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Motivation

Im ¢

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

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

Such a particle could explain the muon’s anomalous magnetic
moment or the recently observed excess in Beryllium decays

[Chang, Chang, Chou, Keung 2000; Marciano, Masiero, Paradisi, Passera 2016]
[Feng et al. 2016; Ellwanger, Moretti 2016]
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Eifective 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 A a new-physics scale): [Geotoi Kaplin Bandoliiis]
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* At dimension-6 order and higher additional interactions arise:
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» Qur goal is to probe scales A~1-100 TeV at the LHC
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Eifective Lagrangian

After electroweak symmetry breaking the effective Lagrangian
contains couplings to photons and Z-bosons given by:
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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:
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Resolving the (g-2), anomaly

* The anomalous magnetic moment
of the muon can be explained by

virtual ALP exchange: -
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[see also: Marciano, Masiero, Paradisi, Passera 2016]
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can be explained for O(1) Wilson
coetficients Cy and ¢y

+ BaBar search for [BaBar: 1606.03501]
ees il 4 il
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allowed parameter space
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Much tighter constraints expected
from Belle II
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Constraints on Cyyeand cef

model dependent!
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[Armengaud et al. 2013; Jaeckel, Spannovsky 2015; many others ...]
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Higgs decays into ALPs

* The effective Lagrangian allows for the decays h—Za and

h—aa

at rates likely to be accessible in the high-luminosity

run of the LHC (already with 300 fb-1)

* The subsequent ALP decays can readily 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,

whic

n is otherwise not easily accessible to experimental

searches
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Higgs decays into ALPs

* We compute the relevant production and decay rates of
the ALP at one-loop order, e.g.:

with:
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* A 10% branching ratio is obtained for |C&| ~ 0.62 (A/TeV)?
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Higgs decays into ALPs

+ Current bounds (at 95% CL) on the relevant (effective)
ALP-Higgs couplings from Br(h—~BSM) < 0.34:
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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 tb-! of LHC data
(Run 2)

* Always probe a pair of ALP couplings, those relevant
for the production and decay process; here we focus on
h—aa and a-yy, I*I-
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Higgs decays into ALPs

* Depending on the decay modes of the ALP, 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)

KX h_>aa—>l+l'—|—l+l' Wlth l:e/ ‘U, it

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

+ Most of these decays can be reconstructed in LHC Run-2
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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:
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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:
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* The ALP-photon coupling can be
probed even if the ALP decays
predominantly to other particles!
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Probing the ALP-photon coupling
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* Alternative representation of the parameter space in the ALP-Higgs
and ALP-photon coupling plane

+  Accessible region depends

lo*g 1 : : ' : i : :
on the ALP mass and a—-yy T m I O/ o i
branching ratio (dashed ~ ) 7 v w
contours) < 0 e
- B
* Lines show predictions for g - ’,
the coefficients in two “’,mr_ ;GV - o N
scenarios with couplings e
induced by loops of SM e
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M. Neubert: ALPs at the LHC and future colliders 13



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:
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Conclusions

« Bxotic Higgs decays provide multiple new ways to probe
for ALPs in the mass range between 1 MeV and 60 GeV,
with couplings suppressed by A~1-100 TeV and beyond

* In some regions of parameter space, the ALP signal would
enhance the measured rates for h—yy and h—Zy

* In other regions, new searches for final states such as h—1*I-

vy, h—-4y, h—1i*lr b1y or final states with jets need to be
devised

+ Accessible parameter space can be enlarged significantly
with planned future lepton and hadron colliders
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* We focus on the decay
chains pp—h—Za-llI-+yy
and pp ol o Za LB
but similar results hold
for the ALP production
channels h—aa and Z-ya
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HE-LHC (/s=27 TeV, L=3 ab-1)
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4 | wet vt vt ! 2e! el wo TR el st 2t vt xS xSt
0% 3|8iFiZi% 2 SIS EE S SIS EE S
27 e 2l 8 =] Rt HES H == 2 s 2 8
i S TS HE R
10} P : ‘
T
> 1
Q
=
-2
=10
&
P>~
~
10~
_6 )
107 1y, = 10GeV mg, = 1GeV m, = 100 MeV

102 102 10" I 10 10°% 10210 1 10 102 102 10! 1 10
f 1
LHC Run-2, £=300 fb-1 conl/f [TeV ]
FCC-ee, L=12 ab-l @ hWV threshold and £=3.6 ab-! @ ¢t threshold

M. Neubert: ALPs at the LHC and future colliders

10 yrs.)

25



FCC-hh (/s=100 TeV., £=20 ab’!
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FCC-hh (/s=100 TeV., £=20 ab’!
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FCC-hh (5=100 TeV, £=20 ab-!)
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MATHUSLA Surface Array

charged
particles

Multi-layer
tracker in the roof

Scintillator
surrounds
detector
Surface P
¥ ¢
SIGNAL: 5o High-energy
£ "t‘l‘;”' o muon from LHC
8 ATLAS . 2
Cosmic Rays
F
2% ar CMS . 5&?3’[:;&'?;?2:'( (charged particles)
B LHC beam pipe
| || |
100m 200m

A surface extension to ATLAS/CMS at LHC Run-2

[Chou, Curtin, Lubatti: 1606.06298]
M. Neubert: ALPs at the LHC and future colliders Dk



MATHUSLA Surface Array
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