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Feebly interacting particles - very weak couplings

Generic feature - long lift time T =

=] =

1
dl’ ~ — | M[?d®,,
M

Various features can imply a long life time

Suppressed phase space

Small matrix element

Approximate symmetry

Small couplings to lighter states
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Long life time = long decay lengths A =cCT

Light or heavy wrt to the electroweak scale

Can couple and decay to quarks, leptons or gauge bosons
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In the SM - neutrino

1956
Discovery of neutrino
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Theoretical models that include feebly interacting particles

Models motivated by the hierarchy problem

Extra dimensional models - KK towers of the scalar graviton
(FIPs below the EWV scale)

Neutral naturalness - FIPs in the mirror sector

Coupling via Higgs portal

(H'H) x m} — (H'H) X (m + ¢;S + ¢,5?)
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Theoretical models that include feebly interacting particles

Models motivated by the strong CP problem
HQCDG/,W w (HQCD + ]T) U /u/

a

QCD axion or generalisation to ALP
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Theoretical models that include feebly interacting particles

Models motivated by extended gauge groups
SUB)pep X SUQR), X U(l)y = SUB)pcp X SUR2), X U(1)y X U(l)y

New gauge boson as FIP
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Theoretical models that include feebly interacting particles

Models motivated by neutrino masses
m, pov — y,NvH + h.c.

Dirac neutrino as a FIP

Majorana neutrino used in leptogenesis with light HNL as a FIP
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Theoretical models that include feebly interacting particles

Models motivated Dark Matter

WIMP with a FIP coannihilation partner

Freeze in Dark Matter
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Powerful bottom-up characterisation via portals

Portal Coupling Taken from 2011.02157

Vector: Dark Photon, A" —3 s Ty F, B""
Scalar: Dark Iliggs, S (S + AusS?) T
Fermion: Heavy Neutral Lepton, N  ynLHN

: =~ -~ oo =
Pseudo-scalar: Axion, a fiaF,,,,F"", f%Gz-,,“,Gf' v, ="y Y
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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 a st
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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Strongly coupled heavy sector at scale m,

[Contino, Nomura, Pomarol: hep-ph/0306259]

[Agashe, Contino, Pomarol: hep-ph/0412089]

[Agashe, Contino: hep-ph/0510164 ]

[Contino, Da Rold, Pomarol: hep-ph/0612048]

[Barbieri, Bellazzini, Rychkov,Varagnolo: hep-ph/0706.0432]

weak dynamics strong dynamics
mp,z,w NeEw My = gpf Asg Apv
® ® ® ® ®

gp(m,) gp(As) = 4m

* Spontaneous breaking of global symmetry
* Higgs arises as a pseudo-Nambu-Goldstone boson

* Above As H no longer elementary d.of. — solves hierarchy problem
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Composite Higgs models

Ma M, zw NEw My = gpf As Ayv
o— @ @ @ o

Light pseudo-scalar particles = axion-like particles [Ferretti 1604.06467]
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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 9 meo o OMa -
Lo 25(%@)(8 a) — 5 ¢ +TZ¢F0F%¢F
F
s @ -~ Qg @ A o~ A a1 a -
s 2 e Geva 22 DA s L1 - B, B~
‘|—CGG 47Tf n —|—CWW 47Tf n _|_CBB 47Tf L
Exotic Z-decays q v
- Y
A a
q 8

Andrea Thamm |8



Higgs interactions at dimension-6 and 7

(7)
L i = A2 (0,a)(0%a) '@ + A3 (0" a) (¢"iD, ¢ +h.c.) '+ ...
h — aa h— Za
[Dobrescu, Landsberg, Matchev: 0005308] [Bauer, Neubert, Thamm: 1610.00009]
[Dobrescu, Matchev: 0008192] [Bauer, Neubert, Thamm: 1704.08207]
[Bauer, Neubert, Thamm: 1708.004433]
Exotic Higgs decays J 4
h a
--a. Y
g Y
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Fermion couplings = |, Gauge boson couplings = | in the plot

More motivated: gauge couplings = |/(4r)?

['(a— X) [eV]

A=1TeV
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m, [MeV |
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Average decay length perpendicular to beam axis

. 5(1% . BI’(CL—)XX)
L-(6) =sin6 = 2 _1 _
—(0) = sin T sin 04/ 2 (o XX)

Fraction of ALPs decaying before travelling a certain distance

/2 |
Jdet = / do sin@(l _ e Laes /Ly (9))
0

Decay into photons Decay into electrons
before EM calorimeter before inner tracker
Lijet = 1.0m Lijet = 2cm

Effective branching ratios

Br(h — Za - (7¢"XX)| . = Br(h = Za) x Br(a = XX) faec Br(Z — £7(7)

Andrea Thamm
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Reach in Z — va

eff -1
CM/A[TeV]

Andrea Thamm

[Bauer, Heiles, Neubert, Thamm: 1808.10323]

Helioscopes
107°F

107 102

Collider

m, [GeV] 1 10 100



[Bauer, Heiles, Neubert, Thamm: 1808.10323]
[Knapen, Thamm: 2108.08949]

Dominant production mode: ALP associated production

6+ s Z €+ Vs Z

Y
NN\ g 8
a_ ¥ a_ T a_ a_ W= a _ H’YZ
AVA VAR Y 8 Y
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Discovery potential

Andrea Thamm

eff -1
ICM/A [TeV]

1076}

Astrophysics
Helioscopes €+ e — va
05 102 10°  10° 1070 [ T10°

[Bauer, Heiles, Neubert,Thamm: [808.10323]

l

Collider

m, [GeV]

L =05ab™
L =15ab™
L=3ab!
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ALPs at Mathusla

leptonic decay hadronic decay
Multi-layer T
tracker in roof l
N
Scintillator %’
surrounds
Surface detector 1
- ’ - i
c' ,"
L 4 =
CE) ¢ ‘ o g - ’ tral
— or CMS ¢ .* - LLP
L | J LHC beam pipe
100m 200m
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Decay probability

Andrea Thamm
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Exotic Higgs decays at Mathusla

/A [TeV™]

eff
C,U,U

107 102 1070 |
ICl/A [TeV™']
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- LHC
- MATHUSLA

/A [TeV™]

eff
C,UIJ

10—3 1072 107 1
|CT/A* [TeV™?]
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Exotic Higgs decays at Mathusla

ICE/A [TeV™']

10710t

1076}

10—8 L

h — Za

—— eﬁ _ 1 A
Zh TeV
A
----- Cl =0.1—
Zh TeV
A
llllll eH —_— —_—
ol — 0.015TeV
16—3 1
m, [GeV]
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ICE /A [TeV™']

1076}

10—8 L

10710t

h — aa

—_— = 0.72%
----- @§:01%%
------ ol = 0.015%
10- 1
m, [GeV]




Exotic Z decays at Mathusla

103

Collider

(U

eff -1
ICM/A [TeV™]

p—
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* Large variety of models motivate search for FIPs

e LHC can search for FIPs




Thank you!
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'MATHUSLA (blue) and ATLAS IT orange)
dark photon exclusion for contours
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