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Motivation

Im ¢

Axion-like particles (ALPs) appear in many BSM scenarios
and are well motivated: strong CP problem, mediator to
hidden sector, pPNGB of spontaneously broken global
symmetry, possible explanation of (g-2),, ...

Assume the existence of a new pseudoscalar resonance g,
which is a SM singlet and whose mass is protected by a
(approximate) shift symmetry a—a-+const.

Many studies of possible collider probes of ALPs exist

[Kim, Lee 1989; Djouadi, Zerwas, Zunft 1991; Rupak, Simmons 1995; Kleban, Ramadan 2005; Mimasu, Sanz 2014;
Jackel, Spannowsky 2015; Knapen, Lin, Lou, Melia 2016; Brivio et al. 2017; Bauer, MN, Thamm 2017; ...]

Here we focus on effects of ALPs on flavor observables
[also: Izaguirre, Lin, Shuve 2016; Bjorkeroth, Chin, King 2018; Gavela, Houtz, Quilez, del Rey, Sumensari 2019; ...]
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Eifective Lagrangian

* The ALP couplings to the SM start at D=5 and are described by
the effective Lagrangian (with A = 3272 f,|Cec|a NP scale):

G i, Kaplan, Randall 1986
mi,o | o [Georgi, Kaplan, Randa ]
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Loop-induced ALP couplings

# Of particular relevance are the ALP couplings to photons and
charged leptons; at 1-loop order we find:
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Fermion couplings after EWSB

R/

»  After transformation to the mass basis, we obtain:

o*a = 2
Leg D T (ULKU/Y/J,UL+URKu'7,uuR‘|—dLKD’7y,dL‘|'dRKd’7/,LdR

+VLKVVMVL+€LKE%€L+€RK6%6R>

)5s

neutrino couplings can be removed by field redefinitions
with:
Ky=UlCyU,, Kp=UCyxU;, Kp=UlCyU.

Kf:WJlLC'fo; U d e

“ Flavor-diagonal couplings from before:

Cuju; — (Ku)zz =% (KU)iia Cdd (Kd)iz’ = (KD)iia Ce,e; = (Ke)zz = (KE)u
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Minimal flavor violation (MEFV)

* Strong phenomenological bounds on off-diagonal couplings
motivate MFV ansatz:

CQ:c(?l—Fe(c?YuYU—chYdeT) + O(e?)
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* This implies:

E ia dia ]
Ky = C(Ci? e _C? (Kbd g>2 T ng v (Yvd g)2 VTJ 2 0(62) B related by CKM

matrix V

Kp = (382 T e -C? Vi (qudia’g)2 V + CZQ (Yddiag)2_ = Olc | a
he - lecoiy ) 0

Ki=cfl+ec (Y;™)? +0(e)
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Minimal flavor violation (MEFV)

* Strong phenomenological bounds on off-diagonal couplings
motivate MFV ansatz:

Co— c(?l + € (C?YuY;T +C§2YdeT) + (’)(62)
G i VY @
¢,— i vy o
* Neglecting the down-type quark masses:
oo Q 9 2 only source of flavor
e e o0l O(E‘)/ violation
Ko=c lrec V(Y PV O
e L e Ol
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Low-energy elfective Lagrangian

» Integrating out heavy SM fields, we find at 1-loop order (i # j):

2 2 7
é (h - 1. w Ty == = AR g
L ) s e .
( D)zj ( D)z] (/’L) o 167T2 (] {Ctt [2 n m% 4 (1 o2, xt)2
- — 64% Cww : _(ﬂit 5 ln 2. } [Izaguirre, Lin, Shuve 2016]
(Kd)jj 7 (Kd)qjj o CUt

* For A=p=1 TeV: <Z {: i
my [miy

(Kp)5; = (Kp),; (A) + ViV [0.01 ¢ — 0.004 Cryryy]

» No corresponding contributions to up-type quark and lepton
couplings
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Rare decays of kaons and B mesons

» On-shell decays K — ma and B — K *)q provide very strong
bounds if kinematically allowed

» ALP can be long-lived or decay into photons or charged
leptons

* Due to ALP-10 mixing, the K — ma amplitude receives a

contribution from the strong decay K — 77", since:
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Model-independent upper limits:

Resulting bounds (95% CL

Observable Mass Range [MeV] ALP decay mode  Constrained  Limit (95% CL) on
coupling ¢ o] - (BY) VB

B(Kt — ntov) 0 < mg < 265 (*) Long-lived (Kp + Ka)ds 4.9 x 107°
B(BT — K*ov) 0 <m, <4785 Long-lived (Kp+ Ka)sb 6.9 x 107°
B(B — K*vv) 0 < m, <4387 Long-lived (Kp — Kg)s 5.1 x 1076
B(T — va(invisible)) me < 9200 Long-lived (Kp — Kg)w 0.76
B(KT — nty7y) m, < 108 vy (Kp + Kg)as 2.1 x 1078
B(KT — 7yy) 220 < m, < 354 vy (Kp + Kg)as 2.4 x 1077
B(KY — %) m, < 110 2% Im(Kp + Kg)as 1.4x 1078
B(K? — 70yv) m, < 363 vy Im(Kp + Kq)as 1.2 x 1077
B(Kp — m%te) 140 < mq < 362 ete (K p + Kg)as 2.9 % 10~°
dB/dg*(B® — K*%te™)0.0,0.05 0<m, <224 ete” (Kp — Kq)s 8.3 x 107"
dB/dg*(B° — K*%ete~ 224 < m, < 387 ete” (Kp — Kg)s 6.5 x 1077
B(Kp — 7mu*p™) 210 < m, < 350 php Im(Kp + Ky)as 4.0 x 107
B(B* — K*a(utp)) 250 < my < 4700 (1) e (Kp + Ka)s 4.4 x 1078
B(B® — K*a(utp™)) 214 < m, < 4350 () ptp (Kp — Kg)s 5.1 x 1078
B(J/vY — vya(utu™)) 212 < m, < 3000 el ie (Ku — Ku)ee 0.16
B(T = ~vya(utu™)) 2125 <m =< 9200 Al (Kp — Kq)w 0.24
B(Bt — Ktrtr7) 3552 < m, < 4785 Tt (Kp+ Ky 8.2 x 107°
B(YT = ~va(rr77)) 3500 < m, < 9200 TR (Kp — Kq)w 1.5
B(T — ~va(hadrons)) 300 < m, < 7000 hadrons (Kp — Kq)w 0.56
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Interesting benchmark scenarios

* Consider some concrete scenarios in which only one ALP
coupling is present at tree level (very conservative)

# All other ALP couplings are induced via loops in the EFT

* Calculate the relevant ALP branching ratios and the ALP decay
length, which is relevant for determining which fraction of ALP
decays can be reconstructed in the detector
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Interesting benchmark scenarios

* Scenario 1: Bounds on Cyyyw, assuming all other couplings
vanish at tree level 5
T = ya(puTp”)
/

10* =
10° F

By — p
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>§ 107! [Bauer, MN, Thamm 2017]
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Interesting benchmark scenarios

# Scenario 2: Bounds on ¢, = ¢.. = ¢4, assuming all other
couplings vanish at tree level

[Cuul /A [TeV 1]

10°

1074

1073

large m0-a mixing ——»
1 1

[Bauer, MN, Thamm 2017]

™~ Bf Kty

1072 107!
m, [GeV]
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Interesting benchmark scenarios

» Scenario 3: Bounds on cgq = ¢55 = cpp, assuming all other
couplings vanish at tree level

Icaal /A [TeV 1]

large m%-a mixing ——»

_4 | | | |
10 1073 1072 107! 1 10

m, [GeV]
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Lepton flavor violation

* Interesting (and complementary) bounds on lepton flavor-
violating couplings can be derived from decays such as
u— ey, u — 3e and pu — e + invisible (and corresp. T decays)

» Relevant diagrams:

f f e

H e e K a TR e ,u_\/ e
‘\LL‘é'o"a, axs‘gﬁA T, U, € T, b, € @ “‘
Sa
Y _ | _
€ \ e
y g y //
et et

* For simplicity, we will assume that one combination of
couplings dominates

M. Neubert: The flavor of the ALP 14



Resulting bounds (95% CL)

* Model-independent upper bounds (assuming on-shell ALP):

Observable Mass Range [MeV] ALP decay mode Constrained Limit (95% CL) on
coupling ¢ o] - (2Y) - VB
B(u — ea(invisible)) 13 < m, < 80 Long-lived VIKS? + K2 3.8 x 1077
B(i — ea(invisible)) 0<m, <13 Long-lived VIKE? + K2 1.5 x 1079
B(1 — ea(invisible)) 0 < m, < 1600 Long-lived VIKE? + |[K6m|? 2.3 x 1074
B(t — pa(invisible)) 0 < m, < 1600 Long-lived VIKET ]2+ | KT 3.2 x 107
B(u — eyy) 0 < m, <105 vy VIKE? + K2 2.6 x 107°
B(u — 3e) 0 < m, < 105 ete” VIKE? + K2 3.1 x 1077
Bt~ — pete) 200 < m, < 1671 ete” VIKET ]2+ | KT 6.1 x 1077
B(r — 3e) 200 < m, < 1776 ete” VIKE 2+ | K2 7.5 x 1077
B(t — 3p) 211 < m, < 1671 pwhp VIKET ]2+ | KT 6.6 x 1077
B(r~ — u~mK*) 633 < m, < 1671 K+ VIEE+ K2 1.1 x 10-6
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Interesting benchmark scenarios

* Scenario 1: Bounds on cue = /2[(Kg)uel? + 2[(Ke)wel? , assuming
Cee/A = cuu/A = crr /A =1TeVtand all other couplings vanish at
tree level
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Interesting benchmark scenarios

* Scenario 1: Bounds on cue = /2[(Kg) el + 2[(Ke)uel? , assuming

Cee/A = cuu/A = crr /A =1TeVtand all other couplings vanish at
tree level

Note the that © — ey and © — 3e give
rise to complementary constraints,

and in many cases Mu3e will provide
stronger bounds than MEG II !
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Interesting benchmark scenarios

» Scenario 1”: Bounds on cue = /2|(Kg) > + 2|(Ke) o> for different
values of c../A = c,,/A = c,-/A (all other couplings vanish)

1074
‘_|‘> [ @ — e+ 1inv. g
g 107 )
=
9 10
<
1074 103 1072 101
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Interesting benchmark scenarios

* Scenario 2: Bounds on ¢,, = /2[(KEg)-.? + 2[(K.)-u]? , aSSUMING
Cee/A = cuu/A = crr /A =1TeVtand all other couplings vanish at

tree level

1077 T LHCb projection
FCC
Belle II

107° T
10~% 1073 1072 101 1 10
m, [GeV]
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Interesting benchmark scenarios

* Scenario 2: Bounds on c;. = \/2[(Kg)re|? + 2|(Kc)-|?> , assuming
Cee/A = cuu/A = crr /A =1TeVtand all other couplings vanish at

tree level
10

107 T

103

107> [

lcre| /A [TeV_l]

1077 |
1077 1
10~% 1073 1072 101 1 10

m, [GeV]
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Conclusions

* ALPs with masses below 10 GeV (and higher) would

potentially lead to interesting new-physics effects in
a variety of flavor observables

* Allows one to probe flavor-changing ALP couplings
to quarks and leptons down to few 109 A/TeV
(quarks) and few 107 A/ TeV (leptons)

“ In lepton case, ALP represent a class of models
where future bounds from Mu3e experiment will
outperform those of MEG II
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