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Emerging (and fading) experimental hints of NP? 

Introduction
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Flavor anomalies 
➡ε’/ε, ΔaCP,                           …  
➡Cabibbo angle - CKM unitarity 
➡semitauonic b-decays 
➡ rare semileptonic b-decays
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Extraction of Vcb consistent with e/μ LFU  

Consider  

Phase space effects significant, additional mτ/mB 
suppressed f.f. contributions cannot be neglected 

Combination of HQEFT, lattice QCD, data* 

allows to control th. uncertainties at few % level. 

LFU tests in semi-leptonic B decaysThe R(D(⇤)) Anomaly

Test of lepton flavour universality in semi-leptonic B decays

R(D(⇤)) =
BR(B ! D

(⇤)
⌧⌫)

BR(B ! D(⇤)`⌫)
(` = e, µ)

theoretically clean, as hadronic
uncertainties largely cancel in ratio

measurements by BaBar, Belle,
and LHCb (so far R(D⇤) only)

3.8� tension between HFLAV fit
and SM value

(qualitatively) supported by
measurement of R(J/ ) (LHCb)

2 M.Blanke New Physics in b ! c⌧⌫

*again fit model dependence
Bernlochner et al., 1703.05330

Bigi et al., 1707.09509
Grinstein & Kobach, 1703.08170  

Belle, 1809.03290 

charge-conjugate mode is implied.
Calculation of the SM predictions for the branching fractions of B+

! K
+
µ
+
µ
� and

B
+
! K

+
e
+
e
� decays is complicated by the strong nuclear force that binds together

the quarks into hadrons, as described by quantum chromodynamics (QCD). The large
interaction strengths preclude predictions of QCD e↵ects with the perturbation techniques
used to compute the electroweak force amplitudes and only approximate calculations
are presently possible. However, the strong force does not couple directly to leptons
and hence its e↵ect on the B

+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is identical. The

ratio between the branching fractions of these decays is therefore predicted with O(1%)
precision [3–8]. Due to the small masses of both electrons and muons compared to that of
b quarks, this ratio is predicted to be close to unity, except where the value of the dilepton
invariant mass-squared (q2) significantly restricts the phase space available to form the two
leptons. Similar considerations apply to decays with other B hadrons, B! Hµ

+
µ
� and

B! He
+
e
�, where B = B

+, B0, B0
s
or ⇤0

b
; and H can be e.g. an excited kaon, K⇤0, or a

combination of particles such as a proton and charged kaon, pK�. The ratio of branching
fractions, RH [9, 10], is defined in the dilepton mass-squared range q

2
min < q

2
< q

2
max as

RH ⌘

Z
q
2
max

q
2
min

dB(B! Hµ
+
µ
�)

dq2
dq2

Z
q
2
max

q
2
min

dB(B! He
+
e
�)

dq2
dq2

. (1)

For decays with H = K
+ and H = K

⇤0 such ratios, denoted RK and RK⇤0 , respec-
tively, have previously been measured in similar regions of q

2 [11, 12]. For RK the
measurements are in the region 1.1 < q

2
< 6.0GeV2

/c
4, whereas for RK⇤0 the regions are

0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4. These ratios have been determined

to be 2.1–2.5 standard deviations below their respective SM expectations [3–7,13–18]. The
analogous ratio has also been measured for ⇤0

b
decays with H = pK

� and is compatible
with unity at the level of one standard deviation [19].

These decays all proceed via the same b! s quark transition and the results have
therefore further increased interest in measurements of angular observables [20–30] and
branching fractions [31–34] of decays mediated by b! sµ

+
µ
� transitions. Such decays

also exhibit some tension with the SM predictions but the extent of residual QCD e↵ects
is still the subject of debate [3, 18, 35–43]. A consistent model-independent interpretation
of all these data is possible via a modification of the b ! s coupling strength [44–50]. Such
a modification can be realised in new physics models with an additional heavy neutral
boson [51–67] or with leptoquarks [68–90]. Other explanations of the data involve a variety
of extensions to the SM, such as supersymmetry, extended Higgs-boson sectors and models
with extra dimensions [91–100]. Tension with the SM is also seen in the combination of
several ratios that test lepton-universality in b! c`

+
⌫` transitions [101–109].

In this article, a measurement of the RK ratio is presented based on proton-proton
collision data collected with the LHCb detector at CERN’s Large Hadron Collider (see
Methods). The data were recorded during the years 2011, 2012 and 2015–2018, in which
the centre-of-mass energy of the collisions was 7, 8 and 13TeV, and correspond to an
integrated luminosity of 9 fb�1. Compared to the previous LHCb RK result [11], the
experimental method is essentially identical but the analysis uses an additional 4 fb�1

of data collected in 2017 and 2018. The results supersede those of the previous LHCb

2

0.5 1 1.5
KR

-1LHCb 9 fb
4c/2 < 6.0 GeV2q1.1 < 

Belle
4c/2 < 6.0 GeV2q1.0 < 

BaBar
4c/2 < 8.12 GeV2q0.1 < 

Figure 4: Comparison between RK measurements. In addition to the LHCb result, the mea-
surements by the BaBar [113] and Belle [114] collaborations, which combine B+

! K+`+`� and
B0

! K0
S`

+`� decays, are also shown.

is compatible with the SM prediction with a p-value of 0.10%. The significance of
this discrepancy is 3.1 standard deviations, giving evidence for the violation of lepton
universality in these decays.
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Figure 9. Distributions of the RK!0 delta log-likelihood for the three trigger categories separately
and combined.

low-q2 central-q2

RK!0 0.66 + 0.11
! 0.07 ± 0.03 0.69 + 0.11

! 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]

Table 5. Measured RK!0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical and
systematic uncertainties.

Figure 10. (Left) Comparison of the LHCb RK!0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30–32], flav.io [33–35] and JC [36]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK!0 measurements with
previous experimental results from the B factories [4, 5]. In the case of the B factories the specific
vetoes for charmonium resonances are not represented.

– 20 –

+ angular observables and BRs
see e.g.

Alguero et al., 2104.08921 

largest “coherent” set of deviations 

see talks by Buras et al….
Paul et al….

see talks in WG1

see talk by Altmannshofer
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Flavor anomalies 
➡ε’/ε, ΔaCP,                           …  
➡Cabibbo angle - CKM unitarity 
➡semitauonic b-decays 
➡ rare semileptonic b-decays

Neutrino anomalies 
➡ reactor spectra 
➡neutrino capture rates in gallium  
➡LSND, MiniBooNE see e.g. Kopp @ IJS, 2021, 

https://indico.ijs.si/event/1364/
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Flavor anomalies 
➡ε’/ε, ΔaCP,                           …  
➡Cabibbo angle - CKM unitarity 
➡semitauonic b-decays 
➡ rare semileptonic b-decays
➡anomalous magnetic moment of muon 
Neutrino anomalies 
➡ reactor spectra 
➡neutrino capture rates in gallium  
➡LSND, MiniBooNE

Aoyama et al., 
2006.04822

Borsanyi et al., 
Nature 593, 51–55 (2021)

Muon g-2 exp.
hep-ex/0602035

2104.03247
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Flavor anomalies 
➡ε’/ε, ΔaCP,                           …  
➡Cabibbo angle - CKM unitarity 
➡semitauonic b-decays 
➡ rare semileptonic b-decays
➡anomalous magnetic moment of muon 
Neutrino anomalies 
➡ reactor spectra 
➡neutrino capture rates in gallium  
➡LSND, MiniBooNE
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FU

see also
Crivellin & Hoferichter, 2002.07184

Bryman et al., 2111.05338
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In SM: Higgs Yukawas unique source of both flavor and 
LFU breaking 

Flavor in SM

9
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Most sensitive low energy 
flavor observables

Can only be observed 
at high-pT

see talks in Soreq et al….see talk by K. Vos



In absence of new (light) d.o.f.s can regard SM as EFT 

               parametrizes “size” of NP effects 

indirectly related to new mass thresholds 

SM puzzles imply NP at different scales 

Beyond SM
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Fig. 1. Result of the SM CKM fit projected onto the ⇥̄ � �̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7

<latexit sha1_base64="vNTGKL7UTEO7vkwBt+GokVE6eBU="></latexit>

⇤ ⇠ gNP

MNP

<latexit sha1_base64="X76PcgoCIt2ryvZjFlMkb1wJsE8="></latexit>

⇤ ⇠ 1/L



BSM scales - theory expectations

EW scale 
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+ neutrino masses



In absence of new (light) d.o.f.s can regard SM as EFT 

               parametrizes “size” of NP effects 

indirectly related to new mass thresholds 

SM puzzles imply NP at different scales 

exp. searches for NP 

Beyond SM
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Fig. 1. Result of the SM CKM fit projected onto the ⇥̄ � �̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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• LHC exploring TEV NP 

• For generic NP flavor 
severe indirect bounds 

BSM scales - experimental reach
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Aebischer et al., 2009.07276



• LHC exploring TEV NP 

• For generic NP flavor 
and/or CPV severe 
indirect bounds 

BSM scales - experimental reach
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indirectly related to new mass thresholds 

SM puzzles imply NP at different scales 

exp. searches for NP 

low energy hints of NP

Beyond SM
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Fig. 1. Result of the SM CKM fit projected onto the ⇥̄ � �̄ plane, as obtained by the UTFit
(left)1 and CKMfitter (right)2 collaborations. Shown shaded are the 95% C.L. regions selected by
the given observables.

In order to interpret results of experimental measurements involving hadronic
initial and final states, a final step needs to involve non-perturbative matching to an
e⇥ective description involving QCD bound states Le�

weak � Le�(�, N,K,D,B, . . .) ,
i.e. the computation of hadronic ⇥Qi⇤ matrix elements. It has predominantly been
due to the tremendous improvements in lattice QCD approaches to such calculations
that propelled the field into the era of precision flavor constraints (for discussion on
recent progress see Ref. 5).

Given the multitude of complementary experimental results over-constraining
the SM quark flavor sector, it has become possible to complete the above sketched
program even in presence of new sources of SM flavor symmetry breaking, i.e. flavor
changing transitions among SM quarks mediated by new heavy degrees of freedom
with masses mNP � v and described by a Lagrangian LBSM. At scales µ below
the new particle thresholds but above the EW breaking scale (v < µ < mNP ), any
such e⇥ects can be described in complete generality in terms of local operators (Qi)
involving only SM fields6 via the matching procedurea

LBSM � L�SM +
�

i,(d>4)

Q(d)
i

�d�4
, (4)

where d is the canonical operator dimension. Below the EW breaking scale, these
new contributions can lead to (a) shifts in the Wilson coe⇤cients corresponding to
Qi present in Le�

weak already within the SM; (b) the appearance of new e⇥ective local
operators. In both cases, the resulting e⇥ects on the measured flavor observables can
be computed systematically. Given the overall good agreement of SM predictions

aA simple generalization of such matching applies even in presence of weakly coupled new light
(neutral) particles with masses well below the weak scale.7
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Di Luzio, JFK & Nardecchia, 1604.05746
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LFUV in            : 
⇒ tree-unitarity 

up to the edge of LHC kinematical reach 

Example: mono-tau production @ LHC

BSM scales - B anomalies

MNP . 6.5TeV

Q = (c̄�µPLb)(⌧̄ �µPL⌫)e.g.R(D(⇤)) ⇤ ' 2.5TeV

see e.g.
Altmannshofer et al., 1704.06659

Iguro et al., 1810.05843

Greljo et al., 1811.07920

CERN-TH-2018-243

The Mono-Tau Menace: From B Decays to High-pT Tails

Admir Greljo,1 Jorge Martin Camalich,1, 2, 3 and José David Ruiz-Álvarez4

1Theoretical Physics Department, CERN, 1 Esplanade des Particules, 1211 Geneva 23, Switzerland
2Instituto de Astrof́ısica de Canarias, C/ Vı́a Láctea, s/n E38205 - La Laguna, Tenerife, Spain

3Universidad de La Laguna, Departamento de Astrof́ısica, La Laguna, Tenerife, Spain
4Instituto de F́ısica, Universidad de Antioquia, A.A. 1226, Medelĺın, Colombia

We investigate the crossing-symmetry relation between b ! c⌧�⌫̄ decay and bc̄ ! ⌧�⌫̄ scattering
to derive direct correlations of New Physics in semi-tauonic B-meson decays and the mono-tau
signature at the LHC (pp ! ⌧hX + MET). Using an exhaustive set of e↵ective operators and heavy
mediators we find that the current ATLAS and CMS data constrain scenarios addressing anomalies in
B-decays. Pure tensor solutions, completed by leptoquark, and right-handed solutions, completed
by W 0

R or leptoquark, are challenged by our analysis. Furthermore, the sensitivity that will be
achieved in the high-luminosity phase of the LHC will probe all the possible scenarios that explain
the anomalies. Finally, we note that the LHC is also competitive in the b ! u transitions and
bounds in some cases are currently better than those from B decays.

Introduction: Branching fractions of semi-tauonic
B-meson decays, measured through the ratios RD(⇤) =
�(B ! D

(⇤)
⌧⌫)/�(B ! D

(⇤)
`⌫) (with ` = e or µ), ap-

pear to be enhanced with respect to the Standard Model
(SM) by roughly thirty percent, with a global significance
of⇠ 4� [1–11]. If this is due to new physics (NP), its mass
scale is expected to be not far above the TeV scale (see
e.g. [12]). The most immediate question is whether such
NP is already ruled out by the existing high-pT searches
and, if not, what is the roadmap for its direct discovery.

From a bottom-up perspective the NP interpretation
of the RD(⇤) anomalies involves two di↵erent aspects,
(i) new dynamics (i.e. degrees of freedom), and (ii)
the flavour structure. Both aspects are relevant when
it comes to identifying correlated e↵ects in other ob-
servables such as weak hadron or ⌧ decays, electroweak
precision observables and high-pT LHC signatures (see
e.g. [13]).

The Lorentz structure of the e↵ective operators that
describe the e↵ects of the hypothesized heavy mediators
at low energies can be discriminated by using b ! c⌧⌫ de-
cay data alone [14–24]. On the other hand, most of flavor
data is consistent with the SM, which suggests that such
NP must couple mainly to the third generation of quarks
and leptons [13, 25–32]. However, in general, and with-
out the guidance of a theory of flavor, models addressing
the anomalies have some freedom in the way they im-
plement couplings in flavor space. All this complicates
defining conclusive tests in other weak hadron decays or
clear direct-search strategies at the LHC.

The aim of this letter is to discuss and explore in detail
the phenomenology of a collider signature that should be
produced at the LHC by any model addressing the RD(⇤)

anomalies with new heavy mediators. The main idea, il-
lustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the NP, crossing symmetry univocally
connects the b ! c⌧

�
⌫̄ decay and the bc̄ ! ⌧

�
⌫̄ scatter-

ing processes [14, 33–36]. As we demonstrate below, the
analysis of pp ! ⌧⌫X at the LHC already excludes broad
classes of models addressing the anomalies and provides
a “no-lose theorem” for the direct discovery of NP at

FIG. 1. Illustration of the complementarity in b ! c⌧⌫ transi-
tions as measured in B meson decays and inclusive production
of ⌧+MET of high-pT LHC.

the LHC, in case the RD(⇤) anomalies were confirmed in
the future. Furthermore, these searches simultaneously
constrain operators involving semi-tauonic b ! u transi-
tions with bounds that are currently competitive, or even
better, than those obtained in B decays.
E↵ective-field theory: We start with a low-energy

e↵ective field theory (EFT) of NP in semi-tauonic b ! ui

transitions (with ui up- or charm-quarks) [37, 38],

Le↵ � �
2Vib

v2

"⇣
1 + ✏

ib
L

⌘
⌧̄ �µPL⌫⌧ · ūi�

µ
PLb

+ ✏
ib
R ⌧̄ �µPL⌫⌧ · ūi�

µ
PRb+ ✏

ib
T ⌧̄�µ⌫PL⌫⌧ · ūi�

µ⌫
PLb

+ ✏
ib
SL

⌧̄PL⌫⌧ · ūiPLb+ ✏
ib
SR

⌧̄PL⌫⌧ · ūiPRb

#
+ h.c. (1)

where subindices label quark flavor in the mass basis, Vij

are the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements, PL,R are the chiral projectors, �µ⌫ = i/2[�µ

, �
⌫ ]

and we have used v ⇡ 246 GeV the electroweak symme-
try breaking (EWSB) scale. With this normalization, the
Wilson coe�cients (WCs) scale as ✏� ⇠ v

2
/⇤2, where ⇤

is the characteristic scale of NP. Light right-handed neu-
trinos can be added to Eq. (1) with the replacements
PL ! PR in the leptonic currents and ✏� ! ✏̃� in label-
ing the WCs. None of these operators interfere with the
SM for vanishing neutrino masses.
In order to connect this EFT to NP with a typical scale

⇤ � v, one needs to switch first to another EFT which
is invariant under SU(2)L⇥U(1)Y and is built using the
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see also
Angelescu, Faroughy & Sumensari, 2002.05684

Fuentes-Martin et al., 2003.12421
Bordone, Greljo & Marzocca, 2103.10332
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LFUV in            : 
⇒ tree-unitarity 

up to the edge of LHC kinematical reach 

Example: mono-tau production @ LHC

BSM scales - B anomalies

MNP . 6.5TeV

Q = (c̄�µPLb)(⌧̄ �µPL⌫)e.g.R(D(⇤)) ⇤ ' 2.5TeV

see e.g.
Altmannshofer et al., 1704.06659

Iguro et al., 1810.05843

Greljo et al., 1811.079203
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FIG. 3. Bounds on representative explicit models that address the RD(⇤) anomalies. Left: The U1 vector leptoquark. Right: A
potentially broad W 0 gauge boson. See main text for details.

TABLE II. 2� upper bounds for the absolute value of the
WCs of semi-tauonic cb transitions at µ = mb.

Data set Vector Scalar Tensor
ATLAS (36.1 fb�1) 0.55 0.93 0.26
CMS (35.9 fb�1) 0.25 0.45 0.12
LHC combined 0.32 0.57 0.16
LHC (150 fb�1) 0.21 0.37 0.10

HL-LHC 0.10 0.17 0.05

the one of CMS is systematically consistent with the SM.
The most remarkable result shown in this table is that,
combining the analysis of the two sets of data, we arrive
at a sensitivity to NP which is, indeed, competitive to the
one achieved in B decays. In fact, the collider data poses
already a challenge to some of the possible explanations
to the RD(⇤) anomaly. To make this discussion clearer,
we compare in Fig. 2 the results from the fits to RD(⇤)

shown in Tab. I with the ones obtained from the collider
analysis. The tensor and right-handed solutions are ex-
cluded at more than 2� with the current data, while the
HL-LHC will probe the two remaining scenarios in Tab. I.

A caveat in this analysis concerns the range of conver-
gence of the expansion in powers of (s/⇤2) implied by
the EFT. This manifests, for instance, in the pathologi-
cal behaviour of the cross section, Eq. (2), for

p
s � ⇤,

leading to the upper bound ⇤ . 9 TeV by means of uni-
tarity arguments [12]. In the upper horizontal axis of
Fig. 2 we show the bounds in terms of the NP scale de-
fined as ⇤ = v/

p
|Vcb||✏�|, which result to be within the

range of mT reported by the experiments. The bins most
sensitive to NP turn out to be those in 0.7 TeV . mT .
1.5 TeV; removing the tail of the distribution above that
region has a minimal impact, of . 10%, on the bounds.
Therefore, the EFT analysis should retain its validity for
mediators above this scale.

For scenarios with lighter NP, the EFT study is invalid
and one needs to do the analysis in terms of the partic-
ular UV completions of the operators. The possibilities

in terms of mediators are also quite limited, reducing
to the tree-level exchange of either new colorless vector
(W 0) [28, 60–65] and scalar (H±) [66–70] particles in the
s-channel, or leptoquarks in the t-channel [27, 47, 49, 71–
91]. We will not consider extra Higsses because they are
in conflict with bounds from the decay Bc ! ⌧⌫ [14, 16].

The Leptoquark completion: Leptoquarks (LQ)
carrying di↵erent quantum numbers (or combinations
thereof) can produce all the operators in Eq. (1) [27, 47,
49, 71–91] (we will use same notation as in refs. [92, 93]).
Our analysis involve (i) the scalar LQ S1 = (3̄, 1, 1/3)
producing vector-current (left-handed or right-handed)
solutions; (ii) the S1 producing the scalar-tensor solution;
(iii) the S1 combined with the scalar LQ R2 = (3, 2, 7/6)
to achieve a tensor solution by adjusting the masses
MS1 = MR2 ; (iv) the vector LQ U1 = (3, 1, 2/3) lead-
ing also to the vector-current scenarios. All in all, we
study four di↵erent LQ models, accounting for a total of
six di↵erent NP solutions to the RD(⇤) anomalies.

We simulate the signals scanning the LQ masses in the
range 0.75 TeV to 5 TeV and, for a given mass, we derive
upper bounds on the product of LQ couplings to c- and
b-quarks. In contrast to the EFT analysis, we simulate
without jets at parton level in the final state keeping only
the t-channel contributions, which are those connected
to RD(⇤) . Single- and pair-LQ production topologies ap-
pear with extra jets. These introduce model dependence
in terms of e.g. branching fractions to other possible de-
cay channels, and are the target of direct searches (see
e.g. [94, 95]).

In all the models we find that the bounds on the
coupling-mass plane of the LQ are approximately equal
to those derived from the EFT solutions they incarnate
for masses & 2� 3 TeV. Solutions with lower masses are,
nevertheless, being cornered by the aforementioned direct
searches. Therefore, the conclusions for the LQ are very
similar to the EFT analysis: The two LQ S1-R2 scenario
is excluded by more than 2� in all the mass range. Right-
handed solutions [49, 91] with S1 and U1 are also ex-
cluded by & 2� except for masses below 2 TeV. This mass
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We investigate the crossing-symmetry relation between b ! c⌧�⌫̄ decay and bc̄ ! ⌧�⌫̄ scattering
to derive direct correlations of New Physics in semi-tauonic B-meson decays and the mono-tau
signature at the LHC (pp ! ⌧hX + MET). Using an exhaustive set of e↵ective operators and heavy
mediators we find that the current ATLAS and CMS data constrain scenarios addressing anomalies in
B-decays. Pure tensor solutions, completed by leptoquark, and right-handed solutions, completed
by W 0

R or leptoquark, are challenged by our analysis. Furthermore, the sensitivity that will be
achieved in the high-luminosity phase of the LHC will probe all the possible scenarios that explain
the anomalies. Finally, we note that the LHC is also competitive in the b ! u transitions and
bounds in some cases are currently better than those from B decays.

Introduction: Branching fractions of semi-tauonic
B-meson decays, measured through the ratios RD(⇤) =
�(B ! D

(⇤)
⌧⌫)/�(B ! D

(⇤)
`⌫) (with ` = e or µ), ap-

pear to be enhanced with respect to the Standard Model
(SM) by roughly thirty percent, with a global significance
of⇠ 4� [1–11]. If this is due to new physics (NP), its mass
scale is expected to be not far above the TeV scale (see
e.g. [12]). The most immediate question is whether such
NP is already ruled out by the existing high-pT searches
and, if not, what is the roadmap for its direct discovery.

From a bottom-up perspective the NP interpretation
of the RD(⇤) anomalies involves two di↵erent aspects,
(i) new dynamics (i.e. degrees of freedom), and (ii)
the flavour structure. Both aspects are relevant when
it comes to identifying correlated e↵ects in other ob-
servables such as weak hadron or ⌧ decays, electroweak
precision observables and high-pT LHC signatures (see
e.g. [13]).

The Lorentz structure of the e↵ective operators that
describe the e↵ects of the hypothesized heavy mediators
at low energies can be discriminated by using b ! c⌧⌫ de-
cay data alone [14–24]. On the other hand, most of flavor
data is consistent with the SM, which suggests that such
NP must couple mainly to the third generation of quarks
and leptons [13, 25–32]. However, in general, and with-
out the guidance of a theory of flavor, models addressing
the anomalies have some freedom in the way they im-
plement couplings in flavor space. All this complicates
defining conclusive tests in other weak hadron decays or
clear direct-search strategies at the LHC.

The aim of this letter is to discuss and explore in detail
the phenomenology of a collider signature that should be
produced at the LHC by any model addressing the RD(⇤)

anomalies with new heavy mediators. The main idea, il-
lustrated in Fig. 1, is that regardless of the Lorentz and
flavor structure of the NP, crossing symmetry univocally
connects the b ! c⌧

�
⌫̄ decay and the bc̄ ! ⌧

�
⌫̄ scatter-

ing processes [14, 33–36]. As we demonstrate below, the
analysis of pp ! ⌧⌫X at the LHC already excludes broad
classes of models addressing the anomalies and provides
a “no-lose theorem” for the direct discovery of NP at

FIG. 1. Illustration of the complementarity in b ! c⌧⌫ transi-
tions as measured in B meson decays and inclusive production
of ⌧+MET of high-pT LHC.

the LHC, in case the RD(⇤) anomalies were confirmed in
the future. Furthermore, these searches simultaneously
constrain operators involving semi-tauonic b ! u transi-
tions with bounds that are currently competitive, or even
better, than those obtained in B decays.
E↵ective-field theory: We start with a low-energy

e↵ective field theory (EFT) of NP in semi-tauonic b ! ui

transitions (with ui up- or charm-quarks) [37, 38],
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v2

"⇣
1 + ✏

ib
L

⌘
⌧̄ �µPL⌫⌧ · ūi�
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+ h.c. (1)

where subindices label quark flavor in the mass basis, Vij

are the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ements, PL,R are the chiral projectors, �µ⌫ = i/2[�µ

, �
⌫ ]

and we have used v ⇡ 246 GeV the electroweak symme-
try breaking (EWSB) scale. With this normalization, the
Wilson coe�cients (WCs) scale as ✏� ⇠ v

2
/⇤2, where ⇤

is the characteristic scale of NP. Light right-handed neu-
trinos can be added to Eq. (1) with the replacements
PL ! PR in the leptonic currents and ✏� ! ✏̃� in label-
ing the WCs. None of these operators interfere with the
SM for vanishing neutrino masses.
In order to connect this EFT to NP with a typical scale

⇤ � v, one needs to switch first to another EFT which
is invariant under SU(2)L⇥U(1)Y and is built using the
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LFUV in            : 
⇒ tree-unitarity 

up to the edge of LHC kinematical reach 

LFUV in          (& other obs.) :  

⇒ NP d.o.f.s accessible at LHC only if their couplings to 
bs and/or μμ suppressed! 

BSM scales - B anomalies

MNP . 6.5TeV

RK(⇤) ⇤ ⇠ 40TeV

Q = (c̄�µPLb)(⌧̄ �µPL⌫)e.g.

Q = (s̄�µPLb)(µ̄�
µPLµ)e.g.

R(D(⇤)) ⇤ ' 2.5TeV

see e.g.
Altmannshofer et al., 1704.06659

Iguro et al., 1810.05843
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of heavy NP (its projection to SMEFT) 
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Caveats

1. Low energy measurements can only probe IR properties 
of heavy NP (its projection to SMEFT) 

Example: B-anomalies 
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Caveats

1. Low energy measurements can only probe IR properties 
of heavy NP (its projection to SMEFT) 
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Simplest UV:
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see e.g. Angelescu et al., 2103.12504

different LHC pheno!



Caveats

1. Low energy measurements can only probe IR properties 
of heavy NP (its projection to SMEFT) 

2. Operators in (SM)EFT mix under renormalization
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⇒ IR projection function of (unknown) UV scale!
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Figure 2: Contributions to the operators entering the dipoles. Operators connected with

solid arrows enter the RGEs, while dashed arrows describe purely finite e↵ects. The †
indicates that the operator O(1)

lequ
is not included in the  4 class here. Interestingly, we

find that the others operators in this class only enter via the RGE, generating no rational

terms. The ‡ shows that the operator OfW gives only rational terms.

• Operators with (n,
P

h) = (3, 3), i.e. operators of the class F 3;

• Operators with (n,
P

h) = (4, 2). This includes operators of the form F 2H2,  4 and

of course the dipole operators F 2H themselves.

Although there is an exception to Eq. (3.4), we can show that it does not change

the set of renormalizing operators given above. It is related to the existence of the so-

called exceptional, four-dimensional  4 amplitude with (n,
P

h) = (4, 2).4 [57–59]. It

can be shown that an insertion of this exceptional amplitude could potentially lead to the

renormalization of the dipoles from higher-dimensional operators with (n,
P

h) = (4, 0).

Operators with this number of legs and total helicity in the Warsaw basis are of the form

 2 ̄2,   ̄H2D and H4D2. Hence we see that we can not build a loop amplitude with the

particle content of the dipole in the external states by combining these higher-dimensional

contact amplitudes with the four-dimensional exceptional amplitude.

While these helicity selection rules provide a helpful tool when aiming to calculate the

RGEs of various operators there, they have one major shortcoming if one is interested in a

full 1-loop calculation. This is related to the fact that helicity arguments deal only with the

renormalization of operators and are not able to tell if there are operators that contribute

only through rational terms5.

Interestingly, although the operator OfW belongs to the F 3 class, hence could renor-

malize the dipole operators, it instead gives only a finite, rational contribution. This was

4
This amplitude is proportional to the product of up and down quark Yukawa couplings and is the only

SM 4-point amplitude having total helicity di↵erent from zero
5
While there are no helicity selection rules for rational terms, they can still be calculated using helicity

amplitudes. However, this would require to perform all possible multi-particle cuts either in D dimensions,

see e.g. [61], or using massive loop propagators [62, 63]
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Figure 2: Mixing of operators relevant for �F = 2 observables for the K0 � K̄0 and Bs,d � B̄s,d

mixing in the Warsaw down-basis. The red, green and black lines indicate the mixing due
to strong, electroweak and top-Yukawa couplings, respectively. The self-mixing is shown by a
dashed black line. Here k = 1, 2, 3. For the up-basis the mixing due to top-Yukawa, i.e. all
black lines disappear.

mixing is flavour-diagonal. The most important evolution due to gauge couplings are
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In the up-basis, where the up-type Yukawa matrix Y U =
p

2 mdiag
U /v is diagonal,

all flavour-changing mixing terms in (30)–(33) disappear, whereas mixing due to gauge
couplings shown in (35)–(39) remains unaltered.

From the above equations one sees that the operator set B0 for down-type mixing

Kley et al., 2109.15085 Aebischer et al., 2009.07276
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Caveats

1. Low energy measurements can only probe IR properties 
of heavy NP (its projection to SMEFT) 

2. Operators in (SM)EFT mix under renormalization 

Example: muon g-2 & Higgs decays to muons
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Figure 4. Left: Induced shift in the muon anomalous magnetic moment from �c2,µ as function of
the NP scale ⇤. The horizontal gray and purple bands show the (g � 2)µ favored region assuming
�aµ as in Eq. (4.2) or in Eq. (4.3) respectively. Right: Induced shift in Higgs to two muons decay
from �c1,µ as function of the NP scale ⇤. The horizontal solid line shows present bounds from
measurements at LHC, while dashed and dotted lines show projections from HL-LHC and FCC
respectively.

4.3 Tauon

The case for the anomalous magnetic moment of the tau lepton, a⌧ , is quite different than
the previous two. The very short tau lifetime does not allow for precise measurement of its
spin precession in a magnetic field, and a⌧ needs to be extracted from the cross section of
⌧ -pair production in high energy processes. These typically involve (virtual) photons with
non-negligible q

2 and in practice probe the EM form factor of the tau away from q
2
= 0

limit where a` is conventionally defined. The SM predicted value (at q
2
= 0) is [8]

a
SM
⌧ = (117717.1± 3.9)⇥ 10

�8
, (4.6)

while experimental limits from LEP [43] and projections from CLIC [44]4 are:

LEP : �0.052 < a
exp
⌧ < 0.013 , CLIC : �0.0131 < a

exp
⌧ < 0.0091 . (4.7)

First, we observe that the experimental sensitivity is not expected to reach the order of
magnitude of the SM predictions (which have non-negligible q

2 dependence) in the foresee-
able future. In addition, as discussed in Sec. 3.2, contributions due to heavy NP experience
negligible running below the EWSB scale. Consequently, the experimental bounds on �a⌧

at any small enough q
2 will apply equally and can be used to constrain the relevant UV

scenarios. The results are shown in the left plot in Fig. 5. Unfortunately, none of the con-
sidered scenarios with ⇤ above the TeV is expected to yield observable signals at present
or planned experiments. Any prospective signal in such measurements would thus point to
the presence of light new degrees of freedom.

On the other hand, h ! ⌧⌧ has been measured with good precision at LHC. The signal
strength reported by ATLAS [45] and CMS [46] are

ATLAS : 
2
⌧ = 1.09± 0.29 , CMS : 

2
⌧ = 1.09± 0.27 . (4.8)

4
The bounds refer to 200 fb

�1
luminosity,

p
s = 1.5 TeV and �sys = 0.1 .
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We further explore the role of four fermion operators by matching SMEFT to an explicit
UV NP model. Suitable scenarios include models of LeptoQuarks [19–21] as well as models
with multiple Higgs fields. Indeed, we explore two of such examples: first we study a
flavor specific Two-Higgs Doublet Model (2HDM) [22–24], where the chiral enhancement is
obtained only at the two-loop level by the s.c. Barr-Zee mechanism. Secondly, we study
two scalar LeptoQuarks, namely S1 and R2 [25], that can generate the desired operators
already at tree level. In both cases we compare the RGE improved SMEFT results to the
explicit (unresummed) model calculations and discuss the validity of the approximations
taken in each approach.

The paper is organized as follows. In Section 2 we present the dimension six operators
relevant for the EFT analysis and describe their interplay due to the RGE. Section 3
is devoted to matching the SMEFT operators to observables below the EW scale. The
phenomenological aspects of the latter are discussed in Section 4 for the three charged
lepton flavors. In Section 5 we compare the SMEFT results to explicit calculations within
a flavor specific 2HDM, while in Section 6 we do the same for the scalar LeptoQuarks case.
We then summarize our conclusions in Section 7. Finally, Appendix A gives details on
the RG equations for the chosen operators, Appendix B gives details of our calculation
of the one-loop SMEFT matching when integrating out the top quark, while Appendix C
describes the leading logarithm expansion of two-loop diagrams in the 2HDM.

2 SMEFT Operator Basis

We start by building the SMEFT at scales above the EW symmetry breaking (EWSB)
scale, v = 246GeV by extending the SM Lagrangian with a series of operators of increasing
canonical dimension (d): L = L

SM
+
P

d
L
(d). The most relevant dimension-six Lagrangian

can be written as
L
(6)

=

X

i

ĈiOi + h.c. , with Ĉi =
Ci

⇤2
, (2.1)

where the index i runs over all the SM gauge invariant operators in a given basis. In the
following we work with the s.c. “Warsaw” basis of operators [26]. For simplicity, since we
are concerned with phenomenology of CP-even observables, we limit our discussion to CP
conserving NP dynamics. In practice, i.e. for the operators we consider, this means taking
all Ĉi as real.

The set of operators relevant for the analysis of charged lepton anomalous magnetic
moments and leptonic Higgs decays is actually quite small, including the three operators

O1,pr =

⇣
'
†
'

⌘ �
¯̀
per'

�
, (2.2a)

O2,pr =
�
¯̀
p�

µ⌫
er

�
⌧
a
'W

a

µ⌫ , (2.2b)
O3,pr =

�
¯̀
p�

µ⌫
er

�
'Bµ⌫ . (2.2c)

Here ' is the Higgs doublet, ` is the left-handed lepton doublet, e is the right-handed lepton
singlet and p, r are the lepton generation indices. W and B are the SU(2)L and U(1)Y

gauge field strength tensors respectively, while ⌧
a are the SU(2)L generators.
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As the relevant scales for the evaluation of g � 2 and Higgs decays are below the EW
and especially NP scales (where we assume v ⌧ ⇤), the RG evolution and matching of
operators from the NP scale to low energies needs to be taken into account. The complete
system of one-loop SMEFT RG equations is presented in Refs. [27–29]. The important
observation is that, setting all the fermion Yukawa couplings except for the top quark to
zero, operators in Eqs. (2.2a - 2.2c) can form a closed set under RGE provided we include
two additional four-fermion operators

O4,prst =
�
¯̀j
per

�
✏jk

⇣
q̄
k

sut

⌘
, O5,prst =

�
¯̀j
p�µ⌫er

�
✏jk

⇣
q̄
k

s�
µ⌫
ut

⌘
, (2.3)

where q and u are the quark LH doublet and up-quark RH singlet respectively, with genera-
tion indices r, t. The indices j, k are SU(2)L gauge indices, contracted by the antisymmetric
Levi-Civita tensor ✏jk. In the following, we will consider only operators including the top-
quark and conserving lepton flavor, thus we suppress the s = t indices for quarks and
p = r = e, µ, ⌧ indices for leptons. Finally, to form a closed set of RG equations, we need
to take into account the RG evolution of gauge and Yukawa couplings. The complete set
of RG equations we use is collected in Appendix A.

In the approximations described before, the gauge couplings, the Higgs mass and the
top quark Yukawa evolve according to the SM equations, which we take from Refs. [30] and
[31], respectively. On the other hand, the Higgs quartic coupling � and the muon Yukawa
yµ receive one-loop contributions from the operators O1 and O4, described in Eqs. (A.7)
and (A.8). The former contains corrections to yµ which, differently from the SM, are
not proportional to the yµ Yukawa itself. This is also reflected in the one-loop threshold
corrections at the weak scale proportional to v

2
Ci,p. The corrections to � are instead also

proportional to yµ and we keep them for completeness, but are otherwise negligible.
The RG evolution of these operators can hint at the low-energy signatures, which will

be calculated in detail in the next Section. As an illustration of the interplay between them,
we set the initial conditions at the high scale ⇤ = 10

8
GeV and solve the RG evolution

down to the weak scale v. In each case, we set Ci,`(⇤) = 1 while Cj,`(⇤) = 0 for j 6= i. In
other words, we consider the cases where the UV complete model generates one operator
for a specific flavor ` at the leading EW order, while all the others are EW loop-induced.
The results are shown in Fig. 1.

Note that C1,` does not appear in the RG equations for C2,3,4,5,` (see Appendix A);
this is reflected in the first plot in Fig. 1, where the one-loop induced coefficients are all
negligible. Thus, UV models that only generate O1,` can be probed exclusively via Higgs
decays.

On the other hand, C2,` and C3,` can induce a sizeble C1,` through their RG evolution.
It follows that bounds on leptonic Higgs decays become relevant for these models, together
with bounds on the lepton anomalous magnetic moments, which O2,` and O3,` generate
at the leading order when matched to the low energy EFT below the EW scale (see next
Section for details).

Finally, the two four-fermion operators O4,` and O5,` are able to induce C1,`, C2,` and
C3,`, however in very different proportions. This behaviour allows one-loop matching con-
tributions (of O5,`) to the anomalous magnetic moment at the low scale to dominate over
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of the one-loop SMEFT matching when integrating out the top quark, while Appendix C
describes the leading logarithm expansion of two-loop diagrams in the 2HDM.
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where the index i runs over all the SM gauge invariant operators in a given basis. In the
following we work with the s.c. “Warsaw” basis of operators [26]. For simplicity, since we
are concerned with phenomenology of CP-even observables, we limit our discussion to CP
conserving NP dynamics. In practice, i.e. for the operators we consider, this means taking
all Ĉi as real.

The set of operators relevant for the analysis of charged lepton anomalous magnetic
moments and leptonic Higgs decays is actually quite small, including the three operators
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Ci

⇤2
, (2.1)

where the index i runs over all the SM gauge invariant operators in a given basis. In the
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Caveats

1. Low energy measurements can only probe IR properties 
of heavy NP (its projection to SMEFT) 

2. Operators in (SM)EFT mix under renormalization ⇒ IR 
projection function of (unknown) UV scale! 

3. Comparison of high pT & FCNC/CPV measurements 
(and their interpretation within SMEFT) depends crucially 
on assumed (unknown) flavor & CP structure of NP 
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UV solutions to EW hierarchy problem require NP @ TeV 

Not possible for generic flavor & CP structure 

“NP flavor & CP” problem 

Minimal flavor violating assumption: all flavor & CP violation 
(even BSM) proportional to SM Yukawas 

Formally: Yu,d,e only (spurionic) sources of SM U(3)5 flavor 
symmetry (& CP) breaking even BSM 
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UV solutions to EW hierarchy problem require NP @ TeV 

Not possible for generic flavor & CP structure 

“NP flavor & CP” problem 

Minimal flavor violating assumption: all flavor & CP violation 
(even BSM) proportional to SM Yukawas 
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For generic expansion (ai ∼ 1) MFV solutions to EW 
hierarchy & B-anomalies already in tension with direct LHC 
searches! 

Also: Unless CP conservation assumed in UV 
in general strong bounds on NP scale from EDMs
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For generic expansion (ai ∼ 1) MFV solutions to EW 
hierarchy & B-anomalies already in tension with direct LHC 
searches! 

Example: RK 
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Fig. 5 Limits on the Z0 MFV model from pp ! µ+µ�. See text for
details.

3.2 Model examples

Let us briefly speculate about the UV scenarios capable of
explaining the observed pattern of deviations in the rare B
meson decays. For our EFT approach to be valid, we focus
on models with new resonances beyond the kinematical
reach for threshold production at the LHC. In such mod-
els, the effective operators in Eq. (1) are presumably gener-
ated at the tree level.3 We focus here on the single mediator
models in which the required effect is obtained by integrat-
ing out a single resonance. These include either an extra Z0

bosons [28,32,37,38,39,40,41,42,43,44,45,46,47,48] or
a leptoquark [49,50,51,52,53,54,27,55,56,57] (for a re-
cent review on leptoquarks see [58]).

We note that a full set of single mediator models with
tree-level matching to the vector triplet (c(3)Qi jLkl

) or singlet

(c(1)Qi jLkl
) operators, consists of: color-singlet vectors Z0

µ ⇠
(1,1,0) and W 0

µ ⇠ (1,3,0), color-triplet scalar S3 ⇠ (3̄,3,1/3),
and vectors U µ

1 ⇠ (3,1,2/3), U µ
3 ⇠ (3,3,2/3), in the no-

tation of Ref. [58]. The quantum numbers in brackets indi-
cate color, weak, and hypercharge representations, respec-
tively.

Z0 and W 0 models: A color-singlet vector resonance
gives rise to an s-channel resonant contribution to the dilep-
ton invariant mass distributions if MZ0 is kinematically ac-
cessible. Otherwise, the deviation in the tails is described
well by the dimension-six operators in Eq. (1) with L =
MV and

c(3)Qi jLkl
=�g(3),i j

Q g(3),kl
L , c(1)Qi jLkl

=�g(1),i j
Q g(1),kl

L , (17)

3Note that including a loop suppression factor of ⇠ 1
16p2 , the fit of

the flavour anomalies in Eq. (10) points to a scale L ⇡ 2.6+0.2
�0.3 TeV

(see for example models proposed in Refs. [34,35,36]).

obtained after integrating out the heavy vectors with inter-
actions L � Z0

µ Jµ +W 0a
µ Ja

µ , where

Jµ = g(1),i j
Q (Q̄igµ Q j)+g(1),kl

L (L̄kgµ Ll) ,

Ja
µ = g(3),i j

Q (Q̄igµ saQ j)+g(3),kl
L (L̄kgµ saLl) .

(18)

A quark flavour-violating g(x),23
Q coupling and g(x),22

L are
required to explain the flavour anomalies, while the limits
from pp ! µ+µ� reported in Table 1, can easily be trans-
lated to the flavour-diagonal couplings and mass combina-
tions.

For example, assuming a singlet Z0 with g1,i j
Q = g1,i j

L =

d i jg⇤ and MFV structure (g(1),23
Q =Vtsg⇤) we derive limits

on g⇤ as a function of the mass MZ0 , both fitting the data
directly in the full model,4 and in the EFT approach. The
results are shown in Fig. 5. The limits in the full model are
shown with solid-blue while those in the EFT are shown
with dashed-blue. We see that for a mass MZ0 & 4�5 TeV
the limits in the two approaches agree well, while for the
lower masses the EFT still provides conservative bounds.5

On top of this, we show with green lines the best fit and 2s
interval which reproduce the b ! sµµ flavour anomalies,
showing how LHC dimuon searches already exclude such
a scenario independently of the Z0 mass.

Related to the above analysis, let us comment on the
model recently proposed in Ref. [48]. An anomaly-free
horizontal gauge symmetry is introduced, with a correspond-
ing gauge field (Z0

h) having MFV-like couplings in the quark
sector. Fig. 1 of Ref. [48] shows the preferred region from
DCµ

9 in the mass versus coupling plane, as well as the con-
straint from the Z0 resonance search (from the same exper-
imental analysis used here [11]). While the limits from the
resonance search are effective up to ⇠ 4 TeV, we note that
the limits from the tails go even beyond and already probe
the interesting parameter region as shown in our Fig. 4.
Note that this statement is independent of the Z0 mass (as
long as the EFT is valid).

Leptoquark models: A color-triplet resonance in the
t-channel gives rise to pp ! `+`� at the LHC [59,60].
The relevant interaction Lagrangian for explaining B de-
cay anomalies is,

L � yLL
3i jQ̄

c,i
L is2saL j

LSa
3 + xLL

3i jQ̄
i
Lgµ saL j

LUa
3,µ

+ xLL
1i jQ̄

i
Lgµ L j

LU1,µ +h.c. ,
(19)

and the matching to the EFT is provided in Table 4 of
Ref. [58]. The constraints from Table 1 apply again in a
straightforward way. The validity of the expansion has been

4The Z0 decay width is determined by decays into the SM fermions
u,d,s,c,b, t,µ,nµ via Eq. (18), i.e. GZ0/MZ0 = 5g2

⇤/(6p).
5See Ref. [9] for a more detailed discussion on the EFT validity in
high-pT dilepton tails.



For generic expansion (ai ∼ 1) MFV solutions to EW 
hierarchy & B-anomalies already in tension with direct LHC 
searches! 
However: LHC sensitivity dominated by couplings to first 
generation quarks, while EW fine-tuning (& B-anomalies) 
dominated by third (& second) generation couplings! 
Also: other FCNC & CPV bounds most severe for 1st - 2nd 
generations (mixing) 
Implications for TeV scale NP: coupling (predominantly) to 
3rd gen. fermions ⇒ 3rd gen. alignment [ GMFV, U(2) ] 

Flavor of new physics (mid LHC)

33

see e.g.
Kagan et al., 0903.1794 

Barbieri et al., 1105.2296
Fajfer et al., 1206.1872 

Bordone et al., 1702.07238

✏Qij ' 1+O(YY†)



Quark 3rd gen. flavor alignment implies lower NP scale 
(similar to MFV): 

    Well within LHC reach!                Still only marginally! 
However: Including 3rd gen. alignment in lepton sector (with 
small breaking): 

1. can fit both LFU anomalies, d.o.f.s within LHC reach! 
2. important implications for  

Immediate implications of B-anomalies for LHC

(Q̄3Q3)(L̄2L2) ! VtbVts(s̄b)(µ̄µ)

⇤
p

|Vts| ⇠ 8TeV

RK(⇤)⇒            anomaly

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫)

⇒                 anomalyR(D(⇤))

⇤
p
|Vcb| ⇠ 500GeV

34

JFK et al., 1705.11106
Capdevila et al., 1712.01919
Cornella  et al., 2001.04470
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(Q̄3Q3)(L̄3L3) ! VtbVts(s̄b)(⌧̄ ⌧ + ✏2` µ̄µ)
see e.g. 

Cornella  et al., 2103.16558
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b ! s⌧+⌧�
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✏` ⇠ mµ/m⌧



Weak gauge invariance ⇒ neutral currents 
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Immediate implications for LHC:

Constraints from existing pp → τ+τ−    searches at LHC
Faroughy, Greljo & JFK, 1609.07138

see also
Buttazzo et al., 1706.07808

R(D(⇤))

(Q̄3Q3)(L̄3L3) ! Vcb(c̄b)(⌧̄ ⌫) + Vtb(t̄b)(⌧̄ ⌫) + (b̄b)(⌧̄ ⌧)

pp ! ⌧+⌧�

35
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 Weak effective theory

                   contrubutes indirectly at One-loop level:

- The leading log from RG evolution 
  dominates over finite pieces  

from one-loop anomalous dimension matrix

- Finite part
 Aebischer et al. [1512.02830]

-11-

Starting with flavor conserving non-universal (3rd gen. 
aligned) operators: 

EW matching & RGE induce LFUV in rare FCNC B decays 

Effective NP scale now loop-suppressed:  

B-anomalies without new quark flavor violation

(L̄2L2)(Ū3U3) (Ē2E2)(Ū3U3)

⇤

p
|Vts|
4⇡

⇠ 600GeV

⇒ automatically respects 3rd gen. alignment 

⇒ d.o.f.’s mediating RK well within LHC kinematical reach

Aebischer et al., 1512.02830
Faroughy et al., 1805.04917 

see also
Blanger, Delaunay, & Westhoff, 1507.06660

Bauer et al., 1511.01900 
Becirevic & Sumensari, 1704.05835

JFK, Soreq & Zupan, 1704.06005 36



Low energy flavor & CP probes together with high pT 
searches at LHC put strong constraints on TeV scale NP  

Interesting case for 3rd generation flavor alignment 
➡ Implications for EW hierarchy solutions (don’t give up yet!) 
➡ Coherent pattern of LFUV observables in b-hadron decays 

Crucial to explore related pheno (both at low E and high pT): 
➡  
➡  
➡  

Essential role of Belle II and future colliders (FCC-ee)

Conclusions

<latexit sha1_base64="e8JlkSg5oFW0uSYOVvZDVnb/OlA="></latexit>

b ! q⌧⌫
<latexit sha1_base64="VIGhiaRNoMTAwCpSpxTtoNYe0Nc="></latexit>

b ! q⌫⌫
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b ! q⌧`
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(B ! K(⇤)⌧µ, . . .)

<latexit sha1_base64="+oTY0E2ao+hOjktcC2HKUCal7Lc="></latexit>

(B ! K(⇤)⌫⌫̄, . . .)

see also
Allwicher, Isidori & Selimovic, 2109.03833

Bordone eta l., 2101.11626
Descotes-Genon et al., 2104.06842 , 2005.03734

Angelescu et al., 2103.12504
Cornella et al., 2103.16558

Aloni et al., 1702.07356
JFK, Katz & Stolarski, 1808.00964

… 

Amhis et al., 2105.13330
Charles et al., 2006.04824

Grossman & Ligeti, 2106.12168
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(R⇡, R⌥, . . .)

top quark decays, production

➡  
➡  
➡

<latexit sha1_base64="lRCko0EbTIH93/PqgxEWPi0hl2o="></latexit>

pp ! ⌧X, Emiss
T X

higgs decays
see talks by Soreq et al….

see talks by Worek et al…

see talks by Greljo et al…

see talks in WG3



More generally: Flavor studies of NP in the scope of general 
SMEFT are well under way 

Important implications for measurement interpretations as 
well as UV NP model building 

Going beyond SMEFT: NP with light new d.o.f.s           
(ALPs, dark photons) 

Flavor important/complementary probe also of light 
(invisible) NP 

Highlight possible role of Flavor experiments as discovery 
machines 

Conclusions

see e.g.
Descotes-Genon et al., 1812.08163

Faroughy et al., 2005.05366
Aebischer et al., 2009.07276

Kley et al., 2109.15085

see e.g.
Banerjee et al., 1705.02327

Bauer et al., 1908.00008, 2012.12272, 2102.13112
Cornella, Paradisi & Sumensari, 1911.06279

Calibbi et al., 2006.04795, 1612.08040
Galda, Neubert & Renner, 2105.01078

JFK & Smith 1111.6402
Dolan  et al., 1412.5174

JFK & Haisch, 1601.05110
Dobrich et al., 1810.11336

see e.g.
Ilten et al., 1603.08926

Borsato et al., 2105.12668

see talks by Hiller et al…
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VL quark partner of right-handed top (T),  

- charged under gauged U(1)’ (Z’, h’) 

- T-tR mix after U(1)’ breaking - induced U(1)’ charge of tR 

(similar mechanism possible to induce muon U(1)’ charge) 

RK     without new flavor violation: a UV completionRK(⇤)

2

that describes the b ! s`+`� transitions is given by

He↵ = �4GFp
2
VtbV

⇤
ts

e2

16⇡2

X

i

�
C`

iO
`
i + C 0

i
`O0`

i

�
+H.c.,

(3)
where e is the EM gauge coupling and the sum runs over
the dimension-five and dimension six-operators. Denot-
ing SM and NP contributions to the Wilson coe�cients
as C`

i = C`,SM
i +C`,NP

i , global analyses of all b ! s`+`�

indicate a nonvanishing Cµ,NP
9 , with some preference for

a NP solution with Cµ,NP
9 = �Cµ,NP

10 ' 0.60(15); see,
e.g., [15]. Here the relevant four-fermion operators are
O`

9 =
�
s̄�µPLb

��
¯̀�µ`

�
, and O`

10 =
�
s̄�µPLb

��
¯̀�µ�5`

�
.

The data thus imply the presence of NP contributions
with a V � A structure in the quark sector. How-
ever, additional contributions of comparable magnitude
but with a V + A structure from the NP operators
O0`

9 =
�
s̄�µPRb

��
¯̀�µ`

�
, O0`

10 =
�
s̄�µPRb

��
¯̀�µ�5`

�
are

still allowed by the current data.
In the class of models we are considering only the O`

9
and O`

10 are generated at one loop, see Fig. 1. The V �A
current in the quark sector is a clear prediction of the
models, while the structure of the couplings to leptons
depends on the details of the model. For simplicity we
assume that NP predominantly a↵ects the b ! sµ+µ�

transition and not the b ! se+e�. This leads to LFU
violation when comparing b ! sµ+µ� with b ! se+e�.
It also modifies the total rates in various b ! sµ+µ�

decays, in accordance with indications of global fits [12–
15]. On the other hand Bs, Bd and K0 mixing via Z 0

exchange arises only at the two-loop level and is well
within present experimental and theoretical precision.

Since the NP sector does not contain new sources of
flavor violation, this class of models respects the MFV
ansatz. In MFV, a shift to C`

9,10 can be correlated with
the analogue contributions to rare kaon decays. For in-
stance, theK+ ! ⇡+⌫⌫̄(�) decay branching ratio is mod-
ified to [52]1

B(K+ ! ⇡+⌫⌫̄(�)) = (8.4± 1.0)⇥ 10�11

⇥1

3

X

`

�����1 +
s2W (C`,NP

9 � C`,NP
10 )

XSM

�����

2

, (4)

where XSM = Xt + (Xc + �Xc,u)V 4
usVcsV ⇤

cd/VtsV ⇤
td '

2.10 + 0.24i with Xi defined, e.g., in [53], and have writ-
ten for the weak mixing angle sW ⌘ sin ✓W ' 0.48,
cW ⌘ cos ✓W . For values of Cµ,NP

9,10 that are preferred
by current b ! s`` data, the resulting e↵ect in K ! ⇡⌫⌫̄
is small compared to current experimental uncertainties,
but could be within reach of the ongoing NA62 experi-
ment [54]. Similar comments apply to the theoretically
very clean KL ! ⇡0⌫⌫̄ decay. The decay KL ! ⇡0µ+µ�

1 This is for leptons in an isospin singlet state, while for an isospin
triplet combination, the NP contribution flips its sign.
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Figure 1: The NP contributions to the di ! dj`` processes
from the exchange of a Z0 that couples to the top quark and
a heavy top partner T .

is modified at the level of O(5%) by such NP models.
To observe these e↵ects the experimental sensitivity [55]
would need to be improved by two orders of magnitude
in conjunction with some improvements in theoretical
precision [56]. The decay modes K+ ! ⇡+e+e� and
K+ ! ⇡+µ+µ� are dominated by long distance contri-
butions, while the NP contributions are expected to only
give e↵ects below the permille level and thus be unobserv-
able. The same is true for the KL ! µ+µ� transition,
where again the NP contribution is drowned by the SM
long distance e↵ects.
The minimal aligned U(1)0 model. We discuss next

the simplest realization of the above framework. We re-
strict ourselves to the case where on the leptonic side
only the muons are a↵ected by NP. The minimal model
has a new U(1)0 gauge symmetry that is spontaneously
broken through the vacuum expectation value (VEV) of
a scalar field, �, transforming as � ⇠ (1, 1, 0, q0) under
SU(3)C ⇥SU(2)L⇥U(1)Y ⇥U(1)0. The model contains,
in addition, a colored Dirac fermion T 0 ⇠ (3, 1, 2/3, q0).
The SM is thus supplemented by the Lagrangian

LU(1)0 =|(Dµ�)|2 �
m2

�

2ṽ2

⇣
�2 � ṽ2

2

⌘2

+ T̄ 0(i/D �MT )T
0 � 1

4
F 02
µ⌫ ,

(5)

where Dµ � ig̃q0Z 0
µ, the U(1)0 part of the covariant

derivative, F 0
µ⌫ = @µZ 0

⌫ � @⌫Z 0
µ the field strength for the

gauge boson Z 0, and � = (�+ ṽ)/
p
2. Here g̃ is the U(1)0

gauge coupling, ṽ is the VEV that breaks the U(1)0, while
� is the physical scalar boson that obtains mass m� after
spontaneous breaking of U(1)0.
All the SM fields are singlets under U(1)0. There are

only three renormalizable interactions between the SM
and the U(1)0 sector: the Higgs portal coupling � to
the SM Higgs, H; the U(1)0 kinetic mixing with the SM
hypercharge, Bµ⌫ ; and a Yukawa-type coupling of T and
� to the SM right-handed up-quarks ui

R,

Lmix = ��0|�|2|H|2�✏Bµ⌫F 0
µ⌫�(yiT T̄

0�ui
R+H.c.) . (6)

The summation over generation index i = 1, 2, 3, is im-
plied. While yiT can in general take any values, we assume
it is aligned with the right-handed up-quark Yukawa cou-
pling, i.e., that the two satisfy the basis independent

JFK, Soreq & Zupan, 1704.06005
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Figure 2: The constraints in the g̃, mZ0 plane coming
from dimuon searches at the LHC for Br(Z0 ! µ+µ�) =
0.25, 0.50, 1 (from darker to lighter orange). The area above
the dashed purple line is ⌫-trident production. The blue re-
gion shows the parameter space preferred by the b ! s`+`�

anomalies.
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Figure 3: Representative Feynman diagrams for pp ! jZ0

production at the LHC (first row, in addition to the box di-
agrams there are also triangle diagrams), and for pp ! ZZ0

and pp ! tt̄Z0 production.

values of the U(1)0 charges and gauge coupling, provided
mZ0 lies below O(TeV); see Fig. 2 .

The searches at the LHC for dimuon resonances could
put important bounds on the Z 0 couplings and its mass
or lead to its discovery [65, 66]. The most important
production channels are the tree level pp ! tt̄Z 0, as well
as pp ! ZZ 0 and pp ! jZ 0 production through top
and T loops. The representative diagrams for these are
shown in Fig. 3 (see also [67]). For the calculation we use
MadGraph5 aMC@NLO [68] with a modified model file [69]
for the model of Ref. [70].

The Z 0 boson decays to pairs of muons and, if it has a
mass above the 2mt threshold, also to top quarks. The

relevant fermionic widths are given by

�(Z 0 ! tt̄) ' NC

24⇡
g̃2q02(s4L + s4R)mZ0 , (16)

�(Z 0 ! µ+µ�) ' 1

12⇡
g̃2(q02µ,V + q02µ,A)mZ0 . (17)

neglecting the m2
t/m

2
Z0 suppressed terms. Similar ex-

pressions apply to potential Z 0 ! ⌫⌫̄ and/or Z 0 ! ⌧+⌧�

decays, with obvious replacements in the notation. For
Z 0 that predominantly couples to one left-handed lepton
flavor (two lepton flavors with the same strength) one has
Br(Z 0 ! `¯̀) ⇡ 0.5(0.25) for each charged lepton .
In Fig. 2 we show the constraint from the recent

ATLAS high-mass dilepton resonance search [65] in the
g̃q0 and m0

Z plane. We fix the heavy T top partner
mass to be mT = 5mZ0 with sR = 0.4 and taking
q0µ,V = �q0µ,A = q0/3. The sL ⇠ sRv/mT is small
enough so that electroweak precision tests are not con-
straining in the shown parameter space. For the above
parameter choice the branching ratios to tt̄ and µ+µ�

are similar. Following ATLAS analysis we use a 40% ac-
ceptance for the dominant Z 0j production channel and
show the bounds derived for �Z0/mZ0 = 0.08 adjusting
for the fact that ATLAS assumes equal decay probabil-
ities for Z 0 ! µ+µ� and Z 0 ! e+e�. The regions that
are excluded by the dilepton resonance search [65], for
Br(Z 0 ! µµ) = 0.25, 0.50, 1, are shown in orange. The
1� region preferred by the b ! s`+`� transitions is shown
in blue. We see that existing dimuon searches are already
covering interesting parameter space. Still, it would be
important to gain another order of magnitude in sensi-
tivity of the experimental searches as the precise value of
Br(Z 0 ! µµ) is model dependent. In the most interesting
Z 0 mass range, mZ0 & 300 GeV, the tree level pp ! tt̄Z 0

cross section is larger than the loop induced pp ! Z 0j
process. Thus, searches for di-muon resonances in associ-
ation with tt̄ can provide an important additional handle
on this model.

An important probe of Z 0 coupling to left-handed
muons is the neutrino trident production [71]. The re-
sulting upper bound on g̃q0µ is given by the dashed purple
line in Fig. 2. This is much more constraining than the
bounds from LFU violation in leptonic Z couplings, in-
duced at one loop because the Z 0 couples to muons but
not the electrons [72] (see also [73]). Finally, since the
heavy quark, T , or vectorlike leptons, L, are charged un-
der both Z 0 and hypercharge, one expects kinetic mixing
between the Z 0 and the SM B gauge field at the one-loop
level, ✏ ⇠ 10�3. This is below present bounds in our
preferred range of Z 0 masses; see e.g. [74].

Beyond the minimal model. The above minimal
model can be extended in several ways. For b ! s`+`�

decays the only essential ingredient is that the Z 0 couples
to top quarks and to muons. It is very easy to deviate
from this minimal assignment, and also couple Z 0 to ⌧
leptons without significantly changing the phenomenol-
ogy. The main e↵ect is on Z 0 searches since in that case
the branching ratio for Z 0 ! µ+µ� is reduced, making

RK induced through W loops         Dominant signatures:                                  
• neutrino trident 
•   

•   

pp ! 4t

pp ! 2µ2t

Alvarez et al., 1611.05032

see also
Fox et al., 1801.03505 



Complementary constraints:                                                                                 
• Flavor (LHCb, BelleII) 
• LHC top & muon production 
• Low energy colliders: neutrino trident 
Existing experiments should confirm/exclude 

VL quark partner of right-handed top (T),  

- charged under gauged U(1)’ (Z’, h’) 

- T-tR mix after U(1)’ breaking - induced U(1)’ charge of tR 

(similar mechanism possible to induce muon U(1)’ charge) 

RK     without new flavor violation: a UV completionRK(⇤)

JFK, Soreq & Zupan, 1704.06005
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pp � �� +X

� - trident

MZ ' = 1000 GeV

4-tops

1� Fit

FIG. 4. Summary of high-pT bounds for the Z0 model. The
red, purple and blue 95% CL exclusion regions correspond to
the LHC 4-top search, LHC di-muon tail search and the CCFR
neutrino trident experiment, respectively. Dotted colored con-
tours represent LHC bounds at a future luminosity of 300 fb�1.
The black dashed region corresponds to the 1� global fit to
RK(⇤) , LEP-I data and the b ! sµµ observables.

VI. HIGH-pT PHENOMENOLOGY

A. Limits on the Z0 model

We now turn to the phenomenological implications of
the Z

0 mediator discussed in Sec. VA, assuming it has
a mass around the TeV scale and vectorial coupling to
muons ✏

µµ
V ⌘ ✏

µµ
L = ✏

µµ
R . When extracting limits from

the LHC we will focus on tree-level Z 0 exchanges and
omit from our analysis loop-induced processes such as
gg ! gZ

0. The latter are sensitive to details of the ul-
traviolet completion such as e↵ects from heavy fermionic
top-partners. These exotic fermions are not uncommon
when trying to build an ultraviolet completion for the Z 0

model at hand and, while being too heavy to be directly
produced on-shell they still may give non-negligible con-
tributions to the production of the lighter Z

0 through
loop-level non-decoupling e↵ects, see Ref. [13, 14] for
more details.

At tree level, the most important constraints come
from Z

0 production in association with tt̄ at the LHC.
Once produced, the Z

0 boson can decay into muons,
muon-neutrinos, and top-quarks. After neglecting small
lepton masses, the partial decay widths for these channels
are given by

�(Z 0 ! µµ̄) ' MZ0

24⇡
(|✏µµL |2 + |✏µµR |2) ,

�(Z 0 ! tt̄) ' �
1/2(1, zt, zt)NCMZ0

24⇡
(1� zt)|✏ttR|2 ,

�(Z 0 ! ⌫µ⌫̄µ) '
MZ0

24⇡
|✏µµL |2 , (19)

where zt = m
2
t/M

2
Z0 ,NC = 3, and � represents the Källén

function. Each of these decay channels give rise to three
complementary LHC signatures: tt̄µµ̄, tt̄tt̄ and tt̄ + /ET .
In order to set limits in the coupling plane {✏µµV , ✏

tt
R}

of the model we have recasted a set of existing LHC
searches for two benchmark masses ofMZ0 = 0.7 TeV and
MZ0 = 1 TeV. For each benchmark mass, the 1� favored
region fitting the b ! s`

+
`
� anomalies and the LEP-I

measurements is given by the black dashed contours in
Figure 4. Limits for the process pp ! tt̄Z

0 ! tt̄µµ̄ were
extracted from the generic Z

0 di-muon resonance search
by ATLAS [35] (Sec.10.3) at 36.1 fb�1, assuming a de-
tector acceptance of 40% and a decay width dominated
by the three channels in Eq. (19). The 95% CL exclu-
sion limits from this search are shown in the purple re-
gion in Figure 4. Projections to a higher luminosity of
300 fb�1are also given by the dotted purple contour in the
same figure. For the process pp ! tt̄Z

0 ! tt̄tt̄ we used the
current best upper limit on the SM four-top cross-section
by CMS [36] at 35.9 fb�1of data. The 2� exclusion bound
is given by the red region in Figure 4. Projections to
300 fb�1, given by the dotted red contour, were estimated
using the multi-leptonic analysis performed in Ref. [37],
where the 95% CL upper limit on the SM cross-section
was found to be approximately �

SM
tt̄tt̄ < 23 fb. Notice that

a dedicated resonance search for this channel can consid-
erably improve this bound (especially at higher luminosi-
ties) if a high-mass cut is applied on the top-quark decay
products or a top-tagger is used in order to improve sen-
sitivity to the boosted tops from the decaying resonance,
see also Ref. [38].

Another relevant probe of the Z 0 boson is the neutrino
trident production [39]. The process ⌫µ�

⇤ ! ⌫µµµ̄ oc-
curring in a fixed target from a highly energetic neutrino
beam gives important limits on the Z 0 boson coupling to
muonic currents for a wide range of Z 0 masses. These con-
straints will be complementary to those from the LHC.
The cross-section for this process normalized by the SM
prediction is given by [39]

�
NP
⌫µµµ̄

�SM
⌫µµµ̄

=

1 +

✓
1 + 4s2✓W +

2v2 (✏µµV )2

M2
Z0

◆

1 + (1 + 4s2✓W )2
. (20)

This quantity has been measured at CCFR to be
�
NP
⌫µµµ̄/�

SM
⌫µµµ̄ = 0.82±0.28 [40], giving a strong constraint

Faroughy et al., 1805.04917 


