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• Precision frontier physics via the decays of heavy flavour (b and c) hadrons. 


• Interesting because:


• Complementary to direct searches/high PT precision due to reduced production of 
beauty/charm quarks.


• Complementary to low energy physics as probe 2nd/3rd generation fermion couplings. 


• Experimental reach significantly improve on short timescale (LHCb, CMS, ATLAS, 
Belle-II, BES-III ..).


• Main challenge: Low energy QCD.


• Comparison of experiment and SM often complicated by hadronic effects.


• Rely on non-perturbative QCD techniques (e.g. Lattice) - theoretically challenging.

Heavy flavour physics
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• Typically work at a different EFT compared to high-PT physics.

The Weak Effective Theory (WET)
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Typical operators
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same experimental precision.
As far as theoretical uncertainties are concerned, the

main concern are non-local contributions due to inter-
mediate charm states. This subject has been widely dis-
cussed in the literature [33–44]. As a conservative choice,
we simply disregard the extraction of short-distance in-
formation on amplitudes which might receive such non-
local contributions. In practice, we treat the WC a↵ected
by potential non-local contributions as a SM nuisance pa-
rameter.

Summarizing, the approach we propose here to deter-
mine the statistical significance of NP in b ! s`+`� tran-
sitions is based on the following points:

• We consider the short-distance b ! s`+`� transi-
tion as a unique process constrained by di↵erent
decay channels.

• We describe NP e↵ects in b ! s`+`� transitions
using the most general e↵ective Lagrangian com-
patible with the hypothesis of an e↵ective local in-
teraction.

• We estimate the trial-factor via a MC simulation
of the di↵erent measurements assuming the SM hy-
pothesis and using the likelihood ratio as the test
statistic.

• We adopt a hyper-conservative attitude towards
theory uncertainties, particular in the case of non-
local charm contributions.

This method allows us to evaluate the probability
to observe the numerical coherence that we observe in
present data by chance. Only coherent deviations with
respect to the SM can give a large ��2. All possible
deviations in both the measurements and Wilson coe�-
cients are considered. Therefore, this method evaluates
the global significance of the b ! s`+`� anomalies for the
first time.

II. EFFECTIVE LAGRANGIAN AND
SELECTION OF THE OBSERVABLES

In the limit where we assume no new particles below
the electroweak scale, we can describe b ! s`+`� transi-
tions be means of an e↵ective Lagrangian containing only
light SM fields. The only di↵erence between SM and ef-
fective Lagrangians, renormalised at a scale µ ⇠ mb, is
the number of e↵ective operators, which can be larger in
the NP case. To describe all the relevant non-standard lo-
cal contributions, we add to the SM e↵ective Lagrangian

�L
b!s``
NP =

4GF
p
2

X

i

CiOi , (1)

where GF denotes the Fermi constant, and where the
index i indicates the following set of dimension-six oper-
ators (treated independently for ` = e and µ):

O
`
9 = (s̄L�µbL)(¯̀�

µ`) , O
`
10 = (s̄L�µbL)(¯̀�

µ�5`) ,

O
`0
9 = (s̄R�µbR)(¯̀�

µ`) , O
`0
10 = (s̄R�µbR)(¯̀�

µ�5`) ,

O
`
Ŝ
= (s̄LbR)(¯̀R`L) , O

`0
Ŝ
= (s̄RbL)(¯̀L`R) . (2)

As shown in [45], these operators are in one-to-one
correspondence with the independent combinations of
dimension-six operators involving b, s and lepton fields
in the complete basis of dimension-six operators invariant
under the SM gauge group.
We do not include in the list (2) the dipole op-

erators, O
(0)
7 because these does not describe a b !

s`+`� local interaction and, most importantly, because
they are well constrained by �(B ! Xs�) and �(B !

K⇤�).1 The four scalar operators in (2) leads to b !

s`+`� amplitudes which are helicity suppressed. We thus
restrict the attention to the single e↵ective combination
which contribute to the Bs ! µ+µ� helicity-suppressed
rate. Finally, in absence of stringent experimental con-
straints on CP-violating observables, we treat the NP
WC as real parameters.2 According to these general hy-
potheses, NP e↵ects in b ! s`+`� transitions are de-
scribed in full generality by nine real parameters. As far
as Ce,µ

9,10 are concerned, it is convenient to separate uni-
versal and non-universal corrections in the lepton flavor,
defining

Ce
i = CSM

i +�CU
i ,

Cµ
i = CSM

i +�CU
i +�Cµ

i .
(3)

Adopting a conservative attitude toward theory er-
rors, we restrict the attention to the following set of ob-
servables: the LFU ratios RK [2, 8, 11] and RK⇤ [5],
the branching ratio for the rare dilepton mode Bs !

µ+µ� [3, 6, 7] and the normalised angular distribution
in B ! K⇤µ+µ� decays [1, 4, 9, 10]. We ignore the in-
formation from total rates or dilepton spectra of various
exclusive decays since these observables su↵er of sizable
uncertainties from both hadronic form factors and non-
local charm contributions. Among the observables we
include, only the angular distribution in B ! K⇤µ+µ�

is potentially sensitive to non-local charm contributions;
however, these can a↵ect only the determination of the
lepton-universal term �CU

9 . As a result, we treat the
latter as SM nuisance parameter.
The set of nine parameters discussed above provides

an unbiased description of heavy NP contributions to
b ! s`+`� transitions. In order to evaluate the impact

1 As shown in [14], the knowledge of stringent experimental con-
strains on b ! s� dipole interactions was known before any of
the b ! s`+`� measurement we are going to analyse was per-
formed. It can therefore be considered an a priori knowledge
which should not be taken into account in the estimate of the
LEE.

2 This statement refers to the standard quark-phase convention,
where the WC are approximately real also in the SM. Imagi-
nary contributions to the WC would not interfere with the SM
amplitude and cannot induce large deviations from the SM in
CP-conserving observables.2
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and we consider NP e↵ects in the following set of dimension-6 operators,

O
(0)
7 =

mb

e
(s̄�µ⌫PR(L)b)F

µ⌫
, O

(0)
9 = (s̄�µPL(R)b)(¯̀�

µ
`) , O

(0)
10 = (s̄�µPL(R)b)(¯̀�

µ
�5`) . (2)

We ignore scalar or pseudoscalar operators, since they are numerically irrelevant for the B !
K

⇤
µ
+
µ
� decay. In models modifying O

(0)
7 , typically also the chromomagnetic penguin operator

O
(0)
8 is modified. However, since it enters the decays considered below only via operator mixing

with O
(0)
7 , its discussion is redundant. As in our previous studies, in our numerical analysis we

consider NP e↵ects to C
(0)
7 at a matching scale of 160GeV.

1.2. Observables

In general, the angular distribution of B ! K
⇤
µ
+
µ
� contains 24 observables [32], expressed

as angular coe�cients of a three-fold di↵erential decay distribution, that are functions of the
dilepton invariant mass squared q

2. However, setting the lepton mass to zero (which is jus-
tified at the current level of experimental precision) and neglecting e↵ects of the scalar and
pseudoscalar operators (which is well-motivated for B ! K

⇤
µ
+
µ
� due to the absence of large

enhancements in Bs ! µ
+
µ
�) one is left with 18 independent observables. A convenient basis

for these 18 observables, reducing theoretical uncertainties and separating CP-violating from
CP-conserving e↵ects was suggested in [32]. Instead of the angular coe�cients of the B and
B̄ decay, one considers their sum or di↵erence, normalized to the di↵erential decay rate,

Si =
�
Ii + Īi

��d(�+ �̄)

dq2
, Ai =

�
Ii � Īi

��d(�+ �̄)

dq2
. (3)

Binned observables, defined as ratios of q2 integrals of numerator and denominator, are denoted
as hSii[a,b] and hAii[a,b].
Only some of these angular observables are sensitive to new physics e↵ects in the operators

(2) though. In addition to the di↵erential decay rate – which is subject to sizable theory un-
certainties – there are mainly five CP-averaged angular observables and three CP-asymmetries
that can receive significant NP contributions. We list them in table 1 and compare them to
other conventions used in the literature. We also compare our conventions to the set of “opti-
mized” observables suggested in [16]. These observables correspond to the Si and Ai divided
by a function of the K

⇤ longitudinal polarization fraction FL(q2) and are constructed to re-
duce the dependence on hadronic form factors. In the last two columns, we list the Wilson
coe�cients that can lead to visible NP e↵ects in the observables in question. Here one has
to distinguish between the low q

2 region, q2 . 8GeV2, and the high-q2 region, q2 & 14GeV2.
The intermediate region is unreliable due to the presence of charmonium resonances.

2. Anatomy of new physics e↵ects and fit to the data

The methodology of our global analysis of constraints on Wilson coe�cients is based on our
two previous studies [8, 12] and described there in detail. Here we only list the changes in
the experimental input data and theoretical calculations with respect to [12]. On the theory
side, we use the recent lattice calculation of B ! K form factors at high q

2 by the HPQCD
collaboration [33, 34], which strongly reduces theoretical uncertainties. On the experimental
side, we now additionally include

3
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EFT in b → clν

E"ective Field Theory for b → clν

where  in the SM, and the relevant four-fermion operators areCi = 0

Di"erent LHCb analyses ongoing involving 

(mesons) e.g.   

(barions) e.g.   

Main challenge: experimental resolution (missing neutrino) 

unfolded by using a migration matrix

B → D*μν
Λ0

b → Λ+
c μν̄

Jung, Straub, JHEP 01 (2019) 009

Semileptonic decaysRare decays ( )b → s, dℓℓ

Integrate out everything above the 
b/c-hadron mass scale (WET).

D. Straub
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Broadly two reasons
Flavour observables are (usually) model independent - why fit WC?

Why directly fit WC?

4

Rare decays: Exploit full information Semileptonics: Avoid unfolding of observables 

Today: go through these routes and point out high-pT connections.

Observables binned in kinematic regions (e.g. q2). 


Fitting WC allows to perform unbinned fits:


Gain information lost in the integration.


Allows to fit hadronic model directly in data.

Figure 5: Predictions of the observables P 0
5, AFB, S7 and FL in the SM using the expected

post-fit precision of the non-local parameters �Ctotal
9 � at the end of Run2 of the LHC. A

sample of O(106) simulated B0
! K⇤0µ+µ� decays that include contributions from both

short-distance and non-local components, is used to determine the parameters of �Ctotal
9 � .

The decays are simulated in the SM, with the parameters ✓0j , ⇣� and !� set to zero. The
68% confidence intervals are shown for the statistical uncertainty (cyan band) and the
combination of the statistical uncertainty with the B ! K⇤ form-factor uncertainties
(magenta band) given in Ref. [15].

fit. The B ! K⇤ form factor parameters however are fixed to their central values given in
Ref. [15]. The resulting covariance matrix is used to ascertain the statistical precision on
�Ctotal

9 � . Based on the assessment of the systematic uncertainties in Ref. [20], the dominant
source of experimental uncertainty is expected to be statistical in nature. However,
the presence of tetra-quark states appearing in B0

! K�⇡+J/ and B0
! K�⇡+ (2S)

decays [30,56] will impact the determination of the non-local parameters. Although the
e↵ect is expected to be small, an accurate assessment of the e↵ect is beyond the scope of
this study.

The statistical precision on the angular observables is estimated by generating values
for the non-local parameters of �Ctotal

9 � , according to a multivariate Gaussian distribution
centred at the values used to simulate the B0

! K⇤0µ+µ� decays, with a covariance matrix
obtained from the resulting fit to the simulated data. These values are then propagated
to the angular observables in order to obtain their 68% confidence interval as a function
of q2. Figure 5 shows the statistical precision to P 0

5, AFB, S7 and FL in the SM, where
the non-local parameters are given by Table 1 with ✓0j = 0. The equivalent plots for the
remaining CP-averaged observables can be found in Appendix C.

By the end of Run2 of the LHC, the dominant theoretical uncertainty of the angular
observables in the q2 region 5 < q2 < 14 GeV2/c4, will be due to the knowledge of the
B ! K⇤ form-factors, rather than the non-local components. Future runs of the LHC

12

Observables *not* model dependent in some 
cases (semitauonic decays)

Fitting for WC in this case improves interpretability.

Signal (red) kinematics fixed to SM.

q2  here suffers from considerable resolution

q2  reco ~ q2 true

 arXiv:2305.0146 

Figure 3: Distributions of the angular observables P 0
5, AFB S7, and FL as a function of

q2 for regions below (left) and above (right) the open charm threshold (cyan). Specific
choices are highlighted for ✓0j = 0 (hatched band) and ✓0j = ⇡ (dark band). The measured
values of the observables from Ref. [49] are also shown (black points). The theoretical
predictions (magenta band) using flavio [48] are shown for comparison.

in the SM. The observable S7 exhibits a particularly large dependence on the strong
phases, demonstrating that measurements of the angular distribution of B0

! K⇤0µ+µ�

decays can be used to determine the phases of the hadronic resonances. Therefore, this
observable can be used to separate short-distance from the non-local contributions, as only
the non-local part has a strong-phase di↵erence. The remaining CP -averaged observables
can be found in Appendix B. Definitions of these observables can be found for instance in
Ref. [47]. As the phase ✓0j of all the resonant final states appearing in Table 1 are unknown,
all possible variations of phases ✓0j are considered. The uncertainties arising from the
combined light-cone sum rules and lattice QCD calculations of B ! K⇤ form factors are
accounted for using the covariance matrix provided in Ref. [15]. The predictions of these
observables using flavio [48] are also shown for comparison. The lack of knowledge of
the phase ✓0j results in a large uncertainty for the prediction of P 0

5, diluting the sensitivity
of this observable to the e↵ects of physics beyond the SM. However, for the choice of ✓0j
that results in a non-local charm contribution that is compatible with the latest prediction
presented in Ref. [21] and is shown in Fig. 2), the tension of the prediction with the
measured value of P 0

5 cannot be explained solely through hadronic e↵ects.

9

Eur. Phys. J. C (2018) 78: 453

https://arxiv.org/abs/2305.01463
https://arxiv.org/abs/1709.03921
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 decaysb → (s, d)ℓℓ

5

Rare  decays are fully reconstructed.b → (s, d)ℓℓ

Patrick Owen

b s,d

`
+

`
�

W
�

u,c,t

Z,�

b c,u

`
�

⌫`

W
�

Figure 1: Feynman diagrams showing the two types of semileptonic b-hadron decays discussed in this
thesis.

search for O(1 � 10) TeV scale NP that remains the most likely possibility for new physics to hide.
The Large Hadron Collider (LHC) is a great place to study beauty quarks due to their copious

production rate at high centre of mass energy. The cross-section for bb̄ pairs at the LHC is 500
µb [3]. This is five orders of magnitude larger than Y (4S) production cross-section at the B-factories,
which offsets the larger integrated luminosity at the B-factories and the difficult hadronic environment
for studying B physics. In order to fully exploit this large bb yield, the LHCb experiment [4] was
constructed which is specifically designed towards the study of hadrons containing beauty and charm
quarks.

The search for new physics in beauty quarks proceeds by comparing the behaviour of beauty decays
measured experimentally to predictions based on the SM. This comparison is then used to infer the
presence (or lack of) new physics contributing to the decay behaviour. Of the main complications
in this comparison is the uncertainties which arise from contributions from QCD interactions in the
decay. These complications are made tractable by focusing on b quark decays with leptons in the final
state, so-called semileptonic decays. We shall see throughout, however, that the challenge of dealing
with theoretical uncertainties remains, even in semileptonic decays.

1.1 Theoretical description of semileptonic beauty quark decays

There are two types of semileptonic decay which are discussed in this habilitation, for which the
feynman diagrams are shown in Fig. 1. One type is flavour-changing-neutral-current b ! s`

+
`
� decays,

which are suppressed in the SM as they cannot proceed via tree-level diagrams. Such suppression means
that relatively heavy new physics contributions can compete with the SM decay amplitude resulting
in a mass scale sensitivity of around O(10) TeV [5]. The other type are charged-current semileptonic
decays of the form b ! c(u)`�

⌫`. The SM amplitude for these decays is much larger, meaning that
new physics sensitivity is of the order of O(1) TeV.

The interactions at the electroweak scale that mediate b-quark decays are at significantly higher
scale than the b-hadron and QCD scale. One can therefore construct an effective field theory, known
as the weak effective theory (WET), whereby everything heavier than the b-quark scale is integrated
out. This results in b decays represented as four fermion operators, similarly to Fermi’s theory of weak
decays. Feynman diagrams showing this approximation is shown in Fig. 2.

The effective Lagrangian in WET for b-hadron decays is given by

Le↵ =
4GF
p

2
�kl

X

i

CiOi + h.c. , (2)

where GF is the Fermi constant, Ci are the Wilson coefficients associated with the operators, Oi and
�kl is the CKM suppression in the SM, which is Vxb, x = u, c for charged current decays and VtbVts for
neutral current decays. The parameters of interest are the Wilson coefficients, which encode the short
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b

s,d

`
+

`
�

b

c,u

`
�

⌫`

Figure 2: Diagrams showing the four-quark interactions which are considered under weak effective
theory in this thesis.

distance interaction coupling strengths and can be modified by new physics.
For b ! s`

+
`
� decays, the relevant operators are

O7 =
mb

e
(s̄�µ⌫PRb)Fµ⌫

O
`
9 = (s̄�µPLb)(¯̀�µ

`)

O
`
10 = (s̄�µPLb)(¯̀�µ

�5`)

O
`
Ŝ

= (s̄PRb)(¯̀̀ )

O
0
7 =

mb

e
(s̄�µ⌫PLb)Fµ⌫

O
`0
9 = (s̄�µPRb)(¯̀�µ

`)

O
`0
10 = (s̄�µPRb)(¯̀�µ

�5`)

O
`0
Ŝ

= (s̄PLb)(¯̀̀ )

where mb is the mass of the beauty quark and PL,R = (1 ⌥ �5)/2. The right-handed O
0 and scalar OS

operators are negligible in the SM. The superscript ` denotes the flavour of the outgoing leptons, for
which is irrelevant in the SM but indicates the possibility for lepton universality violating new physics.
The exception of this are the operators O

(0)
7 , which are lepton universal in any scenario as they represent

the photon contribution. There are also tensor and pseudo-scalar operators possible. However, if one
assumes a mass scale of new physics above the electroweak scale, tensor operators can be absorbed into
a single scalar operator per lepton flavour [6]. The dominant contribution to the SM decay amplitude
originates from the operators O

`
9 and O

`
10. An interesting aspect this system is that the value of the

corresponding Wilson coefficients is that C9 ⇠ �C10, which means that the SM contribution is also
dominantly left-handed to both quarks and leptons. For this reason, the combinations CL = C9 � C10

and CR = C9 + C10 are often used and is arguably a more natural basis [7].
The relevant operators for charged current decays are

O
`
VL

= (c̄�µ
PLb) (¯̀�µPL⌫`) , (3)

O
`
VR

= (c̄�µ
PRb) (¯̀L�µPL⌫`) , (4)

O
`
SL

= (c̄PLb) (¯̀PL⌫`) , (5)

O
`
SR

= (c̄PRb) (¯̀PL⌫`) , (6)

O
`
TL

= (c̄�µ⌫
PLb) (¯̀R�µ⌫PL⌫`) . (7)

which look rather similar to those from b ! s`
+
`
� decays. The main difference is due to the definite

chirality of the neutrino, which is commonly assumed even in the presence of new physics. The only
non-vanishing contribution in the SM is O

`
VL

, where Wilson coefficients for the others are only non-zero
in beyond SM models.

To predict anything about the way b-hadrons decay, one must perform QCD calculations. Even the
decay B

+
! ⌧

+
⌫̄⌧ requires a QCD calculation to determine the probability that the quarks in the B

+

meson annihilate. The dynamics of b-hadron decays include QCD interactions at the b-quark mass
scale, where an operator product expansion can be performed but also at the QCD scale, where non-
perturbative methods are needed. This means that the associated calculations are complicated and
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deviations in both the measurements and Wilson coe�-
cients are considered. Therefore, this method evaluates
the global significance of the b ! s`+`� anomalies for the
first time.

II. EFFECTIVE LAGRANGIAN AND
SELECTION OF THE OBSERVABLES

In the limit where we assume no new particles below
the electroweak scale, we can describe b ! s`+`� transi-
tions be means of an e↵ective Lagrangian containing only
light SM fields. The only di↵erence between SM and ef-
fective Lagrangians, renormalised at a scale µ ⇠ mb, is
the number of e↵ective operators, which can be larger in
the NP case. To describe all the relevant non-standard lo-
cal contributions, we add to the SM e↵ective Lagrangian

�L
b!s``
NP =

4GF
p
2

X

i

CiOi , (1)

where GF denotes the Fermi constant, and where the
index i indicates the following set of dimension-six oper-
ators (treated independently for ` = e and µ):

O
`
9 = (s̄L�µbL)(¯̀�

µ`) , O
`
10 = (s̄L�µbL)(¯̀�

µ�5`) ,

O
`0
9 = (s̄R�µbR)(¯̀�

µ`) , O
`0
10 = (s̄R�µbR)(¯̀�

µ�5`) ,

O
`
Ŝ
= (s̄LbR)(¯̀R`L) , O

`0
Ŝ
= (s̄RbL)(¯̀L`R) . (2)

As shown in [45], these operators are in one-to-one
correspondence with the independent combinations of
dimension-six operators involving b, s and lepton fields
in the complete basis of dimension-six operators invariant
under the SM gauge group.
We do not include in the list (2) the dipole op-

erators, O
(0)
7 because these does not describe a b !

s`+`� local interaction and, most importantly, because
they are well constrained by �(B ! Xs�) and �(B !

K⇤�).1 The four scalar operators in (2) leads to b !

s`+`� amplitudes which are helicity suppressed. We thus
restrict the attention to the single e↵ective combination
which contribute to the Bs ! µ+µ� helicity-suppressed
rate. Finally, in absence of stringent experimental con-
straints on CP-violating observables, we treat the NP
WC as real parameters.2 According to these general hy-
potheses, NP e↵ects in b ! s`+`� transitions are de-
scribed in full generality by nine real parameters. As far
as Ce,µ

9,10 are concerned, it is convenient to separate uni-
versal and non-universal corrections in the lepton flavor,
defining

Ce
i = CSM

i +�CU
i ,

Cµ
i = CSM

i +�CU
i +�Cµ

i .
(3)

Adopting a conservative attitude toward theory er-
rors, we restrict the attention to the following set of ob-
servables: the LFU ratios RK [2, 8, 11] and RK⇤ [5],
the branching ratio for the rare dilepton mode Bs !

µ+µ� [3, 6, 7] and the normalised angular distribution
in B ! K⇤µ+µ� decays [1, 4, 9, 10]. We ignore the in-
formation from total rates or dilepton spectra of various
exclusive decays since these observables su↵er of sizable
uncertainties from both hadronic form factors and non-
local charm contributions. Among the observables we
include, only the angular distribution in B ! K⇤µ+µ�

is potentially sensitive to non-local charm contributions;
however, these can a↵ect only the determination of the
lepton-universal term �CU

9 . As a result, we treat the
latter as SM nuisance parameter.
The set of nine parameters discussed above provides

an unbiased description of heavy NP contributions to
b ! s`+`� transitions. In order to evaluate the impact

1 As shown in [14], the knowledge of stringent experimental con-
strains on b ! s� dipole interactions was known before any of
the b ! s`+`� measurement we are going to analyse was per-
formed. It can therefore be considered an a priori knowledge
which should not be taken into account in the estimate of the
LEE.

2 This statement refers to the standard quark-phase convention,
where the WC are approximately real also in the SM. Imagi-
nary contributions to the WC would not interfere with the SM
amplitude and cannot induce large deviations from the SM in
CP-conserving observables.

SM WET

Main SM operators

Long-distance contributions absorbed into the WC C9.

Patrick Owen

b c

s

c

`
�

`
+

W
�

�

Figure 5: Feynman diagram showing the cc̄ contribution to b ! s`
�
`
+ decays.

]4c/2 [GeV2q
5 10 15 20

ψ
J/ 9

C

4−

2−

0

2

4

6

8

10

phase = 0

/2πphase = 

πphase = 

Figure 6: Caption

One possible manifestations of the charm-loop contribution is the interference of the rare decay with
the most prominent cc̄ resonances, the J/ and  (2S) mesons. These contributions can be modelled
with Breit-Wigner functions, with an unknown strong phase of the resonance contributions with respect
to the rare mode. Depending on the value of this phase, there could be a strong interference effect even
far away from the resonance regions, as shown in Fig. 6. The huge size of these resonance contributions
compensates for their narrow width.

Despite that the size of the J/ contribution is known well from the branching fraction, there is
a large uncertainty due to the unknown value of the strong phase difference between the J/ decay
and rare electroweak penguin signal mode. The most obvious channel to study in this regard is the
decay B

0
! K

⇤0
µ

+
µ

� as this is where the discrepancy arises. However, the helicity structure of
this decay makes such a measurement very complicated. The B

+
! K

+
µ

+
µ

� decay on the other
hand, in the absence of some rather exotic new physics, only requires a fit to q

2 as the only relevant
kinematic variable. In addition, the branching fraction of B

+
! K

+
µ

+
µ

� was found to be significantly
lower than theoretical predictions, and performing a fit to the q

2 distribution allows to improve form
factor calculations as well as testing whether the interference with cc̄ resonances can also explain the
branching fraction deficit.

The main challenge in determining these phase differences is to deal with the experimental resolution
of q

2. The narrowness of the J/ and  (2S) resonance widths of O(100)KeV is 50 times smaller than
the typical detector resolution, meaning that control of it even at the very tails of the distribution is
paramount. This is dealt with in two ways. Firstly, when calculating the value of q

2, the K
+
µ

+
µ

�

invariant mass is constrained to the known B
+ mass. This improves the resolution by a around a factor

three and additionally makes the resolution function much more symmetric. The second aspect is to
vary the resolution parameters in the fit to the data. This is done by convolving the physics model
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Patrick Owen LHCP 2023

Direct fit to q2 (and C9,10)

6

Previously were comparing binned dBF/dq2 measurements to theory.

Fitting unbinned: Gain access to crucial region which determines key hadronic 
nuisance parameters.

Measurement not without controversy due to model 
dependence - updates ongoing with full run II data using 
improved models.
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Figure 2: Di↵erential branching fraction results for the B+
! K+µ+µ�, B0

! K0µ+µ� and
B+

! K⇤+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ! Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+
! K⇤+µ+µ� it is 15� 19GeV2/c4.

Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+
! K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0
! K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+
! K⇤+µ+µ� 15.8 +3.2

�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.
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Figure 7: Caption

via a fast-fourier transform, which is although is computationally fast, assumes that the resolution is
constant as a function of q

2. This means that the fit has to be divided into three regions in order to
be performed.

An illustration of the sensitivity of the data to these phases is shown in Fig. 7, which is from
Ref. [29]. Here the lineshape expected with the phase difference fixed to alternate values to that which
is floated in the fit. The data clearly prefer a phase of ⇡/2, which corresponds to a small amount
of interference outside the resonant region. The sensitivity to this phase is dominated in the region
⇠ 200 MeV/c

2 from the peak, which is where the Breit-Wigner approximation of the resonances to
expected to hold. The other interesting aspect is that the branching fraction in this model is around
3� below the SM prediction, meaning that either there is a missing hadronic component in the model,
a problem with the form factor calculations, or a destructive interference effect from new physics. Since
then, the form factors have been updated [30] agreeing with those used before by FNAL [31] despite the
increased precision and providing confidence that the form factors are not blame for the discrepancy
seen.

While the lack of interference outside the resonant region is interesting, it does not address the
discrepancy in the B

0
! K

⇤0
µ

+
µ

� angular analysis, as in that decay the strong phases could have
different values. Performing a similar analysis with the decay B

0
! K

⇤0
µ

+
µ

� would directly connect
the J/ interference with the angular analysis anomaly. As a first step in this endeavour, in Ref [24]
the B

0
! K

⇤0
µ

+
µ

� decay amplitude is built using the known branching fractions and angular analyses
of the decays B

0
! J/ K

⇤0 and B
0

!  (2S)K⇤0. This allows to determine the possible effect from
these resonances on angular observables such as P

0
5. The results show that the J/ interference could

potentially explain about 50% of the discrepancy between the measurements and the predictions, which
shows how important it is to measure these phases in the experiment.

Another interesting conclusion from Ref. [24], is that the potential for CP violation is greatly
enhanced due to the presence of another decay amplitude with a strong phase difference. This potential
manifests itself in non-zero asymmetries such as A3 [32] near the resonance region. Measurements of
these asymmetries imply excellent sensitivity to the imaginary part of the Wilson Coefficients in an
amplitude fit where the B

0 and B̄0 are separated, which is currently under progress in the experiment.
In addition, the impact of the hadronic resonance contributions on lepton universality ratios was also
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Binned method JHEP 06 (2014) 133
 Unbinned method 	EUR. PHYS. J. C77 (2017) 161


This remains LHCb’s only direct WC fit so-far, 
many more are coming soon.


EUR. PHYS. J. C77 (2017) 161


https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1140/epjc/s10052-017-4703-2
https://doi.org/10.1140/epjc/s10052-017-4703-2
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High pT connection

7

Measurements sensitive to particles up to O(1-10TeV) scale (e.g. Z’, leptoquark).

E.g. can manifest as di-lepton mass resonance. 

A. Smolkovic: CI from high-mass Drell-Yan tails 3

Drell-Yan vs B-decays
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A. Smolkovic: CI from high-mass Drell-Yan tails 6

sensitive to five quark flavours EFT enhanced at high energies

Implementation of Drell-Yan

101 102 103

mµµ [GeV]

10°4

10°2

100

102

æ
(p

p
!

µ
µ
)

[p
b]

flavio

[C(1)
lq ]2223 = 1

SM

σqq̄
part ∼

qi

qj

ℓ

ℓ

qi

qj

ℓ

ℓ

+

2

102 103

m`` [GeV]

10°7

10°5

10°3

10°1

101

103

L q
q̄

ūu
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Thorough validations against Monte Carlo simulations using Madgraph

• Partonic cross-sections including all Lorentz structures, chiralities

• Implementation of PDFs in flavio (NNPDF 4.0), convolution of  with luminosity 

functions
σpart

γ/Z /W

Λ = 1TeV

Example for , complementarity of fields visible on constraints available in 
SMEFT operators.

b → dℓℓ

Greljo, Salko, Smolkovic, Stangl
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Figure 10: [C(1)
lq ](l)� = ±[C(1)

lq ](l)
YuY †

u
versus [C(3)

lq ](l)� = ±[C(3)
lq ](l)

YuY †
u

for lepton flavor universal
case l = ` in Eq. (5.2). See discussion in Sec. 5.2.

themselves, all of which are incompatible at the 1� level with high-mass Drell-Yan tails,
which dominate the global fit. A compatible combined fit between low-energy and high-
energy data can be obtained by assuming a negative sign between the flavor-violating and
flavor-conserving coefficients, as demonstrated in the second row of Fig. 10. In the zoomed-
in plot, we do not show the rest of the low energy constraints, which are consistent with
the whole regions shown in the plot. A combined fit to b ! s`` and high-mass Drell-Yan
data can be performed, showing a tension with the SM at the level of 2 � 3 �.

Finally, in Fig. 11 we show the results for the scalar operator Qledq, with the flavor
decomposition defined in Eqs. (5.4) and (5.5). The leading term is now flavor-diagonal
but not universal, with the largest coupling for the 33 quark flavors. This makes the NC
high-mass DY bound much stronger than the one coming from CC high-mass DY, as the
leading constraint will come from the 22 quark flavor combination. In fact, the NC high-
mass DY constraint is the leading constraint in the flavor conserving [Cledq]

(l)

Y †
d

direction.

– 31 –

For more details see A. Smolkovic 
talk at the LHC EFT meeting

https://arxiv.org/abs/2212.10497
https://indico.cern.ch/event/1214009/contributions/5106548/attachments/2551224/4394893/drell_yan.pdf
https://indico.cern.ch/event/1214009/contributions/5106548/attachments/2551224/4394893/drell_yan.pdf


R(D(*)) measurements 

• Determined from a 3D fit.


• Signal assumed to be SM-like when 
extracting R(D*).


• Inconsistent!

8

R(D(⇤)) =
B(B ! D(⇤)⌧⌫)

B(B ! D(⇤)`⌫)

11

FIG. 5. The measured values of R(D∗) for (left) the type-II 2HDM and (right) R2-type leptoquark models, where central
values are given as the solid (red) curves and the 1σ uncertainties are given as the shaded (yellow) regions. The theoretical
predictions and their 1σ uncertainties are shown as solid (blue) curves and hatched (light blue) regions, respectively [21].

FIG. 6. Background-subtracted momentum distributions of D∗ (top) and " (bottom) in the region of ONB > 0.8 and EECL < 0.5
GeV for (left) the SM, (center) the type-II 2HDM with tanβ/mH+ = 0.7 GeV−1, and (right) R2-type leptoquark model with
CT = +0.36. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The
expected distributions are normalized to the number of detected events.
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CT=0.36SM
Belle, arXiv:1607.07923

• E.g: effect of Tensor 
operator on D* momentum 
distribution.

 arXiv:2305.0146 

• Less of an issue at B-
factories due to kinematic 
tagging.

For latest status see 

R. Mohammed’s talk 

on Thursday

https://arxiv.org/abs/2305.01463


How to deal with this
• Unfolding and background subtraction out of the question.


• One possible way is the HAMMER (Helicity Amplitude Module for Matrix 
Element Reweighting) tool: 


• Allows for faster reweighting of templates.

9

• Have interfaced this with RooFit [2022 
JINST 17 T04006] in order to get it 
integrated into our analyses.


• For next round mainly using for 
systematics, then we move onto WC 
fitting.

• The idea is to directly fit Wilson Coefficients and provide likelihood surface. 
(Still vulnerable to QCD updates).

HAMMER website
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Fig. 1 The ratios of di↵erential distributions with respect to the
SM, as functions of |~p⇤
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miss, for various Wilson coe�cient
working points. For more details see text.
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Fig. 2 The B ! D ⌧ ⌫̄ (top) and B ! D⇤⌧ ⌫̄ (bottom) distri-
butions in |~p⇤

`
| and m2

miss in the Asimov data set. The number
of events correspond to an estimated number of reconstructed
events at Belle II with 5 ab�1.

e.g., Refs. [27–39]). As mentioned above, the standard
practice has been to fit NP predictions to the world-
average values of R(D(⇤)) (and other data) to deter-
mine confidence levels for allowed and excluded NP
couplings. However, because the R(D(⇤)) measurements
use SM-based templates, and because the presence of
NP operators can strongly alter acceptances and kine-

matic distributions, such analyses can lead to incorrect
best-fit values or exclusions of NP Wilson coe�cients.

To illustrate such a bias, we fit SM MC templates to
NP Asimov data sets, that are generated with Hammer

for three di↵erent NP ‘truth’ benchmark points: the
2HDM Type II with SqRlL = �2, corresponding to
tan�/mH+ ' 0.5GeV�1; the same with SqRlL = 0.75i;
and the R2 leptoquark model with SqLlL = 8TqLlL =
0.25+0.25 i. (These models and couplings are for illus-
tration; our goal here is only to demonstrate the type
of biases that may plausibly be presumed to occur.) We
replicate the fit of all existing measurements, allowing
the normalizations of the D and D

⇤ modes (and the
light leptonic final states) to float independently, with-
out imposing e.g. their predicted SM relationship. This
fit leads to a best-fit ellipse in the R(D) –R(D⇤) plane.

In Fig. 3 we show the recovered values, R(D(⇤))rec,
obtained from this procedure, and compare them to
the actual predictions of the given NP truth bench-
mark point, R(D(⇤))th. For ease of comparison, we nor-
malize the R(D(⇤)) values against the SM predictions
for R(D(⇤))SM. The resulting recovered best fit ratios,
defining R̂(D(⇤)) = R(D(⇤))/R(D(⇤))SM

2HDM (�2): R̂(D)rec = 1.35(7) , R̂(D)th = 1.66

R̂(D⇤)rec = 0.96(2) , R̂(D⇤)th = 0.92

2HDM (0.75i): R̂(D)rec = 1.24(7) , R̂(D)th = 1.48

R̂(D⇤)rec = 1.01(2) , R̂(D⇤)th = 1.02

R2: R̂(D)rec = 1.24(7) , R̂(D)th = 1.48

R̂(D⇤)rec = 0.92(2) , R̂(D⇤)th = 0.85 .

For two NP models, the recovered ratios from fitting
the Asimov data set exclude the truth R(D(⇤))th val-
ues at & 4�, and the other at 3�. The recovered ratios
show deviations from the SM comparable in size (but
in some cases a di↵erent direction) to the current world
average R(D(⇤)), and much smaller than the deviations
expected from the truth R(D(⇤))th values. This illus-
trates the sizable bias in the measured R(D(⇤)) values
that may be presumed to ensue from carrying out fits
with an SM template, if NP actually contributes to the
measurements. We emphasize that the degree to which
a particular NP model is actually a↵ected by this type
of bias – including the size and direction of the bias
– may be sensitive to the details of the experimental
framework and is therefore a question that can only be
answered within each experimental analysis.

We also show in Fig. 3 the equivalent bias aris-
ing from a näıve fit of the R(D(⇤)) NP prediction
that attempts to recover the complex Wilson coef-
ficient. This is done by parametrizing R(D(⇤))th =
R(D(⇤))[cXY ], and fitting this expression to the re-

Bernlochner, F.U., Duell, S., Ligeti, Z. et al.

See talk by D. Robinson at 

LHC-EFT meeting

https://arxiv.org/abs/2007.12605
https://arxiv.org/abs/2007.12605
http://hammer.physics.lbl.gov/
http://doi.org/10.22323/1.282.1074
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
https://indico.cern.ch/event/1274528/contributions/5352619/attachments/2633665/4556668/bc_theory.pdf
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High pT connection
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Measurements sensitive to particles up to O(1TeV) scale (e.g. W’, leptoquark).

Can manifest as di-lepton enhancement (can be non-resonant). 

LHC EFT WG Meeting: EFT interpretation of  and connections with high-  tailsb → c τ ν pTFelix Wilsch

Flavor in Drell-Yan

• Hadronic cross-section:               


-  parton luminosities / PDFs    all quark flavors contribute (except for top)


-  partonic cross section    energy enhanced in EFT    


• -tails particularly relevant for models with large 3rd generation couplings

σhad(pp → ℓαℓβ) = Lij ⊗ [ ̂σ]αβ
ij

Lij →

[ ̂σ]αβ
ij → [ ̂σ]αβ

ij ∝ ̂s
Λ4 C 2

τ

5

Angelescu, Faroughy, Sumensari [2002.05684]

100 200 300 400 500 600
10-6
10-5
10-4
0.001
0.010
0.100

1

HighPT

Faroughy, Greljo, Kamenik [1609.07138]

 see also the talks by Aleks and Arne→

LHC EFT WG Meeting: EFT interpretation of  and connections with high-  tailsb → c τ ν pTFelix Wilsch

 Leptoquark modelU1

13

L. Allwicher, D.A. Faroughy,  
F. Jaffredo, O. Sumensari,  
FW [2207.10714]

• Consider couplings to left-handed fields only  and 


• Relevant processes:      ,  ,  … (+ c.c.)

qL
3,2 ℓL

3

bb̄ → τ+τ− bs̄ → τ+τ− bc̄ → τ−ν̄

SMEFT fit
HighPT SMEFT mode

EW: 

Flavor:  and 

W → τν
RD RD*

[C(1)
lq ]αβij = [C(3)

lq ]αβij = − 1
2 [xL

1 ]iβ[xL
1 ]*jα

SMEFT

L. Allwicher, D.A. Faroughy,  
 F. Jaffredo, O. Sumensari,  
 F. Wilsch 

LHC EFT WG Meeting: EFT interpretation of  and connections with high-  tailsb → c τ ν pTFelix Wilsch

New Physics in  transitions?b → c τ ν

4

RD(*) =
ℬ (B → D(*)τν)
ℬ (B → D(*)ℓν)

Cαβ
ij

ℓα

ℓβ

qi

qj

qi qj

M M′ 

ℓβℓα

Cαβ
ij

low-energy high-energy

E
TeV

mW

mb

pp → ℓ̄α ℓβ

M → ℓ̄α ℓβ

M → M′ ℓ̄α ℓβ

NP?

p

p

ℓβ

ℓα

Cαβ
ij

qi

qj

Probing semileptonic operators at different scales:

https://indico.cern.ch/event/1187939/

World average:


• 


• 


•

RD = 0.358 ± 0.025 ± 0.012
RD* = 0.285 ± 0.010 ± 0.008
RΛb

= 0.242 ± 0.076

SM prediction:


• 


• 


•

RSM
D = 0.298 ± 0.004

RSM
D* = 0.254 ± 0.005

RSM
Λb

= 0.333(13)

Hints for NP in  transitions:b → c τ ν

 see talk by Gregory→ See F. Wilsch’s talk at 

LHC EFT meeting

https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf
https://indico.cern.ch/event/1214009/contributions/5106551/attachments/2550963/4394301/Wilsch_LHC-EFT-WG.pdf


Mixing constraints
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• Mostly focussed on Δ(F)=1 processes as more motivation to fit WC.

• However, in general Δ(F)=2 constraints probe higher scales.

• Some operators completely dominated by mixing constraints .

• Also see complementarity of mixing constraints between up and down 
sectors.

Aebischer, Bobeth, Buras, Kumar

See also Silverstrini, Valli

Probing High Scales using Meson mixing

Values of  for which , given Λ Σ = 10 % c(1)
qq = 10.

c(1)
qq

Λ2 (q̄iγμqj)(q̄kγμql)
qi = (

V†
ijui

L

di
L )

Warsaw-down basis

18

Probing High Scales using Meson mixing

Values of  for which , given Λ Σ = 10 % c(1)
qq = 10.

c(1)
qq

Λ2 (q̄iγμqj)(q̄kγμql)
qi = (

V†
ijui

L

di
L )

Warsaw-down basis

18

Aebischer, Bobeth, Buras, Kumar
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• Heavy flavour physics been parameterised in WET for a long time.


• Starting to get into direct fits of WC.


• Exploit full information and determine theory nuisances.


• Relax assumptions in fits with missing energy.


• Complementary to high pT but there are a few connections to direct 
searches.


• Reinterpetrability takes non-trivial work to preserve.

Summary
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