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Motivation: BSM interpretation of b → cūq Puzzle

QCD factorization prediction within the Standard Model:

B
(
B̄0 → D+K−) = (0.326± 0.015) · 10−3

B
(
B̄0
s → D+

s π−) = (4.42± 0.21) · 10−3

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

Experimental values:

B
(
B̄0 → D+K−) = (0.186± 0.020) · 10−3

B
(
B̄0
s → D+

s π−) = (3.00± 0.23) · 10−3

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

⇓

Strong tension in B̄0
s → D+

s π−and B̄0 → D+K−
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Motivation: BSM interpretation of b → cūq Puzzle

▶ Effective Lagrangian for b → cūq decays (q = d , s):

Lqbcu =
4GF√

2

10∑
i=1

(
Cqbcu
i Oqbcu

i + Cqbcu
i ′ Oqbcu

i ′

)
,

▶ Twenty independent operators per flavor

▶ Lots of parameters, but not a lot of constraints from the exclusive branching
ratios

▶ What can we do?
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▶ Effective Lagrangian for b → cūq decays (q = d , s):
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Motivation: Lifetime bound in b → cūq

b b
Oi

O†
j

c

q

ū

▶ Compute contribution of our qbcu operators to the
lifetime:

Γq = Γ0 |V ∗
uq|2

∑
i ,j

(
Cqbcu∗
i Cqbcu

j + Cqbcu∗
i ′ Cqbcu

j ′

)
Gij

▶ Constrain using Γd + Γs ≤ Γexp

−Γsl

▶ Very loose constraint, but no blind directions ⇒
defines a 20-dimensional ellipsoid in the space of
WCs (for flavor universal and real WCs)
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b b
Oi

O†
j

c

q

ū
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Effect of lifetime bound on WC

[Meiser, van Dyk, Virto 2411.09458]

▶ Bounds on WC in terms of posterior
distribution

▶ Exclusive branching fractions give
some complicated structures, focus on
lifetime bound

▶ Lifetime constraints very important for
some combinations of WCs ⇒
directions are poorly constrained by
exclusive BRs
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NLO corrections to the lifetime in the qbcu sector
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NLO corrections for qbcu

b b

q

u

c Technical problems:

▶ There are two Dirac traces to be
computed. What to do with γ5 in the
traces?

▶ How to compute phase space integrals
of three- and four-particle cuts
efficiently?
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NLO corrections: massless limit

▶ Put mc → 0, PS integrals are easy

▶ γ5 problem remains, in NDR we cannot compute traces with γ5

▶ General idea [Bagan, Ball, Braun, Gosdzinsky 9408306], [Egner, Fael, Schoenwald, Steinhauser 2406.19456]:

▶ In NDR, each trace has either one or zero γ5

▶ Decay width is parity even, while a trace with γ5 is parity odd

▶ If there is just one trace with γ5, it can be discarded

▶ If there are two traces with γ5, we don’t know what to do

Ensure that there is only one trace containing γ5!
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NLO corrections: Getting rid of γ5 Part 1

Solution 1: Bern basis

▶ Compute in a basis where γ5 only
appears in one of the currents of the
four quark operators (Bern basis)
[Aebischer, Fael, Greub, Virto 1704.06639]

▶ Operators have the form
Oqbcu

i =
[
q̄ΓiPL/Rb

]
[c̄Γiu]

⇒ The trace of the cu-loop never has
a γ5

b b

q

u

c
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NLO corrections: Getting rid of γ5 Part 2

Solution 2: BMU basis with Fierz
transformations [Buras, Misiak, Urban 0005183]

▶ Fierz transform the second operator
such that there is only one trace

Qi =
[
q̄Γ1i b

] [
c̄Γ2i u

]
→ Q̃i =

[
c̄ Γ̃1i b

] [
q̄Γ̃2i u

]
Γ̃ = Γ0

∑
i ,j

Ci C̃j G̃ij

▶ But how is this related to the original
rate that we wanted to compute?

b b

q

u

c

b b

q

u

c
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Ensuring Fierz symmetry to relate Γ with Γ̃

▶ In SM at tree-level, it is easy to relate Γ and Γ̃:

QVLL
1 = [q̄αγµPLbβ] [c̄βγ

µPLuα] = [c̄αγµPLbα] [q̄βγ
µPLuβ] = Q̃VLL

2

Γ(b → cūq) = Γ̃(b → cūq)|C̃1→C2, C̃2→C1

[Bagan, Ball, Braun, Gosdzinsky 9408306], [Egner, Fael, Schoenwald, Steinhauser 2406.19456]

▶ Problems:

1. How to generalize this to BSM?

2. What to do if Fierz symmetry is not respected by the evanescent operators at NLO?

▶ Solution: Partial change of basis

12 / 27
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Interlude: change of basis at NLO
▶ In d = 4, change of basis is easy:

Q̃i = RijQj ⇒ C̃i = CjR
−1
ji

▶ In dim reg, we have to add evanescent operators:

Q̃i = Rij(Qj +WjkEk)

▶ We need to work out the transformation order by order:

⟨Qi ⟩ =
n∑

ℓ=0

(αs

4π

)ℓ
r
(ℓ)
ij ⟨Qj⟩tree , Ci =

n∑
ℓ=0

(αs

4π

)ℓ
C

(ℓ)
i .

▶ Invariance of some (properly chosen) amplitude under a change of basis gives
transformation law order by order [Gorbahn, Haisch 0411071]

A = Ã ⇒ C̃
(1)
i = C

(1)
j R−1

ji + C
(0)
j R−1

jk ∆rki , ∆rij = (R̂ r̂ (1)R̂−1)ij − r
′(1)
ij
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Partial change of basis at NLO
▶ Invariance of the amplitude gives us transformation of WC

▶ Can this help us in relating Γ with Γ̃?

Yes!

▶ Schematically, the decay rate is computed from three and four particle cuts

Γ = Γ3 + Γ4 ∼
∫

dΠ3

∑
|A3|2 +

∫
dΠ4

∑
|A4|2

Γ̃ = Γ̃3 + Γ̃4 ∼
∫

dΠ3

∑
A3 Ã†

3 +

∫
dΠ4

∑
A4 Ã†

4

▶ Amplitudes are invariant and hence also the decay rates!

Γ = Γ̃
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Partial change of basis at NLO

▶ We know Γ = Γ̃ and how C̃i relates to Ci

⇓

▶ We get Gij from G̃ij order by order:

G
(0)
ij = R−1

jk G̃
(0)
ik

G
(1)
ij = R−1

jk G̃
(1)
ik + (R−1∆r)jk G̃

(0)
ik

Γ = Γ0
∑
i ,j

CiCjGij

Γ̃ = Γ0
∑
i ,j

Ci C̃j G̃ij

We managed to avoid computing traces with γ5 by using Fierz
transformations at NLO!
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We managed to avoid computing traces with γ5 by using Fierz
transformations at NLO!
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Results for qbcu in massless limit

▶ Computed the NLO corrections in the mc → 0 limit in the Bern and the BMU
basis (checked with SM results in the literature [Bagan, Ball, Braun, Gosdzinsky 9408306], [Egner, Fael,

Schoenwald, Steinhauser 2406.19456])

▶ Confirmed that both calculations yield the same result by performing a NLO
change of basis

▶ For this to work, we did not have to choose the evanescent operators in a way
that preserves Fierz symmetry at NLO

▶ It’s all accounted for by ∆r in the NLO change of basis
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Massless charm quarks don’t exist!
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NLO corrections for three massless quarks in final state
▶ Three possibilities:

1. One quark-antiquark pair and a third quark with distinct flavor in the final state
(b → uūq, b → dd̄s, b → ss̄d): CC, penguin, dipole

2. ”∆F = 1.5 transitions” (b → ds̄d , b → sd̄s): CC, CC ”crossed”

3. Three identical flavors in the final state (b → qq̄q, q = d , s): CC, CC ”crossed”,
penguin (closed and open), dipole
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Avoiding γ5 in Penguins (Case 1: b → uūd)

▶ In Bern basis no problem: the penguin
loops are always closed and never
carry γ5.

▶ In ”BMU-like” basis, we have to Fierz
transform to get just one Dirac trace
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Avoiding γ5 in Penguins (Case 3: b → dd̄d)

▶ We get open and closed penguins

▶ In Bern basis no problem:
▶ closed penguin loops never carry γ5
▶ open penguins only have one trace

▶ In ”BMU-like” basis we cannot
compute Dirac traces in the closed
penguins

▶ BUT for (d̄b)(d̄d) operators singlet
and octet are Fierz redundant

▶ choose singlet operators ⇒ closed
penguin loops vanish due to color
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Avoiding γ5 in CC and CC crossed (Case 2: b → ds̄d)

▶ In b → ds̄d , we have CC and CC
crossed insertions

▶ Again Bern basis, no problem

▶ In ”BMU-like” basis, not yet clear
what to do

▶ Can we modify the change of basis to
allow us to perform a change of basis
only on the CC insertions while not
doing anything with the CC crossed
insertions?
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Two particle cuts

▶ Penguin and dipole insertions also
have two-particle cuts

▶ Additionally dipole-dipole insertions
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Results for massless final state quarks

▶ Preliminary results for penguin insertions

▶ Dipole insertions and two-particle cuts still missing (but easy to compute)

▶ Still some problems in ”BMU-like” basis with γ5 if there are CC and CC crossed
diagrams
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Summary and Outlook
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Summary and Outlook
▶ Lifetime constraints are a powerful tool especially when there are otherwise flat

directions

▶ Proposed two different ways of dealing with γ5 in the computation of NLO
corrections

▶ Confirmed that both methods give the same result for the qbcu sector with
massless c-quark

▶ NLO corrections completely computed for CC insertions and three massless quarks
in the final state

▶ Preliminary results for penguin insertions and three massless quarks in the final
state

▶ Future:

1. Complete the NLO computation for massless quarks
2. Translate the result into the JMS basis (and possibly other bases like EOS basis)
3. Compute NLO contributions for one massive charm quark in the final state (qbcu)
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Choice of WET bases: BMU basis

QVLL
1 = [c̄αγµPLbβ] [q̄βγ

µPLuα] , QVLL
2 = [c̄αγµPLbα] [q̄βγ

µPLuβ] ,

QSLR
1 = [c̄αPLbβ] [q̄βPRuα] , QSLR

2 = [c̄αPLbα] [q̄βPRuβ] ,

QVRL
1 = [c̄αγµPRbβ] [q̄βγ

µPLuα] , QVRL
2 = [c̄αγµPRbα] [q̄βγ

µPLuβ] ,

QSRR
1 = [c̄αPRbβ] [q̄βPRuα] , QSRR

2 = [c̄αPRbα] [q̄βPRuβ] ,

QSRR
3 = [c̄ασµνPRbβ] [q̄βσ

µνPRuα] , QSRR
4 = [c̄ασµνPRbα] [q̄βσ

µνPRuβ]
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Choice of WET bases: Bern basis

Oqbcu
1 = [q̄PRγµb] [c̄γ

µu] , Oqbcu
2 =

[
q̄PRγµT

Ab
] [

c̄γµTAu
]
,

Oqbcu
3 = [q̄PRγµνρb] [c̄γ

µνρu] , Oqbcu
4 =

[
q̄PRγµνρT

Ab
] [

c̄γµνρTAu
]
,

Oqbcu
5 = [q̄PRb] [c̄u] , Oqbcu

6 =
[
q̄PRT

Ab
] [

c̄TAu
]
,

Oqbcu
7 = [q̄PRσµνb] [c̄σ

µνu] , Oqbcu
8 =

[
q̄PRσµνT

Ab
] [

c̄σµνTAu
]
,

Oqbcu
9 = [q̄PRγµνρσb] [c̄γ

µνρσu] , Oqbcu
10 =

[
q̄PRγµνρσT

Ab
] [

c̄γµνρσTAu
]
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Details on PS integration (changes of variables)

I4 =N(d) 4d−4

∫ 1

0
dz (zz̄)d−3 du dv dw dx (uū)

d−5
2 vd−3(v̄ww̄xx̄)

d−4
2 K ,

with

ŝcu = zvw , ŝcg = z̄vx , ŝqg = z̄ v̄ , ŝcu = zvw , ŝuq = (a+ − a−)u + a− .
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NLO corrections: massless limit phase space integration
▶ In mc → 0 limit, phase space (PS) integrals rather straightforward∫ 1

0
dxi x

a
i x̄

b
i = B(a+ 1, b + 1) ,∫ 1

0
dxi

xai x̄
b
i

1− zx
= B(1 + a, b + 1)2F1(1, a+ 1, a+ b + 2, z) ,∫ 1

0
dx xax̄b2F1(1, c + 1, c + d + 2; x) =

B(1 + a, 1+b)3F2(1, 1 + c, 1 + a, c + d + 2, a+ b + 2, 1) ,∫ 1

0
dxdy

xax̄by c ȳd

1− xy
2F1(1, e, f , xy) =

∞∑
n=0

(1)n(e)n
(f )n

B(c + n + 1, d + 1)B(a+ n + 1, b + 1)

n!

×3F2(1, c + n + 1, a+ n + 1; c + d + n + 2, a+ b + n + 2; 1)
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