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Standard Model & Flavor

• In the SM interactions of 
quarks with Z,γ, gluons are 
flavor universal 

• Interactions with Higgs 
boson are flavor diagonal 
(proportional to the quark 
mass) 

• Flavor violation in charged 
currents (W± interactions)  



Standard Model & Flavor

• Flavor violation controlled by the CKM 
matrix VCKM 

• (3x3 unitary → 3 mixing angles and 1 CP 
violating phase) 

• Flavor changing neutral currents (FCNC) 
at loop level: small → sensitive probes 
for BSM signals
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12.1 Introduction
The masses and mixings of quarks have a common origin in the Standard Model (SM). They

arise from the Yukawa interactions with the Higgs condensate,
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This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1, 2] is a 3 ◊ 3 unitary matrix. It can be
parameterized by three mixing angles and the CP -violating KM phase [2]. Of the many possible
conventions, a standard choice has become [3]
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where sij = sin ◊ij , cij = cos ◊ij , and ” is the phase responsible for all CP -violating phenomena in
flavor-changing processes in the SM. The angles ◊ij can be chosen to lie in the first quadrant, so
sij , cij Ø 0.

It is known experimentally that s13 π s23 π s12 π 1, and it is convenient to exhibit this
hierarchy using the Wolfenstein parameterization. We define [4–6]
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These relations ensure that fl̄ + i÷̄ = ≠(VudV
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cb) is phase convention independent, and the
CKM matrix written in terms of ⁄, A, fl̄, and ÷̄ is unitary to all orders in ⁄. The definitions of fl̄, ÷̄
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Flavor and CP violation in the SM

• Everything is encoded in 2 Yukawa matrices Yu & Yd

Y  
u Yu

Y  
d Yd

VC K M

Yu Y  
u

YdY  
d

+ RL & LR ...

øQL i QL j
øuRi uR j

ødRi dR j



Origin of flavor?

• SM does not explain the structure of the Yukawa 
couplings
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( )VCKM =
(flavor viol’ in quarks)

Flavor models:  
Provide New Physics 
explanations for these 
patterns



Origin of flavor?

• SM does not explain the structure of the Yukawa 
couplings
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( )VCKM =
(flavor viol’ in quarks)

No Energy scale associated with it!

Origin of flavor structure could be anywhere from 10-100 TeV to 1018 GeV

Flavor models:  
Provide New Physics 
explanations for these 
patterns



Model building flavor structures

• Goal: produce a model where the U(3)Q x U(3)u x U(3)d is broken dynamically in 
some BSM flavor sector, suppressions generated by ratios of energy scales 
(masses, vevs) and/or loop factors, anomalous dimensions 

• Various models developed over the years: “horizontal” symmetries (Froggatt-
Nielsen), non-Abelian symmetries, radiative generation, RS models, 
“clockwork”, … 

• Expect additional flavor and CP-violating effects at the scale Λ where flavor 
is generated (~v2/Λ2)   

• Different aspects of flavor violation and mass hierarchy may be generated at 
different scales 

• Low-scale flavor models tend to have more difficulties with gauge coupling 
unification (need to introduce many fields charged under SM gauge group)

Need experimental guidance!



Flavor and CP violation with New Physics 

• “Low scale” flavor BSM sectors → there are other 
“directions” besides Yu & Yd

Y  
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Y  
d Yd

VC K M

Yu Y  
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YdY  
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+ RL & LR ...

øQL i QL j
øuRi uR j

ødRi dR j

NP

NP

NP?



Flavor and CP violation with New Physics

• “High flavor scale”: everything depends on Yu & Yd only

Y  
u Yu

Y  
d Yd

VC K M

similar for RR & RL & LR ...

“Minimal Flavor Violation” 
(MFV) contributions from 

new particles 

(Interplay with high-pT 
searches and constraints)

non-MFV contrib’ are 
highly suppressed 

(difficult to learn about origin of flavor)

øQL i QL j



Probing New Physics with Flavor



1910.11775

Probing NP with Flavor

• Flavor observables probe indirectly very high scales

SM loop + CKM suppression vs. NP mass scale



Probing NP with Flavor

• How well do we know the SM? 
• Current constraints on the Unitarity Triangle

(tree + loop processes, assuming SM)
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Figure 12.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise determination
is important. The unitarity of the CKM matrix imposes

!
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six vanishing combinations can be represented as triangles in a complex plane, of which those
obtained by taking scalar products of neighboring rows or columns are nearly degenerate. The
areas of all triangles are the same, half of the Jarlskog invariant,J [7], which is a phase-convention-
independent measure ofCP violation, deÞned by Im

"
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The most commonly used unitarity triangle arises from

Vud V !
ub + Vcd V !

cb + Vtd V !
tb = 0 , (12.6)

by dividing each side by VcdV !
cb (see Fig. 12.1). Its vertices are exactly (0, 0), (1, 0), and, due to

the deÞnition in Eq. (12.4), (ø#, ø$). An important goal of ßavor physics is to overconstrain the
CKM elements, and many measurements can be conveniently displayed and compared in theø#, ø$
plane. While the Lagrangian in Eq. (12.1) is renormalized, and the CKM matrix has a well-known
scale dependence above the weak scale [8], below µ = mW the CKM elements can be treated as
constants, with all µ-dependence contained in the running of quark masses and higher-dimension
operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM, to extract
magnitudes and phases of CKM elements in Sec.12.2 and 12.3. Processes dominated by loop-level
contributions in the SM are particularly sensitive to new physics beyond the SM (BSM). We give
the global Þt results for the CKM elements in Sec.12.4, and discuss some implications for beyond
standard model physics in Sec.12.5.

12.2 Magnitudes of CKM elements
12.2.1 |Vud|

The most precise determination of|Vud| comes from the study of superallowed0+ ! 0+ nuclear
beta decays, which are pure vector transitions. Taking the average of the Þfteen most precise
determinations [9] yields [10]

|Vud| = 0 .97367± 0.00032. (12.7)

31st May, 2024



Probing NP with Flavor

• How well do we know the SM? 
• Current constraints on the Unitarity Triangle

(tree + loop processes, assuming SM)

Only tree processes (proxy for allowing for NP)
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Figure 12.1: Sketch of the unitarity triangle.
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determinations [9] yields [10]
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Probing NP with Flavor in ΔF = 2

• Loop observables in CKM unitarity triangle are related to
 ( ) mixing 

• Parameterize NP contamination as  
B0

d,s " øB0
d,s K0 " øK0

M12 # MSM
12 (1 + hqe

2i"q)
4

sitivity is derived from the counting of the W decays
selected with two jets satisfying b-tagging and c-tagging
algorithms, which performance is given in Refs. [23, 24].
It is already observed from this state-of-the-art starting
point that the precision on the |Vcb| matrix element is
improved by a factor 3Ð4. The precision of the semilep-
tonic CP asymmetries are obtained from a fast simu-
lation study [26]. A similar method as employed by
LHCb [43] is considered, using a squared-cut based selec-
tion of the decaysBs ! Ds!" X , but enhanced to decays
of Ds containing #0 and K S. The obtained statistical
precision is a few times 10! 5, which makes possible to
attain the SM value. However, the detection asymme-
tries are expected to be a limitation of the method, at a
level comparable to the statistical uncertainty.

B. Current status

The present constraints on the magnitudes of NP con-
tributions to the Bd and Bs mixing amplitudes are shown
in Fig. 1, with inputs corresponding to the Summer 2019
version of the CKMÞtter Collaboration updates [18], to
which we add the inputs Ad

SL = 0 .0000± 0.0019 and
As

SL = +0 .0016± 0.0030 (with +6.6% correlation) [17].
In the SM Þt (hd = hs = 0) the pulls of the observables
! md and ! ms are 1.7 and 1.3$, respectively. Allowing
for NP contributions, the Þt shown in Fig. 1 favors hd
and hs somewhat away from the origin, alleviating the
pulls of ! md and ! ms to 0.4 and 0.2 $, respectively.
Fig. 1 shows agreement with the SM hypothesis at" 1$.

In the NP scenario, the 1$ intervals for the Wolfenstein
parameters are

A = 0 .813+0 .016
! 0.015 , %= 0 .224835+0 .000255

! 0.000059 ,

ø&= 0 .122+0 .025
! 0.022 , ø' = 0 .371+0 .022

! 0.015 . (4)

Note that the uncertainties of ø& and ø' increase by about
a factor of 3 compared to the Þts assuming the SM, while
for the NP parameters we obtain

hd = 0 .075+0 .153
! 0.064 , hs = 0 .048+0 .048

! 0.048 ,

$d = # 1.40+0 .97
! 0.23 , (5)

with $s unconstrained at 1$. The plot in Fig. 1 is
obtained by treating ø&, ø' , and the other physics pa-
rameters not shown as nuisance parameters. This cor-
responds to the case of generic NP, ignoring possible
model-dependent relations between di" erent ! F = 2
transitions. The constraint from (K has negligible im-
pact throughout this paper when no NP in the kaon sec-
tor is considered; when NP in this sector is allowed as
mentioned in the Introduction, (K probes NP mediat-
ing ! S = 2 transitions, with no impact whatsoever on
our analyses. One can see from Fig.1 that LHCb mea-
surements have imposed comparable constraints on NP
in Bs mixing to those in the Bd system. This qualitative
picture will continue to hold in the future.
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FIG. 1. Current sensitivities to hd ! hs in Bd and Bs mixings
as of Summer 2019 [18]. The black dot indicates the best-Þt
point, and the dotted curve shows the 99.7% CL (3! ) contour.

To estimate and plot future sensitivities for our
Phase I, II, and III benchmarks, we adjusted the cen-
tral values of the input measurements to their best Þt
values in the SM global Þt of 2019, in order to eliminate
tensions when moving to smaller uncertainties in the fu-
ture scenarios. The e" ect of adjusting the central values
is illustrated by the top left plot in Fig. 2, which shows
the Þt with the adjusted central values of Table I and
the same uncertainties as in Fig.1. By construction, the
p-value in Fig. 2 is maximal at hd = hs = 0. It turns out
that both Þts yield similar 3 $ bounds onhd and hs.

C. Phase I exploration

As indicated in Table I, compared to the current sta-
tus, the uncertainties of many nonperturbative theoreti-
cal inputs are anticipated to be improved by a factor of
at least 1.5, up to 4. In particular, uncertainties of the
bag parameters and decay constants, necessary for pre-
dicting the mass di" erences of the twoBd and Bs mass
eigenstates, will all go below the percent level. At the
same time, Belle II will improve the determinations of
the CKM matrix elements |Vcb| and |Vub |, by measuring
the semileptonic channelsB ! D (" ) ! ø" , and B ! #! ø" .
The LHCb collaboration has measured|Vcb| for the Þrst
time at a hadronic machine [44] and is expected to con-
tribute to the Þnal precision of the world average. Yet,
this is not taken into account in the anticipated preci-
sion of this observable considered here. Moreover, the
uncertainties in the determinations of the angles of the
Bd unitary triangle will reach around the 1 # level.

These improvements on theoretical inputs and data
translate into much better constraints on the hd # hs
plane parameterizing the size of NP inBs and Bd meson-

2006.04824

“Today”:  
NP contributions of  
O(10-25%) x SM still allowed



Probing NP with Flavor in ΔF = 2: Future prospects4

sitivity is derived from the counting of the W decays
selected with two jets satisfying b-tagging and c-tagging
algorithms, which performance is given in Refs. [23, 24].
It is already observed from this state-of-the-art starting
point that the precision on the |Vcb| matrix element is
improved by a factor 3Ð4. The precision of the semilep-
tonic CP asymmetries are obtained from a fast simu-
lation study [26]. A similar method as employed by
LHCb [43] is considered, using a squared-cut based selec-
tion of the decaysBs ! Ds!" X , but enhanced to decays
of Ds containing #0 and K S. The obtained statistical
precision is a few times 10! 5, which makes possible to
attain the SM value. However, the detection asymme-
tries are expected to be a limitation of the method, at a
level comparable to the statistical uncertainty.

B. Current status

The present constraints on the magnitudes of NP con-
tributions to the Bd and Bs mixing amplitudes are shown
in Fig. 1, with inputs corresponding to the Summer 2019
version of the CKMÞtter Collaboration updates [18], to
which we add the inputs Ad

SL = 0 .0000± 0.0019 and
As

SL = +0 .0016± 0.0030 (with +6.6% correlation) [17].
In the SM Þt (hd = hs = 0) the pulls of the observables
! md and ! ms are 1.7 and 1.3$, respectively. Allowing
for NP contributions, the Þt shown in Fig. 1 favors hd
and hs somewhat away from the origin, alleviating the
pulls of ! md and ! ms to 0.4 and 0.2 $, respectively.
Fig. 1 shows agreement with the SM hypothesis at" 1$.

In the NP scenario, the 1$ intervals for the Wolfenstein
parameters are

A = 0 .813+0 .016
! 0.015 , %= 0 .224835+0 .000255

! 0.000059 ,

ø&= 0 .122+0 .025
! 0.022 , ø' = 0 .371+0 .022

! 0.015 . (4)

Note that the uncertainties of ø& and ø' increase by about
a factor of 3 compared to the Þts assuming the SM, while
for the NP parameters we obtain

hd = 0 .075+0 .153
! 0.064 , hs = 0 .048+0 .048

! 0.048 ,

$d = # 1.40+0 .97
! 0.23 , (5)

with $s unconstrained at 1$. The plot in Fig. 1 is
obtained by treating ø&, ø' , and the other physics pa-
rameters not shown as nuisance parameters. This cor-
responds to the case of generic NP, ignoring possible
model-dependent relations between di" erent ! F = 2
transitions. The constraint from (K has negligible im-
pact throughout this paper when no NP in the kaon sec-
tor is considered; when NP in this sector is allowed as
mentioned in the Introduction, (K probes NP mediat-
ing ! S = 2 transitions, with no impact whatsoever on
our analyses. One can see from Fig.1 that LHCb mea-
surements have imposed comparable constraints on NP
in Bs mixing to those in the Bd system. This qualitative
picture will continue to hold in the future.
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FIG. 1. Current sensitivities to hd ! hs in Bd and Bs mixings
as of Summer 2019 [18]. The black dot indicates the best-Þt
point, and the dotted curve shows the 99.7% CL (3! ) contour.

To estimate and plot future sensitivities for our
Phase I, II, and III benchmarks, we adjusted the cen-
tral values of the input measurements to their best Þt
values in the SM global Þt of 2019, in order to eliminate
tensions when moving to smaller uncertainties in the fu-
ture scenarios. The e" ect of adjusting the central values
is illustrated by the top left plot in Fig. 2, which shows
the Þt with the adjusted central values of Table I and
the same uncertainties as in Fig.1. By construction, the
p-value in Fig. 2 is maximal at hd = hs = 0. It turns out
that both Þts yield similar 3 $ bounds onhd and hs.

C. Phase I exploration

As indicated in Table I, compared to the current sta-
tus, the uncertainties of many nonperturbative theoreti-
cal inputs are anticipated to be improved by a factor of
at least 1.5, up to 4. In particular, uncertainties of the
bag parameters and decay constants, necessary for pre-
dicting the mass di" erences of the twoBd and Bs mass
eigenstates, will all go below the percent level. At the
same time, Belle II will improve the determinations of
the CKM matrix elements |Vcb| and |Vub |, by measuring
the semileptonic channelsB ! D (" ) ! ø" , and B ! #! ø" .
The LHCb collaboration has measured|Vcb| for the Þrst
time at a hadronic machine [44] and is expected to con-
tribute to the Þnal precision of the world average. Yet,
this is not taken into account in the anticipated preci-
sion of this observable considered here. Moreover, the
uncertainties in the determinations of the angles of the
Bd unitary triangle will reach around the 1 # level.

These improvements on theoretical inputs and data
translate into much better constraints on the hd # hs
plane parameterizing the size of NP inBs and Bd meson-
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FIG. 2. Current (top left), Phase I (top right), Phase II (bot tom left), and Phase III (bottom right) sensitivities to hd ! hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the di ! erent inputs have been adjusted).
The dotted curves show the 99.7% CL (3! ) contours.

Fit description (Phase I)
Sensitivities at 1!

hd hs

main Þt [0, 0.040] (100%) [0, 0.036] (100%)

no { f B s , f B s /f B d , B B s , B B s /B B d } uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no " B uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no { f B s , f B s /f B d , B B s , B B s /B B d , " B } uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I resul ts, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1! , and percentages correspond to the relative uncertainty wi th respect to the main Þt.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the ÒStage IIÓ sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the e! ects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
di! erences" md and " ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-
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FIG. 2. Current (top left), Phase I (top right), Phase II (bot tom left), and Phase III (bottom right) sensitivities to hd ! hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the di ! erent inputs have been adjusted).
The dotted curves show the 99.7% CL (3! ) contours.

Fit description (Phase I)
Sensitivities at 1!

hd hs

main Þt [0, 0.040] (100%) [0, 0.036] (100%)

no { f B s , f B s /f B d , B B s , B B s /B B d } uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no " B uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no { f B s , f B s /f B d , B B s , B B s /B B d , " B } uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I resul ts, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1! , and percentages correspond to the relative uncertainty wi th respect to the main Þt.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the ÒStage IIÓ sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the e! ects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
di! erences" md and " ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-
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LHCb 300/fb 
Belle II 250/ab
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Probing NP with Flavor in ΔF = 2: Future prospects4

sitivity is derived from the counting of the W decays
selected with two jets satisfying b-tagging and c-tagging
algorithms, which performance is given in Refs. [23, 24].
It is already observed from this state-of-the-art starting
point that the precision on the |Vcb| matrix element is
improved by a factor 3Ð4. The precision of the semilep-
tonic CP asymmetries are obtained from a fast simu-
lation study [26]. A similar method as employed by
LHCb [43] is considered, using a squared-cut based selec-
tion of the decaysBs ! Ds!" X , but enhanced to decays
of Ds containing #0 and K S. The obtained statistical
precision is a few times 10! 5, which makes possible to
attain the SM value. However, the detection asymme-
tries are expected to be a limitation of the method, at a
level comparable to the statistical uncertainty.

B. Current status

The present constraints on the magnitudes of NP con-
tributions to the Bd and Bs mixing amplitudes are shown
in Fig. 1, with inputs corresponding to the Summer 2019
version of the CKMÞtter Collaboration updates [18], to
which we add the inputs Ad

SL = 0 .0000± 0.0019 and
As

SL = +0 .0016± 0.0030 (with +6.6% correlation) [17].
In the SM Þt (hd = hs = 0) the pulls of the observables
! md and ! ms are 1.7 and 1.3$, respectively. Allowing
for NP contributions, the Þt shown in Fig. 1 favors hd
and hs somewhat away from the origin, alleviating the
pulls of ! md and ! ms to 0.4 and 0.2 $, respectively.
Fig. 1 shows agreement with the SM hypothesis at" 1$.

In the NP scenario, the 1$ intervals for the Wolfenstein
parameters are

A = 0 .813+0 .016
! 0.015 , %= 0 .224835+0 .000255

! 0.000059 ,

ø&= 0 .122+0 .025
! 0.022 , ø' = 0 .371+0 .022

! 0.015 . (4)

Note that the uncertainties of ø& and ø' increase by about
a factor of 3 compared to the Þts assuming the SM, while
for the NP parameters we obtain

hd = 0 .075+0 .153
! 0.064 , hs = 0 .048+0 .048

! 0.048 ,

$d = # 1.40+0 .97
! 0.23 , (5)

with $s unconstrained at 1$. The plot in Fig. 1 is
obtained by treating ø&, ø' , and the other physics pa-
rameters not shown as nuisance parameters. This cor-
responds to the case of generic NP, ignoring possible
model-dependent relations between di" erent ! F = 2
transitions. The constraint from (K has negligible im-
pact throughout this paper when no NP in the kaon sec-
tor is considered; when NP in this sector is allowed as
mentioned in the Introduction, (K probes NP mediat-
ing ! S = 2 transitions, with no impact whatsoever on
our analyses. One can see from Fig.1 that LHCb mea-
surements have imposed comparable constraints on NP
in Bs mixing to those in the Bd system. This qualitative
picture will continue to hold in the future.
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FIG. 1. Current sensitivities to hd ! hs in Bd and Bs mixings
as of Summer 2019 [18]. The black dot indicates the best-Þt
point, and the dotted curve shows the 99.7% CL (3! ) contour.

To estimate and plot future sensitivities for our
Phase I, II, and III benchmarks, we adjusted the cen-
tral values of the input measurements to their best Þt
values in the SM global Þt of 2019, in order to eliminate
tensions when moving to smaller uncertainties in the fu-
ture scenarios. The e" ect of adjusting the central values
is illustrated by the top left plot in Fig. 2, which shows
the Þt with the adjusted central values of Table I and
the same uncertainties as in Fig.1. By construction, the
p-value in Fig. 2 is maximal at hd = hs = 0. It turns out
that both Þts yield similar 3 $ bounds onhd and hs.

C. Phase I exploration

As indicated in Table I, compared to the current sta-
tus, the uncertainties of many nonperturbative theoreti-
cal inputs are anticipated to be improved by a factor of
at least 1.5, up to 4. In particular, uncertainties of the
bag parameters and decay constants, necessary for pre-
dicting the mass di" erences of the twoBd and Bs mass
eigenstates, will all go below the percent level. At the
same time, Belle II will improve the determinations of
the CKM matrix elements |Vcb| and |Vub |, by measuring
the semileptonic channelsB ! D (" ) ! ø" , and B ! #! ø" .
The LHCb collaboration has measured|Vcb| for the Þrst
time at a hadronic machine [44] and is expected to con-
tribute to the Þnal precision of the world average. Yet,
this is not taken into account in the anticipated preci-
sion of this observable considered here. Moreover, the
uncertainties in the determinations of the angles of the
Bd unitary triangle will reach around the 1 # level.

These improvements on theoretical inputs and data
translate into much better constraints on the hd # hs
plane parameterizing the size of NP inBs and Bd meson-
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FIG. 2. Current (top left), Phase I (top right), Phase II (bot tom left), and Phase III (bottom right) sensitivities to hd ! hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the di ! erent inputs have been adjusted).
The dotted curves show the 99.7% CL (3! ) contours.

Fit description (Phase I)
Sensitivities at 1!

hd hs

main Þt [0, 0.040] (100%) [0, 0.036] (100%)

no { f B s , f B s /f B d , B B s , B B s /B B d } uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no " B uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no { f B s , f B s /f B d , B B s , B B s /B B d , " B } uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I resul ts, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1! , and percentages correspond to the relative uncertainty wi th respect to the main Þt.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the ÒStage IIÓ sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the e! ects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
di! erences" md and " ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-
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FIG. 2. Current (top left), Phase I (top right), Phase II (bot tom left), and Phase III (bottom right) sensitivities to hd ! hs in
Bd and Bs mixings, resulting from the data shown in Table I (where central values for the di ! erent inputs have been adjusted).
The dotted curves show the 99.7% CL (3! ) contours.

Fit description (Phase I)
Sensitivities at 1!

hd hs

main Þt [0, 0.040] (100%) [0, 0.036] (100%)

no { f B s , f B s /f B d , B B s , B B s /B B d } uncertainties [0, 0.036] (90%) [0, 0.033] (92%)

no " B uncertainty [0, 0.035] (88%) [0, 0.031] (86%)

no { f B s , f B s /f B d , B B s , B B s /B B d , " B } uncertainties [0, 0.032] (80%) [0, 0.029] (81%)

TABLE II. The role of input uncertainties in the Phase I resul ts, for LHCb with 50/fb and Belle II with 50/ab. The displayed
hd,s ranges are at 1! , and percentages correspond to the relative uncertainty wi th respect to the main Þt.

mixing, as seen from the top right plot in Fig. 2, which as-
sumes that future measurements remain consistent with
the SM. These results are similar to the ÒStage IIÓ sce-
nario shown in Ref. [12], which corresponded to the same
projected LHCb and Belle II integrated luminosities.

Table II illustrates the e! ects of reducing the uncer-

tainties of the nonperturbative and perturbative theo-
retical inputs involved in the predictions of the mass
di! erences" md and " ms, where we explored the con-
sequences of eliminating their uncertainties. This table
shows that setting to zero the uncertainties of the nonper-
turbative or the perturbative theoretical inputs have sim-

Today LHCb 50/fb 
Belle II 50/ab

LHCb 300/fb 
Belle II 250/ab

LHCb 300/fb 
Belle II 250/ab 
FCC-ee 5*1012 Z

2-4x improvement before FCC 
Uncert’ on lattice parameters and Vcb  are main bottlenecks
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Probing NP with Flavor in ΔF = 1
• b→s FCNCs with charged leptons 

• Fully visible final state, angular analysis possible, can 
disentangle individual Wilson Coefficients 

•  

• B→Kl+l-, B→K*l+l-, Bs→φsl+l- all have anomalies, can be 
accounted by shifts in C9,C10 

• Not clear sign of New Physics: uncertainties in the  
“long distance” charm contributions can mimic these effects

X. THE EFFECTIVE HAMILTONIAN FOR B ! X se+ e!

The effective hamiltonian forB ! X se+ e! at scalesµ = O(mb) is given by

H e! (b ! se+ e! ) = H e! (b ! s! ) " (X.1)
GF#

2
V "

tsVtb [C9V (µ)Q9V (µ) + C10A (µ)Q10A (µ)]

where again we have neglected the term proportional toV "
usVub and H e! (b ! s! ) is given in

(IX.1).

A. Operators

In addition to the operators relevant forB ! X s! , there are two new operators

Q9V = (øsb)V ! A (øee)V Q10A = (øsb)V ! A (øee)A (X.2)

whereV andA refer to! µ and! µ! 5, respectively.
They originate in theZ 0- and! -penguin diagrams with externaløeeof Þg. 4 (f) and from the

corresponding box diagrams.

B. Wilson CoefÞcients

The coefÞcientC10A (µ) is given by

C10A (MW ) =
"
2#

!C10(MW ), !C10(MW ) = "
Y0(xt )

sin2 ! W
(X.3)

with Y0(x) given in (X.8). SinceQ10A does not renormalize under QCD, its coefÞcient does not
depend onµ $ O(mb). The only renormalization scale dependence in (X.3) entersthrough the
deÞnition of the top quark mass. We will return to this issue in section XXIII C.

The coefÞcientC9V (µ) has been calculated over the last years with increasing precision by
several groups (Grinsteinet al., 1989), (Grigjaniset al., 1989), (Cellaet al., 1991), (Misiak, 1993)
culminating in two complete next-to-leading QCD calculations (Misiak, 1995), (Buras and M¬unz,
1995) which agree with each other.

In order to calculate the coefÞcientC9V including next-to-leading order corrections we have
to perform in principle a two-loop renormalization group analysis for the full set of operators
contributing to (X.1). However,Q10A is not renormalized and the dimension Þve operatorsQ7!

andQ8G have no impact onC9V . Consequently only a set of seven operators,Q1, . . . , Q6 andQ9V ,
has to be considered. This is precisely the case of the decayK L ! #0e+ e! discussed in (Buras
et al., 1994a) and in section VIII, except for an appropriate change of quark ßavours and the fact
that nowµ $ O(mb) instead ofµ $ O(1 GeV). Since the NLO analysis ofK L ! #0e+ e! has
already been presented in section VIII we will only give the Þnal result forC9V (µ). Because of
the one step evolution fromµ = MW down toµ = mb without any thresholds in between it is
possible to Þnd an analytic formula forC9V (µ). DeÞning÷C9 by

85

�E���: ���V�O�O���D�Q�R�P�D�O�L�H�V
�+�L�Q�W�V���I�R�U���G�H�Y�L�D�W�L�R�Q�V���Z�U�W���6�0���L�Q���E���: ���V�ˆ���ˆ�����%�5���D�Q�G���D�Q�J�X�O�D�U���R�E�V�H�U�Y�D�E�O�H�V��
�$���O�R�W���R�I���L�Q�W�H�U�H�V�W���G�X�H���W�R���F�R�K�H�U�H�Q�F�H���D�Q�G���F�R�P�E�L�Q�H�G���V�L�J�Q�L�ˆ�F�D�Q�F�H��

�2�S�H�Q���T�X�H�V�W�L�R�Q�����1�3�����L�Q���&�����&���� �����R�U���Q�R�Q���O�R�F�D�O���6�0���K�D�G�U�R�Q�L�F���H�‡�H�F�W�V�����H�J���F�K�D�U�P���O�R�R�S�"
��

�3�5�/������������������������������������

�%�V
�����: ���’�ˆ���ˆ��

�3�5�'����������������������

�%�����: ���.�O���O�� �%�����: ���.�
�ˆ���ˆ��

�3�5�/������������������������������������
�$�O�V�R���&�0�6�����$�W�O�D�V�����%�H�O�O�H

�E���: ���V�O�O���D�Q�R�P�D�O�L�H�V
�+�L�Q�W�V���I�R�U���G�H�Y�L�D�W�L�R�Q�V���Z�U�W���6�0���L�Q���E���: ���V�ˆ���ˆ�����%�5���D�Q�G���D�Q�J�X�O�D�U���R�E�V�H�U�Y�D�E�O�H�V��
�$���O�R�W���R�I���L�Q�W�H�U�H�V�W���G�X�H���W�R���F�R�K�H�U�H�Q�F�H���D�Q�G���F�R�P�E�L�Q�H�G���V�L�J�Q�L�ˆ�F�D�Q�F�H��

�2�S�H�Q���T�X�H�V�W�L�R�Q�����1�3�����L�Q���&�����&���� �����R�U���Q�R�Q���O�R�F�D�O���6�0���K�D�G�U�R�Q�L�F���H�‡�H�F�W�V�����H�J���F�K�D�U�P���O�R�R�S�"
��

�3�5�/������������������������������������

�%�V
�����: ���’�ˆ���ˆ��

�3�5�'����������������������

�%�����: ���.�O���O�� �%�����: ���.�
�ˆ���ˆ��

�3�5�/������������������������������������
�$�O�V�R���&�0�6�����$�W�O�D�V�����%�H�O�O�H

�E���: ���V�O�O���D�Q�R�P�D�O�L�H�V
�+�L�Q�W�V���I�R�U���G�H�Y�L�D�W�L�R�Q�V���Z�U�W���6�0���L�Q���E���: ���V�ˆ���ˆ�����%�5���D�Q�G���D�Q�J�X�O�D�U���R�E�V�H�U�Y�D�E�O�H�V��
�$���O�R�W���R�I���L�Q�W�H�U�H�V�W���G�X�H���W�R���F�R�K�H�U�H�Q�F�H���D�Q�G���F�R�P�E�L�Q�H�G���V�L�J�Q�L�ˆ�F�D�Q�F�H��

�2�S�H�Q���T�X�H�V�W�L�R�Q�����1�3�����L�Q���&�����&���� �����R�U���Q�R�Q���O�R�F�D�O���6�0���K�D�G�U�R�Q�L�F���H�‡�H�F�W�V�����H�J���F�K�D�U�P���O�R�R�S�"
��

�3�5�/������������������������������������

�%�V
�����: ���’�ˆ���ˆ��

�3�5�'����������������������

�%�����: ���.�O���O�� �%�����: ���.�
�ˆ���ˆ��

�3�5�/������������������������������������
�$�O�V�R���&�0�6�����$�W�O�D�V�����%�H�O�O�H

2207.13371

2105.140072003.04831



Probing NP with Flavor in ΔF = 1
• Other channels: ΔF=1 with neutrinos: 

• K→πνν (s→d), B→Kνν  (b→s) 

• Rare leptonic decays, B, Bs → μμ , K→μμ 

• Anomalies present here too: BR(B→Kνν)/BR( B→Kνν)SM ~ 2.75 ± 0.86 

• Interplay between different channels can disentangle theoretical 
uncertainties and constrain individual Wilson Coefficients 

• Much more upcoming data from LHCb / Belle II / CMS ATLAS, more 
theoretical progress on reducing theoretical uncertainties needed



Probing NP with Flavor in ΔF = 1: Top flavor violation

• Top flavor violation is uniquely probed at high-pT at the LHC 

• SM Top FCNCs unmeasurably small → any signal is a signal of NP 

• BR(t→q + Z,h,γ,g,(l+l-)) can be probed at the HL-LHC at least at the level 
of O(10-4 - 10-5) 

• Already some strong constraints:  

• 2407.15172 (CMS):  BR(t→cH)<3.7 10-4, BR(t→uH)<1.9 10-4    

• Interesting interplay with various indirect constraints from low energy 
observables (both flavor violating and flavor conserving, see e.g. 2303.00781, 
0704.1482, …) → low energy constraints already restrict certain operators 
to contribute to top FCNC decays beyond LHC reach



Higgs and flavor

• Higgs boson has flavor diagonal non-universal couplings, proportional to 
fermion masses 

• BSM physics may violate that (including inducing flavor violating couplings 

• Current data probed mostly 3rd and 2nd generation coupling at the few % levelLHC: impressive map of H couplings

¥ No constraint yet on origin of 1st generation fermion masses, mainly µ from 2nd gen.

¥ FCC-eecan establish role of Higgs in yc, get close to ys and ye

Z L Ð p. 10



Status of semileptonic b→c decays



Charged current semileptonic decays in 2025?

• Currently, a lot of “puzzles” to be clarified:  

• Inclusive vs. exclusive
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Charged current semileptonic decays in 2025?

• Currently, a lot of “puzzles” to be clarified:  

• Inclusive vs. exclusive 

• τ vs. μ,e Lepton Flavor universality (LFU)
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R(X) =
BR(B $ X#$)
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LHCb: 
R(D**), R(Λc) compatible 
with SM 

NP explanations: need 
new particles at ~ TeV 
interacting with b, c, τ, ν: 
can be searched directly 
at LHC



Charged current semileptonic decays in 2025?

• Currently, a lot of “puzzles” to be clarified:  

• Inclusive vs. exclusive 

• τ vs. μ,e Lepton Flavor universality (LFU)

R(X) =
BR(B $ X#$)

BR(B $ X%$)
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Figure 34 Projections for the expected precision on the measurement of selectedR (H c) ratios at LHCb as a function of the
year in which the corresponding data sample becomes available. The order of the curves in the legend corresponds to the
order of the curves on the plot for the year 2026. Left: pessimistic scenario for an irreducible systematic uncertainty of 3% on
R (D ( ! ) ) and 5% on the other ratios. Right: optimistic scenario for an irreducible systematic uncertainty of 0.5% on R (D ( ! ) )
and 2% on the other ratios. These extrapolations are based on the current muonic-! measurements ofR (D ( ! ) ) and R (J/ " ),
as well as the forthcoming hadronic-! measurement of R (D 0

1 ) for the R (D !! ) curve. The symbol R (D [! ]
s ) refers to the sum

of the D s and D !
s yields, as described in the text. The R (! !

c ) entry in the legend refers to R (! !
c (2625)). The shaded regions

correspond to the long shutdowns during which there is no data taking at the LHC and have been updated including the latest
estimates (B«ejar Alonso et al., 2020).

be about 50% smaller due to the di! erence in branching
fractions and R(D).

(iii) R (D !! ): The projections are speciÞcally for
R(D 0

1) which provides the most accessible Þnal state.
The projections are based on the expected uncertainty of
about 15% for a combined analysis of Run 1 and 2 data,
and include a factor of two e" ciency increase starting in
Run 3 thanks to the software-only trigger.

(iv) R(D (! )
s ): At LHCb, the reconstruction of neutral

particles is challenging (see Sec.III.B.2 ). As a result,
the reconstructed number of signal events forR(D !

s ) is
expected to be about 40 times smaller than forR(D ! ),
due to both the smaller Bs production fraction and the
requirement to reconstruct a photon in the D ! +

s ! D +
s !

decay (resulting in about a factor of ten lower e" ciency),
although these are partially compensated for by the
larger reconstructed branching fractions of theD ! +

s decay
chain. Given the limitations associated with the recon-
struction of neutral particles, another possibility is the
measurement ofR(D [! ]

s ) = [ B(Bs ! Ds"#) + B(Bs !
D !

s "#)]/ [B(Bs ! Dsµ#) + B(Bs ! D !
s µ#)] which avoids

the explicit reconstruction of the photon. The data sam-
ples for this measurement are expected to be about 3
times smaller than those forR(D ! ).

(v) R (# c): Data samples are expected to be six times
smaller than for R(D ! ), according to the smaller# b pro-
duction fraction, as well as the requirement to recon-
struct an additional track in the # +

c ! pK " $+ decay

(which results in a factor of two lower e" ciency due pri-
marily to the limited LHCb acceptance as well as the
PID and tracking e" ciencies).

(vi) R(# !
c ): A preliminary study by LHCb ( Lupato,

2017) using the muonic decays of the" Þnds a factor
of 45 smaller data samples forR(# !

c (2625)) than those
expected for R(D ! ). This study, however, is not able
to constrain the unmeasured# b ! # !

cD (! )
s background.

Instead, we project R(# !
c (2625)) based on the same as-

sumptions as forR (# c) but with 33 times smaller data
samples due to the smaller# b ! # !

c l# branching frac-
tion and the e" ciency of the # !

c ! # c$$ reconstruc-
tion. This is estimated in a preliminary LHCb study
of # b ! # (! )

c $$$ events under the assumption that the
ratio of the # b ! # (! )

c $$$ branching fractions is the
same as that for # b ! # (! )

c "#. The projections for
R(# !

c (2595)) would be similar but with data samples a
factor of two smaller than those for R(# !

c (2625)).
(vii) R(J/ %): We scale the 2018 result based on the

expected data samples.
Figure 34 shows the results of these projections. The

years on the horizontal axis refer to the dates at which
data samples became or will become available, which
will eventually result in the plotted total uncertainties
once analyses are completed. For instance, the 8.5%
uncertainty on R(D ! ) shown at the beginning of 2015
corresponds to the eventual precision achievable for the
combined measurement ofR(D ! + ) and R(D ! 0) with the
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Figure 35 Projections for the expected precision on the measurements ofR (D ( ! ) ), R (X ), and R (! ) at Belle II as a function
of the year in which the corresponding data sample becomes available. The order of the curves in the legend corresponds to
the order of the curves on the plot for the year 2022. The ÒR (D ( ! ) ) (SL FEI, lep " )Ó curve sits under the ÒR (X ) (had FEI,
lep " )Ó curve because their projected uncertainties are very similar. An irreducible systematic uncertainty of (left panel) 3%
for the pessimistic scenario and (right panel) 0.5% for the optimistic one is assumed. The optimistic scenario also assumes a
50% increase in the reconstruction e! ciency of the exclusive tagging algorithms. The shaded regions indicate years in which
signiÞcant downtime is expected due to upgrades of the detector and/or the accelerator.

nario, which includes an irreducible systematic uncer-
tainty of 0.5% and an increase in the e! ciency of the
exclusive tagging algorithms of 50%. Such an improve-
ment is not completely unexpected since novel ideas, such
as the use of deep learning concepts and attention maps,
have already shown promising e! ciency gains in simu-
lated events (Tsaklidis, 2020). However, it remains to be
seen whether such e! ciency gains are also retained in the
analysis of actual collision events, and whether the iden-
tiÞed events are clean enough to provide an actual gain
in sensitivity. In both scenarios the uncertainties are ex-
pected to decrease with luminosity until the systematic
uncertainty ßoor is reached.

The gray bands indicate years in which signiÞcant
down-time is expected due to upgrades of the detec-
tor and/or the accelerator. In 2022, the Belle II pixel
detector will be replaced with its Þnal version, and
more radiation-hard photomultipliers for the time-of-
propagation-detector will be integrated as well. In 2026,
the Belle II interaction region will be upgraded to allow
for the increase of the instantaneous luminosity to its de-
sign value: The superconducting magnets that perform
the Þnal focusing will be placed farther away from the
beam crossing point to reduce the chance of quenches.
Measurements ofR(D ! ) will be somewhat more precise
because of their cleaner signature and lack of feed-down
contributions, compared to R(D) measurements, but in
both cases a precision of 4Ð5% and about 3% will be
reached by 2026 in the pessimistic and optimistic scenar-
ios, respectively. InclusiveR(D (! ) ) measurements and

measurements ofR(D ! ) with hadronic ! Þnal states will
reach 3.5% precision in the pessimistic scenario and be-
low 2% in the optimistic case. All measurements, except
for the ones explicitly probing b ! u transitions, will
reach precisions close to their irreducible systematic un-
certainties by 2031.

B. Exploiting full di ! erential information

1. Angular analyses and recovered observables

A 2Ð3% systematic ßoor for LFUV ratio measurements
might be reached quickly given the high statistical power
provided by the LHCb and Belle II experiments together.
Combined with the fact that the ratios R(Hc,u ) are re-
covered observables from template Þts to di" erential dis-
tributions, this suggests that attention might increasingly
turn towards other measurable properties. These include
angular correlations, longitudinal and polarization frac-
tions of the D ! and ! (see Sec.II.D.2 ), and asymmetries
and so on.

Many such observables using angular correlations have
been put forward in a wide range of phenomenological
studies, in particular as a means to distinguish SM from
NP interactions in b ! c! " transitions. On the ex-
perimental side, the most accessible of these is theD !

longitudinal fraction, FL, ! (D ! ), which can easily be re-
constructed. As discussed in Sec.IV.D.2 , Belle has al-
ready provided a preliminary measurement for this vari-
able based onB ! D ! ! " decays. This result is com-

2101.08326



Charged current semileptonic decays in 2025?

• Currently, a lot of “puzzles” to be clarified:  

• Inclusive vs. exclusive 

• τ vs. μ,e Lepton Flavor universality (LFU) 

• B→D*lν shapes @ Belle vs. (certain) lattice QCD calc’s 

• Λb → Λc**lν lattice vs. experiment 

• …



Heavy quark effective theories in a nutshell
• Assume 2mc,b >> ΛQCD: heavy quark is “frozen” with non-relativistic velocity,  

• EFT describes the dynamics of the QCD brown muck in the presence of a Wilson line fixed on the 
heavy quark world-line.  

• New spin and flavor symmetries when mc,b→∞  relating different form factors and different processes 

• On the partonic side: Heavy Quark Effective Theory (HQET) 

• On the hadronic side (w/ χPT): Heavy Hadron Chiral Perturbation Theory (HHχPT) 

• Matrix elements  in HQET computed as simultaneous expansion in powers of  
and  with non-perturbative “Isgur-Wise” functions coefficients dependent on 

 ( with v, v’ the 4-velocities of the heavy hadrons) 

• Non-perturbative functions and parameters need to be fitted to experimental data or computed on 
the lattice 

• Residual redundancy (reparameterization invariance, RPI): p = m v + k, v and k definition ambiguous: 
physics unchanged for  k → k - ε, v → v + ε /m

%Hc! øc&b! Hb' (&S/' )
(c,b # ø( /(2mc,b)

w = v ) v*￼

(Isgur, Wise; 
Eichten, Hill; 
Georgi; ….)



Exclusive b→c: theory status
• HQET (@ 1/m2) in fair agreement with lattice QCD:
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FIG. 1. Second-order HQET predictions for F (1) and G(1) at O(! 2) in the RC expansion (red

ellipse), using the inputs (4.4), (4.5) and (4.8), and Eq. (5.13), and including the O(" 2
s) correc-

tions [69, 70] in Eq. (5.15). These are compared to LQCD predictions (blue ellipse) and predictions

at Þrst order in HQET (orange ellipse). The 68% CL region from a Þt of the RC expansion at

O(1/m 2
c,b, " s/m c,b, ! 2) to LQCD and experimental data (see Sec.VI ) is shown by the gray solid

ellipse. The dashed gray ellipse shows RC expansion predictions without theO(" 2
s) terms.

C. Vanishing chromomagnetic limit

Because! 1,2 ! 0 in the VC limit, we Þx ! 1,2 = 0 in the 1S scheme, with m1S
b =

4.71(5) GeV and"mbc = 3.40(2) GeV. Although the mass degeneracy in the HQ doublet is

formally not lifted at O(1/m 2
c,b), we use the physical masses of the hadrons in the kinematics,

just as in the approach used for Þts atO(1/m c,b, #s) in Ref. [7], at which order ! 1,2 also

formally vanish. However, note Ref. [7] used the nonzero value! 1 = " 0.3 GeV2, which

amounts to a correction of about 5% in the value ofø! used here.

In the G!" ! 0 limit, the expressions for theF (1) and G(1) form factors and the ratios

R1(1) and R2(1) become,

G(1)VC # 1 + ö#s[CV 1 + CV 2(1 " $D ) + CV 3(1 + $D )] (5.17a)

" (%c " %b)$D
!
2ö&(1) " 1

"

+ 2( %c " %b)2öc0(1) + 2( %2
c " %2

b)$D [ ö' !
0(1) " öe3(1)]
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FIG. 1. The RCE predictions for g1(1) and f 1(1) at O(1/m 2
c,b, ! s/m c,b, ! 2

s, " 2) (red ellipse), with

uncertainties determined from the nominal ranges of 1S scheme Þt inputs (3.21) and (3.22): Dark

and light shaded ellipses correspond to the 39% and 68% CLs. These are compared with the

LQCD predictions (gray ellipses) and the HQET Þrst-order predictions (orange ellipses), i.e. at

O(1/m c,b, ! s). Also shown are the RCE predictions without the O(! 2
s) corrections (gray dashed

ellipses), and the results of the baseline RCE Þt scenario (blue ellipses) deÞned in Sec.IV below.

with a correlation of 0.02. This range is in agreement with the LQCD predictions (gray

ellipse) at the 0.5! level (p = 0.63). If the O(" 2
s) correction in Eq. (3.34) is not included,

the agreement is at the 0.8! level (p = 0.42), indicated by the dashed gray ellipse. By

comparison, the Þrst-order HQET CL (orange ellipse), whose smallg1(1) uncertainty is

determined by the Þrst-order perturbative correction only as in Eq. (3.32), is approximately

2.2! from the LQCD predictions.

If one instead examines the RCE-based zero-recoil predictions over the larger space of all

form factors that are fully constrained at zero recoil, i.e. over the four-dimensional space

spanned byf 1(1), f 2(1), f 3(1), and g1(1), then one similarly Þnds agreement with LQCD

predictions at the 0.3! level (p = 0.78). Without the O(" 2
s) corrections in Eq. (3.34), this

relaxes to the 0.4! level (p = 0.67), while the Þrst-order HQET predictions are in tension

with LQCD predictions at the 1.9! level.

18

B→D(*) Λb →Λc  

2312.077582206.11281



Exclusive b→c: theory status

• Belle data agrees with form 
factor calculations from 
JLQCD but is in tension with 
FNAL/MILC and HPQCD 

• Tensions persist in different 
quantities depending on the 
specific combination exp/
lattice/theory assumptions 

• Wait for new data from Belle 
II / lattice calculations to 
resolve the issue
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Exclusive b→c: theory status

• Despite tensions, the R(D(*)) predictions are quite stable 
and cannot resolve the anomaly
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FIG. 7. Left (a): The L D ;D !

w! 1;=1 R(D (" ) ) predictions using di! erent sets of inputs and assumptions.

The blue versus gray (orange versus red) ellipses demonstrate the shift in the predictedR(D)

when the CLN constraint on c" is applied versus lifted, respectively, to theL D ;D !

w! 1;=1 17 (L D ;D !

w! 1;=1 )

scenario. The inclusion of the Belle 2019 data results in a reduction of the central value and

uncertainty of R(D " ) (gray versus red or blue versus orange ellipses). The light-purple band shows

the R(D) LQCD prediction [ 17]. Right (b) : The same pattern for the L D ;D !

w! 1;=1 NLO scenario

Þts, that incorporate only O(! s, 1/m c,b) corrections and (in this case) do not incorporate QCDSR

inputs. For comparison, in the left Þgure we show theL D ;D !

w! 1;=1 NLO CLs by dashed ellipses.

.

both the CLN constrained and unconstrained scenarios, substantiating that the second-order

power corrections do not appear to play a major role in these shifts.

The second source of external bias is, as already noted in Sec.VI E , a tension in the Þts

to the Belle 2017 versus the Belle 2017 + 2019B ! D " !" datasets. The inclusion of the

more precise latter dataset results in an additional reduction of both the central value and

the uncertainty of the predictedR(D " ). In Fig. 7, this corresponds to the shift from the gray

to red or blue to orange ellipses. Once again, comparing Figs7(a) and 7(b) we see that the

shift is relatively insensitive to the inclusion of the second-order power corrections. Overall,

the Þts using Þrst-order versus second-order HQET corrections are respectively compatible

for each set of inputs or assumptions. Thus the signiÞcant shifts in theR(D (" ) ) predictions

can be attributed mainly to two sources of bias: the CLN constraint enforcing a linear

relationship between ÷#2
" and ÷c" , and the tension between the Belle datasets.
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Fitting for NP

• Semileptonic b→c: cannot fit NP to experimental results derived assuming 
SM: 

• exp procedure involves shape fits for signal and backgrounds in the 
acceptance region and extrapolations over full kinematic space assuming 
SM acceptances.  

• Background and signal can both be contaminated by same NP (e.g. bkgs 
for B->Dτν include B→D*lν, B→D**lν) 

• SM and NP have different acceptances 

• SM+NP fits need to be done by experimental collaborations → computational 
challenge (# B’s produced: O(1014) w/ 300/fb @ LHCb, O(1010) w/ 50/ab @ 
Belle II) → efficient (tensorial) reweighing with HAMMER-MC



Fitting for NP

• Example:  
• assume Nature is SM+NP 
• Fit SM to mock data using a Belle/BaBar-like analysis 
• Use same SM+NP hypothesis to fit to the R(D)-R(D*) plot 
• Extracted regions do not contain “true” value7
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Fig. 3 Top: Illustrations of biases from Þtting an SM template to three NP ÔtruthÕ benchmark models: the 2HDM type II with
SqRlL = ! 2 (left), SqRlL = 0 .75i (middle), and the R2 leptoquark model with SqLlL = 8 TqLlL = 0 .25 + 0 .25i (right). The orange dot
corresponds to the predicted Ôtrue valueÕ ofR(D ( ! ) ) for the NP model, to be compared to the recovered 68%, 95% and 99% CLs of
the SM Þt to the NP Asimov data sets (with uncertainties estimated to correspond to " 5 ab" 1) in shades of red. Bottom: The best
Þt regions for the 2HDM and R2 model Wilson coe ! cients obtained from Þtting R(D ( ! ) ) NP predictions to the recovered R(D ( ! ) )
CLs for each NP model. The shades of red denote CLs as in the top row. The best Þt (true value) Wilson coe ! cients are shown by
black (orange) dots.

of form factors, Fi , that encode the physics of hadronic
transitions (if any). 3 In general, then, an amplitude may
be written in the form

M { s} !
{ q}

"
=

#

! ,i

c! Fi
!
{ q}

"
A { s}

! i

!
{ q}

"
, (6)

in which { s} are a set of external quantum numbers
and { q} the set of four-momenta.4 The object A ! i is
an NP- and FF-generalized amplitude tensor. In the
case of cascades, relevant forB ! D (! ,!! ) (! DY ) ! (!

3 In all b # c processes currently handled by Hammer(see Table 3
for a list) the form factors are functions of q2 =

!
pH b ! pH c

" 2
,

or equivalently of the dimensionless kinematic variable,

w = v áv# =
m2

H b
+ m2

H c
! q2

2mH b mH c

, (5)

with four velocities v = pH b /m H b and v# = pH c /m H c . For decays
with multi-hadron Þnal states, such as the ! # n" , n $ 3, the
form factors are also dependent on multiple invariant masses of
the Þnal state hadrons. Thus, b # c!# decays followed by with
subsequent hadronic ! decays involve at least two separate sets
of hadronic functions at the amplitude level.
4The momenta of an event passed to the library must all be
speciÞed in the same frame. The choice of frame is arbitrary.

X " )ø" decays, the amplitude tensor may itself be the
product of several subamplitudes, summed over several
sets of internal quantum numbers. The corresponding
polarized di! erential rate

d# { s}

dPS
=

#

! ,i, " ,j

c! c 
" Fi F

 
j

!
{ q}

"
A { s}

! i A  { s}
" j

!
{ q}

"
,

=
#

! ,i, " ,j

c! c 
" Fi F

 
j

!
{ q}

"
W! i " j , (7)

in which the phase space di! erential form dPS includes
on-shell $-functions and geometric or combinatoric fac-
tors, as appropriate.

The outer product of the amplitude tensor, de-
Þned as W " AA   , is a weight tensor. The object$

ij Fi F
 
j W! i " j in Eq. (7) is independent of the Wilson

coe" cients: Once this object is computed for a speciÞc
{ q} Ð an event Ð it can be contracted with any choice of
NP to generate an event weight. Similarly, on a patch
of phase space% Ñ e.g., the acceptance of a detector
or a bin of a histogram Ñ the marginal rate can now
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Fig. 3 Top: Illustrations of biases from Þtting an SM template to three NP ÔtruthÕ benchmark models: the 2HDM type II with
SqRlL = ! 2 (left), SqRlL = 0 .75i (middle), and the R2 leptoquark model with SqLlL = 8 TqLlL = 0 .25 + 0 .25i (right). The orange dot
corresponds to the predicted Ôtrue valueÕ ofR(D ( ! ) ) for the NP model, to be compared to the recovered 68%, 95% and 99% CLs of
the SM Þt to the NP Asimov data sets (with uncertainties estimated to correspond to " 5 ab" 1) in shades of red. Bottom: The best
Þt regions for the 2HDM and R2 model Wilson coe ! cients obtained from Þtting R(D ( ! ) ) NP predictions to the recovered R(D ( ! ) )
CLs for each NP model. The shades of red denote CLs as in the top row. The best Þt (true value) Wilson coe ! cients are shown by
black (orange) dots.

of form factors, Fi , that encode the physics of hadronic
transitions (if any). 3 In general, then, an amplitude may
be written in the form

M { s} !
{ q}

"
=

#

! ,i

c! Fi
!
{ q}

"
A { s}

! i

!
{ q}

"
, (6)

in which { s} are a set of external quantum numbers
and { q} the set of four-momenta.4 The object A ! i is
an NP- and FF-generalized amplitude tensor. In the
case of cascades, relevant forB ! D (! ,!! ) (! DY ) ! (!

3 In all b # c processes currently handled by Hammer(see Table 3
for a list) the form factors are functions of q2 =

!
pH b ! pH c

" 2
,

or equivalently of the dimensionless kinematic variable,

w = v áv# =
m2

H b
+ m2

H c
! q2

2mH b mH c

, (5)

with four velocities v = pH b /m H b and v# = pH c /m H c . For decays
with multi-hadron Þnal states, such as the ! # n" , n $ 3, the
form factors are also dependent on multiple invariant masses of
the Þnal state hadrons. Thus, b # c!# decays followed by with
subsequent hadronic ! decays involve at least two separate sets
of hadronic functions at the amplitude level.
4The momenta of an event passed to the library must all be
speciÞed in the same frame. The choice of frame is arbitrary.

X " )ø" decays, the amplitude tensor may itself be the
product of several subamplitudes, summed over several
sets of internal quantum numbers. The corresponding
polarized di! erential rate

d# { s}

dPS
=

#

! ,i, " ,j

c! c 
" Fi F

 
j

!
{ q}

"
A { s}

! i A  { s}
" j

!
{ q}

"
,

=
#

! ,i, " ,j

c! c 
" Fi F

 
j

!
{ q}

"
W! i " j , (7)

in which the phase space di! erential form dPS includes
on-shell $-functions and geometric or combinatoric fac-
tors, as appropriate.

The outer product of the amplitude tensor, de-
Þned as W " AA   , is a weight tensor. The object$

ij Fi F
 
j W! i " j in Eq. (7) is independent of the Wilson

coe" cients: Once this object is computed for a speciÞc
{ q} Ð an event Ð it can be contracted with any choice of
NP to generate an event weight. Similarly, on a patch
of phase space% Ñ e.g., the acceptance of a detector
or a bin of a histogram Ñ the marginal rate can now

2002.00020



Exclusive b→c: theory status

• Other possible sources of underestimated theoretical uncertainties, 
needed to be under control for future experimental precision 

• HQET FF defined assuming hadrons stable → relations between on-
shell and off-shell mesons needed to describe full (Dπ, Dππ, Λcππ) 
line-shapes 

• Additional 1/M terms need to be included 

• Photon emission beyond soft limit not included in exp analyses → 
HQS determines sub-leading-soft “structure-dependent” FF in terms 
of IW function + few couplings (MP, Trickle, Wise, 2110.13154; MP, F.Cima 
2506.yyyyy) 

• …



What is are the Isgur-Wise functions for off-shell hadrons?

• Our approach:  
• Work in HHχPT (effective theory of heavy hadrons 

coupled to light mesons below Λ~1GeV) 
• Use BCFW-like construction to factorize hadronic 

amplitude into on-shell (on-pole) sub-amplitudes 
without extra assumptions besides unitarity and 
analyticity 
• E.g. for B→Dπlν amplitude ( , q fixed): 

•  

z + ,
p%

' (z) = p%
' - q%z, p%

) $
(z) = p%

) $
+ q%z

p2
' (z) = m2

' , p2
) $(z) = p2

) $

(a) Analytic structure of amplitude

(b) Pion emission o! D-meson

(c) Pion emission o! B -meson

FIG. 1: In this paper, we consider o! -shell amplitudes from the emission of soft particles.

These may occur via emission o! the initial particle ( Bottom-Right ) or o! the Þnal particle

(Top-Right ). The weak current is represented with a grey box and the pion with a dashed

line. The double lines are heavy particles. We use the analytic structure of the amplitude

A(z) (Left ) deformed via a BCFW-like prescription with complex momentap!" and p# to

construct o! -shell corrections to the weak current vertex. The cut-o! of HH! PT is denoted

schematically as a circle of radius" $ . The amplitude, when written as a function of the

complex numberz, contains isolated poles. We use the complex mass scheme for resonances

[29Ð31], which then appear as isolated complex poles at leading order in HH! PT.

due to the o! -shellness of heavy hadrons and their Þnite decay widths. Then, we compute

pion emission amplitudes using HH! PT. Since the region of interest for the extra emitted

pions is such thatp# ! 400 MeV! " $ " 1GeV (with " $ the HH! PT UV cuto ! ), they are

in the regime of validity of the theory. Computing the processB # D"#$ in the inÞnite

mass limit was one of the Þrst applications of HH! PT [27, 28].

Given the precision required, we need to go beyond the leading order in the heavy mass

power expansion and trackO(1/M ) e! ects such asO(p#/M ) and O(#/M ) corrections. In

HH! PT, power corrections originate from two di! erent sources: 1/ 2MH c,b higher order op-

erators from integrating out the large momentum components of the heavy hadron Þelds,

4
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This choice conserves the total momentum and preserves the mass-shell conditionsp2
!" = m2

!"

and p2
# = m2

#. By using momentum conservation, one can also show that

v áq
v! áq

=
M !

M
. (2.7)

An explicit expression forqµ respecting these constraints is given in AppendixD. We Þnd

that the qµ components satisfy quadratic equations and that there are two unique solutions3

up to a rescalingq ! zq with z " C. Due to the Þnite masses of the pion and!" pair, the

vector qµ will always have at least two complex components. Deforming the lepton pair and

pion momenta allows us to keep the heavy hadron velocities untouched and the external

residual momenta vanishing. This is convenient for subsequently matching the weak current

amplitude onto known HQET calculations.

In general, under this deformation, the leptonic weak current matrix element may acquire

a z-dependence. However, because the neutrino is left-handed and massless, for each charged

lepton polarization and leptonic current Dirac structure, one can always Þnd a deformation

of the lepton and neutrino momenta such that Eqs. (2.5) and (2.6) are satisÞed and the

leptonic weak matrix element isz-independent, as is shown in AppendixD 3. Therefore, we

will not discuss the leptonic matrix element any further in what follows.

Following the BCFW construction [7], the function to which the Cauchy theorem will be

applied isA(z)/z . The physical amplitude can then be obtained as the residue atz = 0,

A phys = A(0) =
1

2#i

!

$!

dz
1
z

A(z). (2.8)

where, as usual, the contour$%can be taken as a small circle of radius%around thez origin.

Since HH&PT is an EFT with a Þnite cuto! " & and therefore not BCFW-constructible [34],

we will always be left with a non-vanishing integral at a large radius ofR" # |" &/v (!) áq|

where" & is the cuto! of our theory. The so-called boundary term originating from this Òpole

at inÞnityÓ will contain the contribution of higher-dimensional contact operators [35, 36].

Interestingly, we Þnd the boundary term also subtracts certain unphysical contributions

that arise from derivatively coupled pions, as is discussed in detail in SectionII C . We

provide a constructive prescription to compute the boundary term explicitly in terms of

these higher-dimensional contact operators. The coe# cients of these higher dimensional

3 These solutions correspond physically to a convention labeling spin-up vs. spin-down along a particular
quantization axis. See AppendixD 2 for more details.

8

operators, suppressed by powers of! ! which parameterize the residual ignorance of the

ÒcontinuumÓ contribution4 in B ! D (! ) !"# , must be Þxed empirically from their contri-

butions to physical observables or via a matching calculation if it exists (e.g., from lattice

QCD).

Since we work at tree level, branch cuts are absent andA(z) only has poles when some

intermediate heavy hadron line goes on-shell as depicted in Fig.1. Those poles will be

inside the large radius circle,z < R " , i.e., within the radius of validity of HH$PT. Within

HH$PT, the poles will occur whenv ák " " M ! 0 or v# ák " " M # ! 0, wherek is the

residual momentum of the internal line, a function ofp" (z) and p#$(z). When the amplitude

is expanded order-by-order in 1/M , the analytic structure of A (z)/z will generically contain

higher-order (e.g., double) poles, as shown in the following.

In the EFT language, these can be identiÞed as originating from insertions of higher

power two-point operators, such as the kinetic energy operator on the intermediate heavy

hadron line. Working at next-to-leading power,O
!
1/M (! )

"
, the generic analytic structure

contains at most second-order poles. The amplitude can be written as,

A phys = A(0) = "
#

poles, poles!

$ %
Res1

A(z)
z

&

z!

+
%
Res2

A(z)
z

&

z!

'

+
1

2#i

(

%
dz

A(z)
z

, (2.9)

where %winds counter-clockwise, the residues are taken near the poles,z = z& and with

the notation Òpoles(#)Ó we have made explicit that the sum includes both poles on a charm-

or a bottom-containing intermediate heavy hadron line. The contour%is taken such that

|z| ! R" , while

Resn f (z) = lim
z$ z!

1
(n " 1)!

)
d
dz

* n%1

f (z) . (2.10)

Explicitly we have Res1(A (z)/z ) = A(z&)/z & and Res2(A (z)/z ) = " A #(z&)/z 2
&.

On each pole,z = z(#)
& , an intermediate particle goes on-shell, and the corresponding

residue factorizes into left and right on-shell amplitudes. We can use momentum conservation

of these sub-amplitudes to determine the position of the pole. Using the pion emission

amplitude to Þx the values ofz(#)
& and working at O

!
1/M (#)

"
one gets5

" v á(p" " zq) " " M +
m2

" " (" M )2

2M
= 0

4 These continuum contributions also include the e! ects of resonances lying outside the regime of validity of
HH! PT, such as the so-called Òsub-thresholdÓ bottom-charm resonances [37] whose poles are atz # R! .

5 Di! erently than the on-shell amplitude literature conventions of using all momenta either incoming or
outgoing, here we keep the momenta convention determined by the decay kinematics.
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Non-relativistic: single and double poles 
From intermediate states

Non-zero “pole at 
infinity” contribution
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HQET parameterizations w/ off-shell hadrons

• Amplitude factorizes on poles in two on-shell sub-
amplitudes:  
• (B → Hc) + (Hc → D π) 
• (B→ Hb π) + (Hb → D) 

• Weak transition matrix elements are now on-shell 
(on-pole) can be matched onto HQET via an RPI 
transformation 

• Double poles reproduce kinetic energy operator 
( ) insertions on internal lines 

• Residue at infinity can be fully computed via 
dispersion relations on the amplitude derivatives

k2
. /2M

(a) Analytic structure of amplitude

(b) Pion emission o! D-meson

(c) Pion emission o! B -meson

FIG. 1: In this paper, we consider o! -shell amplitudes from the emission of soft particles.

These may occur via emission o! the initial particle ( Bottom-Right ) or o! the Þnal particle

(Top-Right ). The weak current is represented with a grey box and the pion with a dashed

line. The double lines are heavy particles. We use the analytic structure of the amplitude

A(z) (Left ) deformed via a BCFW-like prescription with complex momentap!" and p# to

construct o! -shell corrections to the weak current vertex. The cut-o! of HH! PT is denoted

schematically as a circle of radius" $ . The amplitude, when written as a function of the

complex numberz, contains isolated poles. We use the complex mass scheme for resonances

[29Ð31], which then appear as isolated complex poles at leading order in HH! PT.

due to the o! -shellness of heavy hadrons and their Þnite decay widths. Then, we compute

pion emission amplitudes using HH! PT. Since the region of interest for the extra emitted

pions is such thatp# ! 400 MeV! " $ " 1GeV (with " $ the HH! PT UV cuto ! ), they are

in the regime of validity of the theory. Computing the processB # D"#$ in the inÞnite

mass limit was one of the Þrst applications of HH! PT [27, 28].

Given the precision required, we need to go beyond the leading order in the heavy mass

power expansion and trackO(1/M ) e! ects such asO(p#/M ) and O(#/M ) corrections. In

HH! PT, power corrections originate from two di! erent sources: 1/ 2MH c,b higher order op-

erators from integrating out the large momentum components of the heavy hadron Þelds,
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This choice conserves the total momentum and preserves the mass-shell conditionsp2
!" = m2

!"

and p2
# = m2

#. By using momentum conservation, one can also show that

v áq
v! áq

=
M !

M
. (2.7)

An explicit expression forqµ respecting these constraints is given in AppendixD. We Þnd

that the qµ components satisfy quadratic equations and that there are two unique solutions3

up to a rescalingq ! zq with z " C. Due to the Þnite masses of the pion and!" pair, the

vector qµ will always have at least two complex components. Deforming the lepton pair and

pion momenta allows us to keep the heavy hadron velocities untouched and the external

residual momenta vanishing. This is convenient for subsequently matching the weak current

amplitude onto known HQET calculations.

In general, under this deformation, the leptonic weak current matrix element may acquire

a z-dependence. However, because the neutrino is left-handed and massless, for each charged

lepton polarization and leptonic current Dirac structure, one can always Þnd a deformation

of the lepton and neutrino momenta such that Eqs. (2.5) and (2.6) are satisÞed and the

leptonic weak matrix element isz-independent, as is shown in AppendixD 3. Therefore, we

will not discuss the leptonic matrix element any further in what follows.

Following the BCFW construction [7], the function to which the Cauchy theorem will be

applied isA(z)/z . The physical amplitude can then be obtained as the residue atz = 0,

A phys = A(0) =
1

2#i

!

$!

dz
1
z

A(z). (2.8)

where, as usual, the contour$%can be taken as a small circle of radius%around thez origin.

Since HH&PT is an EFT with a Þnite cuto! " & and therefore not BCFW-constructible [34],

we will always be left with a non-vanishing integral at a large radius ofR" # |" &/v (!) áq|

where" & is the cuto! of our theory. The so-called boundary term originating from this Òpole

at inÞnityÓ will contain the contribution of higher-dimensional contact operators [35, 36].

Interestingly, we Þnd the boundary term also subtracts certain unphysical contributions

that arise from derivatively coupled pions, as is discussed in detail in SectionII C . We

provide a constructive prescription to compute the boundary term explicitly in terms of

these higher-dimensional contact operators. The coe# cients of these higher dimensional

3 These solutions correspond physically to a convention labeling spin-up vs. spin-down along a particular
quantization axis. See AppendixD 2 for more details.
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operators, suppressed by powers of! ! which parameterize the residual ignorance of the

ÒcontinuumÓ contribution4 in B ! D (! ) !"# , must be Þxed empirically from their contri-

butions to physical observables or via a matching calculation if it exists (e.g., from lattice

QCD).

Since we work at tree level, branch cuts are absent andA(z) only has poles when some

intermediate heavy hadron line goes on-shell as depicted in Fig.1. Those poles will be

inside the large radius circle,z < R " , i.e., within the radius of validity of HH$PT. Within

HH$PT, the poles will occur whenv ák " " M ! 0 or v# ák " " M # ! 0, wherek is the

residual momentum of the internal line, a function ofp" (z) and p#$(z). When the amplitude

is expanded order-by-order in 1/M , the analytic structure of A (z)/z will generically contain

higher-order (e.g., double) poles, as shown in the following.

In the EFT language, these can be identiÞed as originating from insertions of higher

power two-point operators, such as the kinetic energy operator on the intermediate heavy

hadron line. Working at next-to-leading power,O
!
1/M (! )

"
, the generic analytic structure

contains at most second-order poles. The amplitude can be written as,

A phys = A(0) = "
#

poles, poles!

$ %
Res1

A(z)
z

&

z!

+
%
Res2

A(z)
z

&

z!

'

+
1

2#i

(

%
dz

A(z)
z

, (2.9)

where %winds counter-clockwise, the residues are taken near the poles,z = z& and with

the notation Òpoles(#)Ó we have made explicit that the sum includes both poles on a charm-

or a bottom-containing intermediate heavy hadron line. The contour%is taken such that

|z| ! R" , while

Resn f (z) = lim
z$ z!

1
(n " 1)!

)
d
dz

* n%1

f (z) . (2.10)

Explicitly we have Res1(A (z)/z ) = A(z&)/z & and Res2(A (z)/z ) = " A #(z&)/z 2
&.

On each pole,z = z(#)
& , an intermediate particle goes on-shell, and the corresponding

residue factorizes into left and right on-shell amplitudes. We can use momentum conservation

of these sub-amplitudes to determine the position of the pole. Using the pion emission

amplitude to Þx the values ofz(#)
& and working at O

!
1/M (#)

"
one gets5

" v á(p" " zq) " " M +
m2

" " (" M )2

2M
= 0

4 These continuum contributions also include the e! ects of resonances lying outside the regime of validity of
HH! PT, such as the so-called Òsub-thresholdÓ bottom-charm resonances [37] whose poles are atz # R! .

5 Di! erently than the on-shell amplitude literature conventions of using all momenta either incoming or
outgoing, here we keep the momenta convention determined by the decay kinematics.
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• BCFW procedure proves the “naive” recipe to be correct: 

• For each diagram, use velocities defined by off-shell momenta 
to compute amplitudes, IW functions (e.g.  for 
pion emission from charm hadron line, etc.) 

• Add all allowed contact operators compatible with symmetries 
(including RPI) with new “IW” functions: 0 @ LO, 3 @ 1/
Λ~GeV-1 

• For unstable resonances, capture Γ/M terms by generalizing 
the definition of HQET parameters to complex-hadron mass 
scheme: MH-MQ → MH-iΓH-Mq 

v*￼ # pD' /mD'

HQET parameterizations w/ off-shell hadrons



Conclusions

• Flavor (and CP) violating observables provide some of the most 
powerful window into BSM physics at high scales 

• Large upcoming datasets from LHCb and Belle II (and ATLAS/CMS) 
can gain factors of 1.5-2 on the energy scale probed 

• Several anomalies are present in various channels, to be resolved with 
more data and better understanding of hadronic uncertainties 

• To fully leverage upcoming data in flavor-violating observables, an 
improved description of semileptonic exclusive b→c decays is needed 

• Work underway to improve theoretical predictions and meet the 
challenges that large datasets will provide



Backup slides



3

Central Uncertainties Reference
values Current [18] Phase I Phase II Phase III Phases IÐIII

|Vud | 0.97437 ± 0.00021 id id id [18]

|Vus | f K ! !
+ (0) 0.2177 ± 0.0004 id id id [18]

|Vcd | 0.2248 ± 0.0043 ± 0.003 id id [19, 20]

|Vcs | 0.9735 ± 0.0094 id id id [18Ð20]

! md [ps" 1 ] 0.5065 ± 0.0019 id id id [17]

! ms [ps" 1 ] 17.757 ± 0.021 id id id [17]

|Vcb|SL ! 103

42.26
± 0.58 ± 0.60 ± 0.44 id [21]

|Vcb|W ! cb ! 103 Ñ Ñ Ñ ± 0.17 [22Ð24]

|Vub |SL ! 103 3.56 ± 0.22 ± 0.042 ± 0.032 id [21]

|Vub /V cb| (from " b) 0.0842 ± 0.0050 ± 0.0025 ± 0.0008 id [25]

B(B " ! " ) ! 104 0.83 ± 0.24 ± 0.04 ± 0.02 ± 0.009 [21, 22]

B(B " µ" ) ! 106 0.37 Ñ ± 0.03 ± 0.02 id [21]

sin 2# 0.680 ± 0.017 ± 0.005 ± 0.002 ± 0.0008 [21, 22, 25]

$ [# ] (mod 180# ) 91.9 ± 4.4 ± 0.6 id id [21]

%[# ] (mod 180# ) 66.7 ± 5.6 ± 1 ± 0.25 ± 0.20 [21, 22, 25]

#s [rad] # 0.035 ± 0.021 ± 0.014 ± 0.004 ± 0.002 [22, 25]

Ad
SL ! 104 # 6 ± 19 ± 5 ± 2 ± 0.25 [14, 17, 22, 26]

As
SL ! 105 3 ± 300 ± 70 ± 30 ± 2.5 [14, 17, 22, 26]

ømt [GeV] 165.30 ± 0.32 id id ± 0.020 [18, 22]

$s(mZ ) 0.1185 ± 0.0011 id id ± 0.00003 [18, 22]

f K ! !
+ (0) 0.9681 ± 0.0026 ± 0.0012 id id [25]

f K [GeV] 0.1552 ± 0.0006 ± 0.0005 id id [25]

f B s [GeV] 0.2315 ± 0.0020 ± 0.0011 id id [25]

BB s 1.219 ± 0.034 ± 0.010 ± 0.007 id [25]

f B s /f B d 1.204 ± 0.007 ± 0.005 id id [25]

BB s /B B d 1.054 ± 0.019 ± 0.005 ± 0.003 id [25]
÷BB s / ÷BB d 1.02 ± 0.05 ± 0.013 id id [25, 27, 28]

÷BB s 0.98 ± 0.12 ± 0.035 id id [25, 27, 28]

&B 0.5522 ± 0.0022 id id id [29]

TABLE I. Central values and uncertainties used in our analys is. Central values have been adjusted to eliminate tensions when
moving to the smaller uncertainties typical of the future pr ojections. The entries ÒidÓ refer to the value in the same rowin the
previous column. The assumptions entering Phase I, Phase II and Phase III estimates are described in the text.

ing that electromagnetic corrections are fully calculated
on the lattice. For Phase II, we use the prediction labeled
Ò10 yr w/o EMÓ, assuming that electromagnetic correc-
tions will have been computed. The best determinations
of |Vcb| until Phase II come from semileptonicB decays,
whereas in Phase III from W ! øbc. For |Vub |, around
Phase II, its determination from B ! ! ø" may become
competitive with semileptonic decays.

The main uncertainties in the constraints on ø# and ø$
come from the tree-level inputs % and |Vub/V cb|. The
combination of measurements%(&) = ' " ( " &, which
is not a! ected by NP in " F = 2 [4], is signiÞcant in the
current average of the%constraint, but it diminishes in
importance at Phase I and especially beyond that (the
determination of & from B ! ##, #' , '' is only a! ected
by NP in electroweak penguins [40]). The improvements

in %beyond Phase I, shown in TableI, assume the so-
called model-independent measurement, without charm
factory input [ 41]. The Þts include the constraints from
the measurements ofAd,s

SL [32, 35], but not their linear
combination [42] nor "# s, whose e! ects on the future
constraints on NP studied in this paper are small.

Initial investigations at the physics case of FCC-ee are
gathered in Ref. [22], and provide the starting ground of
the present study. The inputs in Table I correspond to
the actual sensitivity studies performed so far, which are
only a subset of the observables to be improved. Most
inputs considered in this work for Phase III are obtained
from extrapolations (scaling to luminosity) of the current
precision or sensitivity of the measurements obtained at
Belle II and LHCb [22]. Some comments are, however,
in order for two of them: |Vcb| and ASL . The |Vcb| sen-



• First use on-shell amplitude methods in EFT with finite cutoff, w/ derivatively coupled massive 
particles and non-relativistic particles labeled by velocity vectors 

• “Pole at infinity” (aka boundary term) does not vanish → compute it! 
• Existing methods for computing BT do not work in our case. New method: 

• Consider  amplitude at order 1/Λn     
•                                             has a better behavior at large z. 
• Use 

• Then multiply by  and compute residue at . 

• Effect of boundary term: evaluate factorized amplitudes at  instead of  and add 
higher-dim operators (reorganizes “pinched terms” contributions from finite  terms) 

• Can recourse over number of derivatives, can be implemented order by order in 1/Λ, 1/M

𝒜 (n)(z)

p' (z)
%1 0 p' (z)

%k z = 1

z = 0 z = z*
z*

chosenz-deformation [44], terms originating from ÒbadÓ UV behavior of interaction vertices,

and contact terms from higher dimensional operator insertions. In the speciÞc case of the

deformation given in Eq. (2.5), there are no spurious pole contributions: heavy quark number

and lepton number conservation (and the requirement that we will only considerb ! c weak

transitions) eliminate any other factorization channel not captured by this deformation.

However, since the pion is derivatively coupled in! PT and HH! PT, any pion vertex will

introduce z1 dependence, which can modify HH! PT power counting whenz is taken to large

values.

We pursue a strategy that is well suited to HH! PT. The idea is to express the large-z limit

of the amplitude as a tensor contracted with deformed pion momenta, öp! (z) = " zq+ O(1)

where öp! = p! " zq. The tensor isO(1) asz ! # , and can be reconstructed using CauchyÕs

theorem. E! ectively, this amounts to applying the Cauchy theorem to derivatives ofA (z)

and is analogous to subtractions used in the context of traditional dispersion relations. We

are not aware of this approach being discussed in the literature for the construction of EFT

amplitudes using BCFW techniques.

Let us consider thenth order in the chiral expansion,A (n) and deÞne a set ofz-dependent

tensors,

A (k,n )
µ1...µ k

(z) =
" k

" öpµ1
! . . . " öpµk

!
A (n) . (2.32)

In the large-z limit, all of the A (k,n )
µ1...µ k (z) have a dispersive representation,

1
(2#i)

!

!
dw

A (k,n )
µ1...µ k (w)
w " z

= A (k,n )
µ1...µ k

(z) +
"

Res
1

w " z
A (k,n )

µ1...µ k
(w) . (2.33)

where " is a contour at large-z (not necessarily related to$), and the residues are taken

with respect to w. An iterative procedure can be used when multiple such tensors must

be constructed; one Þrst constructs the Òmost divergentÓ piece, then subtracts it, and re-

peats. After constructing all of the necessaryA (k)
µ1...µ n (z) tensors, thenth order amplitude

has an unambiguous dependence onz valid for large values ofz. We may, therefore, di-

rectly evaluate the amplitude along the large-z contour and compute its contribution to

the BCFW factorization formula explicitly. The e! ects of higher dimensional operators will

enter through the left-hand side of Eq. (2.33), while the second term of its right-hand side

can be directly computed in terms of factorized amplitudes on poles at Þnitez discussed

earlier. A more detailed discussion, with the explicit calculation of the boundary term for

15
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New boundary term → either vanishes or 
parameterized by higher dimensional 
operators (depending on n)

What is needed computed before at finite z


