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PHYSICS BRIEFING BOOK
INPUT FOR THE EUROPEAN STRATEGY FOR PARTICLE PHYSICS 

UPDATE 2020
• Just came out 2 weeks ago

• LHCb is often mentioned

• We learn that

• The LHCb Upgrade II, combined with the enhanced B-physics capabilities of ATLAS and CMS 
Phase II upgrades, will enable a wide range of flavour observables to be determined at HL- LHC 
with unprecedented precision, complementing and extending the reach of Belle II, and of the high 
transverse-momentum physics programme.

• And yet 

• In the mid-term planning in Europe, much can be gained from the Upgrade II of the LHCb 
experiment for the HL-LHC, that is still pending approval, in addition to the hope that the pending 
question of lepton number universality will be fully resolved.

• Pending approval; resolve LUV. uh?

• I am not sure who writes this stuff, but it is priceless:

• The search for flavour and CP violation in the quark and lepton sectors at different energy 
frontiers has a great potential to lead to new physics at moderate cost and therefore flavour physics 
should remain at the forefront of the European Strategy.

•



• 4 Streams:
• Mixing and CP violation in Beauty and Charm 
• Semileptonic decays, rare decays, and tests of lepton flavour universality
• Electroweak physics, heavy flavour production, implications for (n)PDFs, heavy ions, 

and exotica searches
• QCD spectroscopy and exotic hadrons 

• Physics Briefing Book
• EW chapter : no mention of LHCb 
• QCD chapter :

• Heavy ion program (several times)
• PDFs (once)
• X(3842) (once, in lattice QCD context)

IMPLICATIONS OF LHCB MEASUREMENTS 
AND FUTURE PROSPECTS

You will excuse me for going along with tha-book, I will concentrate on flavor
(only a couple of slides on XYZ)



A mature field now
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incredibble precision, eg

Pc(4450)+      "=    4450±2±  3 "#$
                     &=         39±5±19 "#$  
                   '.'.=       4.1±0.5±1.1 % 
Pc(4380)+     "=     4380±   8±29 "#$
                     &=         205±18±86 "#$  
                   '.'.=       8.4±0.7±4.2 %

[Tomasz Skwarnicki, Exotic Hadrons, Shnaghai 2019]2015:
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Figure 5: Fits to the mJ/ p distributions of the (top row) inclusive, (middle row) mKp > 1.9GeV,
and (bottom row) cos ✓Pc-weighted samples with three incoherently summed BW amplitudes
representing the narrow P+

c signals on top of a (left column) high-order polynomial function
or (right column) lower-order polynomial plus a broad P+

c state represented by a fourth BW
amplitude.

A number of additional fits are performed when evaluating the systematic uncertainties.
The nominal fits assume S-wave (no angular momentum) production and decay. Including
P-wave factors in the BW amplitudes has negligible e↵ect on the results. In addition
to the nominal fits with three narrow peaks in the 4.22 < mJ/ p < 4.57GeV region, fits
including only the Pc(4312)+ are performed in the narrow 4.22–4.44GeV range. Fits are
also performed using a data sample selected with an alternative approach, where no BDT
is used resulting in about twice as much background.

The total systematic uncertainties assigned on the mass and width of each narrow P+
c

6

Table 1: Summary of P+
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV ] � [MeV ] (95% CL) R [%]

Pc(4312)+ 4311.9± 0.7+6.8
�0.6 9.8± 2.7+ 3.7

� 4.5 (< 27) 0.30± 0.07+0.34
�0.09

Pc(4440)+ 4440.3± 1.3+4.1
�4.7 20.6± 4.9+ 8.7

�10.1 (< 49) 1.11± 0.33+0.22
�0.10

Pc(4457)+ 4457.3± 0.6+4.1
�1.7 6.4± 2.0+ 5.7

� 1.9 (< 20) 0.53± 0.16+0.15
�0.13

state are taken to be the largest deviations observed among all fits. These include the fits
to all three versions of the mJ/ p distribution, each configuration of the P+

c interference,
all variations of the background model, and each of the additional fits just described. The
masses, widths, and the relative contributions (R values) of the three narrow P+

c states,
including all systematic uncertainties, are given in Table 1.

To obtain estimates of the relative contributions of the P+
c states, the ⇤0

b candidates
are weighted by the inverse of the reconstruction e�ciency, which is parametrized in
all six dimensions of the ⇤0

b decay phase-space (Eq. (68) in the Supplemental Material
to Ref. [26]). The e�ciency-weighted mJ/ p distribution, without the mKp > 1.9GeV
requirement, is fit to determine the P+

c contributions, which are then divided by the
e�ciency-corrected and background-subtracted ⇤0

b yields. This method makes the re-
sults independent of the unknown quantum numbers and helicity structure of the P+

c

production and decay. Unfortunately, this approach also su↵ers from large ⇤⇤ back-
grounds and from sizable fluctuations in the low-e�ciency regions. In these fits, the
P+
c terms are added incoherently, absorbing any interference e↵ects, which can be large

(see, e.g., Fig. S2 in the Supplemental Material), into the BW amplitudes. Therefore,
the R ⌘ B(⇤0

b ! P+
c K�)B(P+

c ! J/ p)/B(⇤0
b ! J/ pK�) values reported for each P+

c

state di↵er from the fit fractions typically reported in amplitude analyses, since R includes
both the BW amplitude squared and all of its interference terms. Similar fit variations
are considered here as above, e.g., di↵erent background models and selection criteria are
all evaluated. The resulting systematic uncertainties on R are large, as shown in Table 1.

The narrow widths of the P+
c peaks make a compelling case for the bound-state

character of the observed states. However, it has been pointed out by many authors [16–19]
that peaking structures in this J/ p mass range can also be generated by triangle diagrams.
The Pc(4312)+ and Pc(4440)+ peaks are unlikely to arise from triangle diagrams, due to a
lack of any appropriate hadron-rescattering thresholds as discussed in more detail in the
Supplemental Material. The Pc(4457)+ peaks at the ⇤+

c (2595)D
0 threshold (JP = 1/2+

in S-wave) [18], and the Ds1(2860)� meson is a suitable candidate to be exchanged in the
corresponding triangle diagram. However, this triangle-diagram term does not describe
the data nearly as well as the BW does (Fig. S5 in the Supplemental Material [27]). This
possibility deserves more scrutiny within the amplitude-analysis approach.

Narrow P+
c states could arise by binding a narrow baryon with a narrow meson, where

the separation of c and c̄ into distinct confinement volumes provides a natural suppression
mechanism for the P+

c widths. The only narrow baryon-meson combinations with mass
thresholds in the appropriate mass range are p�cJ , ⇤+

c D̄
(⇤)0, and ⌃cD̄(⇤) (both ⌃+

c D̄
(⇤)0

and ⌃++
c D̄(⇤)� are possible, the threshold for the latter is about 5MeV higher than the

former). There is no known S-wave binding mechanism for p�cJ combinations [28] and
⇤+

c D̄
(⇤)0 interactions are expected to be repulsive, leaving only the ⌃cD̄(⇤) pairs expected

7

2019: [LHCb, Phys.Rev.Lett. 122 (2019) no.22, 222001]
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My confused view of 
the status of theory of 

exotics

Lots of work ahead,
always catching up to experiment



A PATH TO UNDERSTANDING 
FLAVOR?



THE MANTRA
• Generic flavor speaker motivation slide (or flavor paper 

introduction)

• Explain origin of matter (ugh)

• Why are there 3 generations

• Why hierarchies of masses

• Why texture of mixing matrices



OUR (MODEST) ANSWERS

• Flavor probes very short distance scales
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [251]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [252–255]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

REACH IN NEW PHYSICS SCALE OF PRESENT AND FUTURE FACILITIES, FROM GENERIC DIMENSION SIX OPERATORS
LIGHT (DARK) COLORS CORRESPOND TO PRESENT DATA (MID-TERM PROSPECTS)



OUR (MODEST) ANSWERS

• Flavor probes very short distance scales

• Therefore masses of resonances/states of associated flavor 
dynamics is very high

• Therefore we do not expect to see any direct evidence of new 
flavor dynamics

• Best we can do: measure flavor in SM very precisely



WAIT!

WHAT?



OF COURSE NOT
• Measure flavor very precisely ⇒ hope to see deviations from SM
• Establish a deviation from SM ⇒ New Physics required
• A path to understanding flavor

SM

light 
mediators

LE
EFT

SM
EFT*

*Modulo strong EWSB - but there is a higgs! 

simple
mediators UV 

completion

TEST
(and loop back)



But:

Is this really what we mean by understanding flavor?

In principle this works, of course. 

But does it lead to undertsanding of flavor if the models 
we test parametrize flavor-much like the SM does, by 
taking

•N = 3 
•Masses as free parameters
•CKM/PMNS as free parameters

?



We should see flavor anomalies
as short distance probes that differentiate flavors



plagiarized from Gino Isidori

120 years ago:

e p

They appeared identical except for mass:
“Same” charge, both pointlike

Only microscope available: long wavelength
-unable to “see” structure

Shorter wavelength microscopes revealed the
source of the difference.



Today:

e μ τ

Identical, save for mass (“lepton universality”)

But perhaps not

Perhaps they are different
they feel different forces
ie, they transform differently under the underlying 
(UV) gauge group

They appear the same because of accidental symmetries

We just need a bigger microscope



Now, THAT would be an 
answer to the 
question(s) of 

FLAVOR



So, where are we with the program?



1. Measuring the SM with precision



2. Deviations (aka, “anomalies”)

Teppei Kitahara: Technion/Nagoya University, 2nd Workshop on HC2NP, September 27, 2019, Tenerife, Spain

Hunt for new physics in kaon decays
/ 25�5

New discrepancy? �  vs. CKM unitarity    Vud, Vus

2010

CKM unitarity requires � |Vud|2 + |Vus |2 + |Vub|2 = 1

There is 2.9 σ tension 
between fit result and 
CKM unitarity 

⇠ 1.4⇥ 10�5
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β-decay
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New physics?

Test of right-
handed current

[Crivellin, 
Hoferichter, TK, 
Passemar in progress]

[E. Passemar,  KAON2019]

[Czarnecki, Marciano, Sirlin 1907.06737]

2019

⌧ trapn = 879.4(6)sec
<latexit sha1_base64="N6recrkOg8dUpFFs3AKvpy/pDP0="></latexit>

⌧ trapn
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Teppei Kitahara: Technion/Nagoya University, 2nd Workshop on HC2NP, September 27, 2019, Tenerife, Spain

Hunt for new physics in kaon decays
/ 25�8

�  discrepancy?ε′�/ε
[A. J. Buras, KAON2019] [Aebischer, Bobeth, Buras 1909.05610]

See Sachrajda, Cerdá-Sevilla, Gisbert talks 

[A. Rodriguez-Sanchez, KAON2019]
Updated ChPT

B(1/2)
6 (mc) = 0.57± 0.19
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40% amplified“Bench mark”

Lattice ‘15

⌦IB
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“Bench mark”

Error is still dominated by �B(1/2)
6

NNLO QCD to QCD penguin is also destructive 

[Buras, Gambino, Haisch '00]

[A. Pich, KAON2019]

Constraining BSM Physics

Dark photonsCombine with gμ-2 Dark axial vectors[Z. Pagel, HC2NP 2019]

Table 2: Experimental determinations of the ratios g`/g`0 .

�⌧!µ/�⌧!e �⇡!µ/�⇡!e �K!µ/�K!e �K!⇡µ/�K!⇡e �W!µ/�W!e

|gµ/ge| 1.0018 (14) 1.0021 (16) 0.9978 (20) 1.0010 (25) 0.996 (10)

�⌧!e/�µ!e �⌧!⇡/�⇡!µ �⌧!K/�K!µ �W!⌧/�W!µ

|g⌧/gµ| 1.0011 (15) 0.9962 (27) 0.9858 (70) 1.034 (13)

�⌧!µ/�µ!e �W!⌧/�W!e

|g⌧/ge| 1.0030 (15) 1.031 (13)

making these ratios sensitive probes of new-physics interactions. The known radiative corrections
�RP!e/µ include a summation of leading QED logarithms ↵n logn (mµ/me) [43, 44] and a systematic
two-loop calculation of O(e2p4) e↵ects within Chiral Perturbation Theory [45]. The comparison between
the SM predictions [45]

RSM

⇡!e/µ
= (1.2352± 0.0001)⇥ 10�4 , RSM

K!e/µ
= (2.477± 0.001)⇥ 10�5 , (11)

and the experimental R⇡!e/µ [46–48] and RK!e/µ ratios [49, 50],

R⇡!e/µ = (1.230± 0.004)⇥ 10�4 , RK!e/µ = (2.488± 0.010)⇥ 10�5 , (12)

gives the results quoted in table 2. Ongoing experiments at PSI [51] and TRIUMF [52] are expected to
improve the experimental precision of R⇡!e/µ from 0.3% to 0.05%.

The K ! ⇡`⌫̄` decays proceed without any helicity suppression; the di↵erences between the muon
and electron modes stem mainly from isospin and phase space [53]. Both sets of K`3 data are then used
to determine the Cabibbo mixing between the quarks of the first and second generations. Comparing
the Vus values obtained from K ! ⇡e⌫̄e and K ! ⇡µ⌫̄µ decays, one obtains the corresponding |gµ/ge|
value in table 2 [54].

The decay modes ⌧� ! ⌫⌧⇡� and ⌧� ! ⌫⌧K� can also be used to test universality through the
ratios

R⌧/P ⌘ �(⌧� ! ⌫⌧P�)

�(P� ! µ�⌫̄µ)
=

���
g⌧
gµ

���
2 m3

⌧

2mPm2
µ

(1�m2

P
/m2

⌧
)2

(1�m2
µ
/m2

P
)2

�
1 + �R⌧/P

�
, (13)

where the dependence on the hadronic matrix elements (the so-called meson decay constants fP ) fac-
tors out. Owing to the di↵erent energy scales involved, the radiative corrections to the ⌧� ! ⌫⌧P�

amplitudes are however not the same than the corresponding e↵ects in P� ! µ�⌫̄µ. The size of the
relative correction has been roughly estimated to be [43, 55]:

�R⌧/⇡ = (0.16± 0.14)% , �R⌧/K = (0.90± 0.22)% . (14)

Using these numbers, the measured ⌧� ! ⇡�⌫⌧ and ⌧� ! K�⌫⌧ decay rates imply the |g⌧/gµ| ratios
given in table 2.

Due to the limited statistics available, the direct leptonic decays of theW boson only test universality
at the 1% level. The LEP data contains a slight excess of events in W ! ⌫⌧⌧ , implying a 2.6 � (2.4 �)
deviation from universality in |g⌧/gµ| (|g⌧/ge|) [23, 56]. This discrepancy cannot be easily understood,
given the stringent limits on |g⌧/ge,µ| from W -mediated decays [57]. Future high-energy e+e� colliders
should clarify whether this is a real physical e↵ect or just a statistical fluctuation.
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a$SM vs. a$EXP discrepancy

Results KNT18 update
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More to the point: LUV anomalies

Some of us find compelling: 

•Several observables pointing the same way
•Several experiments, same direction
•Simple/coherent explanation
  (1 or 2 EFT wilson coefficients)

Let’s focus on them:
•Theory more directed: not everything works
•LUV: address flavor!



Charged currents
I. INTRODUCTION

For some time now, the ratios of semileptonic B-decay rates,

RD(⇤) =
BR(B! D(⇤)⌧⌫)
BR(B! D(⇤)`⌫)

(with ` = e or µ), (1)

have appeared to be enhanced with respect to the Standard Model (SM) predictions with a global signifi-

cance above the evidence threshold [1–11]. In addition, LHCb reports a value of the ratio

RJ/ =
BR(B+c ! J/ ⌧+⌫⌧)
BR(B+c ! J/ µ+⌫µ)

, (2)

about 2� above the SM [10].

In the SM, semileptonic decays proceed via the tree-level exchange of a W± boson, preserving lepton

universality. Hence, a putative NP contribution explaining the data must involve new interactions violating

lepton universality. This may entail the tree-level exchange of new colorless vector (W0) [12–17] or scalar

(Higgs) [18–24] particles, or leptoquarks [25–50] with masses accessible to direct searches at the LHC.

Belle has also measured the ⌧ polarization asymmetry PD⇤
⌧ [6] and the longitudinal polarization of the

D⇤ (FD⇤
L ) [51] in the B! D⇤⌧⌫ decay,

PD⇤
⌧ =

�(�⌧ = 1
2 ) � �(�⌧ = � 1

2 )

�(�⌧ = 1
2 ) + �(�⌧ = � 1

2 )
,

FD⇤
L =

�(�D⇤ = 0)
�(�D⇤ = 1) + �(�D⇤ = 0) + �(�D⇤ = �1)

, (3)

where �X refers to the helicity of the particle X. While PD⇤
⌧ is reconstructed from the hadronic decays of the

⌧ and is still statistically limited, the reported measurement of FD⇤
L is rather precise and disagrees with the

SM prediction with a significance of 1.7�.

Recently, Belle announced a new combined measurement of both RD and RD⇤ using semileptonic decays

for tagging the B meson in the event [52]. This presents a significant addition to the the data set because the

previous combined measurements of RD(⇤) had been performed at the B factories using a hadronic tag. The

new result is more consistent with the SM than the previous HFLAV average. Thus, these new data call for

a reassessment of the significance of the tension of the signal with the SM and of the possible NP scenarios

aiming at explaining it. The purpose of this work is to provide such an analysis using e↵ective field theory

(EFT) [53–64] and to relate it to (partial) UV completions in terms of simplified mediators. We assume

that the lepton non-universal contribution a↵ects only the couplings to the tau leptons. A comprehensive

analysis of bounds on NP a↵ecting b ! c`⌫ transitions can be found in ref. [65]. A summary of the recent

data (averages) is shown in Table I, which is compared to the SM predictions which are obtained as specified

in Sec. II C.
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TABLE I. Data (averages) and predictions in the SM for semileptonic b-decay observables defined in Eqs.1-3. The

Heavy Flavor Averaging Group (HFLAV) 2018 averages [66] of experimental data for RD and RD⇤ use data from

BABAR [1, 2], Belle [3, 4, 6] and LHCb [5, 8, 9], while the HFLAV 2019 average includes the Belle measurement

of both, RD and RD⇤ , with the semileptonic tag [52]. The LHCb measurement of RJ/ is reported in Ref. [10] and

the Belle measurements of PD⇤
⌧ and FD⇤

L in Refs. [10, 51]. The two experimental errors correspond to statistical and

systematic uncertainties, respectively. SM predictions are obtained as specified in Sec. II C.

Observables Data (averages) SM

RD

HFLAV 2018 HFLAV 2019

0.312(19)0.407(39)(24) 0.340(27)(13)

RD⇤ 0.306(13)(7)
corr = �0.20

0.295(11)(8)
corr = �0.38

0.253(4)

RJ/ 0.71(17)(18) 0.248(3)

PD⇤
⌧ �0.38(51)(19) �0.505(23)

FD⇤
L 0.60(8)(4) 0.455(9)

II. THEORETICAL FRAMEWORK

A. Low-energy e↵ective Lagrangian

The most general e↵ective Lagrangian describing the contributions of heavy NP to semitauonic b! c⌧⌫̄

processes can be written as

L
LE
e↵ ��

4GFVcb
p

2
[(1 + ✏⌧L)(⌧̄�µPL⌫⌧)(c̄�µPLb) + ✏⌧R(⌧̄�µPL⌫⌧)(c̄�µPRb)

+✏⌧S L
(⌧̄PL⌫⌧)(c̄PLb) + ✏⌧S R

(⌧̄PL⌫⌧)(c̄PRb) + ✏⌧T (⌧̄�µ⌫PL⌫⌧)(c̄�µ⌫PLb)] + H.c., (4)

where GF is the Fermi constant and Vcb is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element. The

five Wilson coe�cients (WCs) ✏⌧L, ✏⌧R, ✏⌧T , ✏⌧S L
and ✏⌧S R

encapsulate the NP contributions, featuring the scaling

✏⌧
�
⇠ O(v2/⇤2

NP), where v ⇡ 246 GeV is the electroweak symmetry breaking (EWSB) scale. In the context of

the EFT of the SM (SMEFT) [67, 68], ✏⌧R = ✏
`
R+O(v4/⇤4

NP) and the right-handed operator cannot contribute

to lepton universality violation at leading order in the (v2/⇤2
NP) expansion [26, 69, 70]. For this reason, we

do not consider the e↵ect of ✏⌧R in our fits. Nonetheless, it is important to note that this assumption could be

relaxed if there was not a mass gap between the NP and the EWSB scales, or under a nonlinear realization

of the electroweak symmetry breaking [71].

The chirally-flipping scalar and tensor operators are renormalized by QCD and electroweak correc-

tions [72–75]. The latter induce a large mixing of the tensor operator into ✏⌧S L
which can have relevant

3

Tree level in SM!

[R-X Shi etal,1905.08498]



TABLE I. Data (averages) and predictions in the SM for semileptonic b-decay observables defined in Eqs.1-3. The

Heavy Flavor Averaging Group (HFLAV) 2018 averages [66] of experimental data for RD and RD⇤ use data from

BABAR [1, 2], Belle [3, 4, 6] and LHCb [5, 8, 9], while the HFLAV 2019 average includes the Belle measurement

of both, RD and RD⇤ , with the semileptonic tag [52]. The LHCb measurement of RJ/ is reported in Ref. [10] and

the Belle measurements of PD⇤
⌧ and FD⇤

L in Refs. [10, 51]. The two experimental errors correspond to statistical and

systematic uncertainties, respectively. SM predictions are obtained as specified in Sec. II C.

Observables Data (averages) SM

RD

HFLAV 2018 HFLAV 2019

0.312(19)0.407(39)(24) 0.340(27)(13)

RD⇤ 0.306(13)(7)
corr = �0.20

0.295(11)(8)
corr = �0.38

0.253(4)

RJ/ 0.71(17)(18) 0.248(3)

PD⇤
⌧ �0.38(51)(19) �0.505(23)

FD⇤
L 0.60(8)(4) 0.455(9)

II. THEORETICAL FRAMEWORK

A. Low-energy e↵ective Lagrangian

The most general e↵ective Lagrangian describing the contributions of heavy NP to semitauonic b! c⌧⌫̄

processes can be written as

L
LE
e↵ ��

4GFVcb
p

2
[(1 + ✏⌧L)(⌧̄�µPL⌫⌧)(c̄�µPLb) + ✏⌧R(⌧̄�µPL⌫⌧)(c̄�µPRb)

+✏⌧S L
(⌧̄PL⌫⌧)(c̄PLb) + ✏⌧S R

(⌧̄PL⌫⌧)(c̄PRb) + ✏⌧T (⌧̄�µ⌫PL⌫⌧)(c̄�µ⌫PLb)] + H.c., (4)

where GF is the Fermi constant and Vcb is the Cabibbo-Kobayashi-Maskawa (CKM) matrix element. The

five Wilson coe�cients (WCs) ✏⌧L, ✏⌧R, ✏⌧T , ✏⌧S L
and ✏⌧S R

encapsulate the NP contributions, featuring the scaling

✏⌧
�
⇠ O(v2/⇤2

NP), where v ⇡ 246 GeV is the electroweak symmetry breaking (EWSB) scale. In the context of

the EFT of the SM (SMEFT) [67, 68], ✏⌧R = ✏
`
R+O(v4/⇤4

NP) and the right-handed operator cannot contribute

to lepton universality violation at leading order in the (v2/⇤2
NP) expansion [26, 69, 70]. For this reason, we

do not consider the e↵ect of ✏⌧R in our fits. Nonetheless, it is important to note that this assumption could be

relaxed if there was not a mass gap between the NP and the EWSB scales, or under a nonlinear realization

of the electroweak symmetry breaking [71].

The chirally-flipping scalar and tensor operators are renormalized by QCD and electroweak correc-
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3

3.  Jump to LE-EFT and SM-EFT

implications for tensor scenarios [72]. As an illustration, defining ~✏ T (µ) = (✏⌧S R
, ✏⌧S L
, ✏⌧T )(µ), (where we have

omitted flavor indices), we find that ~✏ (mb) = M ~✏ (1 TeV), with [72]

M =

0
BBBBBBBBBBBBBBBB@

1.737 0 0

0 1.752 �0.287

0 �0.0037 0.842

1
CCCCCCCCCCCCCCCCA
, (5)

and where, in a slight abuse of notation, we keep the notation for the WCs of the low-energy EFT above

the EWSB scale. Operators with vector currents do not get renormalized by QCD, whereas electromagnetic

and electroweak corrections produce a correction of a few percent to the tree-level contributions [72, 76].

On the other hand, all the operators in the SMEFT matching at low-energies to the Lagrangian in eq. (4)

can give, under certain assumptions on the flavor structure of the underlying NP, large contributions to other

processes such as decays of electroweak bosons, the ⌧ lepton and the Higgs, or the anomalous magnetic

moment of the muon [75, 77, 78].

An interesting scenario where the new physics cannot be described by the local e↵ective Lagrangian

eq. (4) consists of the addition of new light right-handed neutrinos [13, 15–17, 33, 79, 80]. This duplicates

the operator basis given in eq. (4) by the replacements PL ! PR in the leptonic currents (and in the hadronic

current for the tensor operator) [70, 79, 81] and whose WCs we label with ✏� ! ✏̃�. None of these operators

interfere with the SM and their contributions to the decay rates are, thus, quadratic and positive. This also

means that the size of the NP contributions needed to explain RD(⇤) in this case are larger than with the

operators in eq. (4) and they typically enter in conflict with bounds from other processes like the decay

Bc ! ⌧⌫ [82, 83] or from direct searches at the LHC [84]. As an illustration of the features and challenges

faced by these models we consider the operator with right-handed currents,

L
LE
e↵ � �

4GFVcb
p

2
(✏̃⌧R⌧̄�µNR)(c̄�µPRb) + H.c., (6)

(with NR denoting the right-handed neutrino), which incarnates a popular NP interpretation of the anomaly [13,

15–17, 79, 80]. Finally, imaginary parts also contribute quadratically to the rates so we neglect their e↵ect,

taking all the WCs to be real. 1

B. Simplified models

The e↵ective operators in eqs. (4), (6) can be mediated at tree level by a number of new particles, that

we list in Tab. II. Possibilities with new charged colorless weak bosons can be realized with the W0 in either

1 We note that making these WCs complex such as in the R2 leptoquark model can lead to a good fit of RD(⇤) and RK(⇤) without

contradicting to all the relevant flavor constraints [44].

4

allowing for R-handed 
neutrino, sample term

Tensor Vector

Scalar-
Tensor

SM

FIG. 1. Trajectories in the (RD, RD⇤ ) plane of predicted deviations from the SM due to NP where the arrows indicate

the direction of positive increment of the WCs as defined in Eq. 4. “Vector” corresponds to either ✏⌧L or ✏̃R⌧ while

“tensor” and “scalar-tensor” correspond to ✏⌧T and ✏⌧S L
= �4✏⌧T , respectively, at µ = 1 TeV and evolved down to

µ = mb using eq. (5). The gray, blue and red solid ellipses are the 1� contours of the 2018 HFLAV average, the Belle

measurement with semileptonic tag, and of the combination of the two, respectively. Red dot-dashed ellipses are 2�

and 3� contours of the combination.

contributions described in Sec. II B), that we take to be 1 TeV. The scalar-tensor description assumes the

relation ✏⌧S L
(1 TeV) = �4✏⌧T (1 TeV), again, at the heavy scale (cf. produced by the S 1 leptoquark). The

arrows in the curves signal the direction of positive increment of the WCs. The experimental data in Table I

is represented by the di↵erent ellipses: The gray one is the 1� contour of the 2018 HFLAV average, the blue

ellipse is the 1� region of the 2019 Belle measurement with semi-leptonic tag and, finally, the red ellipses

are the 1�, 2� and 3� contours of the combination of these two.

The interference of the SM with left-handed or scalar-tensor contributions can produce a simultaneous

increase of RD and RD⇤ , as illustrated in Fig. 1 by the positive slope of the corresponding curves at the SM

point. This e↵ect drives these solutions to agree well with the 2018 HFLAV average. In case of the tensor

scenario, interference with the SM increases RD at the expense of reducing RD⇤ or vice versa. This e↵ect is

illustrated by the negative slope of the “Tensor” curve in Fig. 1. Therefore, the agreement of this scenario

with the older data set is due to the quadratic contributions of the tensor operator to the rates. With the new

Belle measurement, RD becomes more consistent with the SM while a value of RD⇤ larger than predicted is

still favored. In this new scenario, “vector” models still agree with the data but now the interference of the

tensor operator with the SM can play a role in providing a satisfactory solution.
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FIG. 2. The �2 of the fits to RD and RD⇤ with one Wilson coe�cient active at a time (setting the others to 0) and

evaluated at the renormalization scale µ = mb. The solid lines correspond to the fits to the 2019 HFLAV average.

Horizontal lines show the value at the minima of the model giving the best fit (vector scenario) and the 1� to 4�

ranges computed from there. We also show the line corresponding to the value of �2
SM. The dashed lines correspond to

the fits to the 2018 HFLAV average. Faded regions for ✏⌧S L
and ✏⌧S R

represent a exclusion of 30% limit on Br(Bc ! ⌧⌫).

2019 HFLAV averages of RD and RD⇤ . In the Appendix, Table VII, we provide the correlation matrices

for the fits to two WCs. We also show with empty red contours the results of the fits to the 2018 HFLAV

averages. Black empty contours represent the 2� upper limits that can be set by analyzing the tails of

pp! ⌧X+MET at the LHC (solid line) and by estimating the projected sensitivity at the HL-LHC (dashed

line) [84].

Adding the new Belle data in the fit results in regions which are slightly closer to the SM, although

all NP scenarios still describe the data better with a significance of 3.03�. As expected, constraints from

Br(Bc ! ⌧⌫) play an important role in excluding regions of the parameter space of the scalar models. For

instance, in case of the pure scalar fit, with (✏⌧S L
, ✏⌧S R

), the 1� region is almost excluded by the softer limit

based on the Bc lifetime. Even the 2� region is also excluded if the more aggressive limit of 10% on

Br(Bc ! ⌧⌫) is used. Constraints in the (✏⌧S L
, ✏⌧T ) plane are interesting for UV completions involving S 1 and

R2 leptoquarks. In this scenario, data favors the parameter space in which the two WCs have the opposite

sign, like the contribution of the S 1 and unlike the one of the R2, cf. eqs. (10) and eq. (12). A fit with the

scalar-tensor contribution produced by the S 1 leptoquark (evaluated at µ = 1 TeV) gives a fit with a p-value

0.15 that is considerably better than for the SM. However, this scenario performs worse than those with pure
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Blue: Belle 19 semilep-tag

•Magnitude of WCs lower; same significance
•Smaller WCs: some possibilities (like scalars) re-opened
•Constraints from Bc lifetime (Br(Bc→τν )) and large pT single τ 

R-X Shi et al 1905.08498 
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pre/post Moriond19:  
-little change in R(D*)
-reduced R(D)
  ⇒new combinations of WCs allowed 

to explicit UV completions in the range of masses below 2 TeV, LHC bounds are stronger than the EFT

counterpart for the W0 but weaker for the leptoquarks [84] 4

FIG. 4. Constraints in the WCs planes from the fits to all the data in RD and RD⇤ , and to RJ/ , PD⇤
⌧ and FD⇤

L setting two

WCs to zero. The solid ellipses represent 1� and 2� allowed regions while the empty black solid (dashed) ellipses

indicate the 2� upper bounds from the LHC data (HL-LHC projections) on pp ! ⌧hX+MET. Regions in gray and

light gray represent 30% and 10% exclusion limits from Br(Bc ! ⌧⌫), respectively.

4 For a reanalysis of the impact of the 2019 Belle data in the collider bounds using the monotau searches in the models addressing

the RD(⇤) anomalies see [124].
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For example: fitting 2 WCs at a 
time (setting others to zero)

Regions in gray and light gray represent 30% and 
10% exclusion limits from Br(Bc → τν), 

respectively.

LHC= large pT bound

All have p-values > 0.14

FIG. 5. Constraints in the WCs planes from the fits to all the data in RD, RD⇤ , RJ/ , PD⇤
⌧ and FD⇤

L profiling over the other

WCs. The solid ellipses represent 1� and 2� allowed regions while the empty black solid (dashed) ellipses indicate

the 2� upper bounds from the LHC data (HL-LHC projections) on pp ! ⌧hX+MET. Note that we have considered

the 30% bound on Br(Bc ! ⌧⌫).

ments will be required to discriminate among them. The most sensitive ones for this purpose turn out to

be the tau polarization and forward-backward asymmetry of the B ! D⌧⌫ decay mode. Interestingly, with

the 50 ab�1 expected to be collected by Belle II a relative statistical uncertainty better than ⇠ 10% has been

estimated for these observables integrated over the whole q2 region [126].

19

More useful  for 
“understanding”   flavor 
than profiling over rest 

of WCs, which 
however can be done: :



4.  Jump to simple mediatorsTABLE II. Quantum numbers of mediators that can explain at tree-level the RD(⇤) anomalies and their contributions to

the e↵ective operators in eqs. (4), (6).

Mediator Spin SU(3) SU(2) U(1) ✏⌧L ✏̃
⌧
R ✏
⌧
S R
✏⌧S L
✏⌧T

H 0 1 2 +1/2

W 0L 1 1 3 0

W 0R 1 1 1 +1

S 1 0 3 1 +1/3

S 3 0 3 3 +1/3

R2 0 3 2 +7/6

U1 1 3 1 +2/3

U3 1 3 3 +2/3

V2 1 3 2 +5/6

a triplet (W0L) or a singlet (W0R) representation of weak isospin. In the former case, the neutral component of

the triplet, a Z0 with a mass close to the one of the W0, produces large e↵ects in either neutral-meson mixing

or di-tau production at the LHC, so that this scenario is unavoidably in conflict with data [85]. Making the

W0 a singlet of weak isospin, W0R=(1, 1,+1) under SU(3)⇥ SU(2)⇥U(1), requires introducing right-handed

neutrinos to contribute to b! c⌧⌫̄ [13, 15–17]; parametrizing the Lagrangian for this model,

LW0 �
⇣
gcbc̄�µPRb + g⌧N N̄R�µPR⌧

⌘
W0µR + h.c., (7)

one finds the contribution to the EFT,

Vcb✏̃
⌧
R =

gcbg⇤⌧N
2

v2

m2
W0
. (8)

Models based on extending the scalar sector of the SM, such as the two-Higgs doublet model (labeled by

H in Tab. II), generate the scalar operators through charged-Higgs exchange. However, these are disfavored

by experimental bounds that stem from the Bc lifetime [82] and from the branching fraction of Bc ! ⌧⌫

derived using LEP data [83]. Strong limits from direct searches at the LHC of the corresponding charged

scalars have also been obtained in the literature [86].

On the other hand, leptoquark exchanges can produce all the operators in eq. (4). 2 The SM interactions

of the scalar leptoquark S 1=(3, 1,+1/3) can be described by the Lagrangian,

LS 1 � yLL
1,i↵Q̄c

L,i ✏ LL,↵S 1 + yRR
1,i↵ū

c
R,i eR,↵S 1 + yRR

1,i↵d̄
c
R,i NR,↵S 1, (9)

2 We follow the notation to label the leptoquark fields introduced in refs. [87, 88].
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5. UV Completion
say, for vector leptoquark U1  – (3,1)2/3

Pati-Salam group:    SU(4)×SU(2)L×SU(2)R 

Fermions 
in SU(4):

QL
α

QL
β

QL
γ

LL

QR
α

QR
β

QR
γ

LR

Starting observation: the gauge theory proposed in the 70's to unify quarks and
leptons by Pati & Salam predicts a massive vector LQ with the correct quantum
numbers to fit the anomalies:

The massive LQ [U1] arise from the
breaking SU(4) → SU(3)C×U(1)B-L

The problem of the “original PS model” are the strong
bounds on the LQ couplings to 1st & 2nd generations
[e.g. M > 200 TeV from KL → μe] 

Main Pati-Salam idea:
Lepton number as “the 4th color”

s

d

μ

e

U1

Toward a UV completion: the PS3 hypothesis

Interesting recent attempts to solve this problem adding
extra fermions and/or modifying the gauge group 
[Calibbi, Crivellin, Li, '17; Di Luzio, Greljo, Nardecchia, '17]
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The problem of the plain vanilla PS model is:  
bounds on the LQ couplings to light generations 
require M > 200 TeV

Possible to solve this problem adding extra 
fermions and/or modifying the gauge group
[Calibbi, Crivellin, Li, '17; Di Luzio, Greljo, Nardecchia, '17; Fornal, Gadam, BG, ’18 ]
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Rare radiative decays: b → sll Aebischer et al, 1903.10434
A Kumar Alok et al, 1903.09617
... 

Tests of Lepton Universality

(i) Apparent suppression of various branching ratios of exclusive decays based on the b !

sµµ flavour-changing neutral current (FCNC) transition [1, 2]. The uncertainties are
dominated by the limited knowledge of the B to light meson hadronic form factors [3–5].

(ii) Deviations from SM expectations in B ! K⇤µ+µ� angular observables [6–9] (also based
on the b ! sµµ transition), where form factor uncertainties are much smaller than for
the branching ratios, but hadronic uncertainties are nevertheless significant [10, 11].

(iii) Apparent deviations from µ-e universality in b ! s`` transitions in the processes B !

K`` and B ! K⇤`` (via the µ/e ratios RK [12] and RK⇤ [13], respectively). Here the
theoretical uncertainties are negligible [14] and the sensitivity is only limited by statistics
at present.

(iv) Apparent deviations from ⌧ -µ and ⌧ -e universality in b ! c`⌫ transitions [15–21]. Un-
certainties are dominated by statistics, with non-negligible experimental systematics but
small theoretical uncertainties [22–25]. (Note that e-µ universality in b ! c`⌫ transitions
is tested to hold at the percent level [26–28].)

While the deviations in (i) and (ii) could be alleviated by more conservative assumptions on
the hadronic uncertainties, it is tantalizing that a simple description in terms of a single non-
standard Wilson coe�cient of a semi-muonic operator like (s̄�⇢PLb)(µ̄�⇢µ) or (s̄�⇢PLb)(µ̄�⇢PLµ)
leads to a consistent description of (i), (ii), and (iii), with a best-fit point that improves the
fit to the data by more than five standard deviations compared to the SM (for a single degree
of freedom) [29–34]. Moreover, it was shown that simplified models with a single tree-level
mediator can not only explain (i), (ii), and (iii), but even all four categories of deviations
simultaneously without violating any other existing constraints [35–40].

Taken together, these observations explain the buzz of activity around these deviations and
the anticipation of improved measurements of the theoretically clean ratios RK and RK⇤ . The
purpose of this article is to examine the status of the tensions after inclusion of a number of
updated or newly available measurements, in particular:

• The new measurement of RK by the LHCb collaboration combining Run-1 data with
2 fb�1 of Run-2 data (corresponding to about one third of the full Run-2 data set). The
updated measurement finds [41]1

RK =
BR(B ! Kµµ)

BR(B ! Kee)
= 0.846 +0.060

�0.054
+0.016
�0.014 , for 1.1 GeV2 < q2 < 6 GeV2 , (1)

where the first uncertainty is statistical and the second systematic, and q2 is the dilepton
invariant mass squared. The SM predicts lepton flavour universality, i.e. RSM

K
is unity

with uncertainties that are well below the current experimental sensitivities. While the
updated experimental value is closer to the SM prediction than the Run-1 result [12],
the reduced experimental uncertainties imply a tension between theory and experiment
at the level of 2.5�, which is comparable to the situation before the update.

1In our numerical analysis, we use the full one-dimensional numerical likelihood provided in [41], which is
markedly non-Gaussian, rather than symmetrizing the uncertainties in (1).

2

• The new, preliminary measurement of RK⇤ by Belle [42]. Averaged over B± and B0

decays, the measured RK⇤ values at low and high q2 are

RK⇤ =
BR(B ! K⇤µµ)

BR(B ! K⇤ee)
=

(
0.90+0.27

�0.21 ± 0.10 , for 0.1 GeV2 < q2 < 8 GeV2 ,

1.18+0.52
�0.32 ± 0.10 , for 15 GeV2 < q2 < 19 GeV2 .

(2)

Given their sizable uncertainties, these values are compatible with both the SM predic-
tions (RSM

K⇤ approximately unity) and previous results on RK⇤ from LHCb [13]

RK⇤ =
BR(B ! K⇤µµ)

BR(B ! K⇤ee)
=

(
0.66+0.11

�0.07 ± 0.03 , for 0.045 GeV2 < q2 < 1.1 GeV2 ,

0.69+0.11
�0.07 ± 0.05 , for 1.1 GeV2 < q2 < 6 GeV2 ,

(3)
that are in tension with the SM predictions by ⇠ 2.5� in both q2 bins.

• One further, important piece of information included in our study is the 2018 measure-
ment of Bs ! µµ by the ATLAS collaboration [43], that we combine with the existing
measurements by CMS and LHCb [44–46].

In this paper we will explore the implications of all these, as well as other data, to be described
in fuller detail in the next section, in the context of global fits to model-independent new
physics scenarios, identify those that lead to a good description of the data, and discuss possible
realizations in terms of simplified new-physics models.

Our numerical analysis is entirely based on open-source software, notably the global like-
lihood in Wilson coe�cient space provided by the smelli package [47], built on flavio [48]
and wilson [49]. As such, our analysis is easily reproducible and modifiable.

The rest of this work is organized as follows.

• In Section 2, we describe our statistical approach and the experimental measurements
we employ in our numerical analysis.

• In Section 3, we perform a model-independent global analysis of b ! s`` transitions,
first in the weak e↵ective theory (WET) below the electroweak (EW) scale, then in
the SM e↵ective field theory (SMEFT) above the EW scale, which allows us to extend
the discussion to the charged-current deviations and to incorporate constraints from
electroweak precision tests and other precision measurements.

• In Section 4, we discuss a number of specific simplified new-physics (NP) models that
are favoured by the current data, assuming the deviations to be due to NP.

• Section 5 contains our conclusions.

2. Setup

Our numerical analysis is based on a global likelihood function in the space of the Wilson
coe�cients of the WET valid below the EW scale, or the SMEFT valid above it. Theoretical
uncertainties (for observables where they cannot be neglected) are treated by computing a
covariance matrix of theoretical uncertainties within the SM and combining it with the exper-
imental uncertainties (approximated as Gaussian). The main assumption in this approach is

3

New data: Using the theoretical framework introduced in Refs. [1, 2] we update our results in view
of the following new experimental measurements:

• The most awaited one is the LHCb measurement of the lepton-universality testing observable RK ⌘
BR(B+ ! K+µ+µ�)/BR(B+ ! K+e+e�). The LHCb measurement using 5 fb�1 of data [3]
collected with the center of mass energies of 7, 8 and 13 TeV for RK in the low-dilepton mass (q2)
bin leads to

RK([1.1, 6.0]GeV2) = 0.846+0.060+0.016
�0.054�0.014 , (1)

where the first and second uncertainties are the systematic and statistical errors, respectively.
Compared to the previous LHCb measurement based on 3 fb�1 of data [4], the central value is
now closer to the SM prediction, but the significance of the tension is still 2.5� due to the smaller
uncertainty of the new measurement.

• Moreover, there has been new experimental results on another lepton-universality testing observable
RK⇤ ⌘ BR(B ! K⇤µ+µ�)/BR(B ! K⇤e+e�) by the Belle collaboration [5], both for the neutral
and charged B mesons. The results are given in three low-q2 bins and one high-q2 bin which for
the combined charged and neutral channels are

RK⇤([0.045, 1.1]GeV2) = 0.52+0.36
�0.26 ± 0.05, RK⇤([1.1, 6.0]GeV2) = 0.96+0.45

�0.29 ± 0.11,

RK⇤([0.1, 8]GeV2) = 0.90+0.27
�0.21 ± 0.10, RK⇤([15, 19]GeV2) = 1.18+0.52

�0.32 ± 0.10. (2)

For our analysis we consider the [0.1, 8] GeV2 bin (together with the high-q2 bin) and do not
use the very low q2 bin below 0.1 GeV2 as advocated by Ref. [6] in order to avoid near-threshold
uncertainties which would be present when the lower range of the bin is set to the di-muon threshold.

We note that the Belle measurement for the low-q2 bin, [0.045, 1.0], which we do not use, has a
tension with the SM prediction which is slightly more than 1�, while the other bins are all well in
agreement with the SM at the 1�-level. All the RK⇤ measurements of Belle are in agreement with
the LHCb measurement [7] due to the large uncertainties of the Belle results.

• Our update also takes into account new experimental data on Bs,d ! µ+µ� by ATLAS [8]. We
have combined this new result with the previous results of CMS [9] and LHCb [10] building a joint
2D likelihood (see Fig. 1) with common fd/fs and BR(B+ ! J/ K+)⇥BR(J/ ! µ+µ�) which
finally leads us to

BR(Bs ! µ+µ�) = 2.65+0.43
�0.39 ⇥ 10�9, BR(Bd ! µ+µ�) = 1.09+0.74

�0.68 ⇥ 10�10. (3)

Figure 1: 2D likelihood plot where the contours are 1, 2 and 3� (in terms of ��2). The numbers correspond to
the absolute �2 and the black box is the SM prediction.

The calculation of the observables is performed with SuperIso v4.1 [11]. The statistical methods used
for our study are described in [12,13]. In particular, we compute the theoretical covariance matrix for all
the observables and consider the experimental correlations provided by the experiments. For the hadronic
corrections, we do not consider hadronic parameters as in Refs. [2, 14] but use 10% error assumption as
explained in [13].
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1. We first investigate the Wilson coe�cients of the weak e↵ective theory at the b-quark
mass scale. This analysis can be seen as an update of earlier analyses (see e.g. [29–34])
and is completely general, barring new particles lighter than the b quark (see e.g. [57–60]).

2. Next, we embed these results into the SMEFT at a scale ⇤ above the electroweak scale.
This is based on the additional assumptions that there are no new particles beneath ⇤
and that EW symmetry breaking is approximately linear (see e.g. [61]). This allows us to
correlate NP e↵ects in b ! s`` model-independently with other sectors like EW precision
tests or b ! c transitions (cf. [47, 62–64]).

3.1. b ! s`` observables in the WET

We start by investigating the constraints on NP contributions to the |�B| = |�S| = 1 Wilson
coe�cients of the WET at the b-quark scale µb ⇡ mb that we take to be 4.8 GeV. We work
with the e↵ective Hamiltonian

H
bs``

e↵ = H
bs``

e↵, SM + H
bs``

e↵, NP , (4)

where the first term contains the SM contributions to the Wilson coe�cients. The second term
reads

H
bs``

e↵, NP = �N

✓
Cbs

7 Obs

7 + C 0bs
7 O0bs

7 +
X

`=e,µ

X

i=9,10,S,P

⇣
Cbs``

i Obs``

i + C 0bs``
i O0bs``

i

⌘◆
+ h.c. , (5)

with the normalization factor

N =
4GF
p

2
VtbV

⇤
ts

e2

16⇡2
. (6)

The dipole operators are given by3

Obs

7 =
mb

e
(s̄�µ⌫PRb)Fµ⌫ , O0bs

7 =
mb

e
(s̄�µ⌫PLb)Fµ⌫ , (7)

where �µ⌫ = i

2 [�
µ, �⌫ ], and the semi-leptonic operators

Obs``

9 = (s̄�µPLb)(¯̀�µ`) , O0bs``
9 = (s̄�µPRb)(¯̀�µ`) , (8)

Obs``

10 = (s̄�µPLb)(¯̀�µ�5`) , O0bs``
10 = (s̄�µPRb)(¯̀�µ�5`) , (9)

Obs``

S = mb(s̄PRb)(¯̀̀ ) , O0bs``
S = mb(s̄PLb)(¯̀̀ ) , (10)

Obs``

P = mb(s̄PRb)(¯̀�5`) , O0bs``
P = mb(s̄PLb)(¯̀�5`) . (11)

We have omitted from H
bs``

e↵, NP semi-leptonic tensor operators, which are not generated at
dimension 6 in theories that have SMEFT as EW-scale limit, as well as chromomagnetic and
four-quark operators. Even though the latter can contribute via one-loop matrix elements
to b ! s`` processes, their dominant e↵ects typically stem from renormalization group (RG)
evolution above the scale µb, and we will discuss these e↵ects in the SMEFT framework in the
next section. For the same reason, we have constrained the sum over lepton flavours to e and
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We perform a model-independent global fit to b ! s`+`� observables to confirm existing New
Physics (NP) patterns (or scenarios) and to identify new ones emerging from the inclusion of the
updated LHCb and Belle measurements of RK and RK⇤ , respectively. Our analysis, updating
Refs. [1, 2] and including these new data, suggests the presence of right-handed couplings encoded
in the Wilson coe�cients C90µ and C100µ. It also strengthens our earlier observation that a lepton
flavour universality violating (LFUV) left-handed lepton coupling (CV

9µ = �CV
10µ), often preferred

from the model building point of view, accommodates the data better if lepton-flavour universal
(LFU) NP is allowed, in particular in CU

9 . Furthermore, this scenario with LFU NP provides a
simple and model-independent connection to the b ! c⌧⌫ anomalies, showing a preference of ⇡ 7�
with respect to the SM. It may also explain why fits to the whole set of b ! s`+`� data or to
the subset of LFUV data exhibit stronger preferences for di↵erent NP scenarios. Finally, motivated
by Z0 models with vector-like quarks, we propose four new scenarios with LFU and LFUV NP
contributions that give a very good fit to data.

PACS numbers: 13.25.Hw, 11.30.Hv

I. INTRODUCTION

The flavour anomalies in b ! s`+`� processes are at
present among the most promising signals of new physics
(NP). Their analyses can be e�ciently and consistently
performed in a model-independent e↵ective field theory
(EFT) framework (see, for instance, [1–3]), where all
short-distance physics (including NP) is encoded in Wil-
son coe�cients, i.e. the coe�cients of higher-dimension
operators. A central open question is then which pat-
tern(s) in the space of the Wilson coe�cients is (are) pre-
ferred by b ! s`+`� observables. More precise measure-
ments, in particular for the observables showing devia-
tions from the Standard Model (SM) expectations (P 0

5 [4],
RK,K⇤,�, Q5[5] . . . ), help us to improve the results of
this EFT analysis, which can then be used as a guideline
for the construction of phenomenologically accurate NP
models.

In this context we present here an update and exten-
sion of our recent works in Refs. [1, 2], in the light of new
measurements of key observables involved in b ! s`+`�

anomalies. We update the experimental value of the ra-
tio probing lepton flavour universality (LFU) defined as

RK = B(B!Kµ+µ�)
B(B!Ke+e�) :

R[1.1,6]
KLHCb

= 0.846+0.060+0.016
�0.054�0.014 ,

R[1,6]
KBelle

= 0.98+0.27
�0.23 ± 0.06 , (1)

R[q2>14.18]
KBelle

= 1.11+0.29
�0.26 ± 0.07 ,

as announced recently by the LHCb collaboration [6],
corresponding to the average of Run-1 and part of Run-
2 (2015-2016) measurements, and the Belle collabora-
tion [7], combining the data from charged and neutral
modes. The correlations with the (finely binned) mea-
surements of B(B ! Kµ+µ�) [8] are tiny and therefore
neglected here. In addition the Belle collaboration has
also presented new results for RK⇤ , the equivalent LFU-
violating (LFUV) ratio for B ! K⇤``, in three bins [9],
again considering both charged and neutral channels:

R[0.045,1.1]
K⇤ = 0.52+0.36

�0.26 ± 0.05 ,

R[1.1,6]
K⇤ = 0.96+0.45

�0.29 ± 0.11 , (2)

R[15,19]
K⇤ = 1.18+0.52

�0.32 ± 0.10 .

Our treatment for the Belle observables within the global
fit follows the same strategy as described in Ref. [1] for
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• The new, preliminary measurement of RK⇤ by Belle [42]. Averaged over B± and B0

decays, the measured RK⇤ values at low and high q2 are

RK⇤ =
BR(B ! K⇤µµ)

BR(B ! K⇤ee)
=

(
0.90+0.27

�0.21 ± 0.10 , for 0.1 GeV2 < q2 < 8 GeV2 ,

1.18+0.52
�0.32 ± 0.10 , for 15 GeV2 < q2 < 19 GeV2 .

(2)

Given their sizable uncertainties, these values are compatible with both the SM predic-
tions (RSM

K⇤ approximately unity) and previous results on RK⇤ from LHCb [13]

RK⇤ =
BR(B ! K⇤µµ)

BR(B ! K⇤ee)
=

(
0.66+0.11

�0.07 ± 0.03 , for 0.045 GeV2 < q2 < 1.1 GeV2 ,

0.69+0.11
�0.07 ± 0.05 , for 1.1 GeV2 < q2 < 6 GeV2 ,

(3)
that are in tension with the SM predictions by ⇠ 2.5� in both q2 bins.

• One further, important piece of information included in our study is the 2018 measure-
ment of Bs ! µµ by the ATLAS collaboration [43], that we combine with the existing
measurements by CMS and LHCb [44–46].

In this paper we will explore the implications of all these, as well as other data, to be described
in fuller detail in the next section, in the context of global fits to model-independent new
physics scenarios, identify those that lead to a good description of the data, and discuss possible
realizations in terms of simplified new-physics models.

Our numerical analysis is entirely based on open-source software, notably the global like-
lihood in Wilson coe�cient space provided by the smelli package [47], built on flavio [48]
and wilson [49]. As such, our analysis is easily reproducible and modifiable.

The rest of this work is organized as follows.

• In Section 2, we describe our statistical approach and the experimental measurements
we employ in our numerical analysis.

• In Section 3, we perform a model-independent global analysis of b ! s`` transitions,
first in the weak e↵ective theory (WET) below the electroweak (EW) scale, then in
the SM e↵ective field theory (SMEFT) above the EW scale, which allows us to extend
the discussion to the charged-current deviations and to incorporate constraints from
electroweak precision tests and other precision measurements.

• In Section 4, we discuss a number of specific simplified new-physics (NP) models that
are favoured by the current data, assuming the deviations to be due to NP.

• Section 5 contains our conclusions.

2. Setup

Our numerical analysis is based on a global likelihood function in the space of the Wilson
coe�cients of the WET valid below the EW scale, or the SMEFT valid above it. Theoretical
uncertainties (for observables where they cannot be neglected) are treated by computing a
covariance matrix of theoretical uncertainties within the SM and combining it with the exper-
imental uncertainties (approximated as Gaussian). The main assumption in this approach is

3

Belle LHCb

(not same bins)

http://arxiv.org/abs/arXiv:1903.09617
http://arxiv.org/abs/arXiv:1903.09617


Coe↵. best fit 1� 2� pull

Cbsµµ

9 �0.97 [�1.12, �0.81] [�1.27, �0.65] 5.9�

C 0bsµµ
9 +0.14 [�0.03, +0.32] [�0.20, +0.51] 0.8�

Cbsµµ

10 +0.75 [+0.62, +0.89] [+0.48, +1.03] 5.7�

C 0bsµµ
10 �0.24 [�0.36, �0.12] [�0.49, +0.00] 2.0�

Cbsµµ

9 = Cbsµµ

10 +0.20 [+0.06, +0.36] [�0.09, +0.52] 1.4�

Cbsµµ

9 = �Cbsµµ

10 �0.53 [�0.61, �0.45] [�0.69, �0.37] 6.6�

Cbsee

9 +0.93 [+0.66, +1.17] [+0.40, +1.42] 3.5�

C 0bsee
9 +0.39 [+0.05, +0.65] [�0.27, +0.95] 1.2�

Cbsee

10 �0.83 [�1.05, �0.60] [�1.28, �0.37] 3.6�

C 0bsee
10 �0.27 [�0.57, �0.02] [�0.84, +0.26] 1.1�

Cbsee

9 = Cbsee

10 �1.49 [�1.79, �1.18] [�2.05, �0.79] 3.2�

Cbsee

9 = �Cbsee

10 +0.47 [+0.33, +0.59] [+0.20, +0.73] 3.5�
⇣
Cbsµµ

S
= �Cbsµµ

P

⌘
⇥ GeV �0.006 [�0.009, �0.003] [�0.014, �0.001] 2.8�

⇣
C 0bsµµ
S

= C 0bsµµ
P

⌘
⇥ GeV �0.006 [�0.009, �0.003] [�0.014, �0.001] 2.8�

Table 1: Best-fit values, 1 and 2� ranges, and pulls (cf. Eq. (12)) between the best-fit point and
the SM point for scenarios with NP in a single Wilson coe�cient (or Wilson coe�cient
combination). For the scalar Wilson coe�cients, we show the SM-like solution, while
also a sign-flipped solution is allowed, see [66].

3.1.1. Scenarios with a single Wilson coe�cient

We now consider the global likelihood in the space of the above Wilson coe�cients. We
start with scenarios where only a single NP Wilson coe�cient (or a single linear combination
motivated by UV scenarios) is nonzero. The best-fit values, 1 and 2� ranges, and pulls for
several such scenarios are listed in Table 1. For the 1D scenarios, the pull in � is defined as

pull =
p

��2 , where �
1

2
��2 = ln L(~0) � ln L( ~Cbest fit) . (12)

We make the following observations.

• Like in previous analyses, two scenarios stand out, namely a shift to Cbsµµ

9 by ap-
proximately �25% of its SM value (CSM

9 (µb) ' 4.1), or a shift to the combination

Cbsµµ

9 = �Cbsµµ

10 by approximately �15% of its SM value. However, at variance with
previous analyses, it is the second scenario, rather than the first one, to have the largest
pull. Given our assumptions about hadronic uncertainties, the pull exceeds 6�. The

3The sign of the dipole coe�cients C(0)
7 are fixed by our convention for the covariant derivative Dµ =

@µ + ieQ Aµ + igsT
AGA

µ .

6

3

The dependence of the B̄ ! K̄⇤`` rate on the Wilson coefficients is more involved due to the interplay between different
helicity amplitudes in the rate. For instance one can express it as

d�K̄⇤

dq2
=

d�?
dq2
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In this formula NK⇤0,? are dimensionful constants, V0,�(q2) and T0,�(q2) are form factors in the helicity basis [26] and
hK⇤0,? describe the contributions from the four-quark and chromomagnetic operators much like hK above. Furthermore, we
have neglected the hadronic matrix elements giving the leading contributions in the SM to decays into positively polarized K⇤

(e.g. the form factors V+(q2) and T+(q2)) because, in the large-recoil region (low q2), they are suppressed by O(⇤/mb) [26]. In
the SM these corrections, as well as, in general, the hadronic uncertainties, largely cancel in the RK⇤ ratios, formally appearing
as O(m2

µ/q
2 ⇥ ⇤/mb) terms that will be systematically included in our numerical analysis.

FIG. 1: RK and RK⇤ (in the [1.1, 6] GeV2 bin) parametric dependence on one Wilson coefficient where the nodes indicate steps of �Cµ =
+0.5 from the SM point and in the direction of the arrows. The red solid line shows the dependence on �Cµ
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hadronic matrix elements. In the transversal polarization, the interference of the chirally flipped operators with the SM is
suppressed by the neglected ⇤/mb terms in eq. (11), so that their contributions will always increase �?. Any scenario explaining
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9 (right). Solid (dashed) contours include (exclude) the Moriond-

2019 results for RK and RK⇤ . As RK only constrains a single combination of Wilson
coe�cients in the right plot, its 1� contour corresponds to ��2 = 1. For the other
fits, 1 and 2� contours correspond to ��2

⇡ 2.3 and 6.2, respectively.

RK > RK⇤ . This scenario cannot address the tension in BR(Bs ! µ+µ�). It predicts
BR(Bs ! µ+µ�) = BR(Bs ! µ+µ�)SM.

Other two-coe�cient scenarios (including dipole coe�cients, scalar coe�cients, and electron
specific semileptonic coe�cients) are discussed in appendix E.

3.1.3. Universal vs. non-universal Wilson coe�cients

In view of the updated R
K(⇤) measurements, which are closer to the SM prediction than

the Run-1 results, our fit in Cbsµµ

9 and Cbsµµ

10 shows a tension between the fit to NCLFU

observables and the fit to b ! sµµ ones, especially in the Cbsµµ

9 direction. Therefore, it
is interesting to investigate whether lepton flavour universal new physics that mostly a↵ects
b ! sµµ observables but none of the NCLFU observables is preferred by the global analysis.
In Fig. 2 we show the likelihood in the space of a LFU contribution to C9 vs. a purely muonic
contribution to the linear combination C9 = �C10, i.e. we consider a two-parameter scenario
where the total NP Wilson coe�cients are given by5
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And again, simplified models.

And again, leptoquarks fare well. Eg U1

The generic size of these Wilson coe�cients required for a visible e↵ect in C9 is in the ballpark
of 1/TeV2.

Consequently, realistic model implementations of such an e↵ect have to rely on tree-level
mediators with sizeable couplings to quarks and masses potentially in the reach of direct
production at LHC. We will discuss such simplified models in Section 4.2.

4. Simplified new-physics models

In this section we consider simplified models with a single tree-level mediator multiplet giving
rise to the Wilson coe�cient patterns that are in agreement with the above findings in the
EFT.

In Section 4.1, we consider the U1 vector leptoquark, transforming as (3,1)2/3 under the
SM gauge group, that is known to be the only viable simultaneous single-mediator explanation
of the R

K(⇤) and R
D(⇤) anomalies. Since it generates the semitauonic operators discussed in

Section 3.3, it can also generate a LFU contribution to C9.
In Section 4.2, we discuss realizations of LFU contributions to C9 via RG e↵ects from four-

quark operators as discussed in Section 3.4. We will show that there is a single viable mediator,
a scalar transforming as (8,2)1/2 under the SM gauge group, and that it is strongly constrained
by LHC di-jet searches.

4.1. Explaining the data by a single mediator: the U1 leptoquark solution

The only single mediator that can yield non-zero values for [C(1)
lq

]3323 = [C(3)
lq

]3323 and [C(1)
lq

]2223 =

[C(3)
lq

]2223 is the U1 vector leptoquark [35,37,38,40,84–95], which transforms as (3,1)2/3 under
the SM gauge group. We define its couplings to the left-handed SM fermion doublets q and l
as

LU1 � gji
lq

�
q̄i�µlj

�
Uµ + h.c. (27)

From the tree-level matching at the scale ⇤ = MU , one finds

[C(1)
lq

]ijkl = [C(3)
lq

]ijkl = �

gjk
lq

gil⇤
lq

2M2
U

. (28)

Consequently, for a given leptoquark mass, a ⌧ -channel contribution to R
D(⇤) depends only on

g32
lq

and g33
lq

, while a µ-channel contribution to R
K(⇤) depends only on g22

lq
and g23

lq
. The NLO

corrections to such semileptonic operators are known to be of the order 13% [96] and will be
neglected in the following.

As has been shown in [80], the U1 leptoquark model generates one-loop matching contri-
butions to the electric and chromomagnetic dipole operators in the WET. They can lead to
relevant shifts in the Wilson coe�cient C7 at the b-quark scale, which are constrained by mea-
surements of b ! s� observables (cf. [55]). In order to be sensitive to this possibly important
e↵ect, we will take the one-loop matching contributions to the SMEFT quark-dipole operators
into account. These operators are defined as [79]

[OdB]ij = (q̄i�
µ⌫dj)'Bµ⌫ , [OdW ]ij = (q̄i�

µ⌫dj)⌧
I'W I

µ⌫ , (29)

[OdG]ij = (q̄i�
µ⌫TAdj)'GA

µ⌫ . (30)
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Figure 7: Likelihood contours from di↵erent observables in the space of the muonic U1 lepto-
quark couplings g22

lq
and g23

lq
at 2 TeV. Fits are shown for vanishing tauonic couplings

g32
lq

= 0, g33
lq

= 0 (left) and at the benchmark point g32
lq

= 0.5, g33
lq

= 0.7 (right).
The grey area is excluded at the 2� level. For observables that only constrain one
degree of freedom (here NCLFU and b ! sµµ observables), 1� contours correspond
to ��2 = 1, while for the lepton flavour violating observables, the 2� contour corre-
sponds to ��2

⇡ 6.2.

• A combined fit to R
D(⇤) and leptonic tau decays selects a well-defined region in the space

of g32
lq

and g33
lq

in which R
D(⇤) can be explained while satisfying all constraints.

• In order to explain R
D(⇤) while at the same time avoiding exclusion at the 2� level from

leptonic tau decays, a minimal ratio of tauonic couplings
g
32
lq

g
33
lq

& 0.1 is required (assuming

vanishing right-handed couplings), which is compatible with findings in [86]. This puts
some tension on models based on a U(2)q flavour symmetry [37, 86, 90, 92], where the

natural expectation for the size of
g
32
lq

g
33
lq

is |Vcb| ⇡ 0.04.

Based on the above results, we select a benchmark point from the best-fit region in the fit to
tauonic couplings,

g32
lq

= 0.6, g33
lq

= 0.7, (36)

which is also shown in Fig. 6. We then perform two fits in the space of muonic couplings
g22
lq

and g23
lq

shown in Fig. 7: one for vanishing tauonic couplings (left panel) and one at the

benchmark point g32
lq

= 0.6, g33
lq

= 0.7 (right panel). Our findings are as follows:

• For vanishing tauonic couplings (left panel of Fig. 7), the data available before Moriond
2019 leads to a very good agreement between the fits to b ! sµµ (orange contour) and
NCLFU observables (dashed blue contour), while the R

D(⇤) measurements cannot be
explained in this scenario. Taking into account the updated and new measurements of
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Figure 6: Likelihood contours from di↵erent observables in the space of the tauonic U1 lep-
toquark couplings g32

lq
and g33

lq
at 2 TeV. The grey areas are excluded at the 2�

level. R
D(⇤) data and leptonic ⌧ decays select a well-defined region in the g32

lq
ver-

sus g33
lq

plane. For R
D(⇤) , which only constrain one degree of freedom, 1� contours

correspond to ��2 = 1, while for others (the global likelihood, leptonic ⌧ decays,
BR(B ! Xs�)), 1 and 2� contours correspond to ��2

⇡ 2.3 and 6.2, respectively.

4.1.1. RD(⇤) and indirect constraints

We perform a fit with fixed MU = 2 TeV in the space of tauonic couplings g32
lq

and g33
lq

, which
we take to be real for simplicity. This allows us to determine the region in which R

D(⇤) can
be explained by the semi-tauonic operators discussed in Section 3.3. The results of the fit are
shown in Fig. 6 and our findings are as follows:

• The strongest constraints are due to

– leptonic tau decays ⌧ ! `⌫⌫, which receive a contribution due to RG running,8

– BR(B ! Xs�), which receives a contribution from the one-loop matching onto
dipole operators in SMEFT as discussed above.9

This underlines the importance of taking into account loop e↵ects, both in the RG
running and in the matching, as emphasized already in [80,102,103].

8Our analysis includes RG-induced logarithms. Note that the interactions in Eq. (27) and (31) provide a
simplified model and not a complete UV theory of the U1-leptoquark. In such a UV theory, it could in
principle be possible that the RG-induced logarithms are (partially) canceled by finite terms, which are not
present in the simplified model. Barring cancellations, and in view of the renormalization-scale independence
of the full result – logarithms plus analytic terms – the contributions from the RG-induced logarithms usually
provide a realistic estimate of the size of the e↵ects.

9Such contributions are, however, model-dependent. For example, they will be quite di↵erent in models with
additional vector-like fermions running in the loops [89, 90], as shown explicitly in Ref. [101].
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Conclusions, so far

•Several deviations from the SM
•Can fit with LE-EFT
•Can fit with SM-EFT 
•Can provide simplified models for this
•Moreover, there are
  UV completions to the simplified models
  (eg, Patti-Salam for vector LQs)

But, can we address the main question?



THEORIES OF FLAVOR
• Theories of flavor do exist, eg

• Froggart-Nielsen: quark masses and CKM
• Gauged flavor: N=3, inverse hierarchy, Mmed ~ 1/mψ 
• Discrete G: neutrinos and PMNS
• ...

• Based on our “setp 1”: precise knowledge of SM
• Assume no anomalies
• Very high scale of bew physics

• Flip it around! Use what nature is telling us (anomalies) to craft a 
theory:
• Modest: Adapt/modify known models 
• Bold: Large departure from existing proposals



FEW EXAMPLES

(actually, few exist)



MFV EFT
FROGGATT-NIELSEN EFT

R. Alonso et al, JHEP 1510 (2015) 184
M. Bordonne et al, 1910.02641 

M(L)FV: flavor-symmetry broken by minimal set of spurions
➧ large(r) effects in the 3rd family

12

FIG. 2: Prediction of MLFV to first order in lepton Yukawas in the form of a line in the plane of RK vs
B(B ! K⌧⌧), the experimentally allowed region at 90% CL is the white band. In the case in which the e↵ect is

produced by a hypercharge-2/3 leptoquark and applying MFV in the quark sector too, CMS direct searches exclude
the red dashed part of the line. The points marked with ↵ ⌘ g

2
/(4⇡) = 1, 0.3, 0.1 correspond to the prediction for a

600 GeV leptoquark with the coupling constant defined in eq. (63).

Finally, let us discuss the case in which MFV is imposed also in the quark sector. Let us assume for simplicity the
scenario in eq. (18). In this case, the b ! s`` anomalies are explained with

⇣
c
(1)
q + c

(3)
q

⌘
v
2

⇤2
=

✓
m⌧

mµ

◆2
↵e

⇡
�C

µ
9 , (55)

where the flavor structure in the quark sector is given by �ts. Note that in this case, there is no CKM suppression of
the SM contribution with respect to the nonstandard one, so that:

⇣
c
(1)
q + c

(3)
q

⌘
v
2

⇤2
= 0.33. (56)

Therefore, the e↵ective mass should be close to the electroweak scale, and perturbative couplings c(1)q + c
(3)
q are only

possible for a new physics scale below 1.5 TeV. In this approach one obtains the same predictions for the tauonic

channels presented in eq. (50) and the constraint c
(1)
q = c

(3)
q after considering the decays into neutrinos. However,

using eqs. (9,18) we find that the contributions to the charge-current B decays now are:

✏
ib
L ' �

v
2

⇤2
c
(3)
q

y
2
i

y
2
t

, (57)

such that they are suppressed by small up-quark Yukawas and negligible.
Finally, in fig. 2 we graphically display the correlation between RK and B ! K⌧⌧ for f = 1, that is, the case in

which we keep the leading term only in the expansion in the leptonic Yukawas. In this case there is only one NP
parameter controlling both processes, a variation of which produces the curve shown. Allowed experimental values at
90% CL correspond to the white region, and one can see that accommodating RK leads to a B(B ! K⌧⌧) that is a
few ⇥103 larger than the SM value. If the e↵ect is produced by a leptoquark, then CMS bounds rule out part of the
line, see the Sec.VI for details.
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improves the agreement with the measurement. A similar constraint on the b ! dµµ operators stems from the
observation, with a significance of 3.2�, of the Bd ! µµ decay [78]:

B
expt
dµ = 3.9+1.6

�1.4 ⇥ 10�10
, B

SM
dµ = 1.06(9)⇥ 10�10

, (27)

which shows an excess of 2.2� with respect to the SM prediction. Generalizing the formulae introduced above for
Bs ! µµ and having already discarded (pseudo)scalar operators, this measurement allows for contributions of the
same order and sign as the SM one:

�C
µ
10 � �C

µ0
10 ' C

SM
10 < 0, (28)

where the Wilson coe�cient corresponds to a di↵erent quark-flavor transition as those in eq. (26). However, the two
sets can be connected by flavor symmetries, like for instance through the ratio [78]:

R =
B
expt
dµ

B
expt
sµ

= 0.14+0.08
�0.06, (29)

which is at 2.3� above the SM and the MFV prediction, RMFV = R
SM = 0.0295+0.0028

�0.0025 [79]. The MFV prediction
follows in particular if one uses MFV in the quark sector to accommodate the anomaly in RK .

4. Tauonic decays

The rare b ! s⌧⌧ transitions are poorly constrained (see [81] for a comprehensive analysis). We focus here on the
current experimental limits in the Bs ! ⌧⌧ and B ! K⌧⌧ decays which give the best bounds on the underlying
semileptonic operators [81]:

B
SM
s⌧ = 7.73± 0.49⇥ 10�7 [79], B

expt
s⌧ < 3% [81]

B(B+
! K

+
⌧⌧)SM = 1.44(15)⇥ 10�7 [82], B(B+

! K
+
⌧⌧)expt < 3.3⇥ 10�3 [83], (30)

where the experimental limits are at 90% C.L. As described in [81], this leads to constraints on C
⌧
9,10 not better than

C
⌧
9,10 . 2⇥ 103.

5. Rare exclusive b ! s⌫⌫̄ decays

The exclusive decays into neutrinos have been searched for in the B-factories leading to stringent experimental
limits (90% C.L.):

B(B+
! K

+
⌫⌫̄) < 1.7⇥ 10�5 [84],

B(B0
! K

⇤0
⌫⌫̄) < 5.5⇥ 10�5 [85],

B(B+
! K

⇤+
⌫⌫̄) < 4.0⇥ 10�5 [85], (31)

which are an order of magnitude larger than the SM predictions [53]. This is better expressed normalizing the decay
rate with respect to the SM:

RK(⇤)⌫ =
B(B ! K

(⇤)
⌫⌫̄)

B(B ! K(⇤)⌫⌫̄)SM
, (32)

so that (31) implies [53]:

RK⌫ < 4.3, RK⇤⌫ < 4.4, (33)

at 90% C.L. These bounds are translated into constraints of the Wilson coe�cients. For instance, assuming for
simplicity that C 0

⌫ = 0 we have:

RK(⇤)⌫ =
|C⌫ |

2

|CSM
⌫ |2

, (34)

where C
SM
⌫ ' �6.35. (For the slightly more involved expressions including C

0
⌫ see [53]).

Natural expectation, large

with exp. bound (90%CL)
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•Some operators avoid this
•Running (may) produce it
                    Feruglio et al, PRL118(2017)011801

•Automatic cancellations in some UV 
completions, eg, Patti-Salam LQs
                        Assad et al, PLB777 (2018) 324



FN: entries in mass matrix break U(1), breaking by small
spurion of unit charge

✓13✓12  ✓23. They also hold in the MFV approach, since no additional flavour structures apart
from the SM Yukawa matrices appear. However, as soon as one includes new flavour structures,
the consistency relations become a non-trivial theoretical requirement (see the discussion in
[21]).

As mentioned in the Introduction, an e�cient way to fulfil all the consistency conditions
is to use Froggatt-Nielsen (FN) charges [22] to define a power-counting scheme for arbitrary
flavour structures. We will denote as biQ, b

i
D, b

i
U and b↵L, b

↵
E the FN charges for the fermions in a

flavour basis defined by the U(1) symmetry of the FN construction (FN basis). The entries of
the Yukawa matrices then scale with the small parameter � ⇠ 0.2 as

(YU)ij ⇠�|biQ�bjU | , (YD)ij ⇠ �|biQ�bjU | , (YE)↵� ⇠ �|b↵L�b�E | . (2.7)

In this case, the above example for a consistency condition would simply translate into

�|biQ�bjU |
� �|biQ�bkD|+|bkD�blQ|+|blQ�bjU | , (2.8)

which is true because of triangle inequalities. Analogous relations would then also hold for
products of arbitrary flavour spurions with the flavour structure fixed by universal FN charges.
For instance, in the U1 vector-leptoquark scenario, to be further discussed below, one would
consider the additional spurions �QL and �DE. For these the following inequalities hold

|Y ↵�
E | .

����
⇣
�†

QLYD�DE

⌘↵�
���� , |Y ij

D | .
����
⇣
�QLYE�

†
DE

⌘ij
���� ,

|�i↵
DE| .

����
⇣
Y †
D�QLYE

⌘i↵
���� , |�i↵

QL| .
����
⇣
YD�DEY

†
E

⌘i↵
���� . (2.9)

Notice that these inequalities are to be understood in the FN basis.
Since the FN power counting has to reproduce the SM flavour hierarchies, some of the FN

charges are fixed from the known fermion masses and CKM mixing angles. Concerning the
latter, the FN power counting yields

(VCKM)ij = (V †
UL
VDL)ij ⇠ �|biQ�bjQ| , (2.10)

where VX denote the rotation matrices from the flavour to the mass eigenbasis for a given
fermion species. Comparing this with the generally accepted Wolfenstein power-counting for
the CKM matrix,

VCKM ⇠

0

@
1 � �3

� 1 �2

�3 �2 1

1

A (2.11)

determines the FN charges biQ up to a common o↵set d and an absolute sign. There are two
families of general solutions:

b1Q = 3 + d , b2Q = 2 + d , b3Q = d (2.12)

and

b1Q = 3 + d , b2Q = 4 + d , b3Q = 6 + d . (2.13)
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Carry over to WCs in SM-EFT

May also carry over to couplings of simplified mediators
e.g., U1  – the vector, (3,1)2/3 leptoquark

3 Extended MFV from U1 Vector Leptoquark

As already mentioned in the previous Sections, a promising scenario to address the B anomalies
without generating tensions with Electroweak Precision Tests (EWPT) or high-pT observables
[40] is to postulate the existence of a vector leptoquark U1. This scenario has to be understood
as a simplified model, which requires a UV completion. In the literature there exist a number
of di↵erent proposals trying to achieve such a task, see e.g. [24, 27, 28, 36, 38, 39]. Our
approach in this paper will be much more modest: we are not interested in the dynamics of the
leptoquark scenario or its possible UV completion, but rather concentrate on the imprint that
such dynamics could have on the flavour structures observed at low energies. In the context of
SMEFT we thus use the leptoquark model as a criterium to select the relevant flavour spurions
discussed in Sec. 2. Whether this approach results in a viable candidate to accommodate flavour
observables can then be studied in a model-independent way.

For the sake of this work, we will adopt further simplifying assumptions and only concentrate
on SMEFT operators that catch the leading e↵ects of leptoquark couplings to SM fermions. In
most cases, this amounts to assuming tree-level relations for flavour coe�cients that arise from
leptoquark exchange, with the exception of LFU ratios for W couplings, where we take into
account one-loop results (see below).

3.1 The simplified U1 scenario

The flavour-specific interactions between U1 and SM fermions are described by the introduction
of two spurions:

L = �i↵
QL

�
Q̄i�µL

↵
�
Uµ
1 +�i↵

DE

�
d̄i�µe

↵
�
Uµ
1 + h.c. . (3.1)

With the FN power counting, the spurions �i↵
QL and �i↵

DE can be parameterized as

�i↵
QL = ci↵QL�

|biQ�b↵L| , (3.2)

�i↵
DE = ci↵DE�

|biD�b↵E | . (3.3)

Here ci↵QL(DE) are flavour-dependent coe�cients of O(1). In general, these coe�cients could be
complex and carry additional CP-violating phases. Since we are not considering CP-violating
observables in this work, we make a further simplifying assumption and take all the coe�cients
real in a basis where the Yukawa matrices for down quarks and charged leptons are diagonal
and real. In this way the CKM matrix remains the only source of CP violation in the flavour
sector.

Once we integrate out the U1 leptoquark, we get the following contributions to the relative
4-fermion operators in the e↵ective dim-6 Lagrangian:

Le↵ = LSM �
1

⇤2

⇢
[C(3)

lq ]ij↵�(Q̄i�µ�aQj)(L̄↵�µ�
aL�) + [C(1)

lq ]ij↵�(Q̄i�µQj)(L̄↵�µL
�)

+[Ced]
ij↵�(d̄i�µdj)(ē↵�µe

�) + [Cledq]
ij↵�(Q̄idj)(ē↵L�) + h.c.

�
,

(3.4)

where ⇤ is an e↵ective scale associated with the leptoquark mass. In the broken phase, the
Lagrangian in Eq. (3.4) acquires the form shown in Eq. (A.3). The basis chosen for the SU(2)L
quark and lepton doublets is the down-quark basis described in Eq. (A.2).
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Steps in the right direction, or 
flavor inspired constrained 
paramterization of generic 

physics?



• What we (I?) really want is: 

that which is responsible for flavor (flavor-dynamics) be also 
directly responsible for anomalies

➡ Can the new scalars and spinors that are introduced in FN 
(possibly adding some more) account for the anomalies?

• Neccesarily this is TeV scale physics (in contrast to standard FN)

TeV scale FN



FN-like model
BG,  Pokorski, Ross,  JHEP 1812 (2018) 079 

1/1 Figs for talks (4/4)2019-10-15 10:42:25

One-line review of FN:

Question: If FN scale is sufficiently low, can one generate C9, C10?
After all.

1/1 Figs for talks (4/4)2019-10-15 10:42:25



For the Bs �Bs mixing the Hamiltonian has the form

HBB̄

e↵ = C
BB̄

(s̄�µPLb) (s̄�
µPLb) , (2.5)

where the box diagram, Fig. 1(b), gives

C
BB̄

=
�
Bs�Bs

128⇡2m2
�

F (xQ, xQ) , (2.6)

with �
Bs�Bs

= (�ms �
m⇤
b

)2.

3 Family symmetry and flavour changing in the fermion sector

In order to explain the anomaly it is necessary that the box diagram contributes principally to muon

pair production, violating lepton universality. Given that the lepton masses also strongly violate

lepton universality it is of interest to ask whether the two are related. Here we demonstrate that this

can be done via a simple Abelian family symmetry, U(1)F , with the charge assignments given in Table

2. Here Qi and Li denote the left-handed (L) quark and lepton SU(2) doublets with family index i, qi

Q2 q2 Q3 q3 L2 l2 L3 l3  Q,(L,R)  `,(L,R) � H �

QF 2 0 0 0 2 1 �2 �2 2 4 �2 0 1

Table 2: U(1)F family symmetry charges for the second and third families

and li denote the right-handed (R) up and down quark and lepton SU(2) singlets, and H is the Higgs

doublet. We have also added a SM singlet scalar � which acquires a vacuum expectation value (vev)

and is responsible for generating the hierarchical structure of the quark and charged lepton masses

and mixing.

3.1 Heavy vector-like quark and lepton couplings

With these charge assignments the only renormalisable couplings allowed involving the heavy vector-

like states are given by

Lint = �bQ̄3PR Q�+ �µL̄2PR `�+ h.c. (3.1)

involving only the left-handed quark and lepton “current” eigenstates. The mass eigenstates, Qm

i
, Lm

i
,

in Eq. (2.1) are superpositions of the current eigenstates, the mixing determined by mixing matrices

V Q and V L for the up and down sectors:

Qi =

0

@V U

iu
u+ V U

ic
c+ V U

it
t

V D

id
d+ V D

is
s+ V D

ib
b

1

A , Li =

0

@V N

i⌫1
⌫1 + V N

i⌫2
⌫2 + V N

i⌫3
⌫3

V E

ie
e+ V E

iµ
µ+ V E

i⌧
⌧

1

A , i = 2, 3 (3.2)
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Not quite; need to add some vector-like fermion doublets ΨQ , Ψl  and a scalar Φ

Much like for Z’ models:

bL

sL

 Q

µL

µL

 `

�

�

(a)
bL

sL

 Q

bL

sL

 Q

�

�

(b)

Figure 1: Box-diagrams contributing to (a) b ! sµ+µ� and (b) Bs ! B̄s, with couplings given in Eq. (2.1).

� with SM quantum numbers given in Table 1 and interactions described by the Lagrangian

Lint =
X

i=d,s,b

�mi Q̄m

i PR Q�+
X

i=e,µ,⌧

�m,L

i
L̄m

i PR `�+ h.c. (2.1)

Here Qm

i
and Lm

i
denote the SM left-handed quark and lepton doublet mass eigenstates with family

SU(3) SU(2) U(1)

 Q,L 3 2 1/6

 Q,R 3 2 1/6

 `,L 1 2 �1/2

 `,R 1 2 �1/2

� 1 1 0

Table 1: Multiplet structure of the additional states under SU(3)⇥ SU(2)⇥ U(1)

index i.3 The e↵ective Hamiltonian describing the b ! sµ+µ� transition has the form

Hµ
+
µ
�

e↵ = C9O9 + C10O10 (2.2)

in terms of the operators given in Eq. (1.1). The box diagram of Fig. 1(a) gives the Wilson coe�cients

Cbox
9 = �Cbox

10 = �
�b!sµ+µ�

32⇡↵EMm2
�

F (xQ, x`) (2.3)

where �b!sµ+µ� = �ms �
m⇤
b

|�mµ |2 and xQ = m2
 Q

/m2
�, x` = m2

 `
/m2

�, and the dimensionless loop

function is given by

F (x, y) =
1

(1� x)(1� y)
+

x2 log x

(1� x)2(x� y)
+

y2 log y

(1� y)2(y � x)
(2.4)

3
We assume the upper components of the doublet Qm

i are linear combinations of the mass eigenstates, V CKM†
ij

Uj .
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if you have this you also get this
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V Q and V L for the up and down sectors:

Qi =

0

@V U

iu
u+ V U

ic
c+ V U

it
t

V D

id
d+ V D

is
s+ V D

ib
b

1

A , Li =

0

@V N

i⌫1
⌫1 + V N

i⌫2
⌫2 + V N

i⌫3
⌫3

V E

ie
e+ V E

iµ
µ+ V E

i⌧
⌧

1

A , i = 2, 3 (3.2)
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Figure 3: Comparison of the upper bound, for the simple single scalar model introduced in Sec. 2, on |�m
b �m

s |
from Bs � B̄s mixing (left panel) with the lower bound on |�m

µ | from b ! sµµ for x` = 1 (right panel), as a

function of xQ.

5.1.2 Two scalar model

The situation is quite di↵erent for the two scalar model. If the down quark mixing dominates the

KL�KS mass di↵erence gives the most stringent bound on the coupling e�s of �̃ to the second current

quark family because the mixing angle to the first family is large with V D

2d ⇡ V CKM

cd
. Thus in the two

scalar model lepton universality violation e↵ects are expected to be larger than in the single scalar

case.

In the benchmark model, m `
= m�L

= 100 GeV, m�H
= 400 GeV and m Q

= 2.0 TeV, with

V D

2s ⇡ 1.0, V D

3d ⇡ 0, V D

2d ⇡ 0.23 and V D

3s ⇡ 0.042, the KL�KS mass di↵erence is dominated by the |e�s|4

term and we find the bound |e�s| < 0.57.12 For the D � D̄ mixing case the bound is slightly stronger

but can readily be satisfied with the same e�s if the up sector mixing angle is smaller, V U

2u < 0.5 V CKM

cd
.

Note that these bounds may be evaded if there is a significant cancellation between the contributing

box graphs (c.f. Sec. 4.1).

5.2 Bs � B̄s mixing

For ease of comparison we will use the 2� bounds quoted in [20]

C
BB̄

(µH) 2 [�2.1, 0.6]⇥ 10�5TeV�2 (at 2�), (5.7)

12
Note that suppressing the V D

2d contribution to the Cabibbo angle is not viable because of the complementarity of

the bounds from K � K̄ and D � D̄ mixing.

13

xQ = (m Q/m�)
2
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in mass basis

Works but tense. Tension relieved (somewhat) with additional scalar. No chance of R(D(*))
(Because of flavor; one can do everything in an ad hoc nHDM                                   ) Marzo, Marzola, Raidal, 1901.08290
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PS3: The 3-site Pati-Salam
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Key pheno difference: lots of new states!



BRIEF SUMMARY-CONCLUSIONS

• XYZ&Pc is a mature field. But continues to suprise. Theory lags experiment 
by wide margin

• Hints for departure from Lepton Universality demonstrate  the discovery 
potential of high lumi, “low” energy searches.  

• They form a very consistent set of “hints”: they can be described by 
remarkably few Wilson Coefficients in an Effective Theory. They point to 
enhanced coupling of NP to 3rd generation.

• In UV completions, often easy to account for other one-off anomalies 
(eg, gµ – 2), and even DM. 

• They have forced both theory and experiment to rethink program, discard 
prejudices. 

• If “hints” turn to “observation”, a path of discovery islaid, but lots of work 
(and fun!!) ahead.
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