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|. Theory Motivations for ALPs
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Axion-like particles are pseudo-Nambu Goldstone bosons

Solves (9 — 2),, anomaly QCD axion

9703409, 0009290, 1411.3325, 1504.06084,
1604.01127, 1606.03097

103

ALPs from sun and stars
Shorter lived

“ ALPs decay within collider

/A [TeV 1]

eff
084

IC

107°
PNGB in supersymmetric

or composite models
0902.1483, 1312.5330,1702.02152

DM candidate m, [GeV]
Mediator to the dark sector
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Axion quality problem

2 £2 ¢ o
V(a) =m: f: ll—cos (—)] +a ——
fa Mot

=
N
a a
1 i 9703409, 0009290, 1411.3325, 1504.06084,
New sector contributes to potential and mass ey
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Composite Higgs models

Mmq My zw NEw my = gpf As
- — @ @ @

gp(my) 9p(As) = 4m

Specify details about heavy sector

G H Ng  NGBs rep.[H] = rep.[SU(2) x SU(2)]
SO(5) SO(4) 4 4= (2,2)

C

Light pseudo-scalar particles = axion-like particles

Andrea Thamm

[Agashe, Contino, Pomarol,...]

[Ferretti 1604.06467]
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|. Theory Motivations for ALPs

2. Effective Lagrangian and Operator Evolution
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. . . [Weinberg: PRL 40 (1978) 223]
Interactions at dimension-5 [Wilczek: PRL 40 (1978) 279]

[Georgi, Kaplan, Randall: Phys. Lett.169 B (1986)]

p<s 1 N meo o Ota ’
Lo = 5((")’Ma)(@ a) — 5 d -+ —f g VrCr Y, YF
F
Qs A& o Auva Q2 a A Yyr7pv,A ay d 2311
s 2 Qe ey 22 WA T L1 2pB. B+
+ caa dr O + cw I + CBB ir fm
Redundant operator
M
£h=5 5 ¢y 22 (610D, ¢ + hoc)

I

[Chala, Guedes, Ramos, Santiago: 2012.09017]
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Higgs interactions at dimension-6 and 7

7
Ch
A3

020 = Coh (5 o) (0"a) 1 -

A2 (0"a) (¢T iD,, ¢ +h.c.) oo+ ...

[Bauer, Neubert, Thamm: 1610.00009]
[Bauer, Neubert, Thamm: 1704.08207]
[Bauer, Neubert, Thamm: 1708.004433]

[Dobrescu, Landsberg, Matchev: 0005308]
[Dobrescu, Matchev: 0008192]
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[Chala, Guedes, Ramos, Santiago: 2012.09017]
[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

ALP couplings to gauge fields

d1n 10 CVV(IU) 0 ) |4 Ga W7

[Chetyrkin, Kniehl, Steinhauser, Bardeen: 980724 1]
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[Chala, Guedes, Ramos, Santiago: 2012.09017]
[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

ALP couplings to fermions | |
1708.00021, 2002.04623 ‘Contribution from Yukawas

.Require redundant operator ;.Mixing of ALP-boson
ﬂas counterterm ﬁoperators into ALP-fermions

2012.09017,2021.12272

Oy —>Z br Of 1308.2627
F
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[Chala, Guedes, Ramos, Santiago: 2012.09017]
[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

ALP couplings to fermions
1708.00021,2002.04623  2012.09017,2021.12272

d 1
Y, +Y,Y] Y,c,Y +Y,e;Y]
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d 1 B 3a? 3) - 32 N
— Y)Y, — —YieQV, + | 2L X + = C( ) 2T 42 1
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d 1 5 3a?
e 'Y, cop — —= YT Y. X+ —Ly2; 1

X =Tr [3% (YY) - YY) -3¢, Y)Y, +3c,Y] Yy —c, V.Y + ceYJYe}
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ALP couplings to gauge bosons
[Bauer, Neubert, Thamm: 1708.00443]

Acga(pw) =0,

Andrea Thamm

Acy~(pw) =0




[Chala, Guedes, Ramos, Santiago: 2012.09017]
[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

ALP couplings to fermions

1708.00443

only non-zero for internal t quarks

Non-trivial flavor structure
14125174
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[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

Numerical solution for A = 4nf with f=1TeV

® Flavor diagonal couplings

i c oHa -
AEDYS fo(“) Fous f
ft

Cdd,ss\Tt) = Cdd.ss (A) + 0.116 Ctt(A) — {7.08 5(;(;(A) + 0.22 5ww(A) + 0.005cpp A)} 1072

(
~ ey (A) + 0.097 ¢ (A) — [7.02 oa(A) + 0.19 G (A) + 0.005 é55(A) | - 1073

~ coo (A) £ 0.116 ¢ (A) — [0.37 aa(A) 4 0.22 Gy (A) + 0.05 &5 B(A)} 1073



[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

Numerical solution for A = 4nf with f=1TeV

® Flavor changing couplings

E’Eggc(ﬂ) — _;_C;w Z |:(mfz — mfj) (ky + kF)ij fzfj + (my, + mfj) (ky — kF)z‘j ﬁ’%fj]
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[Bauer, Neubert, Renner, Schnubel, Thamm: 2012.12272]

Only relevant diagram

——
9,7

"""" 1
9,7 )

Small effect at po = 2GeV

Coa(110) = Caq(me) + [3.0 aa (M) — Lacy(A) — 0.6 cbb(A)} 1072
+Q? [3.9 G (A) — 4.Te(A) — 0.2 cbb(A)} 107

cor(pio) = coo(my) + [3.9 & (A) — 4.7c(A) — 0.2 cbb(A)] 1075




| See Matthias Neubert’s talk

Chiral rotation to remove ALP - gluon coupling

a
q%exp(—fchGG?%>q Irky =Ky +Ka+ ks =1

Match onto chiral Lagrangian

1 mg 2 9
EQJISI% = 5 ot a (%a — 270 a2 -+ gﬂ- Tr [DMZ DMET} + ij BO Tr [2 Thg(a) |- mq(a) ZT]
g2 o L
4 2f Tr[€q(2 D, - %'D W2)| 4 ¢y 4 f F,, F* 4




EQCD axion

ALP mass /
TT a 2
5

Optimal choice for kappa which removes ALP-pion mixing

B my N m? Acyg My, m? Acyg
Ru = + 2 _m2 A Rd = I 2 _ 2 A
oy my me m, GG moy my m= m, ¥CGaG

mqg — My

Acyg = CUU(Mx) — Cdd(:ux) + 2cga Mg + T



|. Theory Motivations for ALPs
2. Effective Lagrangian and Operator Evolution

3. Phenomenology of Flavour Changing ALP Couplings to
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Fermion couplings = |, Gauge boson couplings = | in the plot

More motivated: gauge couplings = |/(4r)?
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Dominant production mode: exotic Higgs and Z-boson decays

Andrea Thamm

[Bauer, Heiles, Neubert, Thamm: 1808.10323]
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Andrea Thamm
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|. Theory Motivations for ALPs

2. Effective Lagrangian and Operator Evolution

3. Phenomenology of Flavour Changing ALP Couplings to
e Quarks

1412.5174

1708.00021
1806.00660
1810.11336
1901.0203 1
2002.04623

ALPs and Quark Flavour Phenomenology
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Flavour change

Cyy = Cww + CBB
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By s — Bgs miXing

10*

10°
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S 10?
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1

107!
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Andrea Thamm

AMS® = (0.5064 + 0.0019) ps~*
AMSP = (17.757 £ 0.021) ps~!

1073 1072 - 107 107 1072
(kp)as/f [TeV™] (kp)s/f [TeV™']

[HFLAV: 1612.07233]
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B, — B, mixing
B, — M_N+ By — Bd mixing
10°
T
S 102
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By — B, mixing

B, — M_N+ Bd = Bd mixing
10°
T
> >
= 10
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S
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107 107 107
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—102
1072 107! 1 10 10? 1073 1072 107! 1 10
M [GeV] g, [GeV]
[ATLAS, CMS, LHCb: ATLAS-CONF-2020-049]
Andrea Thamm
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By — ppt

B, — B, mixing

Bd — Bd mixing

T — ya(pp)
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By — B, mixing

T — ya(pp)

Radiative Decays

B, — M_N+ By — Bd mixing

10°
L

S 10?
>
=

S 10

1

107" - -
10°° 1072 107!
m, [GeV]
Andrea Thamm

BR(Y = ~va)BR(a — putp™) < 9.7x107°

On-shell ALP

BESIII: 1510.01641, BaBar 1210.0287, BaBar 1210.5669, BaBar |108.3549
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https://arxiv.org/abs/1210.0287

By — B, mixing

Bd — Bd mixing

dBr/dq*(B — K*ee)

T — ya(pp)
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Observable

Mass range [MeV]

ALP decay mode

Constrained

coupling c;;

Limit (95% CL) on
TeV
Cij - ( 7 ) VB

Br(K~ — n~vb) 0 < mg < 2610 long-lived kD + kql12 3.6 x 107°
Br(K— — 7~ vy) m, < 108 0%} \kp + kd|12 2.1 x 1078
Br(K~ — 7 v7) 220 < M, < 354 vy kp + kal12 2.4 % 1077
Br(Kp — 7%yy) m, < 110 vy Im[(kp + kq)12]| 1.4 x 1078
Br(K; — w9%~) me < 363 Ay Im[(kp + kgq)12]] 1.2 x 10~7
Br(B~ — K~ vp) 0 <m, <4785 long-lived \kp + ka|23 6.9 x 107¢
Br(B — K*vp) 0 < mg < 4387 long-lived \kp — kq|23 5.1 x 107°

On-shell ALPs

1412.5174, 1708.00021, 1806.00660, 2002.04623

NA62
E949

NA62
NA48
KTeV

BaBar
BaBar



Observable

Mass range [MeV]

ALP decay mode

Constrained

coupling c;;

Limit (95% CL) on

Cij - (T‘}V) -V B

107
107
107
1077

1056 eV

I'=

1078
107
10—10

lkp + kali2/f [TeV™']

a)_

m, [GeV]

10°® 10° 107* 1072

1

lkp + kali2/ f [TeV™']

107~

0 < mg < 261
me < 108
220 < mgy < 354
me < 110
me < 363

lkp + kali2/ f [TeV™']

b)

10°° 107* 107 1
m, [GeV]

Realistic bounds depend on decay length

long-lived kp + kal12
Yy \kp + kq|12
Yy \kp + kal12
0! Im[(kp + ka)12]|
Yy Im[(kp + kq)12]|
1073
1074 [=10""eV i %
=
1075 {1
r=10"eV 3
107 b |5
+
1077 | =
c) E
1078 - —
0.2 03 04
m, [GeV]

3.6 x 107?
2.1 x 1078
2.4 x 10~ 7
1.4 x 1078
1.2 x 1077

NA62
E949

NA62
NA48
KTeV

10 10* 1072 1

m, [GeV]



T — ya(pp)

B, — B, mixing
1 04 s g

Bd — Bd mixing

T — va(7T)

B Krtr—

dBr/dq*(B — K*ee)

T
>
S 107 -
Ny
=
210 :

| \B+—>7T+/J+/f_

107! -
1073 1072 107! 1 10 1072 1070 1 10
m, [GeV]
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Observable Mass range [MeV] ALP decay mode Constrained Limit (95% CL) on
coupling c;; Cij - (T‘}V) VB
Br(K~ — n~vb) 0<mg <2610 long-lived kD + kql12 3.6 x 107°
Br(K— — 7~ yy) mg < 108 0%} \kp + kd|12 2.1 x107®
Br(K~ — 7~ 7y) 220 < mg < 354 vy kp + kq|12 2.4 x 1077
Br(Ky — 7%yy) me < 110 vy Im[(kp + kq)12]] 1.4 x 1078
Br(Kp — 7%yy) me < 363 Yy Im[(kp + kq)12]| 1.2 x 1077
Br(Kp — mlete™) 140 < m, < 362 ete Tm[(kp + kq)12]] 2.9 x 1077
Br(Ky — moutp™) 210 < m, < 350 wh Im[(kp + kq)12]] 4.0 x 1079
Br(Bt — wtete) 140 < m, < 5140 ete kp + kal13 7.0 x 1077
Br(Bt — ntptp”) 211 < mg < 5140 ¢¥) T kp + kql13 1.2 x 107
Br(B~ — K~ vp) 0 < m, <4785 long-lived \kp + ka|23 6.9 x 1076
Br(B — K*uvp) 0 < mg < 4387 long-lived \kp — kalos 5.1 x 107°
dBr/dq2(BO — K*O€+€_)[0_0,0_05] 0 <m, <224 ete” |kD — kd|23 6.4 x 1077
dBI‘/dq2(BO — K*06+6_)[0.05’0.15] 224 < meg < 387 €+€_ |]€D — l{d|23 9.3 x 10_7
Br(B~ — K~ a(ptu™)) 250 < mg < 4700 () put ™ kD + kal2s 4.4 x 1078
Br(B° — K*%a(utp™)) 214 < m, < 4350 (1) ptp kD — kal2s 5.1 x 1078
Br(B~ — K 7777) 3552 < m, < 4785 rtr— \kp + kq|23 8.2 x 10~°

On-shell ALPs

1412.5174, 1708.00021, 1806.00660, 2002.04623

NA62
E949
NA62
NA48
KTeV
KTeV
KTeV

Belle
Belle

BaBar
BaBar
LHCb
LHCb
LHCb
LHCb
BaBar



T — ya(pp)

B, — B, mixing
1 04 s g

Bd — Bd mixing

T — va(7T)

B Krtr—

dBr/dq*(B — K*ee)
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=
210 :
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T — ya(pp)

. — B, mixing
g =

T — ~vya(7T)

Bd — Bd mixing

B> Krtr~

10°

dBr/dq*(B — K*ee)

lcwwl/f [TeV™]
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Anomalous magnetic moments

= (288 63 +49) - 10!

my = 1 MeV

9]
T

C,,/A [TeV™']
(=]

1072 1070 1 10

|
9]
T

Cu/ N [TeV™]

Muon g-2: 0602035, 2006.04822 Haber, Kane, Sterling: Nucl. Phys. B 161 (1979)
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Z widths

T, = (2.495 + 0.0023) GeV

1072 1070 1 10
Y

| < 1.48 [ A ]

1 TeV

LEP: 0509008
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Higgs Branching Ratio

Br(h — BSM) < 0.34

— I'(h — BSM) < 2.1 MeV

1072 1070 1 10

A 2
— |CSF] < 1.34 LTGV}

ATLAS and CMS:1606.02266
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T — ya(pp)

1 04 B, — B, mixing

T — ~vya(7T)

Bd — Bd mixing

B> Krtr~

103 dBr/dq*(B — K*ee)

T
S 10°
g
= B — K*a(pp)
§ 10 ML

| Bt 7T+,u+,u__

10—1 ! L ! . . . .
1073 1072 107! 1 10 102 100" 1 10
m, [GeV]

Flavour bounds are complementary to other collider bounds

Andrea Thamm
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[Jaeckel, Jankowiak, Spannowsky: 1212.3620]
[ATLAS High mass di-photon final states: 1707.04147]
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> 1
=
= 107!
IS5
1072
1073
1074

B mixing

B— Krtr—

T — ~ + hadrons

Andrea Thamm
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lcal/f [TeV™]

Andrea Thamm

Flavour change
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B mixing

B— Krtr—

T — ~ + hadrons
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Chromomagnetic moment of the top

102 100" 1 10

—0.014 < Re(4) < 0.004

CMS: 1907.03729
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Higgs Branching Ratio

Br(h — BSM) < 0.34

— ['(h - BSM) < 2.1 MeV

102 100" 1 10

Csf

A

— < 0.72 TeV ™!

ATLAS and CMS:1606.02266
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lcal/f [TeV™']

By — B mixing

K; — mlete™

Kp -yt p™

Andrea Thamm
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lcal/f [TeV™']
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Flavour change
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lcal/f [TeV™']

By — B mixing

K; — mlete™

Kp -yt p™
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Flavour change
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|. Theory Motivations for ALPs

2. Effective Lagrangian and Operator Evolution
3. Phenomenology of Flavour Changing ALP Couplings to
e Quarks

* Leptons

1806.00660
1908.00008
1911.06279
2006.04795

ALPs and Lepton Flavour Phenomenology
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Cuel f [TeV™']

Andrea Thamm

Muonium
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Cuel f [TeV™']

Andrea Thamm

Flavour change can’t be generated from loops

Some observables generated only at loop-level

Heavy leptons in the loop can magnify ALP effects

m, [GeV]
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Lepton decays

»
---";‘ Yymmmmn|
------- ®aummmm=

mms
¢---------::------

--::’-------'-
-- -

Off-shell ALP

Strongest limits for on-shell ALP

LAMPF: Phys.Rev.D 38 (1988) 2077
Sindrum: Nucl.Phys.B 299 (1988) -6

m, [GeV]
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* MeV-GeV ALPs and Axions well motivated

* Significant impact of RG evolution on phenomenology

* Collider probes complementary to flavor probes
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Example: DFSZ QCD axions




