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Beyond the SM?

excluded by LHC searches

expected region for new 
particles (hierarchy problem, 

WIMPs) 

searches for very heavy 
particles with large 

couplings 

searches for light particles 
with very small couplings 

increasing mass
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SMEFT
❖ Indirect searches for heavy new physics should be 

analyzed in context of a systematic extension of the SM 
as an effective field theory: [Buchmüller, Wyler 1986; 

Grzadkowski, Iskrzynski, Misiak, Rosiek 2010]

LSMEFT = LSM +
1

⇤W
O

(D=5)
W +

manyX

i=1

1

⇤2
i

O
(D=6)
i + . . .

SM without 
neutrino masses

Neutrino masses
and oscillations

Generic new-physics
phenomena



SMEFT
❖ All scales Λi probed so far appear to be rather large:

Order Observable New-physics scale
for g=O(1)

D=5 Neutrino 
oscillations

Λ ~ 109 TeV

D=6 Proton decay Λ > 1012 TeV

D=6 Flavor physics Λ > 1–105 TeV

D=6 EWPT Λ > 1 TeV

D=6 Higgs couplings Λ > 0.5–1 TeV



Searching on 
all Fronts 

→ nicely reflected in the program of this conference!

Besides theory talks on the B-flavor anomalies, we will also hear about: 
CP Violation in B Decays (Keri Vos), Heavy Exotics Spectroscopy (Marek Karliner), 

Flavor at High pT (Admir Greljo), Lattice QCD for Heavy Hadrons (Chris Bouchard), 
Rare Kaon Decays (Giancarlo D’Ambrosio), Rare Leptonic B Decays (Gilberto Tetlalmatzi-Xolocotzi), 

Charm Decays (Stefan de Boer), Very Rare B→K*νν Decays (Mohammad Ahmady), and lots of 
beautiful ideas about Physics Beyond the Standard Model (Alessandro Strumia)



Searches for axion-like particles  
at the LHC

based on work with Martin Bauer and Andrea Thamm 
1704.08207 (PRL), 1708.00443 (JHEP)



Motivation
❖ Why not? 

❖ New pseudoscalar particles appear in many extensions of the SM 
and are well motivated: strong CP problem, mediators to a hidden 
sector, pNGB of a spontaneously broken global symmetry, …

❖ Assume the existence of a new pseudoscalar resonance a, which is 
a SM gauge singlet and whose mass is kept much lighter than the 
electroweak scale by means of a shift symmetry a→a+c

❖ Such particles can explain various low-energy anomalies, such as 
the muon (g-2)μ

[Chang, Chang, Chou, Keung 2000; Marciano, Masiero, Paradisi, Passera 2016]
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Effective Lagrangian
❖ The couplings of an axion-like particle (ALP) a to the SM start 

at dimension 5 and are described by the effective Lagrangian 
(with Λ a new-physics scale):

❖ At dimension-6 order and higher additional interactions arise:

❖ Our goal is to probe scales Λ~1-100 TeV at the LHC

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be much smaller than the electroweak scale. A natural
way to get such a light particle is by imposing a shift symmetry under a ! a + c, where c is
a constant. We will furthermore assume that the UV theory is CP invariant, and that CP is
broken only by the SM Yukawa interactions. The particle a is supposed to be odd under CP.
Then the most general e↵ective Lagrangian including operators of dimension up to 5 (written
in the unbroken phase of the electroweak symmetry) reads
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where GA
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g

and g0 denote the corresponding coupling constants. B̃µ⌫ = 1
2✏

µ⌫↵�B↵� etc. (with ✏0123 = 1) are
the dual field strength tensors, and � is the scalar Higgs doublet. The advantage of factoring
out the gauge couplings in the terms in the second line is that in this way the corresponding
Wilson coe�cients are scale invariant at one-loop order (see e.g. [23] for a recent discussion
of the evolution equations beyond leading order). The sum in the first line extends over the
chiral fermion multiplets F of the SM. The quantities CF are hermitian matrices in generation
space. We have indicated the suppression of the dimension-5 operators with some new-physics
scale ⇤. Note that the only other candidate dimension-5 operator

(@µa)

⇤

�
�† iDµ �+ h.c.

�
(2)

is redundant, because it can be reduced to the fermionic operators in (1) using the field
equations [20], contributing an extra term �cff = �2T f

3 to the coe�cients cff defined in
relation (8) below.

In our discussion we will be agnostic about the values of the Wilson coe�cients and al-
low the ratios Ci/⇤ be of O(1/TeV). In concrete models of new physics one may find that
some operators (in particular those involving ALP couplings to bosons) have loop-suppressed
couplings. However, in other models, involving e.g. new strongly coupled sectors or large
multiplicities of new particles in loops, these coe�cients can be large. As we will discuss in
Section 4, the puzzle of the anomalous magnetic moment of the muon can be resolved in our
model only if C��/⇤ = O(1/TeV), so it is definitely worthwhile to keep this option in mind.

The ALP can receive a mass by means of either an explicit soft breaking of the shift
symmetry or through non-perturbative dynamics, like in the case of the QCD axion [? ]. We
will assume that ma ⌧ v. At dimension-6 order and higher, several additional operators can
arise. Those relevant to our analysis are
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[Georgi, Kaplan, Randall 1986]

be above 1MeV. In Section 4 the preferred region of parameter space in which an ALP can
explain the anomalous magnetic moment of the muon is derived. Section 5 is devoted to a
detailed discussion of the exotic Higgs decays h ! Za and h ! aa. We discuss which regions
of parameter space can be probed with 300 fb�1 of integrated luminosity in Run-2 of the LHC,
and which regions can already be excluded using existing searches. In Section 6 we extend
this discussion to the exotic decay Z ! �a, and we study Z-pole constraints from electroweak
precision tests. We conclude in Section 7. Technical details of our calculations are relegated
to four appendices.

2 E↵ective Lagrangian for ALPs

We assume the existence of a new spin-0 resonance a, which is a gauge-singlet under the SM
gauge group. Its mass ma is assumed to be smaller than the electroweak scale. A natural way
to get such a light particle is by imposing a shift symmetry, a ! a+ c, where c is a constant.
We will furthermore assume that the UV theory is CP invariant, and that CP is broken only
by the SM Yukawa interactions. The particle a is supposed to be odd under CP. Then the
most general e↵ective Lagrangian including operators of dimension up to 5 (written in the
unbroken phase of the electroweak symmetry) reads [51]
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where we have allowed for an explicit shift-symmetry breaking mass term ma,0 (see below).
G

A
µ⌫ , W

A
µ⌫ and Bµ⌫ are the field strength tensors of SU(3)c, SU(2)L and U(1)Y , and gs, g and

g
0 denote the corresponding coupling constants. The dual field strength tensors are defined as

B̃
µ⌫ = 1

2
✏
µ⌫↵�

B↵� etc. (with ✏0123 = 1). The advantage of factoring out the gauge couplings
in the terms in the second line is that in this way the corresponding Wilson coe�cients are
scale invariant at one-loop order (see e.g. [52] for a recent discussion of the evolution equations
beyond leading order). The sum in the first line extends over the chiral fermion multiplets F
of the SM. The quantities CF are hermitian matrices in generation space. For the couplings
of a to the U(1)Y and SU(2)L gauge fields, the additional terms arising from a constant shift
a ! a+ c of the ALP field can be removed by field redefinitions. The coupling to QCD gauge
fields is not invariant under a continuous shift transformation because of instanton e↵ects,
which however preserve a discrete version of the shift symmetry. Above we have indicated the
suppression of the dimension-5 operators with a new-physics scale ⇤, which is the characteristic
scale of global symmetry breaking, assumed to be above the weak scale. In the literature on
axion phenomenology one often eliminates ⇤ in favor of the “axion decay constant” fa, defined
such that ⇤/|CGG| = 32⇡2

fa. Note that at dimension-5 order there are no ALP couplings to
the Higgs doublet �. The only candidate for such an interaction is
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Effective Lagrangian
❖ After electroweak symmetry breaking the effective Lagrangian 

contains couplings to photons and Z-bosons given by:

with:

❖ In the mass basis, the couplings to fermions contain both flavor 
diagonal and flavor off-diagonal contributions, but the latter must 
be strongly suppressed; the diagonal couplings can be written as:

The first term is the leading Higgs portal interaction, while the second one is the leading
operator mediating the decay h ! Za at tree level [20]. This decay mode will be of particular
interest to our discussion, see Section 5.1.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read
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where sw = sin ✓w and cw = cos ✓w are functions of the weak mixing angle, and

C�� = CWW + CBB , C�Z = c2w CWW � s2w CBB CZZ = c4w CWW + s4w CBB . (5)

The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices

KU = U †
u CQ Uu , KD = U †

d CQ Ud , KE = U †
e CL Ue ,

Kf = W †
f Cf Wf ; f = u, d, e .

(6)

Note that KD = V †KUV , where V = U †
u Ud denotes the CKM matrix. In any realistic

model these couplings must have a hierarchical structure in order to be consistent with the
strong constraints from flavor physics. We will discuss the structure of the flavor-changing
ALP couplings in Section 7. For now, let us focus on the flavor-diagonal couplings of a to
fermions. Using the fact that the flavor-diagonal vector currents are conserved, we can rewrite
the relevant terms in the Lagrangian in the form
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where the sum runs over all fermion mass eigenstates (except the neutrinos), and we have
defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (8)

ALP couplings to neutrinos do not arise at this order, because the neutrinos masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case where no small
coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would be
suppressed, relative to the a ! �� rate, by a factor of order m2

a v
4/⇤6. Alternatively, if Dirac

neutrino mass terms are added to the SM, the corresponding couplings in (7) yield a a ! ⌫⌫̄
decay rate proportional to m2

⌫ . In either way, for ⇤ in the TeV range or higher, this decay
rate is so strongly suppressed that if the ALP can only decay into neutrinos (e.g. since it is
lighter than 2me and its coupling to photons is exactly zero for some reason) it would be a
long-lived particle for all practical purposes.

3

only if the e↵ective Lagrangian contains an explicit mass term for the ALP. Its e↵ect is
suppressed, relative to the first term, by a factor m

2

a,0/m
2

h. The third term is the leading
operator mediating the decay h ! Za at tree level [47]. These decay modes will be of
particular interest to our discussion in Section 5.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read

L
D5

e↵
3 e

2
C��

a

⇤
Fµ⌫ F̃

µ⌫ +
2e2

swcw
C�Z

a

⇤
Fµ⌫ Z̃

µ⌫ +
e
2

s2wc
2
w

CZZ
a

⇤
Zµ⌫ Z̃

µ⌫
, (7)

where sw = sin ✓w and cw = cos ✓w, and we have defined
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The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices

KU = U †
u CQ Uu , KD = U †

d CQ Ud , KE = U †
e CL Ue ,

Kf = W †
f Cf Wf ; f = u, d, e .

(9)

In any realistic model these couplings must have a hierarchical structure in order to be con-
sistent with the strong constraints from flavor physics. We will discuss the structure of the
flavor-changing ALP couplings in a companion paper [56]. For now we focus on the flavor-
diagonal couplings. Using the fact that the flavor-diagonal vector currents are conserved, we
can rewrite the relevant terms in the Lagrangian in the form
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where the sum runs over all fermion mass eigenstates, and we have defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (11)

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case, where no
small coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would
be suppressed, relative to the a ! �� rate, by a factor of order m

2

a v
4
/⇤6. Alternatively, if

Dirac neutrino mass terms are added to the SM, the corresponding couplings in (10) yield a
a ! ⌫⌫̄ decay rate proportional to m

2

⌫ . In either way, for ⇤ in the TeV range or higher, this
decay rate is so strongly suppressed that if an ALP can only decay into neutrinos (e.g. since
it is lighter than 2me and its coupling to photons is exactly zero for some reason) it would be
a long-lived particle for all practical purposes.

6

only if the e↵ective Lagrangian contains an explicit mass term for the ALP. Its e↵ect is
suppressed, relative to the first term, by a factor m

2

a,0/m
2

h. The third term is the leading
operator mediating the decay h ! Za at tree level [47]. These decay modes will be of
particular interest to our discussion in Section 5.

After electroweak symmetry breaking (EWSB), the e↵ective Lagrangian (1) contains cou-
plings of the pseudoscalar a to ��, �Z and ZZ. The relevant terms read
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where sw = sin ✓w and cw = cos ✓w, and we have defined

C�� = CWW + CBB , C�Z = c
2
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w CBB CZZ = c
4
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The fermion mass terms resulting after EWSB are brought in diagonal form by means of field
redefinitions, such that U †

u Yu Wu = diag(yu, yc, yt) etc. Under these field redefinitions the
matrices CF transform into new matrices

KU = U †
u CQ Uu , KD = U †

d CQ Ud , KE = U †
e CL Ue ,

Kf = W †
f Cf Wf ; f = u, d, e .

(9)

In any realistic model these couplings must have a hierarchical structure in order to be con-
sistent with the strong constraints from flavor physics. We will discuss the structure of the
flavor-changing ALP couplings in a companion paper [56]. For now we focus on the flavor-
diagonal couplings. Using the fact that the flavor-diagonal vector currents are conserved, we
can rewrite the relevant terms in the Lagrangian in the form

L
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µ
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⇤
f̄�µ�5f , (10)

where the sum runs over all fermion mass eigenstates, and we have defined (with i = 1, 2, 3)

cuiui = (Ku)ii � (KU)ii , cdidi = (Kd)ii � (KD)ii , ceiei = (Ke)ii � (KE)ii . (11)

ALP couplings to neutrinos do not arise at this order, because the neutrino masses vanish
in the SM, and hence the neutrino axial-vector currents are conserved. The leading shift-
invariant coupling of an ALP to neutrino fields arises at dimension-8 order from an operator
consisting of ⇤a times the Weinberg operator. Even in the most optimistic case, where no
small coupling constant is associated with this operator, the resulting a ! ⌫⌫̄ decay rate would
be suppressed, relative to the a ! �� rate, by a factor of order m

2

a v
4
/⇤6. Alternatively, if

Dirac neutrino mass terms are added to the SM, the corresponding couplings in (10) yield a
a ! ⌫⌫̄ decay rate proportional to m

2

⌫ . In either way, for ⇤ in the TeV range or higher, this
decay rate is so strongly suppressed that if an ALP can only decay into neutrinos (e.g. since
it is lighter than 2me and its coupling to photons is exactly zero for some reason) it would be
a long-lived particle for all practical purposes.
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Higgs decays into ALPs
❖ The effective Lagrangian allows for the decays h→aa and 

h→Za at rates likely to be accessible in the high-luminosity 
run of the LHC (already with 300 fb-1)

❖ The subsequent ALP decays can be reconstructed largely 
irrespective of how the ALP decays

❖ Higgs physics thus provides a powerful observatory for 
ALPs in the mass range between 1 MeV and 60 GeV, 
which is otherwise not easily accessible to experimental 
searches



Higgs decays into ALPs
❖ We compute the relevant production and decay rates of 

the ALP at one-loop order, e.g.:

with:

❖ A 10% branching ratio is obtained for

5.2 h ! aa decay rate

By means of the Higgs portal interaction in the dimension-6 e↵ective Lagrangian (3), as
well as by loop-mediated dimension-6 processes, the Higgs boson can decay into a pair of
ALPs. This decay would have be missed in all existing Higgs-boson searches, [True?] and it
provides for interesting search modes in the future high-luminosity phase at the LHC. We have
calculated the h ! aa decay rate including the tree-level Higgs-portal interaction as well as
all one-loop corrections arising from two insertions of operators from the dimension-5 e↵ective
Lagrangian (1). The relevant diagrams are shown in Figure 8. Since both the Higgs boson
and the APL couple to fermions proportional to their mass, only the top-quark contribution
needs to be retained in the second diagram. We find
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with ⌧i/h ⌘ 4m2

i /m
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h and �2 = �3. The relevant loop functions read
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3
. (29)

Numerically, we obtain for ⇤ = 1TeV

Ce↵
ah ⇡ Cah(⇤) + 0.173 c2tt � 0.0025

�
C2

WW + C2
ZZ

�
, (30)

indicating that the top-quark contribution in particularly can be sizeable. Relation (28) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if either the ALP couples to at least one of the heavy SM particles (t, Z or
W ). Also, because of the presence of UV divergences in the various term, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent to
set it to zero in general.

Depending on the pattern of ALP decay modes, the final state could be searched for in
the four-lepton or four-photon channels. For light ALPs, the large boost factors can lead to
collimated lepton jets or signatures with less than four isolated photons. [Also comment on
other decay modes!] Imposing the current upper Br(h ! invisible) < 0.35 at 95% CL [42],
corresponding to �(h ! aa) < 2.1MeV, we obtain the bound

��Ce↵
ah

�� < 1.34


⇤

1TeV

�2
. (31)
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Figure 8: Parameter space excluded by searches for enhancements of the SM decay h ! �� (blue)
and from searches for h ! �� + �� (dashed) on the left panel. Limits from searches for h ! Z�
(right panel). The gray contours indicate the universal limit from the constraint on h ! BSM.

A 10% h ! aa branching ratio is obtained for |Ce↵
ah | ⇡ 0.62 (⇤/TeV)2. These bound are

obtained by neglecting the ALP mass. The bounds get weaker is ma approaches the kinematic
thresholdmh/2. [Complete this and work out what constraint the existing data on h ! ��
imply!]

5.3 Probing the parameter space of a photophilic ALP

In the following we collect constraints on Higgs decays into ALPs from modifications of SM
branching ratios and searches for exotic decays. We distinguish signatures of h ! aa decays,
mediated by the dimension six operator in (3) and searches sensitive to the decay h ! aZ,
which can be induced at dimension five or seven as elaborated in Section 5.1. The branching
ratios and lifetime of the ALPs play a crucial role in both cases. For ALPs produced via
h ! aa decaying into a ! XX the average decay length is given in the Higgs rest frame by

La =
�a�a
�tot
a

=
mh

2ma

s

1�
4m2

a

m2
h

Br(a ! XX)

�(a ! XX)
. (32)

We assume, that in order to reconstruct the final state particles, the decay a ! XX needs to
take place before the inner tracker (for X= leptons and jets) or the electromagnetic calorimeter
(for X = �). The fraction of events for which this happens is given by

fdecay = 1� e�Ldet/La ⇡

(
1 ; La ⌧ Ldet ,

Ldet
La

; La � Ldet ,
(33)
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where the e↵ective coupling is given by
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3 . The relevant loop functions read
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Numerically, we obtain for ⇤ = 1TeV
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, (35)

indicating that the top-quark contribution in particularly can be sizable. Relation (33) shows
that even if the portal coupling Cah vanishes at some scale, an e↵ective coupling is induced
at one-loop order if either the ALP couples to at least one of the heavy SM particles (t, Z or
W ). Also, because of the presence of UV divergences in the various term, the coupling Cah(µ)
must cancel the scale dependence of the various other terms, and hence it is not consistent to
set it to zero in general.

Depending on the pattern of ALP decay modes, the final state could be searched for in
the four-lepton or four-photon channels. For light ALPs, the large boost factors can lead to
collimated lepton jets or signatures with less than four isolated photons. [Also comment on
other decay modes!] Imposing the current upper limit Br(h ! invisible) < 0.35 [AT: This
contradicts numbers on previous page. Should be Br(h ! BSM) < 0.34?] at 95% CL [71],
corresponding to �(h ! aa) < 2.1MeV, we obtain the bound

��Ce↵
ah

�� < 1.34


⇤

1TeV

�2
. (36)

[Also use invisibles bound if a is meta-stable!] A 10% h ! aa branching ratio is obtained for
|C

e↵
ah | ⇡ 0.62 (⇤/TeV)2. These bound are obtained by neglecting the ALP mass. The bounds

get weaker is ma approaches the kinematic threshold mh/2. [Complete this and work out
what constraint the existing data on h ! �� imply!]

5.3 E↵ect of a macroscopic ALP decay length

ALPs produced in the decay of a heavy particle such as a Higgs boson are highly boosted,
and hence their lifetime is enhanced by the relativistic time dilation e↵ect. If the ALP is light
or weakly coupled to SM fields, its decay length can become macroscopic, and hence only a
small fraction of ALPs decay inside the detector. Since to good approximation Higgs bosons
at the LHC are produced along the beam direction, the average decay length of the ALP
perpendicular to the beam is L

?
a (✓) = sin ✓ �a�a/�a, where ✓ is the angle of the ALP with

20

Ce↵
ah =

Figure 6: Contours for the ratio of the h ! Za and h ! Z� decay rates versus C(5) e↵
Zh , assuming

C(7)
Zh = 0. The lines correspond to ma = 1 GeV (solid), 10 GeV (dashed), 20 GeV (dashed-dotted)

and 30 GeV (dotted).

leptonic decay modes dominate, the decay can be searched for in the h ! Za ! 4` mode.
Established searches for this final state define an invariant-mass window for each same-flavor,
opposite-charge lepton pair tailored to observe the SM decay mode h ! ZZ⇤

! 4`. Since
one of the Z bosons is o↵-shell, these windows are rather wide, but designed to exclude light
low-mass di-lepton resonances. [Refer to Gino’s paper [33] here!] Current ATLAS [34] and
CMS [35] analyses are sensitive to an on-shell Z�boson and a second lepton pair with invariant
mass down to 12GeV. Extending this window to lower masses in order to be sensitive to light
di-lepton resonances would be extremely interesting in light of our results. In particular, the
expected asymmetry between electron, muon and tau final states from ALP decays would be
a striking signature of a light pseudoscalar. A heavier ALP can also decay into heavy-quark
jets, which would provide another spectacular signature.

Figure 7: Feynman diagrams contributing to the decay h ! aa. The last diagram involves the
Higgs couplings to W and Z bosons.

13
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Higgs decays into ALPs
❖ The effect of the ALP decay length must be carefully 

taken into account (important for small ALP mass or 
couplings)

❖ We require 100 signal events in 300 fb-1 of LHC data

❖ Always probe a pair of ALP couplings, those relevant 
for the production and decay process; here we focus on 
h→aa and a→γγ, but a→e+e-, μ+μ- can be probed as 
well



Probing the ALP-photon coupling

[Armengaud et al. 2013; Jaeckel, Spannovsky 2015; many others …]
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Figure 4: Existing constraints on the ALP–photon (left) and ALP–electron coupling (right) derived
from a variety of particle physics, astro-particle physics and cosmological observations. Several of
these bounds are model dependent. The BaBar constraint in the right-hand plot assumes cµµ ⇡ cee,
see (32); otherwise, this is a bound on |ce↵µµ|. See the text for more details.

0. (However, integrating out a single, complete electroweak multiplet will always generate
contributions to CWW and CBB with same sign.) The assumption that such a cancellation
can be engineered was made in the recent analysis in [26]. Moreover, relation (13) shows that
even in this case an e↵ective coupling C

e↵

�� 6= 0 will inevitably be generated at one-loop (and
higher-loop) order as long as some couplings in the e↵ective Lagrangian are set by the TeV
scale. To see this, consider the following numerical results in the relevant mass window:

C
e↵

�� (1MeV) ⇡ C�� � 1.92CGG + 5 · 10�13
CWW � 6 · 10�3

cee � 5 · 10�8
cµµ � 2 · 10�10

c⌧⌧

� 2 · 10�7 (cuu � cdd) � O(10�8) css � 4 · 10�10
ccc � 1 · 10�11

cbb � 3 · 10�14
ctt ,

C
e↵

�� (100 keV) ⇡ C�� � 1.92CGG + 5 · 10�15
CWW � 2 · 10�5

cee � 5 · 10�10
cµµ � 2 · 10�12

c⌧⌧

� 2 · 10�9 (cuu � cdd) � O(10�10) css � 4 · 10�12
ccc � 1 · 10�13

cbb � 3 · 10�16
ctt .

(33)
For ALP masses below 100 keV each loop contribution scales with m

2

a. We observe that
reaching |C

e↵

�� |/⇤ < 10�15 TeV�1 requires a significant fine-tuning of essentially all Wilson
coe�cients in the e↵ective Lagrangian (1). This includes the coe�cient CWW , even though its
one-loop contribution is very small. As we will show below, the one-loop radiative corrections
to the ALP–electron coupling induce a contribution �cee ⇡ �0.8 · 10�2

CWW independently
of the ALP mass, which adds the terms 5 · 10�5

CWW and 2 · 10�7
CWW to the two values

shown in (33). It follows that ALPs with masses in the range between 150 eV and 1MeV are
incompatible with the assumption of couplings to SM particles that could be probed at high-
energy particle colliders. For masses below 150 eV, on the other hand, a mechanism which

16
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Probing the ALP-photon coupling
❖ Higgs analyses at the LHC (Run-2, 300 fb-1) will be able 

to explore a large region of uncovered parameter space:

|Ce↵
ah | = 1, Br(a ! ��) > 0.006

|Ce↵
ah | = 0.1, Br(a ! ��) > 0.049

|Ce↵
ah | = 0.01, Br(a ! ��) > 0.49

❖ The ALP-photon coupling can be 
probed even if the ALP decays 
predominantly to other particles!

❖ Region preferred by (g-2)μ can be  
covered completely!

(for ⇤ = 1TeV)

��-� ��-� ��-� � ���

���

�

��-�

��-�

Figure 17: Constraints on the ALP mass and coupling to photons derived from various experiments
(colored areas without boundaries, adapted from [24]) along with the parameter regions that can be
probed using the Higgs decays h ! aa ! 4�. The left panel shows the reach of LHC Run-2 with
300 fb�1 of integrated luminosity (shaded in light green). We require at least 100 signal events. The
contours correspond to |Ce↵

ah |/⇤2 = 1 TeV�2 (solid), 0.1 TeV�2 (dashed) and 0.01 TeV�2 (dotted).
The red band shows the preferred parameter space where the (g � 2)µ anomaly can be explained at
95% CL. The right panel shows the regions excluded by existing searches for h ! �� and h ! 4�
(shaded in dark green), where we assume |Ce↵

ah |/⇤2 = 1TeV�2.

is not much weaker than our projection for 300 fb�1 shown by the solid line in the left panel
indicates that our requirement of 100 signal events is not unreasonable.

While the graphical displays in Figures 16 and 17 correctly represent the regions in the
ma � |C

e↵

�� | parameter space which can be probed using exotic Higgs decays, it is important
to emphasize that finding a signal in these search regions will require su�ciently large ALP–
Higgs couplings, as indicated by the solid, dashed and dotted contour lines in the plots.
Consequently, not finding a signal in any of these searches would not necessarily exclude the
existence of an ALP in this parameter space. An alternative way to present our results,
which makes this fact more explicit, is shown in Figure 18 for h ! Za (upper panel) and
h ! aa (lower panel). For three di↵erent values of the ALP mass, the green-shaded areas
to the right of the solid or dashed contours in the various plots now show the regions in the
parameter space of the relevant ALP–Higgs and ALP–photon couplings which can be probed
(again requiring at least 100 signal events) for di↵erent values of the a ! �� branching ratio.
This representation is more faithful in the sense that a negative search result would definitely
exclude the corresponding region of parameter space.

The colored lines overlaid in the plots indicate two interesting yet rather pessimistic sce-
narios, in which the ALP couplings to bosons are induced via loops of SM quarks only. Of
course, larger couplings can be expected if new particles contribute in the loops, or if for some

35



Probing the ALP-photon coupling
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Figure 18: Parameter space in the plane of the ALP–photon and ALP–Higgs couplings (green
regions to the right of the black contours) for which at least 100 events are produced in the h !

Za ! `+`��� (top) and h ! aa ! 4� (bottom) search channels at the LHC Run-2 with 300 fb�1

and for ma = 10 GeV, 1 GeV and 100 MeV. The contours correspond to Br(a ! ��) = 1 (solid) and
0.1, 0.01, 0.001 (dotted), as indicated. The gray areas indicate the regions excluded by the bounds
(56) and (61). The colored lines show the values of the Wilson coe�cients in two specific scenarios,
in which the ALP–boson couplings are induced by loops of SM quarks (see text for more details).

reason the couplings arise at tree level. The red line corresponds to a model in which C
e↵

�� , C
e↵

Zh

and C
e↵

ah are generated from one-loop diagrams involving the three SM up-type quarks, which
are assumed to have equal couplings cuu = ccc = ctt. The orange dashed line corresponds
to a model in which only the top-quark coupling ctt is non-zero. This provides a concrete
example of a scenario in which the loop-induced ALP–Higgs couplings can be sizable, while
the induced ALP–photon coupling tends to be very small. In each case, the relevant coupling
|ctt|/⇤ is varied between 0.1TeV�1 and 10TeV�1, as indicated by the labels along the line.
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❖ Alternative representation of the parameter space in the ALP-Higgs 
and ALP-photon coupling plane

h ! aa ! �� + ��

❖ Accessible region depends 
on the ALP mass and a→γγ 
branching ratio (dashed 
contours)

❖ Lines show predictions for 
the coefficients in two 
scenarios with couplings 
induced by loops of SM 
fermions
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B-flavor anomalies
❖ Intriguing hints of anomalies in B decays entered the 

stage starting in 2012 (RD, RD*, P5’, RK, RK*)

❖ If true, they would be hugely important for the future 
development of high-energy particle physics at large!

❖ In fact, their importance cannot be overstated …

MITP/15-100
November 9, 2015

One Leptoquark to Rule Them All:

A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c
a
Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

b
PRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

c
Department of Physics & LEPP, Cornell University, Ithaca, NY 14853, U.S.A.

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2
 q2  6 GeV2,

reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠

1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0

! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|

2
|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤
�d̄cL�

L
d⌫⌫L�

⇤+ūc
R �R

ueeR �
⇤+h.c. , (4)

where

�L
ue = UT

u �LUe , �L
d⌫ = UT

d �L , �R
ue = V T

u �RVe , (5)

RK(⇤) =
�(B̄ ! K̄(⇤)µ+µ�)

�(B̄ ! K̄(⇤)e+e�)



B-flavor anomalies
❖ … as they would give a clear target for future searches 

at energy frontier — exactly what’s missing right now!

excluded by LHC searches

expected region for new 
particles (hierarchy problem, 

WIMPs) 

searches for very heavy 
particles with large 

couplings 

searches for light particles 
with very small couplings 

increasing mass
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New physics cannot be 
too far from here! 

(primarily driven by RD(*))



B-flavor anomalies
❖ It would teach a lesson about the complementarity of 

different fields (as flavor physics was sometimes 
considered as being irrelevant in the LHC era)

❖ Cherish the connection between flavor and high-pT !

❖ Imagine the LHC legacy:
‣ discovery of the Higgs boson (2012)
‣ discovery of lepton-flavor non-universality (2013+)

→ talk by Admir Greljo



B-flavor anomalies
❖ It would teach a lesson about the complementarity of 

different fields (as flavor physics was sometimes 
considered as being irrelevant in the LHC era) 

❖ Cherish the connection between flavor and high-pT !

❖ Imagine the LHC legacy:
‣ discovery of the Higgs boson (2012)
‣ discovery of lepton-flavor non-universality (2013+)
‣ discovery of the predicted Z’ bosons/leptoquarks 

(2022?)

→ talk by Admir Greljo



B-flavor anomalies
❖ Lots of reasons to be excited! 

‣ two different sets of anomalies of very different taste

‣ many are seen by more than one experiment

‣ in case of b→sll many observables appear to deviate 
from SM predictions, and the deviations appear to fit 
a simple pattern → talk by Nazila Mahmoudi



B-flavor anomalies
Coe↵. best fit 1� 2� pull

C
NP
9 �1.21 [�1.41, �1.00] [�1.61, �0.77] 5.2�

C
0
9 +0.19 [�0.01, +0.40] [�0.22, +0.60] 0.9�

C
NP
10 +0.79 [+0.55, +1.05] [+0.32, +1.31] 3.4�

C
0
10 �0.10 [�0.26, +0.07] [�0.42, +0.24] 0.6�

C
NP
9 = C

NP
10 �0.30 [�0.50, �0.08] [�0.69, +0.18] 1.3�

C
NP
9 = �C

NP
10 �0.67 [�0.83, �0.52] [�0.99, �0.38] 4.8�

C
0
9 = C

0
10 +0.06 [�0.18, +0.30] [�0.42, +0.55] 0.3�

C
0
9 = �C

0
10 +0.08 [�0.02, +0.18] [�0.12, +0.28] 0.8�

C
NP
9 , C

NP
10 (�1.15, +0.26) — — 5.0�

C
NP
9 , C

0
9 (�1.25, +0.59) — — 5.3�

C
NP
9 , C

0
10 (�1.34, �0.39) — — 5.4�

C
0
9, C

NP
10 (+0.25, +0.83) — — 3.2�

C
0
9, C

0
10 (+0.23, +0.04) — — 0.5�

C
NP
10 , C

0
10 (+0.79, �0.05) — — 3.0�

Table 1: Best-fit values and pulls in sigma between the best-fit point and the SM point for
scenarios with NP in one or two Wilson coe�cients. For the one-dimensional cases,
we also show the 1 and 2� best-fit ranges. For two of the two-dimensional cases, the
best-fit regions are shown in fig 1.

The significance of the tension between the branching ratio measurements and the corre-
sponding SM predictions depends strongly on the form factors used. To estimate the possible
impact of underestimated form factor uncertainties, we repeat the fit with NP in C9, doubling
the form factor uncertainties with respect to our nominal fit. We find that the pull is reduced
from 5.2� to 4.0�. Significant tensions remain in this scenario, indicating that underestimated
form factor uncertainties are likely not the only source of the discrepancies.

We also perform a fit doubling the uncertainties of the non-factorizable hadronic corrections
(see [32] for details on how we estimate these uncertainties). We find a reduced pull of 4.4�.

3.2. New physics in pairs of Wilson coe�cients

Next, we consider pairs of Wilson coe�cients. In the last four rows of table 1, we show the
best-fit points and pulls for four di↵erent scenarios. We observe that adding one of the primed
coe�cients does not improve the fit substantially.

In fig. 1 we plot contours of constant ��
2 in the planes of two Wilson coe�cients for the

scenarios with NP in C9 and C10 or in C9 and C
0
9, assuming the remaining coe�cients to

be SM-like. In both plots, we show the 1, 2, and 3� contours for the global fit, but also 1�

5

[Altmannshofer, Nies, Stangl, Straub 2017]



B-flavor anomalies

[Altmannshofer, Nies, Stangl, Straub 2017]
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Figure 1: Two-dimensional constraints in the plane of NP contributions to the real parts of
the Wilson coe�cients C9 and C10 (left) or C9 and C

0
9 (right), assuming all other

Wilson coe�cients to be SM-like. For the constraints from the B ! K
⇤
µ
+
µ
� and

Bs ! �µ
+
µ
� angular observables from individual experiments as well as for the

constraints from branching ratio measurements of all experiments (“BR only”), we
show the 1� (��

2
⇡ 2.3) contours, while for the global fit (“all”), we show the 1, 2,

and 3� contours.

contours showing the constraints coming from the angular analyses of individual experiments,
as well as from branching ratio measurements of all experiments.

We observe that the individual constraints are all compatible with the global fit at the 1� or
2� level. While the CMS angular analysis shows good agreement with the SM expectations,
all other individual constraints show a deviation from the SM. In view of their precision,
the angular analysis and branching ratio measurements of LHCb still dominate the global fit
(cf. Figs. 5, 7, 6 and 8), leading to a similar allowed region as in previous analyses. We do not
find any significant preference for non-zero NP contributions in C10 or C

0
9 in these two simple

scenarios.
Similarly to our analysis of scenarios with NP in one Wilson coe�cient, we repeat the

fits doubling the form factor uncertainties and doubling the uncertainties of non-factorizable
corrections. For NP in C9 and C10, we find that the pull is reduced from 5.0� to 3.7� and 4.1�,
respectively. For NP in C9 and C

0
9 the pull is reduced from 5.3� to 4.1� and 4.4�, respectively.

The impact of the inflated uncertainties is also illustrated in Fig. 2. Doubling the hadronic
uncertainties is not su�cient to achieve agreement between data and SM predictions at the 3�

level.

3.3. New physics or hadronic e↵ects?

It is conceivable that hadronic e↵ects that are largely underestimated could mimic new physics
in the Wilson coe�cient C9 [24]. As first quantified in [60] and later considered in [23,25,26,33],

6



B-flavor anomalies

[Capdevila, Crivelin, Descotes-Genon, Matias, Virto 2017]
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

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

dimensional hypotheses, using all available data (fit “All”). 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).

FIG. 2: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

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

dimensional hypotheses, using only LFUV observables (fit “LFUV”). Constraints from b ! s� observables, B(B ! Xsµµ) and
B(Bs ! µµ) are included in each case (see text).

ment of the uncertainty is less important in the optimized
LFUV observables Qi [20]. An exception to this enhance-
ment occurs under the hypothesis CNP

9µ = �CNP
10µ: above

1 GeV2, the contribution of right-handed amplitudes to
RK⇤ cancel to a large extent, reducing the theoretical
uncertainty substantially.

Large-recoil expressions for the transversity ampli-
tudes can be used to provide approximate expressions
for RK⇤ in the first two bins in terms of Wilson coe�-
cients, leading to further cross-checks of our predictions.
Let us stress that the following approximate expressions
are given for illustrative purposes, and that complete ex-
pressions have been used for all the numerical evaluations
in this article (see also Refs. [20] and [41] for exact pre-
dictions). We consider the large-recoil limit and we work
under the hypothesis that New Physics enters in muon

modes and is suppressed for electrons [2, 42]. In the first
bin one finds:

R
[0.045,1.1]
K⇤ '

⇣
12.8 + g

µ
(1) + g

µ
(2)

⌘
/

⇣
13.4 + g

e
(1) + g

e
(2)

⌘

where g
`
(i) stands for the linear (i = 1) and quadratic

(i = 2) term for ` = e, µ and are given by:

g
`
(1) = �1.1

⇥
CNP
10` � CNP

9` /2 + C90` � C100`

⇤

�61.9 CNP
7 � 1.7 C0

7 , (10)
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

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

dimensional hypotheses, using all available data (fit “All”). 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).

FIG. 2: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

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

dimensional hypotheses, using only LFUV observables (fit “LFUV”). Constraints from b ! s� observables, B(B ! Xsµµ) and
B(Bs ! µµ) are included in each case (see text).

ment of the uncertainty is less important in the optimized
LFUV observables Qi [20]. An exception to this enhance-
ment occurs under the hypothesis CNP

9µ = �CNP
10µ: above

1 GeV2, the contribution of right-handed amplitudes to
RK⇤ cancel to a large extent, reducing the theoretical
uncertainty substantially.

Large-recoil expressions for the transversity ampli-
tudes can be used to provide approximate expressions
for RK⇤ in the first two bins in terms of Wilson coe�-
cients, leading to further cross-checks of our predictions.
Let us stress that the following approximate expressions
are given for illustrative purposes, and that complete ex-
pressions have been used for all the numerical evaluations
in this article (see also Refs. [20] and [41] for exact pre-
dictions). We consider the large-recoil limit and we work
under the hypothesis that New Physics enters in muon

modes and is suppressed for electrons [2, 42]. In the first
bin one finds:

R
[0.045,1.1]
K⇤ '

⇣
12.8 + g

µ
(1) + g

µ
(2)

⌘
/

⇣
13.4 + g

e
(1) + g

e
(2)

⌘

where g
`
(i) stands for the linear (i = 1) and quadratic

(i = 2) term for ` = e, µ and are given by:

g
`
(1) = �1.1

⇥
CNP
10` � CNP

9` /2 + C90` � C100`

⇤

�61.9 CNP
7 � 1.7 C0

7 , (10)
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[Geng, Grinstein, Jäger, Martin Camalich, Ren, Shi 2017]
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The dependence of the B̄ ! K̄⇤`` rate on the Wilson coefficients is more involved due to the interplay between different
helicity amplitudes in the rate. For instance one can express it as

d�K̄⇤

dq2
=

d�?
dq2

+
d�0

dq2
, (9)

where �0 (�?) corresponds to the decay rate into longitudinally or transversally polarized K̄⇤, and we define FL = �0/�K̄⇤ as
the longitudinal polarization fraction in the decay. Expanding the B̄ ! K̄⇤`` rates around the massless limit of the lepton, one
obtains

d�0

dq2
= NK⇤0|~k|3V0(q

2)2
 
��C`

10 � C 0`
10

��2 +
����C

`
9 � C 0`

9 +
2mb

mB
C7

T0(q2)

V0(q2)
� 8⇡2hK⇤0

����
2
!

+O
✓
m2

`

q2

◆
, (10)

d�?
dq2

= NK⇤?|~k|q2V�(q
2)2
 
��C`

10

��2 +
��C 0`

9

��2 +
��C 0`

10

��2 +
����C

`
9 +

2mbmB

q2
C7

T�(q2)

V�(q2)
� 8⇡2hK⇤?

����
2
!

+O
✓
m2

`

q2

◆
+O

✓
⇤

mb

◆
. (11)

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

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

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

FIG. 1: RK and RK⇤ (in the [1.1, 6] GeV2 bin) parametric dependence on one Wilson coefficient where the nodes indicate steps of �Cµ =
+0.5 from the SM point and in the direction of the arrows. The red solid line shows the dependence on �Cµ

9 , dashed blue line on �Cµ
10, green

dot-dashed on �C0µ
9 and orange dotted on �C0µ

10.

The longitudinal contribution to the rate, eq. (10), is similar to the B ! K`` one except that the chirally flipped operators
interfere with the SM with a relative minus sign due to the different transformations under parity of the B ! K and B ! K⇤

hadronic matrix elements. In the transversal polarization, the interference of the chirally flipped operators with the SM is
suppressed by the neglected ⇤/mb terms in eq. (11), so that their contributions will always increase �?. Any scenario explaining
the deficit in RK via a destructive interference with the SM in eq. (6) with (small) negative values of C 0

9,10, will necessarily
produce a surplus in RK⇤ .
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B-flavor anomalies

Enhanced B→D(*)τν decay rates
❖ Puzzling observation of enhanced semileptonic decay rates for third-

generation leptons (~22% of B→D*τν events due to new physics):

M. Neubert: Heavy Flavour Physics (Introductory Talk)                                                                                                      3

R(D*) status today

Moriond ElectroWeak March 22 , 2017
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If WA is correct, 22% of the D*tn events are mediated by new physics!

http://www.slac.stanford.edu/xorg/hfag/semi/index.html
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One Leptoquark to Rule Them All:

A Minimal Explanation for RD(⇤), RK and (g � 2)µ

Martin Bauera and Matthias Neubertb,c
a
Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany

b
PRISMA Cluster of Excellence & MITP, Johannes Gutenberg University, 55099 Mainz, Germany

c
Department of Physics & LEPP, Cornell University, Ithaca, NY 14853, U.S.A.

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

RD(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of RD⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

RK =
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2
 q2  6 GeV2,

reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
RD(⇤) and the RK anomalies with a low mass M� ⇠

1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the RK

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing RK with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to Bs�B̄s mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0

! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and eRuR, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L� = (Dµ�)†Dµ�� M2
� |�|2 � gh� |�|

2
|�|2

+ Q̄c�Li⌧2L�
⇤ + ūc

R �ReR �
⇤ + h.c. ,

(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L� 3 ūc
L�

L
ueeL �

⇤
�d̄cL�

L
d⌫⌫L�

⇤+ūc
R �R

ueeR �
⇤+h.c. , (4)

where

�L
ue = UT

u �LUe , �L
d⌫ = UT

d �L , �R
ue = V T

u �RVe , (5)
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e❖ Important theory progress on treatment of non-local 

hadronic contributions (charm penguins and friends) 
→ talk by Marco Ciuchini     
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B-flavor anomalies
❖ Challenge to model building, yet several interesting 

models have been proposed!

❖ We should not necessarily assume that all anomalies are 
correct …

❖ And we should not forget that experimental systematics 
might be correlated (e.g. between RK and RK*)

❖ An independent confirmation of the flavor anomalies by 
Belle II is as crucial as refining current LHCb analyses

→ talks by Admir Greljo, Ferruccio Feruglio, Alessandro Strumia (?)





Remember that thing?
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17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 28

p-valuesp-values

Largest excess observed at m
X 
= 750GeV and for narrow width.

Local signi5cance: 3.4s

Taking into account mass range 500-3500GeV (and all signal hypotheses),

“global” signi5cance becomes 1.6s

Spin-0 Spin-2

17/03/2016 High mass diphoton resonances at CMS - P. Musella (ETH) 25

Breaking-down the contributions Breaking-down the contributions 

Excess at 760GeV comes mostly from EBEB categories.

Driven by 3.8T category.
(where the observed excess is ~unchanged w.r.t. the previous results).

Observed one event in the 0T dataset compatible with 3.8T excess.



Past (elusive) B-flavor anomalies
❖ Several anomalies in B physics (many rather persistent, 

some at the 3-4σ level) have created quite some 
excitement at their times:
‣ puzzle of the too short Λb lifetime
‣ hints of a too low sin2βJ/ψ Ks

‣ evidence for a low sin2βφKs from loop processes
‣ puzzle of the too large B→τν branching ratio
‣ ∆ACP(B→πK) puzzle of direct CP asymmetries
‣ …



Past (elusive) B-flavor anomalies
❖ It is important for theorists to be very careful and 

question error estimates
❖ Yet, in all cases above, improved measurements have 

resolved the tensions (Λb story was most impressive) …
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CP Asymmetry in B   ΦKS

® Interference of mixing and 
decay:

® Phase structure identical 
to the decay B     J/ψ KS

® Model-independent result:

® Penguin graph is real to 
very good approximation! 

b

s
s
s

d

B0

KS

Φ
W

t,c,u
g,Z

B0 B0

ΦKS

S(ΦKS) - S(J/ψ KS) = 0.02±0.01
[Beneke, Neubert 2003]

MN, Physics Colloquium, Univ. Heidelberg, 2004
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®Experimental situation: (prior to LP 03)

Ø S(ΦKS) = -0.18±0.51±0.07   BaBar
Ø S(ΦKS) = -0.73±0.64±0.22   Belle

S(ΦKS) - S(J/ψ KS) = -1.11±0.41 (2.8σ)

-0.38±0.41



36

®Experimental situation: (after LP 03)

Ø S(ΦKS) =+0.45±0.43±0.07   BaBar
Ø S(ΦKS) = -0.96±0.50±0.10   Belle

S(ΦKS) - S(J/ψ KS) = -0.88±0.33 (2.7σ)

-0.15±0.33

Belle data
Standard Model
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®Experimental situation: (after ICHEP 04)

Ø S(ΦKS) =+0.50±0.25±0.06   BaBar
Ø S(ΦKS) =+0.06±0.33±0.09   Belle

S(ΦKS) - S(J/ψ KS) = -0.46±0.25 (1.8σ)

0.27±0.25

®But, trends for deviations are also seen 
in other b    s penguin modes, e.g. a 3σ
effect for η’KS from BaBar!

®All combined: (after ICHEP 04)

Ø S(b    s) = +0.42±0.10   BaBar
Ø S(b    s) = +0.43±0.12 Belle
Ø deviation from 0.73 is about a 3σ effect

0.42±0.08
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New Physics in penguins?

s-penguin average at 2.7s different 
from sin2b[cc] (BABAR)

Similar difference at 2.4 s seen by 
Belle

0 0B Kh¢®0 0B Kf® 0 0B K K K+ -® 0 0
0B f K® 0 0 0B Kp®

[A. Hoecker, ICHEP 2004]



B-flavor anomalies - quo vadis?
❖ Today we are in a much better situation and the flavor 

anomalies are much more compelling!
❖ Nevertheless, they will need to mature and be 

confirmed by independent measurements …



The flavor of the ALP ?



ALP-GIM mechanism
❖ Derivative couplings of ALPs to fermions give rise to effects 

suppressed by the masses of the fermions involved

❖ As a result, the potential effects in B physics are generally 
rather small compared with other models of TeV-scale new 
physics

❖ Potentially large effects can arise in Bs,d→μ+μ-/e+e- decay 
modes, which are chirally suppressed in the SM (Γ~mμ,e2)

❖ Moreover …

7.3 Modification of the Bs,d ! µ+µ� branching ratios

We find (and analogously for Bd)

Br(Bs ! µ
+
µ
�)

Br(Bs ! µ+µ�)SM
=

����1 �
cµµ

C10

⇡

↵

v
2

⇤2

1

1 � m2
a/m

2

Bs

(KD � Kd)sb
V ⇤
ts Vtb

����
2

⌘ |1 + Bs |
2
. (77)

Using the loop-induced couplings from above, and assuming no tree-level FCNC couplings, we
obtain

Bs =
cµµ

C10

3m2

t

⇤2

1

1 � m2
a/m

2

Bs

⇢✓
C�� +

C�Z

s2w

◆
1 � xt + xt ln xt

(1 � xt)
2

�
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48⇡↵


ln
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m2

t

�
7 � 8xt + x

2

t + 6 ln xt

2 (1 � xt)
2

� �
,

(78)

where xt = m
2

t/m
2

W . Here C10 ⇡ ... is the SM Wilson coe�cient. Neglecting ma, this simplifies
to

Bs =
cµµ

C10

3m2

t

⇤2

⇢✓
C�� +

C�Z

s2w

◆
1 � xt + xt ln xt
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�
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ln
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�
7 � 8xt + x

2

t + 6 ln xt

2 (1 � xt)
2

� �
.

(79)
This can be a significant correction, and it a↵ects both decay modes in the same way! [Stress
correlation with (g � 2)!]

8 ALPs and low-energy anomalies

8.1 The Be9 anomaly

[This discussion requires a chiral Lagrangian, where nucleons are included as heavy
fields (see the paper by D. Kalpan in the references of [44]!]

A statistically significant excess in excited Beryllium decays 8Be⇤ !
8Be + e

+
e
� reported

by the Atomki collaboration [99], and analyzed in the context of possible particle physics
explanations in [9, 100]. The excess can be explained by a light pseudoscalar of ma ⇡ 17MeV
that dominantly decays into electron positron pairs [10]. If the pseudoscalar has a sizable
branching ratio into photons it is excluded for a mass in the MeV range from several exper-
iments, as can be seen, for example, from Figure 14. In addition, beam dump experiments
constrain light pseudoscalars decaying into electron positron pairs with displaced vertices, see
Figure 16. The combination of these constraints lead to a lower bound of |c

e↵

ee | & 16 (⇤/TeV)
[10]. An explanation of the excess further requires couplings to up- and down-quarks with a
combined strength of ce↵uu + c

e↵

dd ⇡ 2.4 (⇤/TeV). An analysis of possible flavor constraints on
this combination of couplings in the context of a two Higgs doublet model was performed in
[10] and identified the strongest constraint from searches for anomalous decays of the charged
Kaon K

+
! ⇡

+
a, independent of the further decays of the ALP [101]. While tree-level

FCNCs are absent by implementing natural flavor conservation for the pseudoscalar in a two-
Higgs doublet model considered in [10], the SM singlet ALP discussed here in general has
flavor changing couplings. Further, loop-induced FCNCs are induced by ALP couplings to

40



Explaining the low-q2 bin of  RK*

❖ While the high-q2 results for RK and RK* can be 
accounted for in terms of effective operators, the low-q2 
bin can only be modified by at most 10% from short-
distance physics

1 Introduction

The gauge sector of the Standard Model (SM) exhibits exact flavor universality, which
is only broken by the Yukawa couplings of the quarks and leptons with the Higgs boson.
One of the best ways to test this property of the SM is to measure semi-leptonic neutral
current decays of B mesons. In the SM, these decays are induced at one-loop level and
are additionally suppressed by the Glashow–Iliopoulos–Maiani (GIM) mechanism. For
these decays, observables that are sensitive to lepton-flavor universality (LFU) are ratios
of decay rates to muons and electrons, i.e.,

RM =
BR(B ! Mµ+µ�)

BR(B ! Me+e�)
, M = K,K⇤, Xs, ... (1.1)

Recently, the LHCb collaboration determined [1, 2]

RK ⌘
BR(B ! Kµ+µ�)

BR(B ! Ke+e�)
= 0.745+0.090

�0.074 ± 0.036 , for q2 2 [1, 6] GeV2 , (1.2)

RK⇤ ⌘
BR(B ! K⇤µ+µ�)

BR(B ! K⇤e+e�)
=

(
0.66+0.11

�0.07 ± 0.03 , for q2 2 [0.045, 1.1] GeV2 ,

0.69+0.11
�0.07 ± 0.05 , for q2 2 [1.1, 6] GeV2 ,
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most 10%. We are, therefore, led to explore the possibility that the low-q2 discrepancy
in RK⇤ may be a hint for new light degrees of freedom, which cannot be described by
an e↵ective Lagrangian with only SM fields (see, however, also ref. [10]).
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Explaining the low-q2 bin of  RK*

❖ Several authors have proposed to account for this effect 
by introducing a light new particle, such as a dark 
photon

❖ It was argued that a viable scenario must involve a light 
resonance with mass within 10 MeV of the di-muon 
threshold, which decays preferentially to electrons

❖ An ALP in the mass range around 200 MeV,       
produced on shell in B→K*a, is a perfect             
candidate for such a light resonance!

[Sala, Straub 2017; Ghosh 2017; Bishara, Haisch, Monni 2017; Datta, Kumar, Liao, Marfatia 2017; …]

[Altmannshofer, Baker, Gori, Harnik, Pospelov, Stamou, Thamm 2017]

b s

t

W±

a

e+ e�



❖ One finds:

❖ Branching ratios of this magnitude can be          
generated naturally via top-quark loops! 

Explaining the low-q2 bin of  RK*

(plots are preliminary; courtesy of Andrea Thamm and Martin Bauer)
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With some luck, we will soon leave the Standard Model behind us. 
If some of the current flavor anomalies survive, there is an 

unexplored world out there for us to discover. 
It will be a great adventure!



Thank you!


