20 22 24 26 28 1.4 1I.6 1j8 2I.0 212 2I.4 2j6 2I.8 1.4 1.6 1.8 2.0 22 24 2.6 2.8
B B T
E7 (GeV) E7 (GeV) E (GeV)
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B [1074]

My, cuts: shape function from B — Xy

1.5“\“‘\“‘\“‘\“‘\www\www\

0.0

[Gambino, EL, Schacht - Work in progress]

* Some very preliminary results:

Babar fully dincl.

1.0-

0.5-

HHT

Shape function F (k)

B [1074]

Babar sum excl. Belle fully dincl.
1.5“\“‘\“‘\“‘\“‘\“‘\“‘\ 1.5“\“‘\“‘\“‘\“‘\“‘\“‘\
—
I ot I
1.0 o 1.0+
% E
| ] -
b ]
4 =i
i ——1 1
0.0 q
2.4 2.6 2.8 1.6 1.8 2.0 2.2 2.4 2.6 2.8

EY®S (GeV)

2z Some NNLO corrections missing
& Still working on training

P
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My, cuts: shape function from B — Xy

[Gambino, EL, Schacht - Work in progress]
e Implications for B = X.£¢:

* SF needed for extrapolation in and to improve the EvtGen Monte Carlo event
generator which is the heart of Belle, BaBar and Belle Il analyses.
[EvtGen: Ryd, Lange, Kuznetsova, Versille, Rotondo, Kirkby, Wuerthwein, Ishikawa;
Maintained by J. Back, M. Kreps and T. Latham at University of Warwick]

* Hadronic spectrum is based on the Fermi motion implementation presented in Ali,

Hiller, Handoko, Morozumi hep-ph/9609449: parton level with momentum
dependent b mass

dr’  my,(p)* 4 : ~12 | dTl /
= Bd = Jdu b p [ s exp(—pZ/pI%)] (u2+4mb(p)2s) [d db ]
S B PF > A i my(p)
* We need to urgently update the code! {

pb = _calcprob->FermiMomentum(_pf);

* Work in progress on the complete triple effective b-quark mass

7 . mb = mBxmB + _mg*_mq - 2.0xmBxsqrt(pbxpb + _mg*_mq);
differential rate at 0(“5) if ( mb>0. && sqrt(mb)-_ms < 2.0xml ) mb= -10.;

[T. Huber, T. Hurth, J. Jenkins, EL, in preparation] }
mb = sqrt(mb);
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My, cuts: perturbative study

* We calculated the B = X.£C My spectrum in perturbation theory at NLO including a,

and a, /11/m,92 corrections (using reparameterization invariance relations)

 The spectrum deviates develops a tail in My at O(«a,)

» The O(a,u2) correction is necessary in order to asses the breakdown of the OPE

» The aim is to identify the minimum value of M<" for which the perturbative calculation
4 X P

still holds (similar to a similar analysis for the photon energy spectrum in B — X y).

BI[1,6, M) / B[L, 6]

08/

—— O(a) = O(as\) 1
== 1= 1[2.5,10] GeV Missing O(a\2) ;
20 | 2.2 | | 24 I 2.6 2.8 | | 3.0
M [GeV]
79

* A threshold can be tentatively set at
M =2.5 GeV

- Experimental cuts are at My"' = 2 GeV

and they will require an extrapolation

based on a Shape Function approach
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My, cuts: perturbative study

» The ratio of the low-g* branching ratio normalized to the B — X £ rate measured in

the same ¢” range has much smaller power corrections: this suggests that the OPE for

this quantity is much better behaved.

1.015
1.010 | -
© 1.005 .
—, i ]
S C
2 1000F - —
Sx 0995 ]
~ r
© 09907
= : - O(as) - O(Oés)\l)
& 0.985 / .
== 1 =1[2.5,10] GeV Missing O(as\a) |
0.980 |/ ]
2.0 22 24 26 28 30
MG [GeV]

* The next step is to study the interpolation between the Shape Function region at small

M, and the perturbative region for My > 2.5 GeV
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Inclusive theory: resonant color singlet production

* Considerable complications arise because we
need to estimate (J J ) correlators with

4,9’ = u,d, s whose relative size at low-q? is not
described by perturbation theory at all >

» Using both Isospin SU(2) and SU(3) we were able to express the uii, dd
and s5 KS functions in terms of Rnad and 7 decay data only

4

3.5

3

2.5

2

1.5

1

0.5

0

IIII|]III|II]I|I]II|IIII|IIII|IIII|IIII

\:’ R,., (KNT 18)
D 3V, (ALEPH 14)
D 4V, (ALEPH 14)
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>»We use its deviation from the actual Rhad measurement
(in red) as an estimate of SU(3) breaking effects
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Inclusive theory: resonant color singlet production

1 | -2 C 1
25
Vs [GeV]

25
Vs [GeV]

3
2
- ~ Very good asymptotic agreement
1= i< . .
e with perturbation theory
0:_ — Im[nS]
__Im[hzact]
1= — Re[h']
__Re[hLact]
2 | | L | | [
3.8 4 4.2 4.4 4.6 8 5
Vs [GeV]
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B — X,'¢: SM predictions

* Branching ratios

B[1,6],, = (7.81 £0.37 4, * 0.08,, +0.17.,, +0.08, +0.04, +0.150x
+0.12gp £ 0.05; £0.39,(jeq) - 107°

=781 (1+7.8%)-107%
RB[1,6],, =759 (1£7.8%) - 10~°

B[ > 14.4],, = (0.86 £0.12,,, £ 0.01,, £0.01.,, £0.08, *0.02cky *+ 0.02p5
=0.06 7025 =L 025, 107

= 0.86 (1 £45%) - 107®
B[ > 14.4],,=1.00 (1 £39%) - 107°

¢ Scale and resolved uncertainties dominate at low-q?2 (hard to improve)

¢ Power corrections and scale uncertainties dominate at high-q2
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B — X,'¢: SM predictions

» Ratio Z(sy)

F(14.4),, = (0.93 £0.02,,,*0.01,, £0.01.,, £0.002, +0.01, £0.05-¢y
+0.004, +0.06, +0.05, )x 10~

=0.93 (1 +£9.7%) x 10~*
R(14.4),,=1.10 (1 £6.4%) x 10~

* Forward-backward asymmetry and zero-crossing
H,[1,3.5],,=-0.41(1+9.8%)-1078
H,[3.5,6],,=0.40 (1 +18%)-107°
H,[13.5],, =-044 (1£9.1%)-107°
H,[3.5,6],, = 0.37 (1 £19%) - 107°
(4))ee = 328 £0.11 . £0.001,, +0.02.,, +0.05,
+0.03,, % 0.004cx £ 0.001, % 0.06,410q = 3.28 +0.14
(4),, = 339+0.14
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