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» Difficult to compute since hadronic and perturbative QCD are hard to disentangle
> Effective theories give systematic framework to do so
» B% 5 DMTK~ and ég — Ds(*)+7r_ especially theoretically clean
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Theoretical Framework
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Weak Effective Theory
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Weak Effective Theory

Lsm LweT

u q u q
P Typical process energy < My,
» Integrate out W-boson

J
4G,
gbcu _ _TYF * VLL VLL
Lo = =V Vi (GO + GOSM)
oYt — [Ea’yﬂpl_bﬁ] [c_]ﬂ’y“PLua] , ot = (€% PLb?] [C_I'B’YNPL“ﬂ} -
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» What about gluons that connect the B — D system with L?

» What about scale dependen_ce of amplitgde
A~ Y, Gilp) (D €Tib|BY,) (L™ aT5ul0)?

» Solution: Collinear factorization
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Overview of collinear factorization

» Framework for calculating non-leptonic decays

» In the heavy-quark limit, heavy meson decays factorise into form factors, LCDAs
and perturbative scattering kernels:

1
(LD 0i1BRy) = /—'J-B_’D(m%)/o du Tj(u)®,(u) + O(Aqco/ms)
J
[Beneke, Buchalla, Neubert, Sachrajda 0006124]

where L= € {r—, K~ }.
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Overview of collinear factorization

» Framework for calculating non-leptonic decays

» In the heavy-quark limit, heavy meson decays factorise into form factors, LCDAs
and perturbative scattering kernels:

1
(LD 0i1BRy) = /—'J-B_’D(m%)/o du Ty (u)®(u) + O(Aqeo/mb)
J
[Beneke, Buchalla, Neubert, Sachrajda 0006124]
where L~ € {n~, K™ }.

» Non-factorizable corrections are major source of uncertainties, which can come
from e.g. annihilation, penguin and dipole topologies
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Non-perturbative input: Form factors and LCDAs
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Non-perturbative input: Form factors and LCDAs
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Non-perturbative input: Form factors and LCDAs

<L D+ |O |BO ) Z FB_>D mL fO du Tl )(DL(U)—I-O(/\QCD/mb)

» Form factors: scalar functions of g that characterize the hadronic B — D
transition:

m2—m
(D (p)| &b |B(p)) = F572(P)(p+ P') + [P (q%) — FEP ()| TEL gt

> LCDAs: scalar functions of the momentum fraction u of the light-meson

momentum carried by one of the light-like separated constituent quarks that
characterizes the light meson:

1
(L7(@)]G(y)yu5u(x) 0) [(x—y)2=0 = _iquu/o du /(475 g (1)
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Hard-scattering kernel

Hard-scattering kernels T,; at O(as)? computed
from vertex correction diagrams:

u S

A,

Q) o
Q; O

_— —
_——— @ — <4

20(a2) SM result is known [Huber, Krénkl/Li 1606.02888]

(LD 011BY) =

1
2 FP0(m) [ o Th0) 04(0) + Olhaco /)
J

Other diagrams
1. Power-suppressed
2. Included in non-perturbative input

3. Not present due to flavor structure
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Annihilation free decays

K- (L=D) O 1B2y) =
u s FBHD / du Tji(u) &1 (u) + O(Aqcp/ms)
b i c » Minimize non-factorizable contributions
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Annihilation free decays

(LD 0i1By) =
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- _ _(b » Look at meson decays where the underlying
d D d quark decay involves four different flavors in
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Annihilation free decays

K-
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(LD 0i1By) =
> EEO(m? / du T}(u) &1() + O(Aaco/m)
J

» Minimize non-factorizable contributions

» Look at meson decays where the underlying
quark decay involves four different flavors in
the final state = no annihilation topologies

» Soft corrections to QCDF estimated to be

Sma” [Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338]
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Annihilation free decays

- 50
K~ (L=D)| 0i1Bgy) =

1,
Z FjBHD(m%)/O l T;'j(“) b, (u) + O(Aqcp/mp)
J

u S
b L c » Minimize non-factorizable contributions
B0

+ .
P D » Look at meson decays where the underlying
d D d quark decay involves four different flavors in
the final state = no annihilation topologies

c . .
b J }DJF » Soft corrections to QCDF estimated to be
BO Sma” [Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338]
_ d| _ » LCSR estimate of matrix elements agrees with
S i ™ data, but large uncertainties [piscopo, Rusov 2307.07504]
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The puzzle
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The Puzzle in B — DTK~ and B? — D7~ Decays
QCD factorization prediction within the Standard Model:
B(B®— D*K™) =(0.326 +0.015) - 10"*
B(BY — Dfr~) = (442+0.21)- 103

[Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338]

Experimental values:

B (B — D*K™) = (0.186 + 0.020) - 10>
B (B — Din~) =(3.00+0.23)- 103

[PDG/LHCb/Belle/BaBar/CLEO/ARGUS]

4

Strong tension in BY — Dfn~and B® — DF K~
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Possible explanations for the puzzle

(LD 01 1BRy) = 5, FF0(m}) Jy du Tj(u) @1(u) + O(Aacp/mb)

1. Large non-factorizable contributions:

> O(15 — 20%) At amplitude level necessary
> Strongly disfavored by LCSR estimate [Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338]
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(LD 01 1BRy) = 5, FF0(m}) Jy du Tj(u) @1(u) + O(Aacp/mb)

1. Large non-factorizable contributions: unlikely

> O(15 — 20%) At amplitude level necessary
> Stl’Ong|y d|sfaV0red by LCSR eStlmate [Bordone, Gubernari, Huber, Jung, van Dyk 2007.10338]

2. Experimental issue: unlikely
» Would imply problems in several consistent measurements

3. Shift in parametric inputs: unlikely

> V., Vis, Vg well known
» Shift would violate CKM unitarity

N

. New physics: Only possibility left, but is it viable?
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New physics as explanation for the puzzle

» How to test for new physics?
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> WET analyses:

> Constrain WCs using B(s) — D{;)" L~ BRs based on QCDF [ vens. 11 vars 2103 0154

> Use lifetime ratio 7(B*)/7(By) and semi-leptonic CP asymmetry a% (Lenz, wiler, Piscopo,
Rusov 2211.02724]

> Use BZ — J/t(nc)L™ BRs [Deng, cai, Li, Shi, Yang 2503.11279]

» SMEFT analyses: Use constraints from top quark observables [atkinson, Englert, Kirk,

Tetlalmatzi-Xolocotzi 2411.00940]
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Interpretation within the Weak Effective Theory:
Analytical Calculations
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Weak Effective Theory
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Weak Effective Theory

v

Can be generalized to beyond the Standard Model (BSM) analysis

Effective Lagrangian for b — ciiq decays (g = d, s):

qucu_ 4GFvbv* i(clgl_’_clgl)
— T T /7 VebVu 1=1 2=2) >
\/§ qi:l

with

a1~ e [riv] i ][]

Set of ten independent F’i/z can be chosen in some for the problem convenient way
BMU basis for computation (as in literature) and the Bern basis for pheno

Here: WC flavor universal and real
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Hard-scattering kernels: Leading power

(L=DF| 0;|BY) = 5 FE=P(m?) [y du Th(u) @1 (u) + O(Aqcn/ms)

g s » Recalculated all twenty

hard-scattering kernels and found
i 7‘% agreement with literature
c
$

oy

[Cai, Deng, Li, Yang 2103.04138]

Q)

d ———<+——
%7
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Hard-scattering kernels: Leading power

(L=DF| 0;|BY) = 5 FE=P(m?) [y du Th(u) @1 (u) + O(Aqcn/ms)

» Recalculated all twenty

] s .
hard-scattering kernels and found
i 7‘% agreement with literature
¢ [Cai, Deng, Li, Yang 2103.04138]
$

d ———<+——
%7

Q) o

» Checked m¢c — 0 limit (Bencke, Neubert
0308039], [Beneke, Buchalla, Neubert, Sachrajda

0104110]
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Three-particle states: Next-to-leading power

Contribution from three-particle light meson
state :

u s§8 gu s
(L7D;)| 0:1BRy) =

&
5 FE0(md) /O1 du Th() b1(u) + O(Aqep/ms)
J

b c b c

d—<——d d—<+—4d
Non-zero contributions only for vector and tensor operators:

> VeCtOFZ me — O I|m|t d|fFerS by ]./N Compared to ”terature [Beneke, Buchalla, Neubert, Sachrajda
0006124]
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Three-particle states: Next-to-leading power

Contribution from three-particle light meson
state :

u s& gu s
(LD 0i1BLy) =

SOE2m) [ Tha) 00)+ Olhaco/m)
J

b c b c

d—<——d d—<+—4d
Non-zero contributions only for vector and tensor operators:

> VeCtOFZ me — O I|m|t d|fFerS by ]./N Compared to ”terature [Beneke, Buchalla, Neubert, Sachrajda
0006124]

» Contribution to SM prediction more suppressed than assumed and numerically
negligible

» Tensor: contributions are highly suppressed
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Interpretation within the Weak Effective Theory:
Pheno analysis
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Parameters and observables

» Full set of parameters X splits up into parameters of interest ¥ and nuissance
parameters I/
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Parameters and observables

| 4

>
| 2
>
>

Full set of parameters X splits up into parameters of interest ¥ and nuissance

parameters I/

Parameters of interest J = CP<u

Nuissance parameters 7 are (hadronic) input parameters
How do we constrain the parameters of interest?

They show up in the branching ratios of our decays inside the a;

_ 2
M(By = DELT) ~ [an (D L)* (7977 (md))

(s)

_ 2 [ By—Dy
M(BYy = D) ~ |ar (DL )| (AO()_) © (m?

(s)
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Parameters and observables

» Full set of parameters X splits up into parameters of interest ¥ and nuissance
parameters I/

> Parameters of interest J = 9P

» Nuissance parameters 7 are (hadronic) input parameters

» How do we constrain the parameters of interest?

» They show up in the branching ratios of our decays inside the a;

D — Bs Ds 2
[(B0 = DGLT) ~ |an (D) * (K777 (m1))

_ 2 [ Bu—D 2
(8 - D) ~ o (D0 (4577 (o))

» Nuissance parameters
7= (£80(mR). £8P (). AED (). AE % (m2)
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Bayesian framework
» Object of interest is the posterior distribution:

with likelihood P(D | X, M) and prior Py(X| M)
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with likelihood P(D | X, M) and prior Py(X| M)
» Model comparison using evidences:

Z=P(D| M) :/dfP(Dp?, M;) Po(| M) .

» Ratio of evidences of two models gives the Bayes' factor
K(My, My) = P(D | My)/P(D| Ms)

> If K(My, M) > 1, My is preferred

> 1 < K < 3: barely worth mentioning, 3 < K < 10: substantial, 10 < K < 100:
strong, 100 < K: decisive
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>

For all models, we vary the four form factors within their priors and keep the rest
of the input parameters fixed

SM: Keep WCs fixed to SM values
SM+PC(): Like SM but allowing for power corrections of the form:

al(D(s)L) — al(D(S)L) X (1 + 5p), al(DEkS)L) — al(D(*S)L) X (1 + (5\/) .

In Bern basis ADM breaks set of 20 operators into four groups of operators that
mix with each other:

» WET-1: Vary Cffﬁﬂ (SM coefficients)
» WET-2: Vary Cgf.c.ljw while keeping SM coefficients fixed to their SM values
> WET-3: Vary C{’® ,, while keeping SM coefficients fixed to their SM values

,,,,
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Model

comparison

SM does not provide a good fit (log Z ~ 9)
SM+PC only slightly better (log Z ~ 9.7)
SM+PC' decisively favoured over SM, but requires very large PC (log Z ~ 29)

All BSM scenarios feature two separate modes (A and B), which are all decisively
favoured over SM

WET-1 and WET-3 modes indistinguishable (log Z ~ 22)

WET-2 and WET-4 modes show hierarchy between A and B modes, but
indistinguishable between WET-2 and WET-4 (log Zs ~ 18.5, log Zg ~ 16.5)

Scenarios with four WCs preferred, but chiralities are indistinguishable
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Bounds on WC in terms of posterior
distribution

Two distinct modes:

» mode A closer to SM
» mode B farther away from SM

SM point seems to be included, but it
is not (hollow shell)

Lifetime constraints very important for
some combinations of WCs =-
directions are poorly constrained by
exclusive BRs
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Posterior postdictions for the branching ratios

t®4  measurement Fei  SM+PC’ F  WET-2A H+  WET-3B
lei TH F+  WET-1A h+  WET-2B 4 WET-4A
o4 SM WET-1B P WET-3A B  WET-4B
te4  SM+PC
=
—— e
=
- . [
B(B, — D7) = —a—
)—o—(mﬂ
B(B — DYK™) 1 hﬁ:_{
o m e
» =
=
o
- [
B(B, — D 'r) ):EH—H
e
P
e
B(B — D*"K™) %
Mm

075 100 125 150 175 2.00
B/Bincasured

» TH prediction and SM postdiction

show clear tension

27/29



Posterior postdictions for the branching ratios

t®4  measurement Fei  SM+PC’ F  WET-2A H+  WET-3B
lei TH F+  WET-1A h+  WET-2B 4 WET-4A
o4 SM b WET-1B P WET-3A B  WET-4B
te4  SM+PC
=
—— e
=
- . [
B(B; — Din) e -
)—o—(mﬂ
B(B — DYK™) 1 }—,ﬁ_{
o m e
» =
=
o
- P
B(B, — D 'r) ):EH—H
e
P
e
B(B — D*"K™) ;%j
Mm

075 100 125 150 175 2.00
B/Bincasured

show clear tension

» SM+PC does not improve the

situation, but SM+PC’ does

» TH prediction and SM postdiction

27/29



Posterior postdictions for the branching ratios

fei  measurement ol SM+PC B WET-2A = WET-3B
fei TH b WET-1A =  WET-2B B WET-4A
o SM {=/  WET-1B b WET-3A t={ WET-4B
SM+PC
=
i ]
]
- , e
B(B, — Din ) kg —a—
e M
B(B— D"K"){ H’@
ey O ke
- =
=
—m—
- P
B(B, — D r) A ﬂ-—{
D
————
==
B(B — D" K™)q ;%j
H:o—«

075 100

125 150 175 200
B/Bincasured

show clear tension

» SM+PC does not improve the

situation, but SM+PC’ does

» SM+PC' disfavored by LCSR

estimate for PCs

» TH prediction and SM postdiction
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TH prediction and SM postdiction

show clear tension

SM+PC does not improve the
situation, but SM+PC’ does

» SM+PC' disfavored by LCSR
estimate for PCs

BSM scenarios much closer to
measured values

Bs — DFn~ could help getting
rid of degeneracy
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» Lifetime bound here at LO in QCD
» NLO calculation much harder!

» Complicated four-body phase space integrals

» Problems with 5 traces

> Let's get rid of masses and solve 5 problem!

» Result: Full NLO non-leptonic lifetime contributions coming from b — q;G;qx
channels, with g massless

» Corresponds to 2 x 80 d(5)bgq, with g = u, c,s,d, b and the corresponding
dipole operators (relevant for b — s¢f), 2 x 5 dbds (5b5d) operators

» We constrain almost all of them!
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Summary and Outlook

v

Some tensions with SM predictions persist

v

SM predictions for B(s) — Dé){w_, K~} BRs are way off

» Underestimated theory uncertainties?
» Possible new physics?

» Power corrections only valid solution if large
» BSM interpretations favoured over SM
» Can we be more systematic about power corrections?

» Can we constrain all WC simultaneously by using more constraints (lifetime ratios,
top constraints, etc. ...)

29 /29
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Non-leading Fock state - twist 3 and twist 4 LCDAs
Twist 3:

(L™(q)] 4(0)0 7585 Gap(vx)u(0) |0) = if3[(9a9u860 — G89u8va) — (1 < V)] / Due™ 9 ¢3, (uy)

Twist 4:
(L™(q)1 G(0)7, 7585 Gap(vx)u(0) [0) =11 / Du e’“’“’*{ [988an — 9agpul &1 (uj)

+ |:qll«an[3 . quqﬁxa] ((b”(u,) + (bj_(u,')) }

q-x q-x

(L™ (9)] 3(0)7,.85 Gap(vx)u(0) |0) =ifL/DU eiv””“{ (95801 — Gagau] D1 ()

+ ["“"“XB - q“qﬁxa] (G(w) + &1(w)) }

q-x q-x
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Matching and renormalization group running

c b C
SUCS
Cb C
s  u S
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Hard-scattering kernels - calculation

1-gluon
C d*k , .1t ,
_ 2 “F — Al 0 L i
= —ig2 5 [ Gy (DG AL IB 1B 7 [ e T [MH A5 0] s g
with
+m +k+m
A =R ey okt m
2pc - k — k2 2pp K+ k2!
lg+K lq+k

Al |5, k) =T a7
olla: lg. k) = Moz kR TPl k+ k22

) : o(u) O
mt="t {g%@(u) P75 <¢p( ) — iounlyn” ¢1(2 . +iouwq” . é )a/qi)} .

¢ : twist-2, vector operators
®p , Qo : twist-3, scalar/tensor operators
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Choice of WET bases: BMU basis

VLL
Q9
QfLR

VRL
Q

QSR
QSRR

= [CaVuPLbs] [Gs7" PLua] ,
= [CaPLbs] [GsPRUA] |
= [CavuPrDs] G5V PLua]
= [CaPrbgs] [GsPrUA] |

[€a0y PrDS] (G50 Prua] |

Q%/LL
Q.ZS'LR
QVRL
QSRR

QSRR

= [CaVuPLba] [Gs7" PLug] ,
= [CaPLba] [GsPRUS]
= [Ea’YuPRba] [C_IBV#PLUB] )

[€aPrba] [GsPrUS] 5
[COcUW’DRboc] [Gso™" Prug]
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Choice of WET bases: Bern basis

O = [aPrubl [E"u] | 03 = [aPrr TA] |ev TAul
0 = [@Pryuwobl [E4"7u] . OF = |aPryu, TAB| [ TAul
0" — [gPgb] [e] , O = [aPaT"b| |eT ] |

03P — [GProu b] [E0™ ] | O = |aProu T4b| [e0 T4ul |
O3 = [aPRYupo bl [E4"7ul . OB = [aPRYwpa TAB] [E77 T4
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Likelihood

Central value & Uncertainty

Reference  Notes

fooB(B® = D~x*)B(D~ — K*n~n7)
B(B® = D z*)B(D™ — K*n~x~)

fooB(B® — D" %)
*)

[43]
[44]
45, 46]
[47) '
48]
45, 49)
[47)

A B(BY D=t -
ﬁl'\‘mmlmus—(ﬂn — D7) B(D- — K+7n—7-)

ﬁ‘ B(BY » D;n*) B(D; = K*K-7)
7w T BB 5 D x7) BID- = Ko
B(BY - Dint) B(D; - K*K~7~)

Talunere o B¢

B D-K+) B(D- = K*mwt)

B(D; - ¢ )B(6 - K*K~)
B(D; — K*K~=")
B(D~ - K*x~7")

(44, 54, 55]

[56-58)

7/11



Form factor prior

Parameter Value + uncertainty Comments
fB7 D (m2) 0.669 4 0.011 Gaussian
fE=P(m2) 0.675 £ 0.011 Gaussian
AZTP (m2) 0.688 -+ 0.056 Gaussian
AE=D"(m2) 0.704 £ 0.035 Gaussian

Full FF prior including correlations can be found in EOS under

B_(s)->D_(s) " (%) : :FormFactors[f_0(Mpi2) ,f_0(MK2),A_0(Mpi2),A_0(MK2)]@BGJvD:2019A
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Model comparison

Fit model M Labelled mode x> log P(D, M)
SM — 26.69 9.04 +0.03
SM+PC — 25.18 9.71+£0.10
SM+PC’ — 1.58 20.12 + 0.04
WET-1 A 1.61 21.75+0.03
WET-1 B 1.67 21.77 £ 0.03
WET-2 A 1.57 18.40 +0.03
WET-2 B 1.34 16.35 £0.03
WET-3 A 1.62 21.60 £ 0.03
WET-3 B 1.32 21.50 +0.03
WET-4 A 1.54 18.48 +0.03
WET-4 B 1.69 16.62 + 0.03
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Corner plots: WET-2 and WET-4
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Corner plots: WET-1 and WET-3
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