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Motivation

Im ¢

/7

*  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, explanation of (g-2),,, ...

0.

*  Assume the existence of a new pseudoscalar resonance 4,
which is a SM singlet and whose mass is protected by a
(approximate) shift symmetry a—a-+const.

/7

* How can one probe such an ALP at colliders?

[previous studies: 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; ...]
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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
mﬁ,o - [Georgi, Kaplan, Randa ]
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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):

m? o*a

1 s z
Lo = 9 (Ona)(0"a) — 2’0 o’ + e Z Vi Cr Yy YF
F

a =
+ g2 Caa - G4, G* 4 + ¢

a
O

VVA

M. Neubert: Recent progress on ALPs (La Thuile 2019)

g 1

a

C(I/VI/V A

[Georgi, Kaplan, Randall 1986]

~ a ~
W/j}/ W’U’V’A + 9/2 CBB K BMV B*
@EWSB
262 a ~ 62 a -
Gy 2k 7 Crz—Z /"
el s o =

(wa = Cww +CgB etc.)



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
mﬁ,o . O [Georgi, Kaplan, Randa ]

a +T; Vr Cr v, Yr

1
LE = = (0ua)(9"0) -

a 1%
+g; Coe 3 G G /4 9" Cww
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€ C?’VKFMVFM +chw C,YZKF’LWZ'LL —i_S?UC%U CZZKZILLI/ZM
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C a -
Z % o f s |+ flavor off-diagonal terms
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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
m?L,O - [Georgi, Kaplan, Randa ]

1 z
Lo = 9 (Ona)(0"a) — e e e Z Vi Cr Yy YF
F

a

A

a

a v
+ g2 Coc +— Gi, M4 + ¢ Cww A

1 W/fy W,m/,A i g/2 CBB

OB

» At D=6 order and higher, additional interactions arise:

DZG_% p I % p JE5 J
s — 2 (0,a)(0"a) ' + A5 (0"a) (¢"iD,p+hc) g+ ...

» Qur goal is to probe scales A~1-100 TeV at the LHC
* Include one-loop corrections in production and decay rates
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Example: ALP decay into photons

* Including the complete set of one-loop corrections, we
obtain from the effective Lagrangian:

daraizm= )
[(a — vyy) = 3 |C”;f

where (r; = 4m?/m?2):

Ceff A fQQ B 20 CWW
’w(ma > Aqep) 77"’2 T cry Bi(7y) + —) By (Tw)

~
Y Y gl

_ f a_ T a_ _ W= a _ H’YZ
Y Y Y Y
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Example: ALP decay into photons

* Including the complete set of one-loop corrections, we
obtain from the effective Lagrangian:

Aoz = b
[(a — vyy) = 3 |Cvf7f

where (r; = 4m?/m?2):

oot L e fQ2 200 Cywy
v (e 2> Aqep) w""Z = Leps Biry) + = Bs(Tw)

.
eff s m Mg — MMy, Cuu — Cdd
077 (ma 5 1G6V) ~ wa o (1.92 iz 004) CGG = S [CGG T 3972
BEOE Ce 204 Cww
= q;t T2 ¢ Bin) +€eZMT 62 By () = By (mw)
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Pattern of decay rates

* Assuming that the relevant Wilson coefficients are equal
to 1/ TeV, we find the following pattern of decay rates:
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Constraints on Cyy and Cee

model dependent!

103 _/
| 10°
1
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e >
- 10—3 E
< <
— SN1987a ~
O o~ qu‘) %
S) L 107
107° SN
Decay
Cosmology 106
107°
10°% 1072 10 10 1073 1 103 107 107 107 1
m, [GeV] m, [GeV]

[Armengaud et al. 2013; Jackel, Spannowsky 2015; many others ...]
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Resolving the (g-2), anomaly

* Anomalous magnetic moment of
the muon could be explained by
virtual ALP exchange:

/A [TeV™1]

)
s

)
eff
YY

=
s
L
=
C

[Marciano, Masiero, Paradisi, Passera 2016]
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L)

¢  Anomaly a2 — a3M = (288 £63+£49) - 10~
can be reproduced for O(1) Wilson 0
coetficients C, and cyy

<+ BaBar search for [BaBar: 1606.03501]
erfcs e o T
significantly constrains the
allowed parameter space (grey)
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* Tighter constraints expected from 0
Belle II
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Higgs Decays as an ALP Factory

[see also: Dobrescu, Landsberg, Matchev 2000; Chang, Fox, Weiner 2006; Draper, McKeen 2012; Curtin et al. 2013]



On-shell H

1ggs decays into ALPs

| Bounds from Br(h-BSM) < 0.34 |

“ Effective Lagrangian allows for | [ATLAS & CMS: 1606.02266]
h—Za and h—aa decays at rates ¢ |
likely to be accessible in the =
high-luminosity run of LHC =
(already with 300 fb-1) =

* Branching ratios can reach 10% bl -

IC/A [TeV™']

* Higgs physics provides powerful observatory for ALPs

in the mass range |

between 1 MeV and 60 GeV, which is

otherwise not easi]

y accessible to experimental searches
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Example: Exotic decay h—aa

* Higgs portal interaction and loop-mediated processes
allow for ALP pair production in Higgs decay:

@t ? 02m3 2m? 4m?
['(h — aa) = — Bl =2 )1 - =2
: ( 22 3w ( ms > i
with:
e NC y2 :u2
Co = Can(p) + ?; & llﬂ 0 91(Tt/h)] + ...

ST e e

* A 10% branching ratio is obtained for |Cf| ~ 0.62 (A/TeV)?
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Example: Exotic decay h—aa

* Depending on ALP decay modes, several interesting
final-state signatures can arise:

“ h—-aa—yy+yy, where the two photons in each pair are
either resolved (for m,> ~100 MeV) or appear as a
single photon in the calorimeter (adds to h—yy signal)

¢ hoaa—ItI+1 with I=e,u,T

* h-aa—4j, including heavy-quark jets, ...

+ Most of these decays can be reconstructed
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Decay-length effect

* Weakly coupled light ALPs can have a = Z}
macroscopic decay length, hence only
a fraction f4ec decays inside detector

* We define effective branching ratios:

Br(h — aa — 4X)‘eﬂ_, — Bl — el Bl — OXE

Brlly 20 el a| TS Bl )
<Bila — ¢ L, BlZ — )

* Even for L, >> Lqet there remains some sensitivity
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Probing the ALP-photon coupling

* Higegs analyses at the LHC (Run-2, 300 fb-1) will be able
to explore a large region of uncovered parameter space:

103 e ]
I LEP N .
=
i T — inv. +y [ a |
| ete” > inv. +y |
I 7 A ]
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107°
-5 102 10° 10 1073 1 103
m, [GeV]

M. Neubert: Recent progress on ALPs (La Thuile 2019)



Probing the ALP-photon coupling

* Higgs analyses at the LHC (Run-2, 300 fb1) will be able

to explore a large region of uncovered parameter space:
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+ Region preferred by (g-2), can be

covered completely!

» The ALP-photon coupling can be

probed even if the ALP decays
predominantly to other particles!

eff
Cr

a

eff
Cah

eff
Cah

= 0.01, Br(a — vv) > 0.49
= 0.1, Br(a — vy) > 0.049
=1, Br(a — vy) > 0.006

(for A — | TeV)

Kl



Probing the ALP-lepton couplings

* Higgs analyses at the LHC (Run-2, 300 fb1) will be able
to explore a large region of uncovered parameter space:

=
J fove Col = 001 Brla— ee ) 040
Clle—p1 Belod ~ e ) 0010

¢ Bia— o) 000G
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Assume (absence of LFV transitions):
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Probing the ALP-photon coupling

0 00% | |
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M. Neubert: Recent progress on ALPs (La Thuile 2019) 13



Probing ALPs at Future Colllders

TRV A

* We focus on ALP decay
a—yy but similar results
hold for ALP decays into
leptons, jets or heavy
quarks

<
© Copyright CERN 2014 .?



ALP searches at tuture hadron colliders
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ALP searches at tuture e*e- colliders

(assuming Cww=0, so that C,, and C,z are correlated)
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AlL.P searches at tuture e*e- colliders

103
- - 1
| |
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based on work with Mathias Heiles

assumes Br(a — vyvy) =1
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Conclusions

« BExotic Higgs and Z decays provide new probes for
ALPs with masses between 1 MeV and 90 GeV, and
couplings suppressed by A~1-100 TeV and beyond

» Searches for final states such as h — 4+, h — (70 ~~,
h — ¢ 47 ¢3¢, and final states with jets need to be
devised

“ Accessible parameter space could be significantly
enlarged at future hadron and lepton colliders

M. Neubert: Recent progress on ALPs (La Thuile 2019) 17



© Matthias Neubert

il

i
1




