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The QCD Axion

★ Motivated by strong CP Problem & Vanilla Dark Matter candidate

★ Single scale suppresses interactions       

★ Practically massless and stable

✴Astrophysics (star cooling via axion emission)

✴Flavor physics (rare decays with missing energy)

✴Microwave cavities (conversion to photons)

(need fa > 107GeV () ma < 1eV

<latexit sha1_base64="uK4LoNokXWySy4D+qxwr1n10tVQ="></latexit>

)

★ Can be searched for with

(/ 1/fa)
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and sets mass
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are present already at tree level. This is the case,
for instance, in generalized DFSZ-type models with
generation dependent PQ charges [39–43], which can
also allow to suppress the axion couplings to nucle-
ons [44–46]. Particularly motivated scenarios, which
lead to flavor violating axion couplings at tree level,
arise when the PQ symmetry is part of a flavor
group that shapes the structure of the yukawa sec-
tor [31, 47]. The PQ symmetry could enforce texture
zeros in the Yukawa matrices [48–50], or be respon-
sible for their hierarchical structure à la Froggatt-
Nielsen (FN) [51]. While in the simplest scenario
PQ and FN symmetries are identified [52–54], PQ
could also be a subgroup of a larger flavor symmetry,
see e.g. Refs. [55–64]. Finally, flavored PQ symme-
tries can arise also in the context of Minimal Fla-
vor Violation [65, 66] or as accidental symmetries in
models with gauged flavor symmetries [67–70].
In our analysis we remain, for the most part, ag-

nostic about the origin of the flavor and chiral struc-
ture of axion couplings to SM fermions, and sim-
ply treat axion couplings to fermions as independent
parameters in an e↵ective Lagrangain. For related
studies of axion-like particles with flavor violating
couplings, see [71–73] (for loop induced transitions
see [74–81]). We restrict the analysis to the case of
the (practically) massless QCD axion, but our re-
sults can be repurposed for any other light scalar or
pseudoscalar with flavor violating couplings to the
SM fermions, as long as the mass of the (pseudo-
)scalar is much smaller than the typical energy re-
lease in the flavor transition.
The paper is structured as follows. In Section II

we introduce our notation for the axion couplings
to fermions and comment on their flavor structure.
In Section III we derive the bounds on these cou-
plings from two-body and three-body meson decays,
from baryon decays and from baryon transitions in
supernovae. Section IV contains bounds from mix-
ing of neutral mesons, Section V reviews bounds on
flavor-diagonal couplings, and Section VI discusses
axion couplings involving the top quark. Finally,
in Section VII we present the results and experi-
mental projections. Details about renormalization
of e↵ective axion couplings, experimental recasts of
two-body meson decays and hadronic inputs are de-
ferred to the Appendix.

II. AXION COUPLINGS TO FERMIONS

The Lagrangian describing the most general inter-
actions of the axion with the SM fermions is given
by 1 (see also Appendix A)

Laff =
@µa

2fa
f
i
�µ

�
cV
fifj

+ cA
fifj

�5
�
fj , (1)

1
Note that diagonal vector couplings are unphysical up to

electroweak anomaly terms, which are irrelevant for the

purpose of this paper.

where fa is the axion decay constant, cV,A
fifj

are her-
mitian matrices in flavor space, and the sum over
repeated generational indices, i, j = 1, 2, 3, is im-
plied. For future convenience we define e↵ective de-
cay constants as

FV,A

fifj
⌘

2fa

cV,A
fifj

. (2)

In general FV,A

fifj
, i 6= j, are complex, with

�
FV,A

fifj

�⇤
=

FV,A

fjfi
. Throughout the paper we take a to be the

QCD axion, so that its mass is inversely propor-
tional to fa [82],

ma = 5.691(51)µeV

✓
1012 GeV

fa

◆
. (3)

For the “invisible” axion the decay constant is fa �

106 GeV [83], in which case the axion is much lighter
than an eV and essentially decoupled from the SM.
We will always be working in this limit, so that in
the flavor transitions the axion can be taken as mass-
less for all practical purposes.

In this mass range the axion has a lifetime that
is larger than the age of the universe, and there-
fore is a suitable DM candidate. If the PQ symme-
try is broken before inflation, axions are produced
near the QCD phase transition and yield the ob-
served DM abundance for axion decay constants of
the order fa ⇠ (1011 ÷ 1013)GeV [13–15], assum-
ing natural values of the misalignment angle. Other
production mechanisms, e.g., via parametric reso-
nance, allow for axion DM also for smaller decay
constants, down to fa ⇠ 108 GeV [84]. We will see
below that precision flavor experiments are able to
test this most interesting region of the QCD axion
parameter space.

The axion couplings to the SM fermions in the
mass basis, cV

fifj
and cA

fifj
, are related to the PQ

charge matrices in the flavor basis, Xf , through

cV,A
fifj

=
1

2N

⇣
V †
fR

XfRVfR ± V †
fL
XqLVfL

⌘

ij

, (4)

where N is the QCD anomaly coe�cient of the
PQ symmetry. The unitary rotations VfL,fR diag-
onalize the appropriate SM fermion yukawa matri-
ces, V †

fL
yfVfR = ydiag

f
, for the “up” and “down”

quark flavors, f = u, d. We focus on axion cou-
plings to quarks, and refer the reader to Ref. [85]
for present and future prospects for testing lepton
flavor violating axion couplings. O↵-diagonal cou-
plings arise whenever PQ charges, XqL , XfR , are not
diagonal in the same basis as the yukawa matrices,
yf . Their sizes depend on the misalignment between
the two bases, parametrized by the unitary rotations
VfL , VfR (taking XqL , XfR to be diagonal).

Very di↵erent flavor textures of cV,A
fifj

are possible.
Provided a suitable set of PQ charges and appropri-
ate flavor structures of the SM yukawa matrices, it
is possible for just a single o↵-diagonal coupling to

Le↵ = N
a(x)

⇤PQ

↵s
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Gµ⌫

a G̃a,µ⌫ + E
a(x)
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↵em

4⇡
Fµ⌫ F̃µ⌫ +
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⇤PQ
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• Most general axion couplings to fermions are flavor-violating

a
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• Present whenever axion sector has new sources of flavor violation

✦  2-body meson decays
⇤ ! na,⇤b ! na, . . .

<latexit sha1_base64="XyOT3eQ+i0jq09ySkvaUVxzyMFU="></latexit>

• Need to constrain 8 independent flavor-violating quark couplings

✦  2-body baryon decays
✦  Neutral meson mixing

K ! ⇡a,B ! Ka,D ! ⇡a,B ! K⇤a, . . .

<latexit sha1_base64="euDZfz1daJQ4/zRqWztFyo4tlX4="></latexit>

typically much less constraining than meson decays

possibly connected to origin of SM flavor hierarchies, e.g. Wilczek ’82

• Same signature as SM decays with neutrino pair K ! ⇡⌫⌫, B ! K⌫⌫, . . .
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B ! Ka
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Looking for 2-body decays gives sensitivity to much higher NP 
scales than looking for deviations from SM in 3-body decays

� / M3
B/f

2
a
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Light vs. Heavy New Physics

B ! K⌫⌫
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⇤2

�
b�µs

�
(⌫�µ⌫)
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fa & 3⇥ 105 TeV
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(moreover heavy NP typically stronger constrained by mixing than decays)



• Need to recast available data for SM decays pairs in 2-body region

✴ took BaBar data to get bounds for 

• Experimental bounds often old/non-existent
e.g. no bound in literature on D+ ! ⇡+a,B ! K⇤a,B ! ⇢a
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✴ best data on B-decays from Belle, but do not allow for 2-body recast
e.g. in 1303.3719 2-body region cut out to reject bg from radiative decays

K+ ! ⇡+a
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D+ ! ⇡+a
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B+ ! K+a
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B+ ! ⇡+a
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CLEOBNL

4

Decay sd cu bd bs

BR(P1 ! P2 + a) 7.3⇥ 10�11 [85] no analysis 4.9⇥ 10�5 [86] 4.9⇥ 10�5 [86]
BR(P1 ! P2 + a)recast no need 8.0⇥ 10�6 [87] 2.3⇥ 10�5 [88] 7.1⇥ 10�6 [89]
BR(P1 ! P2 + ⌫⌫) 1.47+1.30

�0.89 ⇥ 10�10 [85] no analysis 0.8⇥ 10�5 [90] 1.6⇥ 10�5 [90]

BR(P1 ! V2 + a) 3.8⇥ 10�5 [91] no analysis no analysis no analysis
BR(P1 ! V2 + a)recast no need no data no data 5.3⇥ 10�5 [89]
BR(P1 ! V2 + ⌫⌫) 4.3⇥ 10�5 [91] no analysis 2.8⇥ 10�5 [90] 2.7⇥ 10�5 [90]

TABLE I. Experimental inputs for meson decays, see text for details. We show the 90% CL upper bounds on the
branching ratios of a pseudo-scalar meson P1 to another pseudo-scalar (P2) or vector (V2) meson (for sd transitions
V2 = ⇡⇡ instead). The bounds shown are for decays to neutrinos or massless invisible axions. In the latter case we
also show our bounds obtained by recasting related searches for invisible decays (subscript ”recast”).

Xinv = ⌫⌫, a, searches. One could also search for a
c ! ua signal in Ds ! Ka, Ds ! K⇤a decays, all
of which could be performed at Belle II and BESIII.
Potentially, LHCb could also probe these couplings
using decay chains, such as B�

! D0⇡� followed
by D0

! ⇢0a, which results in three charged pi-
ons + MET and two displaced vertices. The lack
of such analyses means that there is at present no
bound from meson decays on axial cu couplings to
the axion. Similarly, there is at present no pub-
licly available experimental analysis that bounds
the B ! ⇢a decays (as discussed above, one can-
not readily use for that purpose the B ! ⇢⌫⌫
Belle data from Ref. [90], while BaBar has not
performed such an analysis). Finally, our recast
bounds on B ! K(⇤)a,B ! ⇡a could be easily
improved by dedicated experimental searches using
already collected data. At LHCb one could mea-
sure the B ! K⇤a and B ! ⇢a branching ratios

using the decay chains such as B
0⇤⇤
s

! K+B� or

B
0⇤⇤

! ⇡+B� followed by B�
! K⇤�(! KS⇡�)a,

or B
0⇤⇤
s

! KSB
0
followed by B

0
! K

⇤0
a, ⇢0a

[101]. One could also attempt more challenging de-
cay chain measurements such asB⇤

s
! Bs�, followed

by Bs ! �a or Bs ! K⇤a.
We now convert the bounds on the branching ra-

tios in Table I to bounds on flavor violating cou-
plings of axions to quarks, Eqs. (1), (2). The corre-
sponding partial decay widths are given by

� = 12

8
<

:

f+(0)2

|FV
ij |2

, P1 ! P2a

A0(0)
2

|FA
ij |2

, P1 ! V2a
(5)

with the kinematic prefactor

12 =
M3

1

16⇡

✓
1�

M2
2

M2
1

◆3

, (6)

where M1 (M2) is the mass of the parent (daughter)
meson. Since KL ! ⇡0a decay is CP violating, the
partial decay width in that case is given by

�KL!⇡0a = 12f+(0)
2
⇥
Im (1/FV

sd
)
⇤2
, (7)

and thus vanishes in the CP conserving limit,
ImFV

sd
= 0, cf. Eq. (2). The KL ! ⇡0a and K+

!

⇡+a decay rates obey the Grossman-Nir bound
BR(KL ! ⇡0a)  4.3BR(K+

! ⇡+a) [102, 103].
The form factors f+(q2) and A0(q2) are defined

in Appendix C, where we also collect the numerical
values used as inputs in the numerical analysis. The
resulting bounds on axion couplings FV,A

ij
are shown

in Tab. III. The implications of these results and
future projections will be discussed in Sec. VII.

B. Bounds from three-body meson decays

The E787 experiment at Brookhaven performed a
search for the three-body K+

! ⇡0⇡+a decay me-
diated by the s ! da transition, and set the bound
BR(K+

! ⇡0⇡+a)  3.8 ⇥ 10�5 at 90% CL [91].
The related decay mode KL ! ⇡0⇡0a has also been
searched for, resulting in the upper limit for light
massive axions BR(KL ! ⇡0⇡0a) . 0.7⇥10�6 [104].
However, this analysis excluded the ma = 0 kine-
matic region and is thus not applicable to the case
of the QCD axion [105]. Other decay modes such as
KL ! ⇡+⇡�a or those involving the decays of KS

have not been investigated experimentally.
Parity conservation implies that the K ! ⇡⇡a

decays are sensitive only to the axial-vector cou-
plings of the axion to quarks (see Appendix C). The
form factors entering the predictions are related via
isospin symmetry to the form factors measured in
K+

! ⇡+⇡�e+⌫ [106–109], making precise predic-
tions for K ! ⇡⇡a decay rates possible. The two
final state pions can be only in the total isospin
I = 0 or the I = 1 state, since the s ! da La-
grangian is |�I| = 1/2, while the initial kaon is part
of an isodoublet. Bose symmetry demands the de-
cay amplitude to be symmetric with respect to the
exchange of the two pions. The I = 0 (I = 1) am-
plitude is even (odd) under this permutation. The
form factors must therefore enter in combinations
which are even (odd) with respect to the exchange
of pion momenta, p⇡1 $ p⇡2 . The two pions in the
decay K0

! ⇡0⇡0a (K+
! ⇡+⇡0a) are in a pure

I = 0 (I = 1) state and one obtains,

d�(KL ! ⇡0⇡0a)

ds
=

⇥
Re (1/FA

sd
)
⇤2 (m2

K0 � s)3

1024⇡3m5
K

�F 2
s
,

(8)

/ CA
ij
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SN1987A constraints Hyperon Decays

Best handle on axial-vector coupling to s-d from hyperon decays

Many hyperons in hot neutron star 
formed few seconds after SN explosion 
[T ≈ 30 MeV]

Hyperon decays to axions 
provide effective cooling 
mechanism for SN1987A 

6

Baryon B1 BR(B1 ! B2a)90%
⇤ 8.5⇥ 10�3

⌃+ 4.9⇥ 10�3

⌅0 2.3⇥ 10�4

⌅� 6.4⇥ 10�4

⇤c 1
⇤b 4.1⇥ 10�2

TABLE II. The 90% CL upper bounds on the branch-
ing fractions for the baryon B1 ! B2a decays ob-
tained by adding up the measured branching fractions of
the exclusive modes (hyperons) or by comparing theory
predictions for lifetimes with the measurements (heavy
baryons).

at e+e� collisions just above the pair-production
threshold [119]. Note that bottom baryons are
not produced in the modern e+e� machines, since
they run at energies below the corresponding pair-
production thresholds, so that only LHCb, while
challenging, could have access to these decays.

D. Supernova bound

In the core of neutron stars (NS) hyperons coex-
ist in equilibrium with neutrons, protons and elec-
trons [120–123]. The decay ⇤ ! na would repre-
sent a new cooling mechanism for NS, and can thus
be constrained by stellar structure calculations and
observations. At exactly zero temperature, the de-
generate ⇤ and neutron distributions must have the
same Fermi energy, leaving no phase space for the
⇤ ! na decays to occur. The degeneracy is par-
tially lifted at finite temperature allowing for the
⇤ ! na transitions with a rate that increases with
the temperature. The impact of this new cooling
mechanism is maximal during the few seconds af-
ter the supernova explosion, when a proto-neutron
star (PNS) reaches temperatures of several tens of
MeV [124, 125].
In order to estimate the cooling facilitated by the

sd-axion interaction in this early phase of the su-
pernova evolution we assume that the PNS is a sys-
tem of non-interacting (finite temperature) Fermi
gases of neutrons, protons, electrons and ⇤ baryons
that are in thermal and chemical equilibrium. Fur-
thermore, we assume that the neutrinos are trapped
inside the PNS, while the lepton fraction num-
ber, relative to baryon number density, is taken
to be YL = 0.3 [126]. The occupancy of ⇤ states
is distributed according to the Fermi distribution
f⇤
ppp

= 1/
�
1 + exp

�
E⇤�µ⇤

T

��
where ppp is the ⇤ three-

momentum in the star’s rest frame, E⇤ its energy,
E2

⇤ = ppp2 +m2
⇤, and µ⇤ its chemical potential. Neu-

trons are distributed following an analogous distri-
bution, fn

p
0

p
0

p
0 , characterized by µn and labelled by the

corresponding neutron three-momentum p0p0p0, also in
the star’s frame. Anti-particles follow identical dis-
tributions with the replacement µ ! �µ, so that for
the temperatures expected in a PNS the densities of

⇤ and n are negligible.
The volume emission rate Q inside the PNS due

to the process ⇤ ! na is given by,

Q =
m3

⇤�(⇤ ! na)

⇡2(m2
⇤ �m2

n
)

Z 1

0
p dp⇥

⇥

Z
p
0
max

p
0
min

p0dp0
E⇤ � En

E⇤En

f⇤
ppp
(1� fn

p
0

p
0

p
0),

(13)

where p0max (p
0
min) is the maximal (minimal) neutron

momentum in the ⇤ ! na decay, if ⇤ has momen-
tum p = |ppp| (all in the PNS’s rest frame) 2. No-
tice that in the non-relativistic limit where p, p0 ⌧
m⇤ ⇠ mn, and in the limit of no Fermi blocking of
the final state neutrons, this formula reduces to a
more familiar form,

Q ' nn(m⇤ �mn)�(⇤ ! na) e�
m⇤�mn

T , (14)

where nn is the number density of neutrons.
Evaluating the distributions (chemical potentials)

for benchmark conditions of T = 30 MeV and nu-
clear density ⇢ = ⇢nuc, using Eq. (13), we obtain for
the energy loss per unit mass ✏ = Q/⇢,

✏ = 3.6⇥ 1038
erg

s g
GeV2

✓
f1(0)2

|FV

sd
|2

+
g1(0)2

|FA

sd
|2

◆
. (15)

Setting as the maximal limit on ✏ the energy
lost through neutrino emission one second after
the collapse of the supernova SN 1987A, ✏ .
1019 erg/s g [126, 127], one obtains bounds on |FA

sd
|

and |FV

sd
| in the range 109 - 1010 GeV.

Our estimates are a✏icted by significant uncer-
tainties. Nuclear interactions induce important cor-
rections in the calculation of the number densi-
ties [121, 123] and there are considerable stellar un-
certainties stemming from the complex physics at
work in the supernova. Note that the energy loss
per unit mass obtained using the approximate for-
mula in Eq. (14) is independent of the structural
details of the PNS, except for the temperature. At
T = 30 MeV this leads to an emission rate that is
⇠ 40% larger than in Eq. (15). More than anything,
the emission rate su↵ers from the uncertainty in the
temperature of the central region. Variation of this
quantity from 20 to 40 MeV changesQ by two orders
of magnitude. Finally, our bound crucially relies on
the validity of the standard scenario for the SN ex-
plosion as applied to SN 1987A, which was disputed
in a recent publication [128].

IV. BOUNDS FROM MESON MIXING

The exchanges of axions with flavor violating cou-
plings contribute to �F = 2 transitions and can

2
In the star’s rest frame ⇤ is moving in the direction of p̂pp.
The maximum (minimum) three-momentum of the neutron

in the PNS’s rest frame is reached when the neutron recoils

in the ⇤’s rest frame in the direction (in the direction op-

posite) to p̂pp.

Gives strongest bound on invisible hyperon decays!

a

<latexit sha1_base64="3rk/+88emsrKfhMfL8cUbpm42AE=">AAACOHicZVDLTgIxFO34RHyBLt2MEhJXZMaQqDuiG5eQyCMBQjqdCzT0MWk7KJnwBW71Z/wTd+6MW7/AAhODcJM2J+f2nJyeIGJUG8/7cDY2t7Z3djN72f2Dw6PjXP6koWWsCNSJZFK1AqyBUQF1Qw2DVqQA84BBMxjdz/bNMShNpXg0kwi6HA8E7VOCjaVquJcreCVvPu468FNQQOlUe3nnvBNKEnMQhjCsddv3ItNNsDKUMJhmO7GGCJMRHkDbQoE56G4yTzp1i5YJ3b5U9gjjztlscVkSjmmkU9HzQrVsmWCu9YQH1opjM9Sruxn5t1s2TgLJwpV0pn/TTaiIYgOCLML1Y+Ya6c6qckOqgBg2sQATRe3/XDLEChNjC812BDwRyTkWYdKBSE/nN2VSTG2p/mqF66BxVfLLpdtauVC5S+vNoDN0gS6Rj65RBT2gKqojggC9oFf05rw7n86X8714uuGkmlP0b5yfXwmHraM=</latexit>

⇤

<latexit sha1_base64="ASnSlpH3BalrVZx/lAQZIqSMg7c=">AAACPnicZVDLSsNAFJ34Nr6qLt1ES8FVSaSg7kQ3LlwoWCuYIJPJbTt0HmFmUi2hH+FWf8bf8AfciVuXTtMgtb0ww+Hcew73njhlVBvf/3Dm5hcWl5ZXVt219Y3Nrcr2zp2WmSLQJJJJdR9jDYwKaBpqGNynCjCPGbTi3sWo3+qD0lSKWzNIIeK4I2ibEmws1Qqv7GiCHytVv+4X5c2CoARVVNb147azHyaSZByEIQxr/RD4qYlyrAwlDIZumGlIMenhDjxYKDAHHeXFvkOvZpnEa0tlnzBewbq1SUnSp6kuRc9j1aRljrnWAx5bK45NV0/3RuRfb9I4jyVLprYz7ZMopyLNDAgyXq6dMc9IbxSYl1AFxLCBBZgoau/zSBcrTIyN1Q0FPBHJORZJHkKqh8VPmRRDG2owHeEsuDuqB4366U2jenZexruC9tABOkQBOkZn6BJdoyYiqIde0Ct6c96dT+fL+R6PzjmlZhf9K+fnFwZvsBs=</latexit>

n

<latexit sha1_base64="5DIzj6XfAs1f8bvBrC4Dw1RiNE8=">AAACOHicZVDLTgIxFO34RHyBLt2MEhJXZMaQqDuiG5eQyCMBQjqdCzT0MWk7KJnwBW71Z/wTd+6MW7/AAhODcJM2J+f2nJyeIGJUG8/7cDY2t7Z3djN72f2Dw6PjXP6koWWsCNSJZFK1AqyBUQF1Qw2DVqQA84BBMxjdz/bNMShNpXg0kwi6HA8E7VOCjaVqopcreCVvPu468FNQQOlUe3nnvBNKEnMQhjCsddv3ItNNsDKUMJhmO7GGCJMRHkDbQoE56G4yTzp1i5YJ3b5U9gjjztlscVkSjmmkU9HzQrVsmWCu9YQH1opjM9Sruxn5t1s2TgLJwpV0pn/TTaiIYgOCLML1Y+Ya6c6qckOqgBg2sQATRe3/XDLEChNjC812BDwRyTkWYdKBSE/nN2VSTG2p/mqF66BxVfLLpdtauVC5S+vNoDN0gS6Rj65RBT2gKqojggC9oFf05rw7n86X8714uuGkmlP0b5yfXyFLrbA=</latexit>

(BR . 10�8,BRlab . 10�2)

<latexit sha1_base64="MhhpiRp58e/B9lHvzIpMc1t9Zt0="></latexit>



Part II

+ work in progress with N. Desai, U. Nierste & M. Tabet

U. Nierste, M. Tabet, RZ


“Cornering Spontaneous CP Violation 
with Charged-Higgs Searches”

Phys.Rev.Lett. 125 (2020) 3, 031801

https://arxiv.org/pdf/2002.04623.pdf


Spontaneous CP Violation

★ In 1964 existence of CPV established by observing KL ! ⇡⇡
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★ In 1973 two theoretical landmark papers:

M. Kobayashi & T. Maskawa: T.D. Lee:
can have explicit CPV  

with 3rd fermion generation
can have spontaneous CPV  

with 2nd scalar doublet

★ Today we have discovered 3rd generation & established CKM 
mechanism, but origin of CPV still unclear! Complex fermion mass 
matrices could be due to real Yukawas + complex Higgs VEV

★ We studied this possibility in the most general 2HDM: SPCV 
implies stringent upper bounds on new Higgs states with 
flavor-violating couplings: nevertheless model is alive!



Setup: Higgs Sector
Higgs Sector I: Potential

V = m2
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Spontaneous symmetry breaking of a CP invariant Lagrangian

) w.l.o.g. all parameters real and

h�1i =

 
0

vc�

!
, h�2i =

 
0

vs�ei⇠

!
.

Theoretical constraints on V :

bounded from below [Ivanov, 06]

global minimum [Ivanov, 07; Ivanov et al., 15]

perturbativity [Ginzburg et al., 05; Murphy, 17]
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• General CP conserving 2HDM potential 

…has for suitable choice of parameters global CPV minimum
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Cornering Spontaneous CP Violation with Charged-Higgs Searches

Ulrich Nierste, Mustafa Tabet, and Robert Ziegler⇤

Institut für Theoretische Teilchenphysik (TTP),
Karlsruher Institut für Technologie (KIT), 76131 Karlsruhe, Germany.

Decades of precision measurements have firmly established the Kobayashi-Maskawa phase as the
dominant source of the charge-parity (CP) violation observed in weak quark decays. However, it is
still unclear whether CP violation is explicitly encoded in complex Yukawa matrices or instead stems
from spontaneous symmetry breaking with underlying CP-conserving Yukawa and Higgs sectors.
Here we study the latter possibility for the case of a generic two-Higgs-doublet model (2HDM).
We find that theoretical constraints limit the ratio t� of the vacuum expectation values (vevs) to
the range 0.22  t�  4.5 and imply the upper bounds MH±  435GeV, M

H
0
2
 485GeV and

M
H

0
3

 545GeV for the charged and extra neutral Higgs masses. We derive lower bounds on
charged-Higgs couplings to bottom quarks which provide a strong motivation to study the non-
standard production and decay signatures pp ! qbH

±(! q
0
b) with all flavors q, q

0 = u, c, t in the
search for the charged Higgs boson. We further present a few benchmark scenarios with interesting
discovery potential in collider analyses.

INTRODUCTION

In 1964 the observation of the decay KL ! ⇡⇡ has
established the violation of charge-parity (CP) symme-
try [1]. Owing to the CPT theorem [2] this discov-
ery implies that also time-reversal symmetry (T) is bro-
ken and Nature has a microscopic arrow of time. In
1973 two landmark papers have proposed possible mech-
anisms of CP violation (CPV) involving new particles:
M. Kobayashi and T. Maskawa (KM) pointed out that
explicit CPV can occur if the Standard Model (SM) is
amended by a third quark generation [3], while T.D. Lee
showed that spontaneous CPV can be realized in the
presence of a second Higgs doublet [4].

The subsequent success of the KM mechanism, how-
ever, did not rule out the possibility of spontaneous CP
violation: The complex phase of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix stems from the diagonalization
of complex quark mass matrices, and these matrices may
still arise as linear combinations of real Yukawa matrices
multiplied by complex vevs.

Almost half a century later, the issue of explicit vs.
spontaneous CPV still remains unresolved! The main
purpose of this paper is to tackle this question system-
atically and discuss how to either discover spontaneous
CPV or to entirely rule out this possibility using future
data from precision observables and colliders. The latter
is possible, because spontaneous-CPV scenarios have no
decoupling limit and feature a pattern of flavor violation
that cannot be aligned to the SM.

The main obstacle to this endeavor is the consider-
able size of the parameter space of SCPV models. In-
deed previous works have so far considered only special
cases of 2HDM (see e.g. Refs. [5, 6]). Our paper tar-
gets generic features of SCPV and only makes two sim-
plifying assumptions, which are justified by shortcutting
to that region of the parameter space that is least con-

strained by experiment: Firstly, we identify the light-
est neutral Higgs boson with the 125GeV SM-like Higgs
particle. Secondly, we do not permit Yukawa terms lead-
ing to FCNC couplings among down-type quarks, which
are severely constrained by precision flavor data. We
find a remarkable sum rule for charged-Higgs couplings
to b-quarks, which implies that at least one of the cou-
plings to tb, cb or ub is sizable. Given the upper limit on
the charged Higgs mass and the constraints from preci-
sion observables, these results reveal that charged Higgs
searches in non-standard channels have the potential to
either support or falsify SCPV as the origin of the KM
phase.

GENERAL FEATURES

Higgs sector

The most general potential with two SU(2) Higgs dou-
blet fields �i = (�0

i
,�+

i
)T , i = 1, 2, reads [4]
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Adopting canonical CP transformation rules,
CP�i(xµ) = �⇤

i
(xµ), CP conservation means that

all parameters in Eq. (1) are real. For appropriate
choices of these parameters V is bounded from below
and has a global minimum for the complex vevs:
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• 3 minimization equations: 3 mass scales fixed in terms of EW scale! 
Perturbativity gives stringent upper bounds on all Higgs masses

2

with c� ⌘ cos� > 0, s� ⌘ sin� > 0, v = 174 GeV, and
the CP phase ⇠. As an important observation, the three
minimization equations with respect to Re�0

1
, Re�0

2
, and

Im�0

2
allow to trade all three massive parametersm2

1
,m2

2
,

m2

12
in Eq. (1) for the three vev parameters v, t� ⌘ tan�

and ⇠. Therefore all elements of the Higgs mass ma-
trices are of the order of the electroweak scale v, with
dimensionless coe�cients composed of �1�7, c⇠ ⌘ cos ⇠,
s⇠ ⌘ sin ⇠ and t� . Since perturbativity does not per-
mit arbitrarily large couplings, the masses of all Higgs
bosons are bounded from above. This absence of a de-
coupling limit has been observed already in the context
of a left-right symmetric model (in which the two Higgs
doublets combine to a bi-doublet field) in Ref. [7], and in
the context of SCPV in the 2HDM in Ref. [6, 8]. Non-
decoupling e↵ects also occur in models in which the Higgs
is a pseudo-Goldstone dilaton [9, 10].
The Higgs spectrum consists of a charged Higgs with

mass

mH± = v
p
�5 � �4 , (3)

and three neutral Higgs statesHA with masses that fulfill
the sum rule

1

2

3X

A=1

m2

HA

v2
= s2�c⇠ (�6 + �7) + �2s

2

�
+ �1c

2

�
+ �5 . (4)

Requiring NLO perturbative unitarity [11] allows to de-
rive upper bounds for the physical Higgs masses, which
can be further tightened by identifying the lightest Higgs
with the SM Higgs.#1 Using the results in Refs. [12–14],
we find

mH± . 435GeV , (5)

while neutral Higgs masses must satisfy

mH2 . 485GeV , mH3 . 545GeV , (6)

with the sum of all three neutral Higgs masses bounded
by 1.1TeV. Moreover, since the determinant of the neu-
tral Higgs mass matrix is proportional to s2

⇠
s2
2�
, requir-

ing that all states are heavier than 125GeV gives lower
bounds on s⇠ and a range for t� . Using again NLO per-
turbative unitarity, we find (see Fig. 1)

0.22 . t� . 4.5 , |s⇠| & 0.42 . (7)

The neutral Higgs mass basis is obtained by diagonalizing
OTM2

H
O = M2

H,diag
with the orthogonal matrix

O ⌘ R12(✓12 � �)R13(✓13)R23(✓23) , (8)

#1
We actually require the lightest Higgs H1 to be in the mass

range (125± 5)GeV. Allowing for new Higgses lighter than the

SM Higgs weakens the bounds only slightly.

where Rij(✓) are rotation matrices in the i� j plane by
an angle ✓ij . Since the Higgs mass matrices only depend
on �1�7 (besides s⇠, t� and v), we can trade the seven �i

parameters for the four Higgs masses mH± , mHi and the
three mixing angles sij ⌘ sin ✓ij . These mixing angles
appear in all couplings of the neutral Higgs mass eigen-
states. The couplings to massive gauge bosons gHAV V

are given in terms of the corresponding SM Higgs cou-
plings ghV V by

gHAV V = (c�O1A + s�O2A)ghV V . (9)

Particularly simple are the couplings of the lightest neu-
tral Higgs gH1V V /ghV V = c12c13. Since throughout this
paper we will assume that H1 is the observed SM-like
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i.e. s12, s13 ⌧ 1.

Yukawa sector

The quark Yukawa Lagrangian is given by

Lyuk = �Q
L

⇣
Yu1�̃1 + Yu2�̃2

⌘
uR

�Q
L
(Yd1�1 + Yd2�2) dR + h.c. , (10)

with the Yukawa matrices Yqi and �̃i = ✏ij�⇤
j
, ✏12 = 1.

Since Lyuk conserves CP, we can choose Yd1,d2 real. This
implies that fermion mass matrices, given by

Mu

v
= Yu1c� + Yu2e

�i⇠s� ,
Md

v
= Yd1c� + Yd2e

i⇠s� ,

(11)

can induce the KM phase only if ⇠ is physical, i.e. cannot
be rotated away by field redefinitions. This implies fla-
vor misalignment, defined through Yq1Y T

q2
� Yq2Y T

q1
6= 0,

which necessarily induces FCNC couplings of neutral
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down-type quarks are particularly strong, in the follow-
ing we set Yd2 = 0, thus relegating all FCNC couplings
to the up sector. This simplification has no big impact
on our results, as flavor constraints in the down-type sec-
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on the phenomenology presented below.
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Higgs bosons. Since Eq. (6) forbids arbitrarily heavy
neutral Higgs bosons, one cannot suppress all Higgs-
mediated FCNC processes simultaneously to arbitrarily
small values. As constraints on FCNC Higgs couplings to
down-type quarks are particularly strong, in the follow-
ing we set Yd2 = 0, thus relegating all FCNC couplings
to the up sector. This simplification has no big impact
on our results, as flavor constraints in the down-type sec-
tor push us anyway into the parameter region with Yd2

either small or aligned with Yd1, without relevant impact
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j
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Since Lyuk conserves CP, we can choose Yd1,d2 real. This
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(11)

can induce the KM phase only if ⇠ is physical, i.e. cannot
be rotated away by field redefinitions. This implies fla-
vor misalignment, defined through Yq1Y T

q2
� Yq2Y T

q1
6= 0,

which necessarily induces FCNC couplings of neutral
Higgs bosons. Since Eq. (6) forbids arbitrarily heavy
neutral Higgs bosons, one cannot suppress all Higgs-
mediated FCNC processes simultaneously to arbitrarily
small values. As constraints on FCNC Higgs couplings to
down-type quarks are particularly strong, in the follow-
ing we set Yd2 = 0, thus relegating all FCNC couplings
to the up sector. This simplification has no big impact
on our results, as flavor constraints in the down-type sec-
tor push us anyway into the parameter region with Yd2

either small or aligned with Yd1, without relevant impact
on the phenomenology presented below.

Without loss of generality, we can then work in a flavor
basis where Yd1 is diagonal and Mu = V †mdiag

u
V †
R
, where

V is the CKM matrix and VR a free unitary matrix. The
Higgs couplings to fermions in the mass basis are then

• We want to study the most general, realistic scenario: a priori huge 
parameter space, but largely ruled out by FCNC constraints

• Shortcut to viable region: avoid d-sector FCNCs by setting Yd2 = 0
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Phenomenology

★ Parameter space is still huge
• 3 heavy Higgs masses:
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Note that if we use the residual re-phasing freedom to
bring the CKM matrix to the usual Particle Data Group
(PDG) convention VPDG, we have V ! VPDG in Eq. (12),
but V ! VPDGP in Eq. (15) with a free (diagonal)
phase matrix P . The Higgs couplings only depend on
the combination VRV T

R
, which in this phase convention

is a generic symmetric unitary matrix with three phys-
ical phases. Apart from the angles and phases in VR,
all quark flavor violation in the Higgs sector is entirely
determined by up-quark masses and CKM elements.
Taking the lepton Yukawa sector analogous to the

down-quark sector, with only one Higgs doublet coupling
to right-handed charged leptons, one obtains a SM-like
phenomenology of charged-lepton decays. The H+⌫⌧L⌧R
coupling can neither vanish nor be much larger than
m⌧/v, implied by the t� range in Eq. (7).

Charged Higgs Couplings

Since neutral Higgs couplings are more sensitive to the
free parameters in VR, we instead focus on the fermion
couplings of the charged Higgs. Indeed, the peculiar
structure of the Yukawa sector guarantees that at least
one coupling of the charged Higgs to bottom quarks,
H+uiR�RL

uib
bL, is sizable. Using Eq. (15) and unitarity

of VR, one can show that these couplings satisfy the re-

markable relation
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This relation further implies that the largest coupling
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|} is bounded from below
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Minimizing �0

b
over � and ⇠ as allowed by NLO pertur-

bativity and mH1 � 120GeV, one numerically finds

max{|�RL

ub
|, |�RL

cb
|, |�RL

tb
|} � �0

b
� 0.20 . (19)

We show contours of �0

b
in the t� � s⇠ plane in Fig. 1.

As one can see from this plot, our lower bound on �0

b
in

Eq. (19) is rather conservative.
Note that �max

b
reaches its minimum �0

b
for equal cou-

plings |�LR

ib
|, i.e. if �max

b
= |�LR

ib
| = �0

b
for i = u, c, t.

It is instructive to consider two other special cases: If
�LR

ub
= �LR

cb
= 0, then �max

b
coincides with |�LR

tb
| and has

a minimal value �0

tb
that is given by the RHS in Eq. (17),

but with n = 1. Note that typically  ⌧ 1, which implies
that �0

tb
is only slightly larger than �0

b
. The contours of

�0

tb
in the t� � s⇠ plane are also shown in Fig. 1, and

indeed coincide with those of �0

b
when �0

b
and therefore

 are small. If instead |�LR

tb
| = 0, the couplings to light

generations become large, since in this case they satisfy
the sum rule |�LR

ub
|
2+|�LR

cb
|
2 = m2

t
/v2, which directly fol-

lows from Eq. (16). The lower bound on charged Higgs
couplings to b-quarks in Eq. (19), together with the upper
bound on the charged Higgs mass in Eq. (5) render our
class of models predictive despite the considerable num-
ber of free parameters and Eq. (19) entails a “no-lose”
theorem for charged-Higgs discovery.

PHENOMENOLOGY

The phenomenology of our scenario has 17 free
parameters: 3 masses for the heavy Higgs bosons
mH± ,mH2 ,mH3 , 2 vacuum angles � and ⇠, 3 mixing an-
gles s12, s13, s23 entering neutral Higgs couplings, and 3
angles plus 6 phases that determine ✏̃u, and thus the
couplings of neutral and charged Higgses to up-quarks.
Although huge, this parameter space is compact because
of the absence of new mass scales and perturbative uni-
tarity, cf. Eqs. (5)-(7), which allows to confirm or rule

• 2 vacuum angles: �, ⇠
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• 3 neutral Higgs mixing angles

• 3 angles + 6 phases parametrizing Higgs couplings
can be parametrized by unitary matrix]

★ Parameter space is strongly constrained by precision 
observables like EDMs, neutral meson mixing, b→s𝛾, etc., 
but not sufficient to rule out scenario entirely!

★ Similar for constraints from direct searches, but interesting 
future potential for charged Higgs searches

[Mu = V †
CKMmdiag

u V †
R ! Yu1, Yu2
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Charged Higgs Phenomenology

3

given by

LH =� uL,i

H0

A
p
2

⇥
�ij↵

u

A
+ t� ✏̃

u

ij
�u

A

⇤ muj

vs�
uR,j

� dL,i

↵d

A
H0

A
p
2

mdi

vc�
dR,i

+ dL,iH
�V ⇤

ki


�kjc� �

✏̃u
kj

c�

�
muj

vs�
uR,j

+ uL,iH
+Vijs�

mdj

vc�
dR,j + h.c. , (12)

with

↵u

A
= O2A � ic�O3A , �u

A
= O1A �

O2A

t�
+ i

O3A

s�
,

↵d

A
= O1A � is�O3A , ✏̃u

ij
= (V Yu1VR)ij

vc�
muj

. (13)

Using Eq. (11), we can write Yu1 as

Yu1 =
1

vc�

✓
Re +

c⇠
s⇠

Im

◆h
V †mdiag

u
V †
R

i
, (14)

which entails an expression for the couplings ✏̃u
ij
:

✏̃u
jk

=
t⇠ � i

2 t⇠
�jk +

t⇠ + i

2 t⇠

�
V V TmuV

T

R
VRm

�1

u

�
jk

. (15)

Note that if we use the residual re-phasing freedom to
bring the CKM matrix to the usual Particle Data Group
(PDG) convention VPDG, we have V ! VPDG in Eq. (12),
but V ! VPDGP in Eq. (15) with a free (diagonal)
phase matrix P . The Higgs couplings only depend on
the combination VRV T

R
, which in this phase convention

is a generic symmetric unitary matrix with three phys-
ical phases. Apart from the angles and phases in VR,
all quark flavor violation in the Higgs sector is entirely
determined by up-quark masses and CKM elements.
Taking the lepton Yukawa sector analogous to the

down-quark sector, with only one Higgs doublet coupling
to right-handed charged leptons, one obtains a SM-like
phenomenology of charged-lepton decays. The H+⌫⌧L⌧R
coupling can neither vanish nor be much larger than
m⌧/v, implied by the t� range in Eq. (7).

Charged Higgs Couplings

Since neutral Higgs couplings are more sensitive to the
free parameters in VR, we instead focus on the fermion
couplings of the charged Higgs. Indeed, the peculiar
structure of the Yukawa sector guarantees that at least
one coupling of the charged Higgs to bottom quarks,
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bL, is sizable. Using Eq. (15) and unitarity
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lows from Eq. (16). The lower bound on charged Higgs
couplings to b-quarks in Eq. (19), together with the upper
bound on the charged Higgs mass in Eq. (5) render our
class of models predictive despite the considerable num-
ber of free parameters and Eq. (19) entails a “no-lose”
theorem for charged-Higgs discovery.

PHENOMENOLOGY

The phenomenology of our scenario has 17 free
parameters: 3 masses for the heavy Higgs bosons
mH± ,mH2 ,mH3 , 2 vacuum angles � and ⇠, 3 mixing an-
gles s12, s13, s23 entering neutral Higgs couplings, and 3
angles plus 6 phases that determine ✏̃u, and thus the
couplings of neutral and charged Higgses to up-quarks.
Although huge, this parameter space is compact because
of the absence of new mass scales and perturbative uni-
tarity, cf. Eqs. (5)-(7), which allows to confirm or rule
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Note that if we use the residual re-phasing freedom to
bring the CKM matrix to the usual Particle Data Group
(PDG) convention VPDG, we have V ! VPDG in Eq. (12),
but V ! VPDGP in Eq. (15) with a free (diagonal)
phase matrix P . The Higgs couplings only depend on
the combination VRV T
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, which in this phase convention

is a generic symmetric unitary matrix with three phys-
ical phases. Apart from the angles and phases in VR,
all quark flavor violation in the Higgs sector is entirely
determined by up-quark masses and CKM elements.
Taking the lepton Yukawa sector analogous to the

down-quark sector, with only one Higgs doublet coupling
to right-handed charged leptons, one obtains a SM-like
phenomenology of charged-lepton decays. The H+⌫⌧L⌧R
coupling can neither vanish nor be much larger than
m⌧/v, implied by the t� range in Eq. (7).

Charged Higgs Couplings

Since neutral Higgs couplings are more sensitive to the
free parameters in VR, we instead focus on the fermion
couplings of the charged Higgs. Indeed, the peculiar
structure of the Yukawa sector guarantees that at least
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couplings to b-quarks in Eq. (19), together with the upper
bound on the charged Higgs mass in Eq. (5) render our
class of models predictive despite the considerable num-
ber of free parameters and Eq. (19) entails a “no-lose”
theorem for charged-Higgs discovery.

PHENOMENOLOGY

The phenomenology of our scenario has 17 free
parameters: 3 masses for the heavy Higgs bosons
mH± ,mH2 ,mH3 , 2 vacuum angles � and ⇠, 3 mixing an-
gles s12, s13, s23 entering neutral Higgs couplings, and 3
angles plus 6 phases that determine ✏̃u, and thus the
couplings of neutral and charged Higgses to up-quarks.
Although huge, this parameter space is compact because
of the absence of new mass scales and perturbative uni-
tarity, cf. Eqs. (5)-(7), which allows to confirm or rule
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Note that if we use the residual re-phasing freedom to
bring the CKM matrix to the usual Particle Data Group
(PDG) convention VPDG, we have V ! VPDG in Eq. (12),
but V ! VPDGP in Eq. (15) with a free (diagonal)
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coupling can neither vanish nor be much larger than
m⌧/v, implied by the t� range in Eq. (7).
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• Get sum rule for charged Higgs couplings to b-quarks

• Combination with perturbativity gives lower bound on charged 
Higgs couplings
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• Couplings to charged leptons are small: quark couplings dominate 
charged Higgs production and decay at LHC

Phenomenology II: Collider Signatures
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Flavored Charged Higgs Phenomenolgy

• tb-tb: The standard search, ATLAS and CMS exclude signal 
strengths above O(1 pb) in relevant mass range; still can have 
viable BM point with charged Higgs mass = 180 GeV

Categorize phenomenology according to dominant channels:  qb-q’b 
production decay

• cb-cb: “Can only use low-mass dijet searches, not sensitive yet 
below charged Higgs masses < 450 GeV.” 
 Gori, Grojean, Juste, Paul ‘18

• cb-tb: “Associated c- and b-jets typically too soft, can use only 
searches for tb resonances, but presently not available below 1TeV”

Gori, Grojean, Juste, Paul ‘18

Signal strengths as large as 1 nb are not excluded!?

“Discovery potential in signal region with 3b,1l,MET and optimized 
cuts for charged Higgs masses 300-500 GeV”  Ghosh, Hou, Modak ‘19

work in progress…



Summary

★ The QCD axion can have large flavor-violating couplings and would 
contribute to 2-body meson decays with missing energy

★ Full data set of Belle II could provide bounds of order 109 GeV 
on effective axion coupling

★ Interesting exp. target because can probe much higher NP scales 
than deviations from SM 3-body decays (constraints from meson 
mixing much weaker)

★ Spontanous CPV in 2HDM is alive despite stringent upper 
bounds on heavy Higgs states with flavor-violating couplings

★ Surviving parameter space might be explored with new 
searches for charged Higgs with large ub/cb couplings


