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Outline 
• New Physics enters any physics topic relevant for the upgrade… 

• Here I will restrict to

- Standard Model and the Higgs 

- New Physics 

1) Theoretical Aspects
2) The Flavour anomalies 

H ! cc
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- Extra topics and conclusions

• For a more extensive (and deeper) introduction: LHCb Phase-2 upgrade: a clear case, Z. Ligeti

https://agenda.infn.it/getFile.py/access?contribId=2&sessionId=0&resId=0&materialId=slides&confId=12253



SM and the Higgs 



The Higgs at LHC
• A no-lose theorem for the LHC:

Im(a)

Re(a)

Figure 1: Unitary circle: at energies below (above) the inelastic threshold the amplitude
al is constrained to lie on (inside) the circle.

mathematical formulation leads to an inconsistency if extrapolated to arbitrarily high
energies: when used in a perturbative expansion, it predicts scattering amplitudes that
grow with the energy and violate the unitarity bound. The latter prescribes that the
elastic scattering amplitude al of each l-th partial wave must satisfy

Im(al) = |al|
2 + |ain

l |
2 , (2)

where ain
l is the inelastic scattering amplitude. This means that at energies below the

inelastic threshold al is constrained to lie on the unitary circle Re2(al) + (Im(al) �

1/2)2 = 1/4, while at higher energies it is bounded to be inside it, see Fig. 1. Since at
tree level the amplitude is real and an imaginary part only arises at the 1-loop level,
perturbativity is lost when the imaginary and real part are of the same order, that is
when the scattering phase is large, � ⇡ ⇡.

It turns out that the violation of perturbative unitarity occurs in processes that
involve longitudinally polarized vector bosons as external states. For example, at tree
level the amplitude for the elastic scattering of two longitudinally polarized W ’s grows
as E2 at energies E � mW :

A(W+

L W�
L ! W+

L W�
L ) '

g2

4m2

W

(s + t) . (3)

Here s, t are the Mandelstam kinematic variables, and terms subleading in mW/E
have been dropped. Each longitudinal polarization brings one factor of E, since at

5

large energies ✏µL(p) = pµ/mW + O(mW/E), so that each diagram naively grows as E4.
When all the diagrams are summed, however, the leading E4 term cancels out, and
the amplitude grows as E2. We will see shortly that this cancellation can be easily
understood by performing the calculation in a renormalizable gauge. By projecting on
partial wave amplitudes,

al =
1

32⇡

Z
+1

�1

d cos ✓ A(s, ✓)Pl(cos ✓), (4)

where Pl(x) are the Legendre polynomials (P0(x) = 1, P1(x) = x, P2(x) = 3x2/2�1/2,
etc.), one finds the following expression for the s-wave amplitude (l = 0):
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32⇡

s

v2
. (5)

The loss of perturbative unitarity in the s-wave scattering thus occurs for 1

⇡ ⇡ � ' 2Re(a0) , i.e. for:
p

s ⇡ ⇤ = 4⇡v ' 3 TeV . (6)

The role of the longitudinally polarized vector bosons suggests that the inconsis-
tency of the Lagrangian (1) is in the sector that breaks spontaneously the electroweak
symmetry and gives mass to the vector bosons. The connection can be made explicit
by introducing, as propagating degrees of freedom, the Nambu-Goldstone bosons �a

that correspond to the longitudinal polarizations of the W and Z bosons:

⌃(x) = exp(i�a�a(x)/v), Dµ⌃ = @µ⌃ � ig
�a

2
W a

µ⌃ + ig0⌃
�3

2
Bµ . (7)

In terms of the chiral field ⌃, the mass terms can be rewritten as follows: 2
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⌘
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ij u(j)

R
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ij d(j)

R

!
+ h.c. (8)

The local SU(2)L ⇥ U(1)Y invariance is now manifest, since ⌃ transforms as

⌃ ! UL(x) ⌃ U †
Y (x) ,

UL(x) = exp
�
i↵a

L(x)�a/2
�

UY (x) = exp
�
i↵Y (x)�3/2

�
,

(9)

1A slightly stronger bound,
p

s . 2
p

2⇡v = 2.2 TeV, is obtained by including the e↵ect of the
channel W

+
W

�
! ZZ, see Ref. [10]. Notice that sometimes the bound Re(al)  1/2 or |al|  1 is

imposed, instead of �  ⇡. All are in fact acceptable as an estimates of the energy where perturbative
unitarity is lost. The di↵erence in the values of the cuto↵ ⇤ thus obtained can be interpreted as the
theoretical uncertainty of the estimate.

2For simplicity, from here on I will omit the lepton terms and concentrate on the quark sector.
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 Within the reach of LHC energy!

• It seems that Nature prefers the minimal solution: the SM Higgs boson
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• A no-lose theorem for the LHC:
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Figure 1: Unitary circle: at energies below (above) the inelastic threshold the amplitude
al is constrained to lie on (inside) the circle.
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 Within the reach of LHC energy!

• It seems that Nature prefers the minimal solution: the SM Higgs boson

[Zanzi]	

• Growing evidence of SM-like couplings of the Higgs with the third family of fermions

H mass and couplings in CMS and ATLAS              Moriond Electroweak 2018                    David Sperka (Florida) 24

Couplings: Resolved Loops CMS-PAS-HIG-17-031

[Moriond EW 2018]



The Higgs at LHCb
• LHCb might play an important role for the study of the Higgs with the second generation
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ATLAS sets 95% CL limit on σ(pp→Zh) BR(h→cc) of 2.7 pb. 
Bound largely independent of assumed Zh(bb) background
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Figure 2: Observed and predicted mcc̄ distributions in the 2 c-tag analysis categories. The expected signal is scaled
by a factor of 100. Backgrounds are corrected to the results of the fit to the data. The predicted background from
the simulation is shown as red dashed histograms. The ratios of the data to the fitted background are shown in the
lower panels. The error bands indicate the sum in quadrature of the statistical and systematic uncertainties in the
background prediction.

A search for the decay of the Higgs boson to charm quarks has been performed using 36.1 fb�1 of data
collected with the ATLAS detector in pp collisions at

p
s = 13 TeV at the LHC. No significant excess

of ZH(cc̄) production is observed over the SM background expectation. The observed upper limit on
�(pp ! ZH)⇥B(H ! cc̄) is 2.7 pb at the 95% CL. The corresponding expected upper limit is 3.9+2.1

�1.1 pb.
This is the most stringent limit to date in direct searches for the inclusive decay of the Higgs boson to
charm quarks.
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ATLAS, 1802.04329

ATLAS search for pp→Zh→l+l-ccVh production at LHCb

17

Given its good b/c-tagging capabilities LHCb able to bound 
pp→Vh→Vcc cross section despite lower acceptance

|�c| � 80
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LHCb-CONF-2016-006

LHCb, 1504.07670 acc(Vbb) = 4.9%, acc(Vcc) = 4.6%• Lower luminosity and reduced acceptance

µcc < 110
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• Unique c-tagging capability
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The c-tagging efficiency will be better in the Phase II due to improvements in 
the secondary vertex resolution

• Considering the improvements in the c-jet tagging and the detector Phase-II, 
the limit in the branching ratio can be pushed down to 5-10 × BR(SM)

(RF removed)
(Pixel 4x smaller)

More information in the Flavour WG: session 4 - LHCb material reduction impact (G. M. Ciezarek)

[Workshop HL-LHC]
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FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function of their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-
tagging [34]. We estimate the sensitivity from current
data as follows. We rescale the expected number of sig-
nal and background events of the 8 TeV ATLAS analysis
(Table 8 of Ref. [4]) according to the e�ciencies of the
charm-tagging [33],

✏b = 13% , ✏c = 19% , ✏l = 0.5% , (24)

where ✏l is e�ciency to tag light jets. Here, we assume
that medium b-tagging in Table I (✏l = 1.25%) is used in
the analysis and that the decomposition of W (Z)+heavy-
flavor quarks background is 35(20)% W (Z) + cc̄ and
65(80)% W (Z) + bb̄. We combine the rescaled ATLAS
analysis with the CMS results (c)-(f) in Table II and ob-
tain an uncertainty of

�µc ' 50 (107) , (25)

at 68.3 (95)% CL. We see that even with the same lumi-
nosity the error is significantly reduced with respect to
the one in Eq. (8).

Future LHC prospects: Finally, we estimate the fu-
ture sensitivity at the LHC. We utilize results of Tables 6-
9 in Ref. [72] where ATLAS performed a dedicated Monte
Carlo study of V h(bb̄) in the 1- and 2-lepton final states
for LHC run II with 300 fb�1 and LHC high-luminosity
upgrade (HL-LHC) with 3000 fb�1 at 14 TeV. From the
given working point of medium b-tagging, we rescale the
signal and background of 1-lepton final state to those in
charm-tagging. We leave the 2-lepton analysis as origi-
nal because, as discussed, we need at least two working
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FIG. 6. Expected reach for the signal-strength measurement
of h ! bb̄ and h ! cc̄ at LHC run II and HL-LHC: The black-
thick (purple-thin) curves correspond to the reach with 3000
(300) fb�1. The solid (dashed) ones correspond to 68.3 (95)
% CL. The SM expectation is µb,c = 1 .

points to extract µb and µc independently. We then also
assume that the same analysis can be performed by CMS.

The future sensitivity reach for µc is shown as ellipses
in the µc–µb plane in Fig. 6. Here, we take into account
only the statistical error. The expected uncertainty with
profiled µb reads

�µc =

(
23 (45) with 2 ⇥ 300 fb�1

6.5 (13) with 2 ⇥ 3000 fb�1
(26)

at 68.3 (95)% CL. Compared to the result of LHC run I,
the uncertainty is improved by roughly an order of magni-
tude with 3000 fb�1 thanks to charm-tagging. In the fu-
ture, one may hope that the charm-tagging performance
will be further optimized. As an example for such a
case, we have considered the following improved charm-
tagging point ✏b = 20 %, ✏c = 40 % and ✏l = 1.25 %. As
a consequence the bounds will be further strengthened,
�µc ' 20 (6.5) at 95 % CL with integrated luminosity of
2 ⇥ 300 (2 ⇥ 3000) fb�1.
Conclusions: We have performed four di↵erent anal-

yses to constrain the charm Yukawa and obtained the
following bounds

yc

ySM
c

. 234, 120 (140), 220, 6.2, (27)

that correspond to: a recast of the h ! bb̄ searches, the
direct bound on the Higgs total width at CMS (ATLAS),
the exclusive decay of h ! J/ �, and the global analysis,
respectively. Together with the tt̄h analyses of ATLAS
and CMS we conclude that the Higgs coupling to the top
and charm quarks is not universal. We further point out
two new production mechanisms, related to V h and VBF

• Prospects: ATLAS+CMS  
[From Perez, et al. 
arXiv:1503.00290]

68 (95)%CL
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FIG. 5. Summary of current constraints on the Higgs cou-
plings to fermions including the new bounds on the charm
Yukawa.

In Fig. 5 we show the 95% CL regions for the Higgs
couplings to fermions as a function of their masses based
on the global analysis and we have added the bounds
obtained above regarding the charm Yukawa coupling.

An improvement of the bound on the charm sig-
nal strength can be achieved by adopting the charm-
tagging [34]. We estimate the sensitivity from current
data as follows. We rescale the expected number of sig-
nal and background events of the 8 TeV ATLAS analysis
(Table 8 of Ref. [4]) according to the e�ciencies of the
charm-tagging [33],

✏b = 13% , ✏c = 19% , ✏l = 0.5% , (24)

where ✏l is e�ciency to tag light jets. Here, we assume
that medium b-tagging in Table I (✏l = 1.25%) is used in
the analysis and that the decomposition of W (Z)+heavy-
flavor quarks background is 35(20)% W (Z) + cc̄ and
65(80)% W (Z) + bb̄. We combine the rescaled ATLAS
analysis with the CMS results (c)-(f) in Table II and ob-
tain an uncertainty of

�µc ' 50 (107) , (25)

at 68.3 (95)% CL. We see that even with the same lumi-
nosity the error is significantly reduced with respect to
the one in Eq. (8).

Future LHC prospects: Finally, we estimate the fu-
ture sensitivity at the LHC. We utilize results of Tables 6-
9 in Ref. [72] where ATLAS performed a dedicated Monte
Carlo study of V h(bb̄) in the 1- and 2-lepton final states
for LHC run II with 300 fb�1 and LHC high-luminosity
upgrade (HL-LHC) with 3000 fb�1 at 14 TeV. From the
given working point of medium b-tagging, we rescale the
signal and background of 1-lepton final state to those in
charm-tagging. We leave the 2-lepton analysis as origi-
nal because, as discussed, we need at least two working
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LHC run II and HL-LHC Prospects
1 leptonHcharm–taggingL and 2 leptonHMediumL
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68.3%
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FIG. 6. Expected reach for the signal-strength measurement
of h ! bb̄ and h ! cc̄ at LHC run II and HL-LHC: The black-
thick (purple-thin) curves correspond to the reach with 3000
(300) fb�1. The solid (dashed) ones correspond to 68.3 (95)
% CL. The SM expectation is µb,c = 1 .

points to extract µb and µc independently. We then also
assume that the same analysis can be performed by CMS.

The future sensitivity reach for µc is shown as ellipses
in the µc–µb plane in Fig. 6. Here, we take into account
only the statistical error. The expected uncertainty with
profiled µb reads

�µc =

(
23 (45) with 2 ⇥ 300 fb�1

6.5 (13) with 2 ⇥ 3000 fb�1
(26)

at 68.3 (95)% CL. Compared to the result of LHC run I,
the uncertainty is improved by roughly an order of magni-
tude with 3000 fb�1 thanks to charm-tagging. In the fu-
ture, one may hope that the charm-tagging performance
will be further optimized. As an example for such a
case, we have considered the following improved charm-
tagging point ✏b = 20 %, ✏c = 40 % and ✏l = 1.25 %. As
a consequence the bounds will be further strengthened,
�µc ' 20 (6.5) at 95 % CL with integrated luminosity of
2 ⇥ 300 (2 ⇥ 3000) fb�1.
Conclusions: We have performed four di↵erent anal-

yses to constrain the charm Yukawa and obtained the
following bounds

yc

ySM
c

. 234, 120 (140), 220, 6.2, (27)

that correspond to: a recast of the h ! bb̄ searches, the
direct bound on the Higgs total width at CMS (ATLAS),
the exclusive decay of h ! J/ �, and the global analysis,
respectively. Together with the tt̄h analyses of ATLAS
and CMS we conclude that the Higgs coupling to the top
and charm quarks is not universal. We further point out
two new production mechanisms, related to V h and VBF



Strong and EW interactions at LHCb
• PDF are an important input for almost any BSM 
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- gluon @ small x from charm, bottom, top production

- light quarks @ large x from W and Z production
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• A clear case for high precision at LHCb



Strong and EW interactions at LHCb

• Understanding the strong interactions remains a crucial aspect (regardless of the possible NP)

[See talk on spectroscopy 
by A. Polosa]

• PDF are an important input for almost any BSM 
search, unique kinematical region at LHCb

- gluon @ small x from charm, bottom, top production

- light quarks @ large x from W and Z production

[See next talk by S. Farry]

• A clear case for high precision at LHCb



New Physics



What is the scale of NP?
•SM is very successful in describing physics up to the EW scale
•SM is not a complete theory (neutrino masses, dark matter, baryon asymmetry)

γ

γ

α

α

dmΔ
Kε

Kε

smΔ & dmΔ
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ν τubV

βsin 2

(excl. at CL > 0.95)
 < 0βsol. w/ cos 2
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ρ
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excluded area has CL > 0.95

Moriond 09

CKM
f i t t e r

FIG. 1: Allowed region in the ρ, η plane. Superimposed are the individual constraints from charmless

semileptonic B decays (|Vub/Vcb|), mass differences in the B0 (∆md) and Bs (∆ms) neutral meson systems,

and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from

[6].

follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-

6

1. Neutrino masses, from Dirac neutrino to GUT see-saw 

•Big question is ⇤?
•Unfortunately, no unique indication from observed BSM physics

2. Dark Matter, from axions to Wimpzillas

3. Baryon asymmetry, from EW baryogenesis to GUT baryogenesis

•However we have some indications….
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FIG. 2: Constraints on the effective parameters encoding NP effects in Bd–Bd mixing and K0–K0 mixing

as obtained by the UTfit collaboration [12].

where the cij are dimensionless couplings. The condition |A∆F=2
NP | < |A∆F=2

SM | implies

Λ >
4.4 TeV

|V ∗
tiVtj |/|cij |1/2

∼

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1.3× 104 TeV × |csd|1/2

5.1× 102 TeV × |cbd|1/2

1.1× 102 TeV × |cbs|1/2
(3.5)

The strong bounds on Λ for generic cij of order 1 is a manifestation of what in many specific

frameworks (supersymmetry, technicolor, etc.) goes under the name of flavor problem: if we insist

that the new physics emerges in the TeV region, we have to conclude that it possesses a highly

non-generic flavor structure.

(ii) In the case of Bd–Bd and K0–K0 mixing, where both CP conserving and CP-violating

observables are measured with excellent accuracy, there is still room for a sizable NP contribution

(relative to the SM one), provided that it is to a good extent aligned in phase with the SM amplitude

[O (0.01) for the K system and O (0.3) for the Bd system]. This is because the theoretical errors

in the observables used to constraint the phases, SBd→ψK and ϵK , are smaller with respect to

the theoretical uncertainties in ∆mBd
and ∆mK , which constrain the magnitude of the mixing

amplitudes.

(iii) In the case of Bs–Bs mixing, the precise determination of ∆mBs does not allow large

deviations in modulo with respect to the SM. The constraint is particularly severe if we consider the

ratio ∆mBd
/∆mBs , where hadronic uncertainties cancel to a large extent. However, the constraint

on the CP-violating phase is quite poor. Present data from CDF [13] and D0 [14] indicate a large

8

⇤ >•Lower bounds from FCNC

•Upper bound from naturalness of the Higgs mass

m2
H

= m2
tree + �m2

H

�m2
H

=
3p
2⇡2

GFm
2
t
⇤2 ⇡ (0.3⇤)2

⇤ < 1 TeV

[UTFit, La Thuile 18]
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where the cij are dimensionless couplings. The condition |A∆F=2
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The strong bounds on Λ for generic cij of order 1 is a manifestation of what in many specific

frameworks (supersymmetry, technicolor, etc.) goes under the name of flavor problem: if we insist

that the new physics emerges in the TeV region, we have to conclude that it possesses a highly

non-generic flavor structure.

(ii) In the case of Bd–Bd and K0–K0 mixing, where both CP conserving and CP-violating

observables are measured with excellent accuracy, there is still room for a sizable NP contribution

(relative to the SM one), provided that it is to a good extent aligned in phase with the SM amplitude

[O (0.01) for the K system and O (0.3) for the Bd system]. This is because the theoretical errors

in the observables used to constraint the phases, SBd→ψK and ϵK , are smaller with respect to

the theoretical uncertainties in ∆mBd
and ∆mK , which constrain the magnitude of the mixing

amplitudes.

(iii) In the case of Bs–Bs mixing, the precise determination of ∆mBs does not allow large

deviations in modulo with respect to the SM. The constraint is particularly severe if we consider the

ratio ∆mBd
/∆mBs , where hadronic uncertainties cancel to a large extent. However, the constraint

on the CP-violating phase is quite poor. Present data from CDF [13] and D0 [14] indicate a large

8

⇤ >•Lower bounds from FCNC

•Upper bound from naturalness of the Higgs mass

m2
H

= m2
tree + �m2

H

�m2
H

=
3p
2⇡2

GFm
2
t
⇤2 ⇡ (0.3⇤)2

⇤ < 1 TeV

•Two (problematic) possibilities:

(i) Non canonical, 

(ii) Canonical,

⇤� 1 TeV and cij = O(1)

⇤ < 1 TeV and cij ⌧ 1

Hierarchy Problem

BSM Flavour Problem

[UTFit, La Thuile 18]
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where the cij are dimensionless couplings. The condition |A∆F=2
NP | < |A∆F=2

SM | implies

Λ >
4.4 TeV

|V ∗
tiVtj |/|cij |1/2

∼
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The strong bounds on Λ for generic cij of order 1 is a manifestation of what in many specific

frameworks (supersymmetry, technicolor, etc.) goes under the name of flavor problem: if we insist

that the new physics emerges in the TeV region, we have to conclude that it possesses a highly

non-generic flavor structure.

(ii) In the case of Bd–Bd and K0–K0 mixing, where both CP conserving and CP-violating

observables are measured with excellent accuracy, there is still room for a sizable NP contribution

(relative to the SM one), provided that it is to a good extent aligned in phase with the SM amplitude

[O (0.01) for the K system and O (0.3) for the Bd system]. This is because the theoretical errors

in the observables used to constraint the phases, SBd→ψK and ϵK , are smaller with respect to

the theoretical uncertainties in ∆mBd
and ∆mK , which constrain the magnitude of the mixing

amplitudes.

(iii) In the case of Bs–Bs mixing, the precise determination of ∆mBs does not allow large

deviations in modulo with respect to the SM. The constraint is particularly severe if we consider the

ratio ∆mBd
/∆mBs , where hadronic uncertainties cancel to a large extent. However, the constraint

on the CP-violating phase is quite poor. Present data from CDF [13] and D0 [14] indicate a large
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⇤ >•Lower bounds from FCNC

•Upper bound from naturalness of the Higgs mass

m2
H

= m2
tree + �m2

H

�m2
H

=
3p
2⇡2

GFm
2
t
⇤2 ⇡ (0.3⇤)2

⇤ < 1 TeV

•Two (problematic) possibilities:

(i) Non canonical, 

(ii) Canonical,

⇤� 1 TeV and cij = O(1)

⇤ < 1 TeV and cij ⌧ 1

Hierarchy Problem

BSM Flavour Problem

• “Standard” solution to (ii): exciting NP at ATLAS-CMS, boring flavour physics at 
LHCb protected by MFV

[UTFit, La Thuile 18]
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where the cij are dimensionless couplings. The condition |A∆F=2
NP | < |A∆F=2

SM | implies

Λ >
4.4 TeV

|V ∗
tiVtj |/|cij |1/2

∼
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(3.5)

The strong bounds on Λ for generic cij of order 1 is a manifestation of what in many specific

frameworks (supersymmetry, technicolor, etc.) goes under the name of flavor problem: if we insist

that the new physics emerges in the TeV region, we have to conclude that it possesses a highly

non-generic flavor structure.

(ii) In the case of Bd–Bd and K0–K0 mixing, where both CP conserving and CP-violating

observables are measured with excellent accuracy, there is still room for a sizable NP contribution

(relative to the SM one), provided that it is to a good extent aligned in phase with the SM amplitude

[O (0.01) for the K system and O (0.3) for the Bd system]. This is because the theoretical errors

in the observables used to constraint the phases, SBd→ψK and ϵK , are smaller with respect to

the theoretical uncertainties in ∆mBd
and ∆mK , which constrain the magnitude of the mixing

amplitudes.

(iii) In the case of Bs–Bs mixing, the precise determination of ∆mBs does not allow large

deviations in modulo with respect to the SM. The constraint is particularly severe if we consider the

ratio ∆mBd
/∆mBs , where hadronic uncertainties cancel to a large extent. However, the constraint

on the CP-violating phase is quite poor. Present data from CDF [13] and D0 [14] indicate a large
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⇤ >•Lower bounds from FCNC

•Upper bound from naturalness of the Higgs mass

m2
H

= m2
tree + �m2

H

�m2
H

=
3p
2⇡2

GFm
2
t
⇤2 ⇡ (0.3⇤)2

⇤ < 1 TeV

•Two (problematic) possibilities:

(i) Non canonical, 

(ii) Canonical,

⇤� 1 TeV and cij = O(1)

⇤ < 1 TeV and cij ⌧ 1

Hierarchy Problem

BSM Flavour Problem

• “Standard” solution to (ii): exciting NP at ATLAS-CMS, boring flavour physics at 
LHCb protected by MFV

• However data are suggesting the opposite…. no on-shell effects but very 
interesting series of flavour anomalies….

[UTFit, La Thuile 18]



• A theoretical argument for New Physics the LHC:

•Upper bound from naturalness of the Higgs mass

m2
H

= m2
tree + �m2

H

�m2
H

=
3p
2⇡2

GFm
2
t
⇤2 ⇡ (0.3⇤)2

⇤ < 1 TeV
Main Solutions: 
1) Supersymmetry 
2) Composite Higgs

• But.. 

Is Nature ‘natural’?
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 1) Angular observables in 

 2) Branching ratios

 4) LFU violation in          (2 bins)

 3) LFU violation in RK

RK⇤

⇠ 4� (?!)

& 3.5� (?!)

b ! sµµ (LHCb from 2013)

2.6�

2.3�, 2.6�

Physics highlights

Lepton Flavor Universality: R(D⇤)

ND⇤⌧⌫ = 1300 ± 85
K (D⇤) = (1.93 ± 0.13 ± 0.17)

B(B0
! D⇤�⌧+⌫⌧ ) = (1.39 ± 0.09 ± 0.12 ± 0.06)%

• LHCb hadronic

R(D⇤) = 0.285 ± 0.019 ± 0.025 ± 0.013

• LHCb muonic
R(D⇤) = 0.336 ± 0.027 ± 0.030

• Preliminary LHCb average
R(D⇤) = 0.306 ± 0.027

• New world average
R(D⇤) = 0.304 ± 0.015 (3.4 � above SM)

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
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Figure 1: Examples of b ! s loop diagrams contributing to the decay B0
s ! �µ+µ� in the SM.

The T-odd CP asymmetries A8 and A9 are predicted to be close to zero in the SM and
are of particular interest, as they can be large in the presence of contributions beyond the
SM [12].

2 Detector and simulation

The LHCb detector [13,14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex
detector surrounding the pp interaction region, a large-area silicon-strip detector located
upstream of a dipole magnet with a bending power of about 4Tm, and three stations
of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200GeV/c. The
minimum distance of a track to a primary vertex, the impact parameter (IP), is measured
with a resolution of (15 + 29/pT)µm, where pT is the component of the momentum
transverse to the beam, in GeV/c. Di↵erent types of charged hadrons are distinguished
using information from two ring-imaging Cherenkov detectors. Photons, electrons and
hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower
detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers.
The online event selection is performed by a trigger [15], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction.

Simulated signal samples are used to determine the e↵ect of the detector geometry,
trigger, reconstruction and selection on the signal e�ciency. In addition, simulated
background samples are used to determine the pollution from specific background processes.
In the simulation, pp collisions are generated using Pythia [16] with a specific LHCb
configuration [17]. Decays of hadronic particles are described by EvtGen [18], in which
final-state radiation is generated using Photos [19]. The interaction of the generated
particles with the detector, and its response, are implemented using theGeant4 toolkit [20]
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2 A tale of scales

In what follows we will focus for simplicity on purely left-handed operators, since they provide
the best fit for both the anomalies in b → sµµ and b → cτν transitions. The analysis can be
easily generalized to scenarios including more operators by using the results given in Sect. 5.
In order to start the discussion it is useful to identify and compare four (conceptually different)
scales in the EFT:3

1. ΛA: the “Fermi constant” of the process.
This is the scale required to explain the anomaly, to be evaluated at the typical energy of
the process which is fixed by the B-meson mass. The low-energy EFT description is based
on SU(3)C × U(1)EM invariant operators. The index A on ΛA runs over the anomalies,
schematically A = {RD(∗), RK(∗)}, and the EFT Lagrangian featuring purely left-handed
operators reads

Leff ⊃ −
1

Λ2
R

D(∗)

2 cLγ
µbLτLγµνL +

1

Λ2
R

K(∗)

sLγ
µbLµLγµµL + h.c. , (1)

where we assumed alignment with the phases of the CKM elements that appear in the
corresponding SM operators. Note that the fit of the RD(∗) and RK(∗) anomalies requires
an opposite sign interference with the SM contribution. We also included an extra factor
of 2 in the definition of the charged-current operator, so that the latter has the same
normalization of the neutral-current operator when considering a SMEFT. The best fit
values of the RD(∗) [23] and RK(∗) [10] anomalies yield respectively

ΛR
D(∗)

= 3.4± 0.4 TeV , (2)

ΛR
K(∗)

= 31± 4 TeV , (3)

where the errors are at 1σ. In the following we will only consider central values.

2. ΛO: the scale of the SMEFT operator.
This is the scale required to explain the anomaly using an EFT at higher energies4

(SU(3)C × SU(2)L × U(1)Y invariant), with Wilson coefficient normalized to one. The
index O on ΛO is associated with an operator of the SMEFT semi-leptonic basis and runs
over all the possible Lorentz and flavour structures. For definiteness we will consider here
an SU(2)L triplet operator (Q and L denoting SU(2)L doublets)

LSMEFT ⊃
1

Λ2
QijLkl

(

Qiγ
µσAQj

) (

Lkγµσ
ALl

)

+ h.c. , (4)

and two reference flavour structures such that the operator is aligned in the direction of
the flavour eigenstates responsible for the anomalies, namely O = Q23L33 (for b → cτν
transitions) and O = Q23L22 (for b → sµµ transitions). The matching with Eq. (1) yields

|ΛQ23L33 | = ΛR
D(∗)

= 3.4 TeV , (5)

|ΛQ23L22 | = ΛR
K(∗)

= 31 TeV . (6)

3Some of the results presented here will be derived in the following sections.
4QCD running effects on the Wilson coefficients are of the order of 1 + αs

4π
× log ΛO

mb
. For ΛO = 1 TeV, this

corresponds to an O(5%) correction that will be neglected in the following.

5

• What is the scale of New Physics? 
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Table 1: The luminosity scenarios considered along with the estimated number of bb-pairs produced inside the
acceptance of the experiments are given. The LHCb cross sections are taken from Ref. [25] assuming a linear
increase in bb-production cross section with LHC beam energy. For Belle II only e

+
e
�
! ⌥ (4S) ! BB̄ data sets

are estimated.

‘Milestone I’ ‘Milestone II’ ‘Milestone III’
year 2012 2020 2024 2030

LHCb L [ fb�1 ] 3 8 22 50
n(bb) 0.3⇥ 1012 1.1⇥ 1012 37⇥ 1012 87⇥ 1012p

s 7/8TeV 13TeV 14TeV 14TeV

Belle (II) L [ ab�1 ] 0.7 5 50 -
n(BB̄) 0.1⇥ 1010 0.54⇥ 1010 5.4⇥ 1010 -p

s 10.58GeV 10.58GeV 10.58GeV -

LHC Shutdown

LHC Shutdown~ 22 fb-1

LHC Shutdown

2017
Q1 Q2 Q3 Q4

2018
Q1 Q2 Q3 Q4

2019
Q1 Q2 Q3 Q4

2020
Q1 Q2 Q3 Q4

2021
Q1 Q2 Q3 Q4

2022
Q1 Q2 Q3 Q4

2023
Q1 Q2 Q3 Q4

2024
Q1 Q2 Q3 Q4

2025
Q1 Q2 Q3 Q4

2026
Q1 Q2 Q3 Q4

2027
Q1 Q2 Q3 Q4

2028
Q1 Q2 Q3 Q4

2029
Q1 Q2 Q3 Q4

2030
Q1 Q2 Q3 Q4

Belle II

LHCb

Start of Data taking period

~ 50 ab-1

~ 8 fb-1

~ 50 fb-1

Belle II

LHCb

LHCb

~ 5 ab-1

Milestone I

Milestone II

Milestone III

End of Data taking period

Run 2

Run 3

Run 4

Fig. 1: An overview of the expected Belle II and LHCb timelines along with their estimated integrated luminosities
at each milestone. The scenarios compared in this manuscript are shown in bold. For more details of the expected
luminosities and number of produced bb-pairs at each milestone see Table 1. The LHCb phase 1 upgrade [27]
is currently scheduled for the duration of the LHC shutdown between 2019 – 2020. The LHCb experiment has
recently expressed its interest to continue running past the phase 1 upgrade until the end of the funded LHC Run
in 2035 [30].

proportional to the ratio |Vub|/|Vcb|, and the relatively
poorly-known angle �. Both of these can be determined
from tree-level decays. Under the SM hypothesis, the
apex determined using � and |Vub|/|Vcb| should be the
same as that determined from � and �md/�ms, which

are determined from loop decays. Given the latter are
considerably better measured than the former, preci-
sion determinations of �, |Vub| and |Vcb| are important
tests of the CKM structure of the SM. It has been shown
that the current experimental constraints on the Wilson

Run 1
(2010-2012)

Run 2
(2015-2018)

Run 3
(2021-2023)

Run 4
(2026-2029)

9

Table 4: The SM prediction, world average and predictions of the relative uncertainty of the LHCb and Belle II
measurements of R(D) and R(D⇤) at 10 fb�1, 22 fb�1 and 50 fb�1 and at 5 ab�1 and 50 ab�1 respectively. LHCb
is expected to measure R(D) in the upcoming years.

Measurement SM Current World Current Projected Uncertainty
prediction Average Uncertainty Belle II LHCb
(Ref. [43]) (Ref. [35]) (Ref. [35]) 5 ab�1 50 ab�1 8 fb�1 22 fb�1 50 fb�1

R(D) (0.299± 0.003) (0.403± 0.040± 0.024) 11.6% 5.6% 3.2% - - -
R(D⇤) (0.257± 0.003) (0.310± 0.015± 0.008) 5.5% 3.2% 2.2% 3.6% 2.1% 1.6%

In the following considerations, the effective Wilson co-
efficient Ce↵

7 (see e.g. [58]) is used instead of C7 as this
effective coefficient is independent of the regularisation
scheme, where we define

C
e↵
7 = C

e↵ SM
7 + C

NP
7 , (8)

C
0 e↵
7 = C

0 e↵ SM
7 + C

0NP
7 . (9)

The impact of future measurements is studied by
performing scans of the new physics contribution to
the Wilson coefficients at a scale of µ = 4.8 GeV, us-
ing the flavio [59] package, under the SM hypothe-
sis and several different new physics scenarios, listed in
Table 5. The measurements are separated depending on
whether they are inclusive or exclusive. This allows for a
proper comparison given their respective uncertainties
have different origins. Various NP scenarios are chosen
for each class of measurement and each scan parameter
on the basis of existing global fits [60,61,62,63,64,65].
Scans to CS and CP (see e.g. [58]) are omitted as these
are dominated by contributions from purely leptonic
B! `

+
`
� decays, where, apart from for B

0
s ! µ

+
µ
�,

only limits are available as indicated in Table 6.

The scans of the electromagnetic dipole coefficients
C

(0)
7 rely on measurements of the branching fractions

of B0
s ! ��, B+

! K
⇤+

�, B0
! K

⇤0
�, B ! Xs�, on

A
�� (B0

s ! ��) and SK⇤� as well as A
(2)
T (also known

as P1) and A
Im
T extracted from B

0
! K

⇤0
e
+
e
� decays

at very low q
2. Furthermore, the angular observables

A7,8,9 in B
0
! K

⇤0
µ
+
µ
� constrain the imaginary part

of C(0)
7 .

The measurements entering the scans of the semi-
leptonic coefficients C(0)

9,10 comprise the inclusive B(B!

Xsµ
+
µ
�) at low and high q

2; the low q
2 range is split

equally for extrapolations. The forward-backward asym-
metry AFB(B ! Xs`

+
`
�) has been measured at low

and high q
2, and extrapolations to future sensitivities

are available in several low and high q
2 ranges. The dif-

ferential branching fractions dB/dq2 of B+
! K

+
µ
+
µ
�,

B
0
! K

⇤0
µ
+
µ
� and B

0
s ! �µ

+
µ
� decays in both low

and high q
2 regions is included in the scans, as well as

the angular observables S3,4,5, FL, AFB in several bins
of q2 from LHCb. The angular observables available for
Belle (II) are P

0
4,5(B

0
! K

⇤0
µ
+
µ
�) in similar ranges.

Scans of C(0)
10 further include the branching fraction of

the decay B
0
s ! µ

+
µ
�.

In the scan of C
NP
9

µµ vs. C
NP
9

ee , P
0
4,5 extracted

from B
0
! K

⇤0
e
+
e
� decays is included in addition to

the muonic final state. Information on electrons is fur-
ther obtained from the ratios of branching fraction be-
tween muon and electron final states for R(Xs), R(K),
R(K⇤) and R(�). The results of the Belle collaboration
on R(K) and R(K⇤) in the region 0.0 < q

2
< 22.0 GeV2

were not considered as input in this scan as the charmo-
nium region is included [51]. The inclusive measurement
of R(Xs) will become accessible at Belle II, whereas
R(�) will be measurable at LHCb at low and high
q
2. Measurements of lepton flavour universality pose

stringent tests on the SM and several tensions have al-
ready been observed as mentioned briefly in the previ-
ous section. The LHCb collaboration found R(K) to be
0.745+0.090

�0.074±0.036 [17]; 2.6� below the SM expectation.
The symmetrised uncertainty on R(K) in 1.0 < q

2
<

6.0 GeV2 is expected to be 0.046 at milestone I, 0.025
at milestone II and down to 0.016 by milestone III.
The uncertainties in the range 15.0 < q

2
< 22.0 GeV2

are expected to behave similarly. A recent measure-
ment of R(K⇤) by the LHCb collaboration [18] finds
a tension of 2.1 � 2.3� in 0.045 < q

2
< 1.1 GeV2 and

of 2.4 � 2.5� in 1.1 < q
2
< 6.0 GeV2 with respect to

the available SM predictions. The measured values of
R(K⇤) are 0.66+0.11

�0.07 ± 0.03 and 0.69+0.11
�0.07 ± 0.05 in the

“very low" and "low" q
2 regions respectively [18]. The

symmetrised uncertainties are extrapolated to future
datasets and expected to be 0.048 (0.053), 0.026 (0.028)
and 0.017 (0.019) after milestones I, II and III, respec-
tively, for low (central) q

2 regions. Both the R(K) and
R(K⇤) measurements of LHCb will be dominated by
the statistical uncertainty for all considered future mile-
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Fig. 8: In the two-dimensional scans of pairs of Wilson coefficients, the current average (not filled) as well as the
extrapolations to future sensitivities (filled) of LHCb at milestones I, II and III (exclusive) and Belle II at milestones
I and II (inclusive and exclusive) are given. The central values of the extrapolations have been evaluated in the NP
scenarios listed in Table 5. The contours correspond to 1� uncertainty bands. The Standard Model point (black
dot) with the 1�, 3�, 5� and 7� exclusion contours with a combined sensitivity of LHCb’s 50 fb�1 and Belle II’s
50 ab�1 datasets is indicated in light grey. The primed operators show no tensions with respect to the SM; hence
no SM exclusions are provided.
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Fig. 7: Future prospects for measurements of R(D) and
R(D⇤). The SM and future expected uncertainties at
milestone III are combined to predict the significance
with which a given point can be excluded if the cur-
rent central values remain the same (red lines). The
expected uncertainties from Belle II (green) and LHCb
(blue) alone are shown as the shaded bands. The rela-
tively small size of the SM uncertainty compared to the
current experimental constraints can be seen in Fig. 10,
where the uncertainties are shown separately.

GammaCombo package [36]. This shows the significance of
the future world average by combining the uncertain-
ties from the SM predictions with the predicted un-
certainties of the Belle II and LHCb experiments using
their final datasets (with 50 ab�1 at Belle II and 50 fb�1

at LHCb). It is clear that if the central values remain
the same then the statistical power of the Belle II and
LHCb experiments will be more than sufficient to reach
5�. An additional figure in Appendix A, Fig. 10, com-
pares the current world average with the current SM
prediction, alongside the projections for Belle II and
LHCb.

4 New physics in electroweak penguins

In this section, prospects for new physics searches in
b! s transitions are studied under the SM hypothesis
as well as in several NP scenarios, with special atten-
tion given to present anomalies. The future projections
for Belle II are reported in Ref. [28]. The future uncer-
tainties for LHCb have been symmetrised where appro-
priate and are obtained as stated previously. However,
the uncertainty on fs/fd on the branching fraction of
B

0
s ! �� measured at LHCb [54] is assumed to be irre-

ducible. Estimates of branching fraction ratios, R(X),
rely on extrapolations from the muonic branching frac-
tions assuming the same ratio of efficiencies between the

electron and muon modes as has been observed in the
analysis of R(K) [17]. For current measurements, cor-
relations are taken into account when available. Most
measurements will be dominated by the statistical un-
certainty for the studied milestones, with only a few ex-
ceptions as e.g. for the differential branching fractions
dB/dq

2 of B+
! K

+
µ
+
µ
� and B

0
! K

⇤0
µ
+
µ
�, where

the dominant systematic uncertainties arise from the
branching ratio of the respective normalisation chan-
nels, the form factor models and data-simulation differ-
ences. Hence, correlations between the systematic un-
certainties are assumed to be negligible in this study.
The development of theoretical uncertainties is much
harder to predict. For quantities accessible to lattice
QCD, the expected improvment in computing power al-
lows to safely assume significant improvements on the
five to ten year time scale considered here. In semi-
leptonic decays, this concerns in particular the hadronic
form factors. Even though current lattice calculations of
B ! K

⇤ form factors also face systematic uncertainties
due to the finite K⇤ lifetime, a solution of this challenge
is realistic in the near future [55]. For B ! K form fac-
tors, this problem is absent. It thus seems realistic to
assume a reduction of all form factor uncertainties by
a factor of two by the time of reaching milestone II [28]
and we assume this in our numerics. For the remaining
uncertainties, in particular systematic uncertainties due
to non-factorizable hadronic contributions, we conser-
vatively assume they will stay the same as at present,
even though data-driven methods might allow to reduce
them in the future [56,57].

For b! s`
+
`
� and radiative b! s� transitions, the

effective Hamiltonian can be expressed as

He↵ = �
4GF
p

2
�t

X

i

(CiOi + C
0
iO

0
i) + h.c., (1)

where GF is the Fermi constant and �t = VtbV
⇤
ts is a

CKM factor. In a large class of new physics models, the
most important new physics effects in these transitions
appear in the Wilson coefficients Ci of the following
dimension-6 operators,

O7 =
e

16⇡2
mb(s̄�

µ⌫
PRb)Fµ⌫ , (2)

O
0
7 =

e
2

16⇡2
mb(s̄�

µ⌫
PLb)Fµ⌫ , (3)

O9 =
e

16⇡2
(s̄�µPLb)(¯̀�

µ
`), (4)

O
0
9 =

e
2

16⇡2
(s̄�µPRb)(¯̀�

µ
`), (5)

O10 =
e
2

16⇡2
(s̄�µPLb)(¯̀�

µ
�5`), (6)

O
0
10 =

e
2

16⇡2
(s̄�µPRb)(¯̀�

µ
�5`). (7)

• The fate of the anomalies
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Table 1: The luminosity scenarios considered along with the estimated number of bb-pairs produced inside the
acceptance of the experiments are given. The LHCb cross sections are taken from Ref. [25] assuming a linear
increase in bb-production cross section with LHC beam energy. For Belle II only e

+
e
�
! ⌥ (4S) ! BB̄ data sets

are estimated.

‘Milestone I’ ‘Milestone II’ ‘Milestone III’
year 2012 2020 2024 2030

LHCb L [ fb�1 ] 3 8 22 50
n(bb) 0.3⇥ 1012 1.1⇥ 1012 37⇥ 1012 87⇥ 1012p

s 7/8TeV 13TeV 14TeV 14TeV

Belle (II) L [ ab�1 ] 0.7 5 50 -
n(BB̄) 0.1⇥ 1010 0.54⇥ 1010 5.4⇥ 1010 -p

s 10.58GeV 10.58GeV 10.58GeV -

LHC Shutdown

LHC Shutdown~ 22 fb-1

LHC Shutdown

2017
Q1 Q2 Q3 Q4

2018
Q1 Q2 Q3 Q4

2019
Q1 Q2 Q3 Q4

2020
Q1 Q2 Q3 Q4

2021
Q1 Q2 Q3 Q4

2022
Q1 Q2 Q3 Q4

2023
Q1 Q2 Q3 Q4

2024
Q1 Q2 Q3 Q4

2025
Q1 Q2 Q3 Q4

2026
Q1 Q2 Q3 Q4

2027
Q1 Q2 Q3 Q4

2028
Q1 Q2 Q3 Q4

2029
Q1 Q2 Q3 Q4

2030
Q1 Q2 Q3 Q4

Belle II

LHCb

Start of Data taking period

~ 50 ab-1

~ 8 fb-1

~ 50 fb-1

Belle II

LHCb

LHCb

~ 5 ab-1

Milestone I

Milestone II

Milestone III

End of Data taking period

Run 2

Run 3

Run 4

Fig. 1: An overview of the expected Belle II and LHCb timelines along with their estimated integrated luminosities
at each milestone. The scenarios compared in this manuscript are shown in bold. For more details of the expected
luminosities and number of produced bb-pairs at each milestone see Table 1. The LHCb phase 1 upgrade [27]
is currently scheduled for the duration of the LHC shutdown between 2019 – 2020. The LHCb experiment has
recently expressed its interest to continue running past the phase 1 upgrade until the end of the funded LHC Run
in 2035 [30].

proportional to the ratio |Vub|/|Vcb|, and the relatively
poorly-known angle �. Both of these can be determined
from tree-level decays. Under the SM hypothesis, the
apex determined using � and |Vub|/|Vcb| should be the
same as that determined from � and �md/�ms, which

are determined from loop decays. Given the latter are
considerably better measured than the former, preci-
sion determinations of �, |Vub| and |Vcb| are important
tests of the CKM structure of the SM. It has been shown
that the current experimental constraints on the Wilson

Run 1
(2010-2012)

Run 2
(2015-2018)

Run 3
(2021-2023)

Run 4
(2026-2029)

9

Table 4: The SM prediction, world average and predictions of the relative uncertainty of the LHCb and Belle II
measurements of R(D) and R(D⇤) at 10 fb�1, 22 fb�1 and 50 fb�1 and at 5 ab�1 and 50 ab�1 respectively. LHCb
is expected to measure R(D) in the upcoming years.

Measurement SM Current World Current Projected Uncertainty
prediction Average Uncertainty Belle II LHCb
(Ref. [43]) (Ref. [35]) (Ref. [35]) 5 ab�1 50 ab�1 8 fb�1 22 fb�1 50 fb�1

R(D) (0.299± 0.003) (0.403± 0.040± 0.024) 11.6% 5.6% 3.2% - - -
R(D⇤) (0.257± 0.003) (0.310± 0.015± 0.008) 5.5% 3.2% 2.2% 3.6% 2.1% 1.6%

In the following considerations, the effective Wilson co-
efficient Ce↵

7 (see e.g. [58]) is used instead of C7 as this
effective coefficient is independent of the regularisation
scheme, where we define

C
e↵
7 = C

e↵ SM
7 + C

NP
7 , (8)

C
0 e↵
7 = C

0 e↵ SM
7 + C

0NP
7 . (9)

The impact of future measurements is studied by
performing scans of the new physics contribution to
the Wilson coefficients at a scale of µ = 4.8 GeV, us-
ing the flavio [59] package, under the SM hypothe-
sis and several different new physics scenarios, listed in
Table 5. The measurements are separated depending on
whether they are inclusive or exclusive. This allows for a
proper comparison given their respective uncertainties
have different origins. Various NP scenarios are chosen
for each class of measurement and each scan parameter
on the basis of existing global fits [60,61,62,63,64,65].
Scans to CS and CP (see e.g. [58]) are omitted as these
are dominated by contributions from purely leptonic
B! `

+
`
� decays, where, apart from for B

0
s ! µ

+
µ
�,

only limits are available as indicated in Table 6.

The scans of the electromagnetic dipole coefficients
C

(0)
7 rely on measurements of the branching fractions

of B0
s ! ��, B+

! K
⇤+

�, B0
! K

⇤0
�, B ! Xs�, on

A
�� (B0

s ! ��) and SK⇤� as well as A
(2)
T (also known

as P1) and A
Im
T extracted from B

0
! K

⇤0
e
+
e
� decays

at very low q
2. Furthermore, the angular observables

A7,8,9 in B
0
! K

⇤0
µ
+
µ
� constrain the imaginary part

of C(0)
7 .

The measurements entering the scans of the semi-
leptonic coefficients C(0)

9,10 comprise the inclusive B(B!

Xsµ
+
µ
�) at low and high q

2; the low q
2 range is split

equally for extrapolations. The forward-backward asym-
metry AFB(B ! Xs`

+
`
�) has been measured at low

and high q
2, and extrapolations to future sensitivities

are available in several low and high q
2 ranges. The dif-

ferential branching fractions dB/dq2 of B+
! K

+
µ
+
µ
�,

B
0
! K

⇤0
µ
+
µ
� and B

0
s ! �µ

+
µ
� decays in both low

and high q
2 regions is included in the scans, as well as

the angular observables S3,4,5, FL, AFB in several bins
of q2 from LHCb. The angular observables available for
Belle (II) are P

0
4,5(B

0
! K

⇤0
µ
+
µ
�) in similar ranges.

Scans of C(0)
10 further include the branching fraction of

the decay B
0
s ! µ

+
µ
�.

In the scan of C
NP
9

µµ vs. C
NP
9

ee , P
0
4,5 extracted

from B
0
! K

⇤0
e
+
e
� decays is included in addition to

the muonic final state. Information on electrons is fur-
ther obtained from the ratios of branching fraction be-
tween muon and electron final states for R(Xs), R(K),
R(K⇤) and R(�). The results of the Belle collaboration
on R(K) and R(K⇤) in the region 0.0 < q

2
< 22.0 GeV2

were not considered as input in this scan as the charmo-
nium region is included [51]. The inclusive measurement
of R(Xs) will become accessible at Belle II, whereas
R(�) will be measurable at LHCb at low and high
q
2. Measurements of lepton flavour universality pose

stringent tests on the SM and several tensions have al-
ready been observed as mentioned briefly in the previ-
ous section. The LHCb collaboration found R(K) to be
0.745+0.090

�0.074±0.036 [17]; 2.6� below the SM expectation.
The symmetrised uncertainty on R(K) in 1.0 < q

2
<

6.0 GeV2 is expected to be 0.046 at milestone I, 0.025
at milestone II and down to 0.016 by milestone III.
The uncertainties in the range 15.0 < q

2
< 22.0 GeV2

are expected to behave similarly. A recent measure-
ment of R(K⇤) by the LHCb collaboration [18] finds
a tension of 2.1 � 2.3� in 0.045 < q

2
< 1.1 GeV2 and

of 2.4 � 2.5� in 1.1 < q
2
< 6.0 GeV2 with respect to

the available SM predictions. The measured values of
R(K⇤) are 0.66+0.11

�0.07 ± 0.03 and 0.69+0.11
�0.07 ± 0.05 in the

“very low" and "low" q
2 regions respectively [18]. The

symmetrised uncertainties are extrapolated to future
datasets and expected to be 0.048 (0.053), 0.026 (0.028)
and 0.017 (0.019) after milestones I, II and III, respec-
tively, for low (central) q

2 regions. Both the R(K) and
R(K⇤) measurements of LHCb will be dominated by
the statistical uncertainty for all considered future mile-
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9
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ee .

(c) Re
�
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7

�
versus Im

�
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7

�
.

Fig. 8: In the two-dimensional scans of pairs of Wilson coefficients, the current average (not filled) as well as the
extrapolations to future sensitivities (filled) of LHCb at milestones I, II and III (exclusive) and Belle II at milestones
I and II (inclusive and exclusive) are given. The central values of the extrapolations have been evaluated in the NP
scenarios listed in Table 5. The contours correspond to 1� uncertainty bands. The Standard Model point (black
dot) with the 1�, 3�, 5� and 7� exclusion contours with a combined sensitivity of LHCb’s 50 fb�1 and Belle II’s
50 ab�1 datasets is indicated in light grey. The primed operators show no tensions with respect to the SM; hence
no SM exclusions are provided.
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σ7

σ9

-18fb

-122fb

-150fb

-15ab
-150ab

Fig. 7: Future prospects for measurements of R(D) and
R(D⇤). The SM and future expected uncertainties at
milestone III are combined to predict the significance
with which a given point can be excluded if the cur-
rent central values remain the same (red lines). The
expected uncertainties from Belle II (green) and LHCb
(blue) alone are shown as the shaded bands. The rela-
tively small size of the SM uncertainty compared to the
current experimental constraints can be seen in Fig. 10,
where the uncertainties are shown separately.

GammaCombo package [36]. This shows the significance of
the future world average by combining the uncertain-
ties from the SM predictions with the predicted un-
certainties of the Belle II and LHCb experiments using
their final datasets (with 50 ab�1 at Belle II and 50 fb�1

at LHCb). It is clear that if the central values remain
the same then the statistical power of the Belle II and
LHCb experiments will be more than sufficient to reach
5�. An additional figure in Appendix A, Fig. 10, com-
pares the current world average with the current SM
prediction, alongside the projections for Belle II and
LHCb.

4 New physics in electroweak penguins

In this section, prospects for new physics searches in
b! s transitions are studied under the SM hypothesis
as well as in several NP scenarios, with special atten-
tion given to present anomalies. The future projections
for Belle II are reported in Ref. [28]. The future uncer-
tainties for LHCb have been symmetrised where appro-
priate and are obtained as stated previously. However,
the uncertainty on fs/fd on the branching fraction of
B

0
s ! �� measured at LHCb [54] is assumed to be irre-

ducible. Estimates of branching fraction ratios, R(X),
rely on extrapolations from the muonic branching frac-
tions assuming the same ratio of efficiencies between the

electron and muon modes as has been observed in the
analysis of R(K) [17]. For current measurements, cor-
relations are taken into account when available. Most
measurements will be dominated by the statistical un-
certainty for the studied milestones, with only a few ex-
ceptions as e.g. for the differential branching fractions
dB/dq

2 of B+
! K

+
µ
+
µ
� and B

0
! K

⇤0
µ
+
µ
�, where

the dominant systematic uncertainties arise from the
branching ratio of the respective normalisation chan-
nels, the form factor models and data-simulation differ-
ences. Hence, correlations between the systematic un-
certainties are assumed to be negligible in this study.
The development of theoretical uncertainties is much
harder to predict. For quantities accessible to lattice
QCD, the expected improvment in computing power al-
lows to safely assume significant improvements on the
five to ten year time scale considered here. In semi-
leptonic decays, this concerns in particular the hadronic
form factors. Even though current lattice calculations of
B ! K

⇤ form factors also face systematic uncertainties
due to the finite K⇤ lifetime, a solution of this challenge
is realistic in the near future [55]. For B ! K form fac-
tors, this problem is absent. It thus seems realistic to
assume a reduction of all form factor uncertainties by
a factor of two by the time of reaching milestone II [28]
and we assume this in our numerics. For the remaining
uncertainties, in particular systematic uncertainties due
to non-factorizable hadronic contributions, we conser-
vatively assume they will stay the same as at present,
even though data-driven methods might allow to reduce
them in the future [56,57].

For b! s`
+
`
� and radiative b! s� transitions, the

effective Hamiltonian can be expressed as

He↵ = �
4GF
p

2
�t

X

i

(CiOi + C
0
iO

0
i) + h.c., (1)

where GF is the Fermi constant and �t = VtbV
⇤
ts is a

CKM factor. In a large class of new physics models, the
most important new physics effects in these transitions
appear in the Wilson coefficients Ci of the following
dimension-6 operators,

O7 =
e

16⇡2
mb(s̄�

µ⌫
PRb)Fµ⌫ , (2)

O
0
7 =

e
2

16⇡2
mb(s̄�

µ⌫
PLb)Fµ⌫ , (3)

O9 =
e

16⇡2
(s̄�µPLb)(¯̀�

µ
`), (4)

O
0
9 =

e
2

16⇡2
(s̄�µPRb)(¯̀�

µ
`), (5)

O10 =
e
2

16⇡2
(s̄�µPLb)(¯̀�

µ
�5`), (6)

O
0
10 =

e
2

16⇡2
(s̄�µPRb)(¯̀�

µ
�5`). (7)
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Table 5: New physics scenarios for LHCb, Belle II exclusive and Belle II inclusive Wilson coefficient scans. Con-
tributions to the Wilson coefficients arising from new physics are given for each scan.

(CNP
9

µµ
, CNP

10
µµ) (C0

9
µµ, C0

10
µµ) (CNP

9
µµ

, CNP
9

ee) (Re
�
C0NP

7

�
, Im

�
C0NP

7

�
) (Re

�
CNP

7

�
, Im

�
CNP

7

�
)

LHCb (�1.0, 0.0) (�0.2,�0.2) (�1.0, 0.0) (0.00, 0.04) (�0.075, 0.000)
Belle II exclusive (�1.4, 0.4) (0.4, 0.2) (�1.4,�0.7) (0.08, 0.00) (�0.050, 0.050)
Belle II inclusive (�0.8, 0.6) (0.8, 0.2) (�0.8, 0.4) (0.02,�0.06) (�0.050,�0.075)

stones, wherefore correlations between the various sys-
tematic uncertainties can be neglected. If the anomalies
in R(K) and R(K⇤) persist at the current central val-
ues, LHCb will measure R(K) with a significance of
> 5� with respect to the SM prediction at milestone I,
increasing to 15� with the milestone III dataset. Con-
cerning R(K⇤) at low q

2, the tension would increase
to 3.4 � 3.8� (6.2 � 6.9�), depending on the SM pre-
diction, at milestone I (II); a tension of around 10�
would be reached by milestone III. For R(K⇤) at high
q
2, a tension of 4.7 � 4.8� would emerge when reach-

ing milestone I increasing to 9.0 � 9.1� (13.2 � 13.4�)
at milestone II (III). If the anomalies in b! s`

+
`
� de-

cays persist, the Belle II collaboration will be able to
confirm the anomalies in R(K) (R(K⇤)) when reaching
the integrated luminosity of milestone II in the region
1.0 (1.1) < q

2
< 6.0 GeV2 with significances around

7�8� and hence tensions of this size will be conclusively
observed within the next few years.

The scans of the unprimed semi-leptonic and elec-
tromagnetic dipole Wilson coefficients are illustrated
in Fig. 8, where detailed information on the chosen in-
puts together with the scans of the primed operators
are given in Appendix B. As illustrated in Figs. 13(a)
and 13(b), no discrepancies to the SM for the primed
operators is visible. The electromagnetic dipole oper-
ators are currently consistent with the SM hypothesis
and the contours obtained from LHCb, inclusive and
exclusive Belle II measurements are in good agreement.
The current measurements hint at a deviation from the
SM in the unprimed operator C

NP
9

µµ , which prefers a
negative value driven by the LHCb measurements. In
contrast to the tension observed in C

NP
9

µµ , no hints to-
wards new physics are visible in C

NP
9

ee , nor in C
NP
10

µµ .
Even if the curent tensions seen in b! s`

+
`
� data turn

out to be statistical fluctuations, there are many very
rare decays, lepton flavour violating decays, and decays
with neutrinos in the final state that are orthogonal
clean probes of NP (see e.g. [66,67,68,69]). Correspond-
ing sensitivities are listed in Table 6. For the determina-
tion of the sensitivity of B0

s ! ⌧
+
⌧
�, the conservative

assumption of the same trigger improvement as for a
decay with a single tau lepton was used. The extrapola-

tions of B0
s ! e

+
e
� are extracted from the latest LHCb

measurement [70] of B0
s ! µ

+
µ
� by factoring in an elec-

tron penalty factor. Following the approach in [71] for
the lepton-flavour violating decay ⌧

�
! µ

+
µ
�
µ
�, the

⌧ production cross section was scaled linearly with the
centre-of-mass energy.

5 Conclusion

Projections of the future sensitivity of the Belle II and
LHCb datasets have been analysed with regard to sev-
eral important flavour physics observables. For the first
time, the complimentarity and combination of the two
experiments has been studied. Sensitivty estimates and
projections have been made for several important fu-
ture milestones, corresponding to an intermediate point
in Belle II and LHCb data taking (2020), the end of
Belle II data taking (2024) and the end of scheduled
LHCb data taking (2029). The foreseen changes in the
trigger system of LHCb are considered as well as the an-
ticipated scaling of the systematic uncertainties at both
experiments. This manuscript focuses on present day
anomalies and other key measurements in the flavour
sector, such as the CKM angle � will be measured with
a precision below 1�. There has been a long standing
discrepancy between the inclusive and exclusive deter-
mination of |Vub| (and to some extent also |Vcb|), which
will, if the current central values remain, be established
with a significance well beyond 5�. Further tensions
have been observed in tests of lepton flavour univer-
sality in tree-level and loop-level processes. The cur-
rent HFLAV average of the ratio of B! D

(⇤)
`⌫ tree-

level decays involving ⌧ leptons and light leptons, R(D)
and R(D⇤), differs from the Standard Model prediction
by 3.9�. The future measurements will yield precisions
of 3.2% and 1.3%, for R(D) and R(D⇤) respectively
(which does not include the potential for LHCb to also
measure R(D)). If the current central values persist, the
SM prediction can be ruled out by the combined dataset
of Belle II and LHCb with a significance of well be-
yond 10�. Further hints at a possible violation of lepton
flavour universality have emerged in flavour-changing

• Confirming/disproving the 
anomalies is not physics for Phase-II 
Upgrade!!

• (An answer from Run 2? We are 
really looking forward to…)



Prospects

R(Xc) projections
Opportunities:

Upgraded ECAL can reduce feed-down from  e.g. 
neutral D*0 → D0π0 decays. 

Better vertex resolution → better rejection of 
additional charged tracks

Magnet tracking stations will improve acceptance 
(→ rejection) of slow pions. 

With 300/fb will have millions of B → D*τυ 
events → measure D*/τ polarisation, 
angular observables
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The uncertainties of ground and excited
states will be highly correlated.

run II phase I upgrade phase II

LHCb
preliminary

[Plot from P. Owen]

~2% systematic floor from irreducible uncertainties on efficiencies and background shapes (strong assumptions)

Take home message: huge improvement expected for Bs, Bc, Λb modes that are 
inaccessible to Belle-II

Understanding anomalies

Use data to constrain size of charmonium contributions
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300 fb-1

Systematic uncertainties will be 
< 0.01 (and many will scale with sqrt(N)) 

[EPJC (2017) 77:161]

[Lyon and Zwicky, arXiv:1406.0566]
…
[Blake et al., arXiv:1709.03921]

[P.  Alvarez Cartelle, HL-LHC workshop]
[S. Bifani, Implications workshop]



Theoretical input / bias

Experimental input

Simplified 
Models

Introducing explicitly New Physics,
in the simplest way as possible

bL `+L

sL

`�L

⇧

Bottom-up path

“Complete” 
Models

Address more questions/open 
problems: naturalness, origin of 
flavour,…
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Colour octet vector at the LHC
pp→ jj @ 13 TeV, 37 fb-1

ATLAS Bckg fit
ATLAS observed

MG' = 1.9 TeV, ΓG' (25%)
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MG' = 2.5 TeV, ΓG' (43%)
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EFT considerations
• Fits to data suggest a sizeable (most likely dominant) contribution of the New Physics to 
left currents for both quarks and leptons
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EFT considerations
• Fits to data suggest a sizeable (most likely dominant) contribution of the New Physics to 
left currents for both quarks and leptons

CS(Q
i
L�

µQj
L)(L

↵
L�

µL�
L) + CT (Q

i
L�

µ�aQj
L)(L

↵
L�

µ�aL�
L)

k m k

%* *
*#¥#**#¥#¥ .

[ ML
CLVL

deff =¥gn5L8nb←ti<8nM< + he
.

A ,q=31TeV

deff = -

tap .Emb<kink + he
. AR

, ,=2 .4*eN

Poi EQ (1)
.

old 1706.07808

b- • stuz 3 → 233
' '

Had > > Hint
bro smtui 3 - * 2.2,2

k m k

%* *
*#¥#**#¥#¥ .

[ ML
CLVL

deff =¥gn5L8nb←ti<8nM< + he
.

A ,q=31TeV

deff = -

tap .Emb<kink + he
. AR

, ,=2 .4*eN

Poi EQ (1)
.

old 1706.07808

b- • stuz 3 → 233
' '

Had > > Hint
bro smtui 3 - * 2.2,2

k m k

%* *
*#¥#**#¥#¥ .

[ ML
CLVL

deff =¥gn5L8nb←ti<8nM< + he
.

A ,q=31TeV

deff = -

tap .Emb<kink + he
. AR

, ,=2 .4*eN

Poi EQ (1)
.

old 1706.07808

b- • stuz 3 → 233
' '

Had > > Hint
bro smtui 3 - * 2.2,2

Q3
L

Q2
L

L↵
L

L↵
L

 SU(2) structure 
induce correlations

• Considering the whole set of data (neutral and charged currents),  a possible link with the 
SM flavour structure is emerging 

• Motivated flavour ansatz in the quark sector (NMFV, U(2),Partial Compositeness, Froggat-
Nielsen,…) predicts dominant coupling of the New Physics with the third family (with 
suppressed transitions between the first two).

b ! sµµ
b ! c⌧⌫ 3q ! 2q3`3`

3q ! 2q2`2`

|CNP
⌧ | � |CNP

µ | � |CNP
e |

|Y SM
⌧ | � |Y SM

µ | � |Y SM
e |

 
SM VS NP 

A link?

• A good starting point even if flavor anomalies will disappear 



b → s

μμ (ee) ττ

b → d

s → d

νν

Bd → μμ

B → π μμ

Bs → K(*) μμ

K → π νν

B → K(*) νν

B → π νν

B → K(*) ττ

B → π ττ

τμ μe 

O(20%)

RK, RK*

O(1)

O(1)

O(1)

→ 100×SM

→ 100×SM

long-distance 
pollution

NA NA

B → K τμ

→ ~10-6

B → π τμ

→ ~10-7

B → K μe

???

B → π μe

???

K → μe

???

E.g.: correlations among down-type FCNCs [using the results of U(2)-based EFT]:

If the anomalies are due to NP, we should expect to see several other BSM effects 
in low-energy observables

Implications for low-energy measurements

G. Isidori – B-physics anomalies: model building & future implications         LHCb implications, CERN, 10th Nov 2017 

O(20%) [RK=Rπ]



Simplified model considerations

Scattering ΛU SU(3)C × SU(2)L

(QL +QL)3 → (LL + LL)3
√

4π√
3

∣

∣ΛQL(3)

∣

∣

√
3× 2

(QL +QL)1 → (LL + LL)1
√

4π√
3

∣

∣ΛQL(1)

∣

∣

√
3× 2

uR + uR → eR + eR
√

8π√
3
|Λue|

√
3

dR + dR → eR + eR
√

8π√
3
|Λde|

√
3

uR + uR → LL + LL

√

8π√
6
|ΛuL|

√
3×

√
2

dR + dR → LL + LL

√

8π√
6
|ΛdL|

√
3×

√
2

QL +QL → eR + eR
√

8π√
6
|ΛQe|

√
3×

√
2

dR +QL → LL + eR
√

8π√
3
|ΛdQLe|

√
3

QL + uR → LL + eR
√

8π√
3
|ΛQuLe|

√
3

Table 2: Scale of unitarity violation ΛU as a function of the coefficients ΛO of the semi-leptonic
SMEFT basis of Eq. (20). For the case of QLQL → LLLL scattering the SU(2)L triplet and
singlet channels are labelled explicitly. The third column denotes the enhancement factors on
the partial wave due to the gauge group structure in SU(3)C × SU(2)L space.

for the new mediators is that after integrating them out they are able to generate triplet and
singlet left-handed operator, namely those associated with the coefficients ΛQL(3) and ΛQL(1) in
Eq. (20). In all the cases that we are going to consider the phenomenologically disfavoured
right-handed and scalar/tensor operator of Eq. (20) can be set to zero by a proper choice of
the mediator’s coupling. Given these conditions, the full set of simplified models is displayed
in Table 3.

Simplified Model Spin SM irrep c1/c3 RD(∗) RK(∗) No di → djνν

Z ′ 1 (1, 1, 0) ∞ × ! ×
V ′ 1 (1, 3, 0) 0 ! ! ×
S1 0 (3, 1, 1/3) −1 ! × ×
S3 0 (3, 3, 1/3) 3 ! ! ×
U1 1 (3, 1, 2/3) 1 ! ! !
U3 1 (3, 3, 2/3) −3 ! ! ×

Table 3: Overview of simplified models which can possibly contribute to RD(∗) or RK(∗) via a
singlet/triplet left-handed operator. Only for specific values of the ratio of the Wilson coeffi-
cients c1/c3 (obtained by integrating out a given mediator) the dangerous di → djνν operators
are not generated (U1 case).

From the SU(2)L decomposition (neglecting flavour indices and reinserting the Wilson co-

11

}
 Colourless mediators

 Leptoquarks

}

 1) Resonance searches for charged current anomalies

 2) Resonance searches for neutral current anomalies only (and no flavour bias)

 3) Non-resonant searches

- Colourless mediator Z’+V’ not viable (excluded already              )  

- Vector Leptoquark, U1, decaying into SM fermions of the third family

- Scalar Leptoquarks, S1+ S3, decaying into SM fermions of the third family

- More complicated linear combinations can be thought

- Z’ to muons 

- Leptoquark in final states with muons 

- High-pT dilepton tails pp ! ⌧⌧, pp ! µµ

Z 0 ! ⌧⌧

Models with Flavor Changing Z 0 Bosons

µ+

µ−

bL

sL

Z ′

Z
0 models:

(WA, Straub ’13/’14; Gauld, Goertz, Haisch ’13; Buras

et al. ’13/’14; WA, Gori, Pospelov, Yavin ’14; Glashow,

Guadagnoli, Lane ’14; Crivellin, D’Ambrosio, Heeck ’14/’15;

Niehoff, Stangl, Straub ’15; Aristizabal Sierra, Staub,

Vicente ’15; Boucenna, Valle, Vicente ’15; ...)

alternative option: lepto-quarks

(Hiller, Schmaltz ’14; Gripaios, Nardecchia, Renner ’14;

Buras et al. ’14; Becirevic, Fajfer, Kosnik ’15; ...)
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Explicit models

• The ‘4321’ model

G = SU(4)⇥ SU(3)0 ⇥ SU(2)L ⇥ U(1)0

GSM = SU(3)C ⇥ SU(2)L ⇥ U(1)Y

h⌦3i, h⌦1i
1)  A leptoquark 

2)  A color octet

3)  A SM singlet

New states from the breaking:

[L. Di Luzio, A. Greljo, MN, 1708.08450]

• Extra gauge bosons don’t decouple, for example in some limit:
3M2

U = M2
g0 + 2M2

Z0

UV completions: vector leptoquark

Non-universal couplings to fermions needed! 

• Elementary vectors: color can’t be completely embedded in SU(4) 
 
 
 
only the 3rd generation is charged under SU(4)


• Composite vectors: resonances of a strongly interacting sector 
with global


the couplings to fermions can be different (e.g. partial compositeness)

Di Luzio et al. 2017

Isidori et al. 2017SU(4)⇥ SU(3) ! SU(3)c

SU(4)⇥ SU(2)⇥ SU(2)

Barbieri, Tesi 2017

In all cases, additional heavy vector 
resonances (color octet and Z’) are present

Searches at LHC! ➡ see M. Nardecchia’s talk

0

BB@

1

CCA
U↵
µ(Ga

µ)
↵
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Z 0
µ(U↵

µ )
†

• Completing the picture of the simplified models is not an 
academic question, correlations are model dependent

• At low energy,  possible large effects in 

• Addressing the charged current anomalies is quite challenging

⌧ ! 3µ
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CPV in D-mixing
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• Other interesting models with vector leptoquark [PS3-1712.01368,  Composite 1712.06844]

Z 0-exchange
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g0-exchange
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Simplified dynamical models

Three main options:
(barring terms with RH currents that,

so far, seems to be disfavored by data)

       SU(2)L

    singlet    triplet

Vector LQ: U1 U3

Scalar LQ: S1 S3

Colorless vector: B' W'

G. Isidori –  On the breaking of LFU in B decays                                                CERN, July 2017 

While the EFT is useful to derive relation among low-energy observables, 
simplified dynamical models with explicit mediators are particularly useful to 

reduce the number of free parameters (not always...)
check the consistency with high-energy data (that is quite relevant...)
identify possible UV completions   

[1706.07808]

bL `+L

sL

`�L

⇧



MSSM
•  LFU in the MSSM without R-Parity Violation: loop level 

�F = 1 �F = 2 Collider-flavour interplay in SUSY

Trying to explain RK < 1 in the MSSM

Only hope to generate an appreciable effect: Wino box
[Altmannshofer and Straub 1308.1501]

bL sLb̃L s̃L

W̃ W̃

˜̀µ µ

(e)

I Implies CNP
9 = �CNP

10

I Best-fit value CNP
9 ⇡ �0.7

Need:

I Extremely light W̃

I Extremely light µ̃L

I Heavy ẽL

I Large b̃L-s̃L mixing

I Not too heavy b̃L, s̃L (̃tL, c̃L)

David Straub (Universe Cluster) 14

• Lepton universality is broken by slepton masses

• Box diagrams are numerically small, very light particles in 
the loop

mẽ � mµ̃

• Direct searches (LHC+LEP) give strong constraints, 
(probably) no hope left (but a careful analysis is required)

The LHCb results with large effect in muons suggest an 
extensions of the MSSM 

Altmannshofer, Straub, 1411.3161
D’Amico et al, 1704.05438 

•  MSSM wit R-Parity Violation: basically SM + some specific leptoquark

• No free parameter on the Feynman vertices: EW couplings



Composite Higgs Framework

m⇢

mH

m⇧

10 TeV

E

1 TeV

125 GeV

Ô

g⇢, m⇢

⇧, H
Strong 
sector

Elementary 
sectorf ⇠ SM

• Being PGB, Higgs and Leptoquarks are lighter than the other 
resonances coming from the strong sector

• SM fermion masses are generated by the mechanism of 
partial compositeness

• BSM Flavour violation regulated by the same mechanism

• Naturalness (…)

|SMi = cos ✏|fi + sin ✏|Oi

✏Ôf

Based on 1412.5942, JHEP,
Ben Gripaios and Sophie Renner



Partial Compositeness in CH models
• Yukawa sector:

H

⇥L

⇥R

fL

fR

g�

⇥L

⇥R

fL

fR

g� fL

fR

g�

1/m2
�

⇥L

⇥R

Figure 3: The contribution from the exchange of heavy modes to the Yukawas and to the FCNC operators.

the estimates that follow). The way out is again MFV, i.e. the conditions Y u
1 ⇤ Y u

3 ⇤ . . . and similarly

for the downs. Interestingly, this can be automatically enforced in PNGB composite Higgs models where

selection rules of the global group G can imply, at lowest order in the proto-Yukawa couplings, a factorized

flavor structure [11]

q̄L
�
Y u
1 H̃Fu(H

†H/f2)
⇥
uR + q̄L

�
Y d
1 HFd(H

†H/f2)
⇥
dR + h.c. . (16)

This feature eliminates the leading contribution to Higgs-mediated FCNC.

Now, in the composite 2HDM the issues exemplified by eq. (14) and eq. (15) will both be present, but

at the same time one will be able to rely, as explained above, on both, discrete symmetries or ansätze

and on G selection rules. Let us discuss in more detail how these mechanisms work and protect from

Higgs-mediated flavor transitions. As previously explained, the SM fermions are coupled linearly to the

strong sector through fermionic composite operators OfL,fR . The latter describe couplings at microscopic

scales, where the breaking G ⇥ H can be neglected, and therefore correspond to some representations of

G that we denote, respectively, as rL and rR. For one generation, eq. (2) can be rewritten more explicitly

as

Lmix = (f̄L)�(yL
�)IfLOIfL

+ (f̄R)(yR)
IfROIfR

+ h.c. , (17)

where the IfL and IfR indices of yL,R are in the conjugate representation of rL,R while � denotes the

SM SU(2)L-doublet index. As the notation suggests, in eq. (17) we have uplifted the yL,R couplings to

representations (spurions) of the G� SU(2)W � U(1)Y . This will allow us to exploit fully the constraints

from G-invariance.

Adding flavor to eq. (17), amounts to adding an index i to fL, yL, yR, OIfL
, OIfR

. Notice that in general

there is no notion of orthogonality for the composite operators, meaning that the correlator ⌃Oi
IfL

Oj
IfL

⌥ is
in general non zero for any i, j pair (similarly for Oi

IfR
). E�ective Yukawa couplings, in principle of the

general form of eqs. (14) and (15), arise at low energy via the exchange of the heavy modes excited by

OfL,fR – see fig. 3. By applying power counting as depicted in the figure, we expect for the Y ij
1 , Y ij

2 and

13

Lelem = if�µDµf

Lcomp = Lcomp(g⇢, m⇢, H)

Lmix = ✏L fLOL + ✏L fROR + h.c.

Y ij ⇠ ✏i
L✏j

Rg⇢

H
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fR
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Figure 3: The contribution from the exchange of heavy modes to the Yukawas and to the FCNC operators.
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• Flavor violation beyond the CKM one is generated:

⇠
g2

⇢

m2
⇢

✏i
L✏i

R✏j
L✏j

R
FV related to the 

SM one but not in a 
Minimal FV way

Y ij = cij ✏i
L✏j

R g⇢



A couple of extra topics



Charm mixing
Charm physics

35

~10-4

Upgrade II:

→ 10’s MHz of charm meson + baryon decays ➳10-4 
precision, allowing us to measure SM CP violation

→ Precision measurement of small mixing params gives 
strong constraints on NP scale 

→ Success relies on use of real-time analysis

No other facility can do this

Precision measurement of CKM � requires understanding D 
mixing/CPV in B → DK decays
Rare charm decays (D → μ+μ-, angular obvs in D → h+h-μ+μ-)

[J. Brodzicka, this workshop]

[PRL 119 (2017) 181805]

[Cowan, Implication workshop 2017]• CPV violation in SM suppressed by small CKM 
matrix element.

• Not small enough for LHCb 300/fb 

O(10�4)
<latexit sha1_base64="P17kgxEXWbXX2fCOEmXgW5HY+CY=">AAACCHicdVDLSgNBEJyNrxhfUfHkZTAIejDMSiDJLejFmwrGBJIYeietDpl9MNMryJIv8Cu86smTePUvPPgv7sYIKlqnoqqbri4v0sqSEG9Obmp6ZnYuP19YWFxaXimurp3bMDYSmzLUoWl7YFGrAJukSGM7Mgi+p7HlDQ8zv3WDxqowOKPbCHs+XAXqUkmgVOoXN7o+0LUEnRyP+I4rLpK9ymi3XyyJcr1aFXXBRVmMkZH9Sq1a4+5EKbEJTvrF9+4glLGPAUkN1nZcEVEvAUNKahwVurHFCOQQrrCT0gB8tL1kHH/Et2MLFPIIDVeaj0X8vpGAb+2t76WTWVj728vEv7xOTJe1XqKCKCYMZHaIlMbxISuNSntBPlAGiSBLjlwFXIIBIjSKg5SpGKdFFdI+vp7m/5Pmfrledk8rpcbBpJg822RbbIe5rMoa7IidsCaTLGH37IE9OnfOk/PsvHyO5pzJzjr7Aef1AyejmRk=</latexit><latexit sha1_base64="P17kgxEXWbXX2fCOEmXgW5HY+CY=">AAACCHicdVDLSgNBEJyNrxhfUfHkZTAIejDMSiDJLejFmwrGBJIYeietDpl9MNMryJIv8Cu86smTePUvPPgv7sYIKlqnoqqbri4v0sqSEG9Obmp6ZnYuP19YWFxaXimurp3bMDYSmzLUoWl7YFGrAJukSGM7Mgi+p7HlDQ8zv3WDxqowOKPbCHs+XAXqUkmgVOoXN7o+0LUEnRyP+I4rLpK9ymi3XyyJcr1aFXXBRVmMkZH9Sq1a4+5EKbEJTvrF9+4glLGPAUkN1nZcEVEvAUNKahwVurHFCOQQrrCT0gB8tL1kHH/Et2MLFPIIDVeaj0X8vpGAb+2t76WTWVj728vEv7xOTJe1XqKCKCYMZHaIlMbxISuNSntBPlAGiSBLjlwFXIIBIjSKg5SpGKdFFdI+vp7m/5Pmfrledk8rpcbBpJg822RbbIe5rMoa7IidsCaTLGH37IE9OnfOk/PsvHyO5pzJzjr7Aef1AyejmRk=</latexit><latexit sha1_base64="P17kgxEXWbXX2fCOEmXgW5HY+CY=">AAACCHicdVDLSgNBEJyNrxhfUfHkZTAIejDMSiDJLejFmwrGBJIYeietDpl9MNMryJIv8Cu86smTePUvPPgv7sYIKlqnoqqbri4v0sqSEG9Obmp6ZnYuP19YWFxaXimurp3bMDYSmzLUoWl7YFGrAJukSGM7Mgi+p7HlDQ8zv3WDxqowOKPbCHs+XAXqUkmgVOoXN7o+0LUEnRyP+I4rLpK9ymi3XyyJcr1aFXXBRVmMkZH9Sq1a4+5EKbEJTvrF9+4glLGPAUkN1nZcEVEvAUNKahwVurHFCOQQrrCT0gB8tL1kHH/Et2MLFPIIDVeaj0X8vpGAb+2t76WTWVj728vEv7xOTJe1XqKCKCYMZHaIlMbxISuNSntBPlAGiSBLjlwFXIIBIjSKg5SpGKdFFdI+vp7m/5Pmfrledk8rpcbBpJg822RbbIe5rMoa7IidsCaTLGH37IE9OnfOk/PsvHyO5pzJzjr7Aef1AyejmRk=</latexit><latexit sha1_base64="P17kgxEXWbXX2fCOEmXgW5HY+CY=">AAACCHicdVDLSgNBEJyNrxhfUfHkZTAIejDMSiDJLejFmwrGBJIYeietDpl9MNMryJIv8Cu86smTePUvPPgv7sYIKlqnoqqbri4v0sqSEG9Obmp6ZnYuP19YWFxaXimurp3bMDYSmzLUoWl7YFGrAJukSGM7Mgi+p7HlDQ8zv3WDxqowOKPbCHs+XAXqUkmgVOoXN7o+0LUEnRyP+I4rLpK9ymi3XyyJcr1aFXXBRVmMkZH9Sq1a4+5EKbEJTvrF9+4glLGPAUkN1nZcEVEvAUNKahwVurHFCOQQrrCT0gB8tL1kHH/Et2MLFPIIDVeaj0X8vpGAb+2t76WTWVj728vEv7xOTJe1XqKCKCYMZHaIlMbxISuNSntBPlAGiSBLjlwFXIIBIjSKg5SpGKdFFdI+vp7m/5Pmfrledk8rpcbBpJg822RbbIe5rMoa7IidsCaTLGH37IE9OnfOk/PsvHyO5pzJzjr7Aef1AyejmRk=</latexit>

• Crucial for NP models involving quark doublets

(XijQ
i
�µQj)2

<latexit sha1_base64="M957zzIXEz28N39IfA+jxnaDn6A="></latexit><latexit sha1_base64="M957zzIXEz28N39IfA+jxnaDn6A="></latexit><latexit sha1_base64="M957zzIXEz28N39IfA+jxnaDn6A="></latexit><latexit sha1_base64="M957zzIXEz28N39IfA+jxnaDn6A="></latexit>

Cannot align simultaneously to up and and down quarks,
K-mixing forces down alignment, so this is one of the main 
constraints

• No competitor for LHCb 

• Strong constraints for the NP

[See also talk by A. Lenz]



Bs, Bd ! µµ
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SM	~	4	x	10-9	

NP?	

Brief	history:		
First	observaQon	in	2015		
By	CMS+LHCb			

ATLAS	2016	

LHCb	Update	2017		
Run1	+	1.4	h-1	Run2			

[Van	Veghel]	

SM	~	4	x	10-9	

NP?	

Brief	history:		
First	observaQon	in	2015		
By	CMS+LHCb			

ATLAS	2016	

LHCb	Update	2017		
Run1	+	1.4	h-1	Run2			

[Van	Veghel]	

• Ratio of the decay rates very clean, can test NP 

• Sensitive to the axial structure of the lepton current, 
can discriminate NP option for FCNC anomalies 
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (C
NP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent fit to available b !

s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypotheses C

NP
9µ , CNP

9µ = �C
NP
10µ

and C
NP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
briefly discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result in RK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield C
NP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46–49] are popular since they do not generate
e↵ects in electron channels. The new fit including
RK⇤ is also very favourable to models predicting
C
NP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, a C

NP
9µ -like solution

can only be generated by adding two scalar (an SU(2)L
triplet and an SU(2)L doublet with Y = 7/6) or two
vector representations (an SU(2)L singlet with Y = 2/3
and an SU(2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved in Z 0

models with loop-induced couplings [53] or in Z 0 models
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LFUV. Concerning LQs, here a single representation
(the scalar SU(2)L triplet or the vector SU(2)L singlet
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models with loop contributions from three heavy new
scalars and fermions [61–63].

I CNP
9µ = �C90µ: This pattern could be generated in
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• Helicity suppressed in the SM



Conclusions
• My apologies, I didn’t discuss a lot of topics: CPV in B-mixing, LFV, dark sectors,       ,… CKM angle �

32

Tree
superimposed the
loop constraintsOnly CP-violating parameter that can be 

measured from tree-level decays. |δ�| ≤ O(10−7) 
assuming no NP in trees

1o from individual modes will give sensitivity to 
NP at tree-level

Improvements in ECAL and low-momentum 
tracking will bring new modes into the game.       
e.g., multi body decays (D → 4h) and decays 
with neutrals (D → hhhπ0)

300/fb
γ precision ~0.4o

[Brod, Zupan JHEP 1401 (2014) 051]

[Brod et al., PRD 92, 033002 (2015)]

With 300/fb could use Bc+ → D(s)+D decays, which 
have larger interference ⇒ more sensitive to ��

Input from BES-III for D meson strong phases

Belle-II expects ~1.5o in 2025

[F Dordei, this workshop]

• The LHCb Phase-2 upgrade is a win-win case:

- if flavor anomalies will be confirmed, the importance to continue with the physics 
program at LHCb cannot be underestimated. It will be crucial not only for the 
flavor community but for the whole HEP

- If flavor anomalies will disappear and no evidence of NP on-shell at LHC, flavor 
physics will remain a unique probe  to test higher energy scales in a indirect way

• Theoretical guidelines based on the naturalness of the EW scale are not providing the 
expected answers, this make us rethinking about various aspects including the flavor problem

• Current anomalies in B decays have a simple and consistent interpretation at the effective 
field theory level (model independent). Hint of dominant coupling of the NP with the third 
family

•  The NP scale inferred from the charged current anomalies is within the reach of present or 
near future colliders. Explicit constructions provide correlations with other observables.

•  We are really looking forward for new data and for the LHCb upgrade! 
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New Physics (Model Independent)
• Model independent analysis via a low-energy effective hamiltonian, assuming short-distance 
New Physics in the following operators

with magnitude fixed by the degrees of compositeness of each of the SM fermion multiplets,

giving 15 mixing parameters. In the quark sector, all but one of these parameters is fixed by

measurements of quark masses and the CKM matrix; there is more ambiguity in the lepton

sector, but we find that everything can be fixed by assuming that the mixings of the left and

right-handed lepton multiplets are comparable. This assumption is a plausible one, from the

point of view of the UV flavour dynamics, and has the additional benefit that new physics

(NP) corrections to the most severely constrained flavour-violating observable, µ ! e�, are

minimized. As a result, we are left with just 3 free parameters in the model: the mass, M , of

the leptoquark, the coupling strength, g⇢, of the strong sector resonances, and the degree

of compositeness, ✏q3, of the third generation quark doublet. Furthermore, all processes

to which the leptoquark contributes result in constraints on the single combination x ⌘
p
g⇢✏

q

3/M . Thus the model is extremely predictive. We find that the preferred range of

x corresponds to plausible values of the 3 underlying parameters of the strongly coupled

theory (in which the weak scale is slightly tuned), namely g⇢ ⇠ 4⇡, M ⇠ TeV, and ✏q3 ⇠ 1.

Thus, g⇢ and ✏q3 lie close to their maximal values, meaning that one cannot evade future

direct searches at the LHC by scaling up M and g⇢.

As for the existing bounds, we find that there is no obvious conflict, but that there is

potential to see e↵ects in µ ! e�, K+ ! ⇡+⌫⌫, and B+ ! ⇡+µ+µ�, in the near future.

Moreover, the required mass range for the leptoquark is not far above that already excluded

by LHC8, and so there is plenty of scope for discovery in direct production at LHC13.

The outline is as follows. In the next Section, we describe the data anomalies and

review fits thereto using higher-dimensional SM operators. We also show that they can be

described by a leptoquark carrying the representation (3,3, 13) of the SU(3)⇥SU(2)⇥U(1)

gauge group. In §3 we review the partial compositeness and strong dynamics paradigms.

We show how the leptoquark can accompany the Higgs as a PGB of strong dynamics and

exhibit symmetries that prevent proton decay, &c. In §4, we discuss important constraints

on the model and describe the prospects for direct searches for the leptoquark at LHC13

and indirect searches using flavour physics.

2 Status of b ! s`` fits and leptoquark quantum numbers

The anomalies that we wish to explain were observed at LHCb in semileptonic B meson

decays involving a b ! s quark transition. These may be described via the low-energy,

e↵ective hamiltonian

He↵ = �4GFp
2

(V ⇤
tsVtb)

X

i

C`

i (µ)O`

i (µ) , (2.1)

where O`

i
are a basis of SU(3)C ⇥ U(1)Q-invariant dimension-six operators giving rise to

the flavour-changing transition. The superscript ` denotes the lepton flavour in the final

– 3 –

state (` 2 {e, µ, ⌧}), and the operators O`

i
are given in a standard basis by

O(0)
7 =

e

16⇡2
mb

�
s̄�↵�PR(L)b

�
F↵� ,

O`(0)
9 =

↵em

4⇡

�
s̄�↵PL(R)b

�
(¯̀�↵`) , (2.2)

O`(0)
10 =

↵em

4⇡

�
s̄�↵PL(R)b

�
(¯̀�↵�5`).

We neglect possible (pseudo-)scalar and tensor operators, since these have been shown [14,

15] to be constrained to be too small (in the absence of fine-tuning in the electron sector)

to explain LHCb anomalies. In the SM, the operator coe�cients are lepton universal and

the operators that have non-negligible coe�cients are O7, O`

9, and O`

10, with

CSM

7 = �0.319,

CSM

9 = 4.23, (2.3)

CSM

10 = �4.41.

at the scale mb [16].

The first tension with the SM was observed last year in angular observables in the

semileptonic decay B ! K⇤µ+µ� [4, 5]. The rôle of theoretical hadronic uncertainties in

the discrepancy is not yet clear, and there is ongoing debate as to whether the e↵ects of

unknown power corrections or long-distance charm loop contributions can explain these

anomalies without the need for new, short-distance physics [17–20]. Nevertheless, several

model-independent analyses [17, 21–24] have been performed on the B ! K⇤µ+µ� decay

data, as well as on other, relevant, semileptonic and leptonic processes, allowing for the

possibility of new physics contributions to the e↵ective operators in eq. (2.2). There seems

to be a consensus that, if only a single Wilson coe�cient is allowed to be non-vanishing,

then NP contributions to the e↵ective operator Oµ

9 are preferred, with the NP coe�cient

CNP

9 of this operator being negative. A number of models of NP were proposed to explain

this e↵ect [25–30].

Earlier this year LHCb measured another discrepancy in B decays. To wit, it was

found that a certain ratio, RK , of branching ratios of B ! Kµ+µ� to B ! Ke+e� lay

2.6� below the SM prediction [6]. Specifically, the observable is defined as

RK =

R 6
1 dq2 d�(B

+!K
+
µ
+
µ
�)

dq2R 6
1 dq2 d�(B

+!K+e+e�)
dq2

, (2.4)

where q2 is the invariant mass of the di-lepton pair and the integral is performed over

the interval q2 2 [1, 6] GeV2. Like the B ! K⇤µ+µ� decay, these processes proceed via

a b ! s`` transition. The observable RK has the advantage of being theoretically well-

understood, predicted to be almost exactly 1 in the SM [31] (specifically, 1.0003 ± 0.0001

when mass e↵ects are taken into account [32]). A discrepancy in RK cannot be explained by

lepton-flavour-universal NP, nor by any of the sources of theoretical uncertainty that might

underlie the B ! K⇤µ+µ� anomalies. Analyses and fits including the RK data and other

recent measurements were performed in [14, 20, 33, 34]. Due to the lepton non-universality

– 4 –
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The first tension with the SM was observed last year in angular observables in the

semileptonic decay B ! K⇤µ+µ� [4, 5]. The rôle of theoretical hadronic uncertainties in

the discrepancy is not yet clear, and there is ongoing debate as to whether the e↵ects of

unknown power corrections or long-distance charm loop contributions can explain these

anomalies without the need for new, short-distance physics [17–20]. Nevertheless, several

model-independent analyses [17, 21–24] have been performed on the B ! K⇤µ+µ� decay

data, as well as on other, relevant, semileptonic and leptonic processes, allowing for the
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understood, predicted to be almost exactly 1 in the SM [31] (specifically, 1.0003 ± 0.0001
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with magnitude fixed by the degrees of compositeness of each of the SM fermion multiplets,

giving 15 mixing parameters. In the quark sector, all but one of these parameters is fixed by

measurements of quark masses and the CKM matrix; there is more ambiguity in the lepton

sector, but we find that everything can be fixed by assuming that the mixings of the left and

right-handed lepton multiplets are comparable. This assumption is a plausible one, from the

point of view of the UV flavour dynamics, and has the additional benefit that new physics

(NP) corrections to the most severely constrained flavour-violating observable, µ ! e�, are

minimized. As a result, we are left with just 3 free parameters in the model: the mass, M , of

the leptoquark, the coupling strength, g⇢, of the strong sector resonances, and the degree

of compositeness, ✏q3, of the third generation quark doublet. Furthermore, all processes

to which the leptoquark contributes result in constraints on the single combination x ⌘
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3/M . Thus the model is extremely predictive. We find that the preferred range of

x corresponds to plausible values of the 3 underlying parameters of the strongly coupled

theory (in which the weak scale is slightly tuned), namely g⇢ ⇠ 4⇡, M ⇠ TeV, and ✏q3 ⇠ 1.

Thus, g⇢ and ✏q3 lie close to their maximal values, meaning that one cannot evade future

direct searches at the LHC by scaling up M and g⇢.

As for the existing bounds, we find that there is no obvious conflict, but that there is

potential to see e↵ects in µ ! e�, K+ ! ⇡+⌫⌫, and B+ ! ⇡+µ+µ�, in the near future.

Moreover, the required mass range for the leptoquark is not far above that already excluded

by LHC8, and so there is plenty of scope for discovery in direct production at LHC13.

The outline is as follows. In the next Section, we describe the data anomalies and

review fits thereto using higher-dimensional SM operators. We also show that they can be

described by a leptoquark carrying the representation (3,3, 13) of the SU(3)⇥SU(2)⇥U(1)

gauge group. In §3 we review the partial compositeness and strong dynamics paradigms.

We show how the leptoquark can accompany the Higgs as a PGB of strong dynamics and

exhibit symmetries that prevent proton decay, &c. In §4, we discuss important constraints

on the model and describe the prospects for direct searches for the leptoquark at LHC13

and indirect searches using flavour physics.

2 Status of b ! s`` fits and leptoquark quantum numbers

The anomalies that we wish to explain were observed at LHCb in semileptonic B meson

decays involving a b ! s quark transition. These may be described via the low-energy,
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We neglect possible (pseudo-)scalar and tensor operators, since these have been shown [14,

15] to be constrained to be too small (in the absence of fine-tuning in the electron sector)

to explain LHCb anomalies. In the SM, the operator coe�cients are lepton universal and
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9, and O`

10, with
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CSM

9 = 4.23, (2.3)

CSM

10 = �4.41.

at the scale mb [16].

The first tension with the SM was observed last year in angular observables in the

semileptonic decay B ! K⇤µ+µ� [4, 5]. The rôle of theoretical hadronic uncertainties in

the discrepancy is not yet clear, and there is ongoing debate as to whether the e↵ects of

unknown power corrections or long-distance charm loop contributions can explain these

anomalies without the need for new, short-distance physics [17–20]. Nevertheless, several

model-independent analyses [17, 21–24] have been performed on the B ! K⇤µ+µ� decay

data, as well as on other, relevant, semileptonic and leptonic processes, allowing for the

possibility of new physics contributions to the e↵ective operators in eq. (2.2). There seems

to be a consensus that, if only a single Wilson coe�cient is allowed to be non-vanishing,

then NP contributions to the e↵ective operator Oµ

9 are preferred, with the NP coe�cient

CNP

9 of this operator being negative. A number of models of NP were proposed to explain

this e↵ect [25–30].

Earlier this year LHCb measured another discrepancy in B decays. To wit, it was

found that a certain ratio, RK , of branching ratios of B ! Kµ+µ� to B ! Ke+e� lay

2.6� below the SM prediction [6]. Specifically, the observable is defined as
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where q2 is the invariant mass of the di-lepton pair and the integral is performed over

the interval q2 2 [1, 6] GeV2. Like the B ! K⇤µ+µ� decay, these processes proceed via

a b ! s`` transition. The observable RK has the advantage of being theoretically well-

understood, predicted to be almost exactly 1 in the SM [31] (specifically, 1.0003 ± 0.0001

when mass e↵ects are taken into account [32]). A discrepancy in RK cannot be explained by
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the discrepancy is not yet clear, and there is ongoing debate as to whether the e↵ects of

unknown power corrections or long-distance charm loop contributions can explain these
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the interval q2 2 [1, 6] GeV2. Like the B ! K⇤µ+µ� decay, these processes proceed via

a b ! s`` transition. The observable RK has the advantage of being theoretically well-

understood, predicted to be almost exactly 1 in the SM [31] (specifically, 1.0003 ± 0.0001

when mass e↵ects are taken into account [32]). A discrepancy in RK cannot be explained by

lepton-flavour-universal NP, nor by any of the sources of theoretical uncertainty that might

underlie the B ! K⇤µ+µ� anomalies. Analyses and fits including the RK data and other

recent measurements were performed in [14, 20, 33, 34]. Due to the lepton non-universality
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (C
NP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent fit to available b !

s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypotheses C

NP
9µ , CNP

9µ = �C
NP
10µ

and C
NP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
briefly discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result in RK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield C
NP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46–49] are popular since they do not generate
e↵ects in electron channels. The new fit including
RK⇤ is also very favourable to models predicting
C
NP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, a C

NP
9µ -like solution

can only be generated by adding two scalar (an SU(2)L
triplet and an SU(2)L doublet with Y = 7/6) or two
vector representations (an SU(2)L singlet with Y = 2/3
and an SU(2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved in Z 0

models with loop-induced couplings [53] or in Z 0 models
with heavy vector-like fermions [54] which posses also
LFUV. Concerning LQs, here a single representation
(the scalar SU(2)L triplet or the vector SU(2)L singlet
with Y = 2/3) can generate a C9µ = �C10µ like solu-
tion [55–60] and this pattern can also be obtained in
models with loop contributions from three heavy new
scalars and fermions [61–63].

I CNP
9µ = �C90µ: This pattern could be generated in

Z 0 models with vector-like fermions. For the Lµ � L⌧

• Short distance effects from New Physics are expected to 
have a chiral structure

`�↵`
`�↵�5`

`L�↵`L

`R�↵`R

Best Fit with
Left-Left currents

Cµ,NP
9 = �Cµ,NP

10

• Preference for lepton vector current Cµ,NP
9 ⇡ �1

[Capdevilla et al,
1704.05340]



The low q^2 bin 

[D’Amico, et al.
JHEP, 1704.05438]

• At low q^2, Standard Model contribution is dominate by dipole operator (due the 
photon pole)

• NP effects are reduced in this bin

• Having a large effect here requires light long range New Physics

• Can be a sanity check of the measurement 
[see for example 
1711.07494]

J
H
E
P
0
9
(
2
0
1
7
)
0
1
0

Figure 1. Deviations from the SM value RK = RK∗ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector. Both
ratios refer to the [1.1, 6]GeV2 q2-bin. We assumed real coefficients, and the out-going (in-going)
arrows show the effect of coefficients equal to +1 (−1). For the sake of clarity we only show the
arrows for the coefficients involving left-handed muons and electrons (except for the two magenta
arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM
bLµL

+ CBSM
bLµR

)/2 = ±1). The constraint from
Bs → µµ is not included in this plot.
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Figure 2. Left: RK∗ as function of q2, the invariant mass of the ℓ+ℓ− pair, for the SM and for
two specific values of the new-physics coefficients. The inset shows iso-contours of deviation from
R∗

K = 1 in the [0.045, 1.1]GeV2 bin as a function of new-physics coefficients, compared to their
experimentally favoured values. Right: correlation between RK∗ measured in the [1.1, 6]GeV2 bin
(horizontal axis) and [0.045, 1.1]GeV2 bin (vertical axis) of q2: a sizeable new physics effect can be
present in the low-energy bin. The numerical values of q2 are given in GeV2.
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Simplified Models
Models with Flavor Changing Z 0 Bosons

µ+

µ−

bL

sL

Z ′

Z
0 models:

(WA, Straub ’13/’14; Gauld, Goertz, Haisch ’13; Buras

et al. ’13/’14; WA, Gori, Pospelov, Yavin ’14; Glashow,

Guadagnoli, Lane ’14; Crivellin, D’Ambrosio, Heeck ’14/’15;

Niehoff, Stangl, Straub ’15; Aristizabal Sierra, Staub,

Vicente ’15; Boucenna, Valle, Vicente ’15; ...)

alternative option: lepto-quarks

(Hiller, Schmaltz ’14; Gripaios, Nardecchia, Renner ’14;

Buras et al. ’14; Becirevic, Fajfer, Kosnik ’15; ...)
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⇡ 1
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[more than 
100 papers]

• Main constraint to face is Bs mixing:
- Z’ way out:
- Leptoquark way out:  tree VS loop

�bs ⌧ �µµ
• Direct searches: need more 
theoretical input 
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Loop induced

Figure 4: Diagram contributing to the anomalous magnetic moment of the muon. The

photon is attached in all possible ways.

At the matching scale M , we get an additional contribution from the NP to the coef-

ficient of the dipole operator;

CNP

7 =

✓
GFp
2
V ⇤
tsVtb

◆�1 ↵q⇤
2 ↵q

3

12M2
 

✓
3F1(xq) +

2

xq
F1(x

�1
q )

◆
, (3.12)

where F1(x) is defined as

F1(x) =
1

12(x� 1)4
�
x3 � 6x2 + 3x+ 2 + 6x log x

�
. (3.13)

The 2� allowed range for this parameter has been fitted recently in [49], giving

CNP

7 (mb) 2 [�0.10, 0.02] (at 2�). (3.14)

3.1.4 Anomalous magnetic moment of the muon

Although it is somewhat peripheral to our discussion, let us remark that loops of  and �`,

as shown in Fig. 4, generate a 1-loop contribution to the magnetic moment of the muon,

which may be able to resolve the long-standing experimental discrepancy therein [57]. The

NP contribution is given by

�aNP

µ =

��↵2
`

��2

6⇡2

M2
µ

M2
 

✓
5F1(x`) +

2

x`
F1(x

�1
`

)

◆
, (3.15)

which should be compared to the observed discrepancy [58]

�aµ = aexpµ � aSMµ = (287± 80)⇥ 10�11 (3.16)

As we will show in Section (3.3), it is possible to fit the anomalous magnetic moment in

this model. However, it requires a large value of ↵`

2, which is problematic, since it can lead

to large corrections to electroweak precision observables at the Z-pole.

3.1.5 b ! s⌫⌫ processes

Contributions to B ! K⌫⌫ and B ! K⇤⌫⌫ are expected in the model, due to a diagram

similar to Fig. 1 with the muons replaced with muon neutrinos (as well as Z penguin

– 11 –

Figure 2: Diagrams contributing to Bs mixing

Comparing equations 3.1 and 3.2 we find the NP contribution to the Wilson coe�cients

relevant to b ! sµµ is

CµNP

9 = �CµNP

10 =

✓
4GFp

2
V ⇤
tsVtb

↵

4⇡

◆�1 7

576⇡2

K(xq, x`)

M2
 

↵q⇤
2 ↵q

3

���↵`

2

���
2
. (3.4)

The most recent best fit ranges on this combination of Wilson coe�cients are taken from

[49] and are given by

CµNP

9 = �CµNP

10 2 [�0.71,�0.35] (at 1�), (3.5)

CµNP

9 = �CµNP

10 2 [�0.91,�0.18] (at 2�). (3.6)

3.1.2 Four-quark operators

Interactions between four quarks are induced at loop level by diagrams like those in Fig.

2. These interactions can lead to meson mixing; in particular, if the process b ! sµµ

is present, then inevitably Bs mixing must also be induced. This process can therefore

introduce important constraints on the masses and couplings of the new particles. The

four quark e↵ective operator induced by the NP is

Leff � K 0(xq)

M2
 

↵q⇤
i
↵q

j
↵q⇤
m↵q

n

128⇡2

⇣
Q

i

L�
µQj

L

⌘ �
Q

m

L �µQ
n

L

�
+

5

9

⇣
Q

i

L�
µ~⌧Qj

L

⌘
·
�
Q

m

L �µ~⌧Q
n

L

��
,

(3.7)

where K 0(x) is the first derivative of K(x). The SU(2)L structure of the e↵ective operator

is similar to that of Eqn. 3.1 and can again be derived from the discussion in Appendix A.

Projecting the quark doublet along the down components we find that for Bs mixing the

relevant operator is

Leff � 7

576⇡2

K 0(xq)

M2
 

�
↵q⇤
2 ↵q

3

�2
(sL�

µbL)(sL�µbL) + h.c.. (3.8)

The Wilson coe�cient is easily extracted at high energy µ = ⇤ where the BSM particles

are dynamical fields. We fix ⇤ = 1 TeV in what follows. At this energy we have

Cbs

1 (⇤) =
7

576⇡2

K 0(xq)

M2
 

�
↵q⇤
2 ↵q

3

�2
(3.9)
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Figure 1: Diagram contributing to b ! sµµ

3.1.1 Semileptonic four-fermion operators

The process b ! s``, important for the LHCb B meson anomalies, is induced at loop

level by the diagram in Fig. 13. The SU(2)L structure of the NP-induced semileptonic

four-fermion interaction can be derived from the discussion in Appendix A, using the

lagrangian (Eqn. A.6) written explicitly in terms of SU(2)L components. The resulting

e↵ective NP lagrangian is

Leff � K(xq, x`)

M2
 

↵q⇤
i
↵q

j
↵`⇤
m↵`

n

64⇡2

⇣
Q

i

L�
µQj

L

⌘ �
L
m

L �µL
n

L

�
+

5

9

⇣
Q

i

L�
µ~⌧Qj

L

⌘
·
�
L
m

L �µ~⌧L
n

L

��
,

(3.1)

with xq ⌘
M

2
q

M
2
 
and x` ⌘

M
2
`

M
2
 
. The loop function K(xq, x`) can be obtained by the following

definitions;

K(x) ⌘ 1� x+ x2 log x

(x� 1)2
,

K(x, y) ⌘ K(x)�K(y)

x� y
.

The e↵ective hamiltonian relevant to b ! s`` transitions is

He↵ = �4GFp
2

(V ⇤
tsVtb)

X

i

C`

i (µ)O`

i (µ) , (3.2)

where O`

i
are a basis of SU(3)C⇥U(1)Q-invariant dimension-six operators giving rise to the

flavour-changing transition. The superscript ` denotes the lepton flavour in the final state

(` 2 {e, µ, ⌧}), and the important operators for our process, O`

i
, are given in a standard

basis by

O`(0)
9 =

↵em

4⇡

�
s̄�↵PL(R)b

�
(¯̀�↵`) , (3.3)

O`(0)
10 =

↵em

4⇡

�
s̄�↵PL(R)b

�
(¯̀�↵�5`).

3
There are also Z and photon penguin diagrams which contribute, with a NP loop connecting the quarks

and joining to the leptons via a Z/� propagator. These penguin diagrams are discussed in Appendix B and

are found to be very suppressed relative to both the SM contribution and the diagram in Fig. 1, and hence

are neglected here.
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Field SU(3)C ⇥ SU(2)L ⇥ U(1)Y U(1)B0 ⇥ U(1)L0 ⇥ U(1)�

QL (3, 2, 16) (13 , 0, 0)

UR (3, 1, 23) (13 , 0, 0)

DR (3, 1,�1
3) (13 , 0, 0)

LL (1, 2,�1
2) (0, 1, 0)

ER (1, 1,�1) (0, 1, 0)

�H (1, 2, 12) (0, 0, 0)

 (1, 4,�3
2) (0, 0, 1)

�q (3, 3, 43) (�1
3 , 0, 1)

�` (1, 3, 2) (0,�1, 1)

Table 2: Quantum numbers of the Standard Model fields and new fields under the SM

gauge symmetry (second column), and under the accidental global symmetries of the theory

(third column).

(1, 4,±1/2), the LP is not the neutral one. We conclude that, since we are demanding a

neutral LP, the LP can only be contained in the fermion field  with quantum numbers

(1, 4,±3
2). Imposing condition (e) on the field �q we are left with just two models:

• Model A.  ⇠ (1, 4,+3
2),�q ⇠ (3, 3, 43), �` ⇠ (1, 3, 2) with Yukawa interactions as in

(2.1):

↵q

i
 Qi

L�q + ↵`

i  L
i

L�` + h.c. (2.5)

• Model B.  ⇠ (1, 4,�3
2),�q ⇠ (3, 3,�5

3), �` ⇠ (1, 3, 2) with Yukawa interactions as

in (2.2):

↵q

i
 Qi

L�q + ↵`

i  
c
Li

L�` + h.c. (2.6)

The two models have very similar implications for the phenomenology that we are interested

in here. Henceforth, we discuss only Model A.

The quantum numbers of the SM and NP fields under the gauge and global symmetries

(to be discussed below) are summarised in Tab. 2 and the most general renormalizable

lagrangian is given by

L = LSM + L� + L + Lyuk, (2.7)

L� = (Dµ�`)
†Dµ�` + (Dµ�q)

†Dµ�q � V (�H ,�q,�`), (2.8)

L = i Dµ�µ �M   , (2.9)

Llin = ↵q

i
 RQ

i

L�q + ↵`

i  RL
i

L�` + ↵q⇤
i
Q

i

L R�
†
q + ↵`⇤

i L
i

L R�
†
`
. (2.10)

See Appendix A for the explicit decompositions of the operators in terms of components

of the SU(2)L multiplets. Let us now analyse the accidental global symmetries of this

lagrangian. Before considering the breaking coming from Llin it is easy to show that the

Lagrangian is invariant under a global U(1)7. Indeed, the SM alone has accidental global

symmetry U(1)B ⇥U(1)e ⇥U(1)µ ⇥U(1)⌧ , while the gauge kinetic terms of the new BSM
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[Gripaios, MN, Renner 1509.05020
 see also 1608.07832]

• Main constraint 

• muon g-2, large leptonic coupling
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Figure 8: Parameter space plot for ↵`

2 = 2.5, and with the masses of the three fields given

by M = M,M` = M + 200 GeV,Mq = M + 700 GeV. With this large value of ↵`

2 there

is an overlap between the regions that fit the B anomalies (in blue), and the anomalous

magnetic moment of the muon (in green).

where the quantum numbers are specified with respect to the direct product of groups

SU(2)QL ⇥ SU(2)UR ⇥ SU(2)DR .

3. GF = U(1)9

This case mimics partial compositeness. The irreducible spurions are connected to

the Yukawa couplings in the following way;

(YU )ij ⇠ ✏q
i
✏uj , (YD)ij ⇠ ✏q

i
✏dj . (4.5)

With these specific cases in mind we are now ready to discuss flavour violation induced

by operators of the form ↵q

i
 Qi

L
�, ↵u

i
 U i

R
� and ↵d

i
 Di

R
�. These operators break the

flavour symmetry and in order to restore it we could assume that the vectors ↵F are again

spurions with definite transformation rules under the flavour symmetry. We could now

assume minimality of flavour violation in the following sense: the ↵F

i
can be expressed

using the irreducible spurions used to construct the SM Yukawa couplings. Following this

procedure we obtain the following results.

1. GF = U(3)3q

To recover flavour invariance the ↵F have to transform in the following way;

↵q ⇠ (3, 1, 1), ↵u ⇠ (1, 3, 1), ↵d ⇠ (1, 1, 3). (4.6)
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↵µ & 1

• Direct searches are important



Low energy constraints
• The Yukawa sector

3

is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
whose action on the matter fields is displayed in
the last two columns of Table I. The vevs of ⌦3

and ⌦1 break spontaneously both the gauge and the
global symmetries, leaving unbroken two new global

U(1)’s: B = B
0+ 1p

6
T

15 and L = L
0
�

q
3
2T

15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .

The fermions’ kinetic term leads to the following
left-handed interactions

LL �
g4
p
2
Q

0
L�

µ
L
0
L Uµ + h.c.

+
g4gs

g3

✓
Q

0
L�

µ
T

a
Q

0
L �

g
2
3

g
2
4

q
0
L�

µ
T

a
q
0
L

◆
g
0a
µ

+
1

6

p
3 g4gY
p
2 g1

✓
Q

0
L�

µ
Q

0
L �

2g21
3g24

q
0
L�

µ
q
0
L

◆
Z

0
µ

�
1

2

p
3 g4gY
p
2 g1

✓
L
0
L�

µ
L
0
L �

2g21
3g24

`
0
L�

µ
`
0
L

◆
Z

0
µ , (7)

and right-handed interactions

LR �
g4p
2
Q

0
R�µL0

R Uµ + h.c.

+
g4gs
g3

✓
Q

0
R�µTaQ0

R �
g23
g24

⇣
u0
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Flavour structure. The Yukawa Lagrangian is
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where H̃ = i�2H
⇤. Also, Yd, Yu, and Ye are 3 ⇥ 3

flavour matrices, �q and �` are 3 ⇥ n , while M is
n ⇥n matrix where n is the number of  fields.

In absence of the Yukawa Lagrangian the global
flavour symmetry of the model is U(3)q0 ⇥U(3)u0 ⇥

U(3)d0 ⇥U(3)`0 ⇥U(3)e0 ⇥U(n ) L ⇥U(n ) R . Us-
ing the flavour group, one can without loss of gener-
ality start with a basis in which: M = M

diag
⌘

diag (M1, ...,Mn ), Yd = Y
diag
d , and Ye = Y

diag
e

are diagonal matrices with non-negative real entries,
while Yu = V

†
Y

diag
u , where V is a unitary matrix.

After spontaneous symmetry breaking, the
fermion mass matrices in this (interaction) basis are
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These are 3+n dimensional square matrices which
can be diagonalised by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E

n 
L )T , are

given by  eL = U
†
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z

0 exchange. In this respect,
we identify two interesting scenarios:

• (n = 3): In order to avoid tree-level g0 and Z
0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M

ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n = 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment

of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)

�q =

0

@
0 0
�
s
q 0
0 �

b
q

1

A , (11)

with
���sq

�� ⌧
���bq

��. The main implications of this
setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g

0 and Z
0 exchange,

B and L number are 
conserved accidentally!



Low energy constraints
• The Yukawa sector

3

is introduced (cf. Eq. (9)) leptoquark couplings to
SM fermions are generated. These are by construc-
tion mainly left-handed. The field content of the
model is summarized in Table I.

Field SU(4) SU(3)0 SU(2)L U(1)0 U(1)B0 U(1)L0

q
0i
L 1 3 2 1/6 1/3 0

u
0i
R 1 3 1 2/3 1/3 0

d
0i
R 1 3 1 �1/3 1/3 0
`
0i
L 1 1 2 �1/2 0 1
e
0i
R 1 1 1 �1 0 1
 i

L 4 1 2 0 1/4 1/4
 i

R 4 1 2 0 1/4 1/4
H 1 1 2 1/2 0 0
⌦3 4 3 1 1/6 1/12 �1/4
⌦1 4 1 1 �1/2 �1/4 3/4

TABLE I. Field content of the model. The index i =
1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
accidental global symmetries (see text for further clari-
fications).

The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
whose action on the matter fields is displayed in
the last two columns of Table I. The vevs of ⌦3

and ⌦1 break spontaneously both the gauge and the
global symmetries, leaving unbroken two new global

U(1)’s: B = B
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15, which

for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .
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These are 3+n dimensional square matrices which
can be diagonalised by unitary rotations U(3+n ).
For example, Me = UeLM

diag
e U

†
eR , where the mass

eigenstate,  eL ⌘ (eL, µL, ⌧L, E
1
L, ..., E
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L )T , are

given by  eL = U
†
eL 

0
eL , and similarly for the right-

handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z

0 exchange. In this respect,
we identify two interesting scenarios:

• (n = 3): In order to avoid tree-level g0 and Z
0

mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M

ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n = 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment

of the matrix M with the quark mixing matrix �q.
More precisely, in the basis of Eq. (10)
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q 0
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with
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��. The main implications of this
setup are: i) the absence of tree-level FCNC in the
down-quark sector due to the g

0 and Z
0 exchange,

• The extra gauge bosons contributes to FCNC and CPV in the quark sector
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Contrary to the leptoquark contribution, all quarks contribute. 
We need a protection mechanism in particular for FCNC in the 
down sector, 2 possibilities:

1) Full flavour alignment: No FCNC in the up and down sector! 
However unsuppressed couplings with first family implying 
large coupling to valence quark 

2)  Down alignment: No FCNC in the down sector, misalignment 
with the up sector leads to contribution to D mixing. 

M ij / �ij
q

M,�q, Yd = diagonal

• Both cases can be motivated by flavour symmetry (see later)
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SM fermions are generated. These are by construc-
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model is summarized in Table I.
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1, 2, 3 runs over flavours, while U(1)B0 and U(1)L0 are
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The full Lagrangian [54] is invariant under the
accidental global symmetries U(1)B0 and U(1)L0 ,
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for SM particles correspond respectively to ordinary
baryon and lepton number. These symmetries pro-
tect proton stability, make neutrinos massless [55],
and prevent the appearance of massless states re-
lated to the spontaneous breaking of U(1)B0 and
U(1)L0 .
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handed components.
The vector boson interactions with fermions in the

mass basis are obtained after applying these unitary
rotations to Eqs. (7)–(8). Our goal is to get the right
structure of the vector leptoquark couplings for B-
physics anomalies as in Ref. [14], while suppressing
at the same time tree-level FCNC in the quark sector
mediated by the g0 and Z

0 exchange. In this respect,
we identify two interesting scenarios:

• (n = 3): In order to avoid tree-level g0 and Z
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mediated FCNC in both up- and down-quarks, one
can impose the complete flavour alignment condi-
tion �ijq / M

ij . However, this setup predicts large
couplings to valence quarks and is challenged by di-
rect searches at the LHC.

• (n = 2): Here we minimally introduce two ex-
tra vector-like fermion representations  . The pat-
tern of flavour matrices �q and �` is such that no
mixing with the first, small mixing with the sec-
ond, and large mixing with the third generation is
obtained. In addition, there is a flavour alignment

of the matrix M with the quark mixing matrix �q.
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Contrary to the leptoquark contribution, all quarks contribute. 
We need a protection mechanism in particular for FCNC in the 
down sector, 2 possibilities:

1) Full flavour alignment: No FCNC in the up and down sector! 
However unsuppressed couplings with first family implying 
large coupling to valence quark 

2)  Down alignment: No FCNC in the down sector, misalignment 
with the up sector leads to contribution to D mixing. 

M ij / �ij
q

M,�q, Yd = diagonal

• Both cases can be motivated by flavour symmetry (see later)

• EWPT, Z and W constraints under control for the leptoquark, less important 
for the other gauge bosons (because EW singlets).  [1706.07808]

• Purely leptonic processes induced by the Z’ at the tree level are under 
control

• Constraints due vector-like mixing are protected by mass suppression  [1304.4219]

(⌧ ! 3µ, ⌧ ! µ⌫⌫)

B and L number are 
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Mass scale of New Physics (new colored & flavored particles) 

< 1 TeV

Aligned to 
SM (MFV)

Small
misalignment
(e.g. partial 

compositeness)

Anarchic

few TeV >  few TeV
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NP within direct 
reach @ 8 TeV

NP within reach
@ 14 TeV

NP beyond direct 
searches @ LHC

 huge
[ > O(1) ]

sizable
[ O(1) ]

small
[ O(10%) ]

sizable
[ O(1) ]

sizable/small
[ < O(1) ]

small
[ O(10%) ]

tiny
[ O(1%) ]

small/tiny
[ O(1-10%) ]

not visible
[ < 1% ]

NP effects in Quark Flavor Physics:

Direct New Physics searches @ high pT:
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