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Introduction

Flavour Physics has become “en vogue” due to the Flavour Anomalies:
@ Lepton Universality Violation in rare B decays
@ Anomalies in cc interactions in semi-tauonic decays
@ Rates and angular distributions FCNC decays
... but there are also “old” anomalies
@ Kaon CPV: €' /e
@ CPV in Charm decays
@ V,, inclusive vs. exclusive

We should not be too disappointed after Dec. 20th,
there will always be some anomalies in flavour physics to be discussed.
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Inclusive V¢p

Inclusive Vcb . Heavy Quark Expansion

Heavy Quark Expansion = Operator Product Expansion
(Chay, Georgi, Bigi, Shifman, Uraltsev, Vainstain, Manohar. Wise, Neubert, M,...)

Mo Z (2m)*5*(Pg — Px)|(X|Hex|B(V))|?

/ A x (B(V)| H it (X)HL 4 (0)| B(v))
—2Im / d*X (B(V)| T{Hen(XYHL,(0)}|B(v))
—21m / d*x & MV (B(v) | T{Her(X)HL,(0)}| B(v))

@ Last step: b(x) = by(x) exp(—im,vx),
corresponding to p, = mpv + k
Expansion in the residual momentum k

T. Mannel, Siegen University Inclusive Semi-Leptonics



Inclusive V¢p

@ Perform an “OPE”: my is much larger than any scale appearing in the matrix
element

) ~ -~ © 1 \”
/d4xe'mbvx T{Heff(x)%sz(o)} = Z <2mo> Cn+3(1)Ony3
n=0

— The rate for B — X /D, can be written as

1 1 1
r:ro+7r1+72r2+73r3—|—~--
mq mo mQ

@ The I'; are power series in ag(mg):
— Perturbation theory!

@ Works also for differential rates!
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Inclusive V¢p

@ [ is the decay of a free quark (“Parton Model”)
@ [; vanishes due to Heavy Quark Symmetries
@ [, is expressed in terms of two parameters

M2 = —(H(v)|Qu(ID)2QuH(v))
DM, = (H(V)|Quo, (iD*)(iD) Q| H(V))

1 Kinetic energy and p.g: Chromomagnetic moment
@ [3 two more parameters

2Mypfy, = —(H(v)| QuID, )(vD)(iD") QW  H(v))
2Myps = (H(V)| Qo (ID) (VD) (ID)Qy [ H(v))

pp: Darwin Term and p; s: Spin-Orbit Term
o r4 and r5 have been Computed Bigi, Uraltsev, Turczyk, TM, ...
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Inclusive V¢p

Structure of the HQE

@ Structure of the expansion (@ tree):
Aocp \ 2 Aacp \ 2 Aocp \*
dr:dl'0+< QCD) dr2+( QCD) dl'3+< QCD) drs
mp mp mp
Aocp \° Aoco \ 2 [ Aocp \ 2
+dF5 (ao( QCD> +ag< QCD) < QCD> )
mp my me
Nacp \° [ Aocp \*
oy (M) (e
mp me

@ dliz o In(m2/mZ)
@ Power counting m2 ~ Aqcpmp
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Inclusive V¢p

Determination of the HQE Parameters

@ My, Me, iir, kG, pp €IC. are determined from data
@ Spectra: Hadronic invariant mass, Charegd lepton energy, Hadronic Energy
@ However: There are corners in Phase Space where the OPE breaks down

Moments of the spectra can be computed in the HQE
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Inclusive V¢p

mi'™ mMe(3GeV) px  ph s pis BRen 10° Vs
4553  0.987  0.465 0.170 0.332 -0.150 10.65 221
0.020  0.013  0.068 0.038 0.062 0.096 0.16 078

e e W™ (1GeV) — 0.857,(3GeV) = 3714 ok

Alberti, Healey, Nandi, Gambino arXiv 1411.6560, presented at MITP Challenges in semileptonic B decays in 2015

@ Includes HQE parameters up to 1/m?® and full ais/m?,
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Inclusive V¢p

QCD Corrections

For a massless final-state quark:
G'/2:|Vcb|2 5 - as\ K G%|Vcb‘2 5 As
fo="aaea s ( 1+ (5) 0k ) = Tgams mb (1+ a1 +-)

What is the mass m,?
e Start with the pole mass m,, = mj’
@ This yields a large gy
@ In fact, this leads in general to a bad behavior of the perturbative series

@ Perturbative series is “asymptotic”: Looks like a convergent series, but at
some order k
gk ~ K!

Renormalon Problem (of the Pole mass)
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Inclusive V¢p

@ Problem for a precision calculation!

@ Switch to a “proper mass” mjin:
This has a perturbative relation to the pole mass

o0
nﬁmzmw<wEXmew0=ﬁ“@+fmw+m)
k=1

@ Insert this

GZ|Vgpl?, . «
ro = SV (rmpin())® (14 229y — i) +---)

@ mj" is much better known as the pole mass
@ The perturbative series converges better: |gy — my| < g4
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Inclusive V¢p

Present state of the b — ¢ semileptonic Calculations

@ Tree level terms up to and including 1/mg known
Bigi, Zwicky, Uraltsev, Turczyk, Vos, Milutin, ThM, ...

@ O(as) and full O(a?) for the partonic rate and spectra are known

Melnikov, Czarnecki, Pak
(] (’)(042) to the pal’tonic rate known (Fael, Schonwald, Steinhauser: 2011.13654)
® O(as) for 1/m2 is known for rates and spectra

Becher, Boos, Lunghi, Gambino, Pivovarov, Rosenthal, Alberti

@ O(as) for 1/m3 is known for rates and spectra riovarov, Moreno, Tr
@ In the pipeline:
e Estimation of Duality Violation

We are moving towards a TH-uncertainty of 1% in Vep jne/!
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Inclusive V¢p

Recent Development: Reducing the Number of HQE Parameters

New Idea based on an old observation: Reparametrization Invariance Problem:
Number of HQE parameters in higher orders!
Number of RPI operators

35
32
300
o5 f —o— Cumulative RPI & non-RPI
Cumulative RPI
20¢ 18
—o— Spin-dep. RPI
15F
—— Spin-indep. RPI
101
6
5F /‘—/ 4
ol % ‘ . L . Dimension

Inclusive Semi-Leptonics
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Inclusive V¢p

Reparametrization Invariance: (ougan, Golden, Grinstein, Chen, Luke, Manohar...
Ala) = [ d*x e T[@(ITa(x) GO Q(O)
and replace Q(x) = exp(—im(v - x))Qy(x)
A(S) = [ d*xe”® T[@/(x)rq(x) GO Q,(0)
with S = mv — q. These expressions are independent of v! Perform the HQE
A(S) = 3 [0(S)], BualiDy 1Dy} us

n=0
All this is still invariant under reparametrization of v: (as long as the sum is not truncated)
drp Vy =6V, with v.5v=20
orp ID,, = —mov,,
drp Quv(x) = im(x - 0v)Qy(x) in particular drp Q,(0) =0.
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Inclusive V¢p

The RP connects different orders in 1/m, which yields the master relation between
the coefficients n=0,1,2, ...

1) 1 1)
OrpCi) sy = MOV® (CgZ: o+ Cllepoin + Cur17+una)

Use these coefficients, integrate over phase space,
get a total rate ' = Im(B|R|B) = Im(R)
The coeffcients of the OPE will depend only on v

R = Zcﬂ?’ (V) © Qu(iDy -+ iD,,) Qy

and satisfy the master relation between different orders in the HQE
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Inclusive V¢p

Making use of RPI ...

@ RPIlis a consequence of Lorentz invariance of QCD

@ RPlis an exact symmetry:
the relations must hold to all order in ag

@ Resummation of towers of terms from different orders

@ For Lorentz invariant observables:

e The master relations are identical for all observables
o “Rigid” relations between coefficients
e Reduction of HQE parameters due to RPI
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Inclusive V¢p

HQE parameters (for the total rate) to O(1/m*)

- _ MZ o IMZ
2Mmypg = <H(p)’Qva‘H(p)> = <QVQv> puz =1+ il G

2m3,
2mypg = (Qu(ID*)(ID")(—io ) Q)
‘)2

2mypp = (Q, [ (iD*) [( (ivD) + (IZDn)'I , (iD, )H Q)

2murg = (Qy [(iD,) , (iD,)] [(iD*), (iD*)] Qv) (G?)

2murg = (Qy [(ivD), (iD,)] [(vD), (iD*)] Qv) (E?) o
2mysg = (Qy[(iD,) , (ID)I[(ID*), (iDg)] (=ic*")Qy) (B x B)-5)
2mysg = (Qu[(WD), (iD.)] [(ivD), (iDg)] (—ic®?)Qy)  ((E x E) - )
2mysgg = (Qy [iD,, [iD*, [iDa , iDg)]] (—ic®”)Qy) (05 - B)
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Inclusive V¢p

Alternative V., Determination

The leptonic invariant mass is RPI: and so are

l '~2A2ndr l A2A2n
[ and [ @)

q ut
3 Tuk & it 1292 s
Qlfﬁ 3—g;g+7§(19+810gp 7@ 2 P j(8+210gp)
13 sty sh (63 g; 827 22
DB TE (07 g Te = 1.10
0wl " mi \5 TP ) T ra Ty T g8 (1.10)
2 164% 7 (358 b 72888 64 sk (250
= Sy G D (0 Slogp) — TE (2220 Pegp) - 2B (2224 4)
&= o g \15 01080~ i (g Tgleer) | g HAloer
251 1 9008 16 b (1373 28
-1 o Dlogp) + e (=2 2, 411
+m§(180+30gp)+mg(45+3Obp)+m§(45+3 g) (4.11)
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Inclusive V¢p

Data on g Moments |

Belle Collaboration [2109.01685, 2105.08001]




Data on g> Moments

Inclusive V¢p

—— Fit Result
é Bellell
i Belle

—— Fit Result
é Bellell
i Belle

5]
T T T T T T T o T T T T T T T
1 2 3 4 5 7 8 1 2 3 4 5 7 8
G2, [GeV?] 92y [Gev?]
64 —— Fit Result —— Fit Result
& Bellell 80 - & Bellell
@ 57 4 Belle o 4 Belle
2 2
© 44 § 60
3] =
T 47
2 1
&1 T 204
0]
0]
T T T T T T T T T T T T T
1 2 3 4 5 7 8

G2, [GeVv?]

2205.10274 (Bernlochner et al.)
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Inclusive V¢p

— New V,, Determination

R*(qgut) <(q2)n>cut
l

2 3 4 4 4 4 4
M3, b6y PDTES TGy SES 5By SqBMbs Me

|

_ ~ ‘Vcb|2 2 ~3
Br(B — X D) [ i3 + FMG 5 + s
B
 Ta s T
+rrEm_§ + rer_ﬁ + rsBm_ﬁ + rsEm_ﬁ + rqu mﬁ

l

Ve, = (41.69 +0.63) - 1073
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Inclusive V¢p

@ Agrees with previous determinations
@ Itincludes a data driven determination of the 1/m* HQE Parameters
@ 1/m* turns our to be small — good fot the HQE
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Inclusive V¢p

Interesting side remark: The value of pp:
@ Gambino et al.: pp = (0.185 + 0.031)GeV? (kinetic scheme)
@ Bernlochner et al. pp = (0.03 +0.02)GeV? (kinetic scheme)

6
5
T g !
3 s 3
= ©.
& 572
= &>
RS =1
| | 0
& Kl
= = _1
-2
-3
2, [GeV? tur [GeV7]
G2 [GeV?] Geut
—— SM: NLO + 1/m} ~== Scen. I:NLO + 1/m} | —— SM:NLO + 1/m} -—= Scen. I: NLO + 1/m}
=== Scen. [I: NLO + 1/mj === Scen. lll: NLO + 1/m} === Scen. Il: NLO + 1/mj === Scen. lll: NLO + 1/m}
SM uncertainty T Belle 2021 SM uncertainty T Belle 2021
T Bellell 2022 T Bellell 2022
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Inclusive V¢p

Under investigation ...

@ Move on to dim-8 operators:
@ Study of the 1/m3 x 1/m2 terms i c

o
o

@ “Intrinsic” charm contributions: b b b b

2 1 m?
67 Cs)a = +2—in (B ) [D,, G
(Cary Cﬁ)/‘\ +3(47‘r)2 n <mg) [ ]

1

st ([0 [0 @] 1[0, 0%, 101, 6]

vy [DA ,[D", [Dy. GW]]} >5a T

(CavvY5C3)A = +487r12m§ (2 { [Dm Gm\} , éy,\} + { [Dﬁ, éyx] ; Gm\})ﬁa 4.

T. Mannel, Siegen University Inclusive Semi-Leptonics



Inclusive Vy,p

Inclusive Vyp

@ Problem: Cuts needed to suppress charmed decays

@ Forces us into corners of phase space, where the usual OPE breaks down
@ Expansion parameter Aqcp/(mp — 2E;)

Instead of HQE Parameters: Shape Functions f(w)

2Mgf(w) = (B(v)|byd(w + i(n- D))|B(v))

Universal for all heavy-to-light decays
Systematics: SoftCoIIinearEffectiveTheory calculation

e Several subleading shape functions
e perturbative QCD corrections
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Inclusive Vy,p

Shape Functions

@ Shape function vs. local OPE: Moment Expansion

f(w) = 6(w) + i 8" (w) — s 5" (W) + -
6m[2) 18m2

@ Perturbative “jetlike” contributions: Convolution
S(w.1) = [ ok Cofe — k. w)1(K)
@ Charged Lepton Energy Spectrum (x: hard acp corrections)

ar c | my
= GEV™S [ gt — y) ) Hp) S
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Inclusive Vy,p

Approaches

@ Obtaining the Shape functions:
e From Comparison with B — Xy
e From the knowledge of (a few) moments
e From modeling
@ QCD based:
o BLNP (Bosch, Lange, Neubert, Paz)
(] GGOU (Gambino, Giordano, Ossola, Uraltsev)
o SlMBA (Tackmann, Tackmann, Lacker, Liegti, Stewart ...)

@ QCD inspired:

o Dressed Gluon Exponentiation (andersen, Gardi)
@ Analytic Coupling (agiett, Ricciardi et al.)

@ Attempts to avoid the shape functions @averLigeti, Luke ..)
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Inclusive Vy,p
Boscn Lange Neubert Paz ApproaCh 2004/2005

Study the triple differential rate in the variables P, = Mg — 2E;, and P, = Ex F |I3X|
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Inclusive Vy,p

T GVl
dP dP_dP, ~ 1673
+(Mg — P-)(P- — P)T2 + (P~ P)(Pi — P;)Ts .

(Mg — Py) |(P- = P4)(Mg — P + P, = Py )

At leading power in 1/m and as:

3
_Pp 5"

?SO)OPE >

1
(v, Py) = d(p+) + éﬂgﬁﬂ(@r) (p+)+.. s
Ty, Py) = 5Py P) =0,

with p, = P, —Aand y = (P_ — P.)/(Mg — P.)
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Inclusive Vy,p

Include QCD corrections to the leading power:
@ Multiplication with a Hard Function
@ Convolution with a jet function

GOty Py = (y,m)/dpr(p(ﬂ — @), 1) S(@, )

@ Deal with the radiative tail (convloution ansatz als SIMBA)
8(@. o) = / ok ST (G — ko) ()

with a partonic function S(par)
@ Finally: construct a Model F(k)
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Inclusive Vy,p

What can be improved in the BLNP approach?

@ Include higher moments into the shape function model

@ Include the NLO QCD corrections consistently

@ Switch to the kinetic scheme to linkto b — ¢

@ Improve the modelling of the shape function: for example
Naively:

1 _
M = /dw Wf(w) = %w\hv(mm”hv\& = coNjep With cp ~ O(1)

Most of the model shape functions do not satisfy this: e.g. the model from Mattias and myself:
flw) = %(1 - £)2exp (—%(1 - %)2> has stronlgy growing ¢, as n — oo

This is on its way!
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Some final and Personal Remarks
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