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Physics Beyond the Standard Model

SM 1s not a complete description of Nature:
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The Dark Universe
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Dark Matter in the Universe

Evidence on multiple scales due to gravitational interactions:
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number density

Canonical particle DM - WIMP

Since late 70’s, its well known that new particle with
electroweak-scale mass and weak interaction with SM

naturally provides the observed relic density Qh* ~ 0.1.
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Looking for WIMPs
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Status of WIMP DM

Null signal of WIMP DM so far — stringent constraints obtained,
but the benchmark (ov) &~ 2.2 X 1072° cm’s™! has not yet been fully tested.

Well motivated extensions of the WIMP paradigm:

WIMP annihilating into gauge bosons (1-loop coupling to quarks)

b CeV WIMP — DD signal suppressed
—annihilations within the DS

Secluded WIMP

Multi-component DM - e.g., axions+ WIMP

— ID signal suppressed

Modified cosmology - e.g., early matter domination, late-time reheating



WIMPless Dark Matter

: .The WIMPless Miracle...” J.L. Feng, J. Kumar, Phys.Rev.Lett. 101 (2008) 231301
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4
keeping (ov) & 2= =22 % 10720 cm’s™! ——  WIMPless DM
m2
X e m~ 0.1 GeV

. g~0.001



Sub-GeV New Physics

« Typical scenario: extend SM by Dark Sector + Mediator

« DM freezes out while the mediator decays into SM particles

Standard Portal Hidden

“«------ >

Model Sector

« Restricting to dim-4 operators, there are only 3 possibilities:

. ZLvector portal — — EF W
_ 2
« Zscalar portal = o, SH'H + aS*H'H

. £ 1 = Iy, (GQbe,aHb) N

neutrino porta

« At dim-5: fermion portal, arion portal, Higgs-dark fermion portal, ...



Intensity frontier

Light, weakly interacting particles

Weak couplings — large luminosities required

N signal ~ Lum X Uprod X Pdet X G

«  Beam dump experiments (proton, electron)
« Light relics: . Small energies of beam

freeze out /freeze in DM, « Huge number of collisions on target

« Cosmology

gravitational waves, A Nefa LHC — use “wasted” luminosity as a

collimated beam of light new species py ~ m

- Beyond SM physics 0 ~ m/E ~ 100urad

« Neutrino masses, leptogenesis LHC
. . ForwArd Search
. (8 —2),, beryllium anomalies Sps < ExpeRiment
. Feng, Galon, Kling,

Trojanowski 1708.09389

P _PS D
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Intensity frontier and long-lived particles

Some experimental signatures

Look for:

« highly-displaced visible decay signatures of light long-lived particles
(LLPs) in a distant detector, which is well-shielded from SM background

« missing energy in invisible decays

- scatterings with electrons/nucleus, ... . SUSY

Arkani-Hamed, Delgado, Giudice, 0601041

- renormalizable portals
Realistic BSM models typically predict Physics Beyond Colliders, 1901.09966

multiple LLPs which can provide . axion-like particles

1t1 ' B t al, 1808.10323
additional detection modes auer et a

« heavy neutral leptons
Cottin, Helo, Hirsch, 1806.05191

- Twin Higgs, NNaturalness, ...
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ForwArd Search ExpeRiment

FASER - start with LHC RUN3
(2022-2024), & = 150fb™"

R=1m, L =1.5m
FASER?2 - start with HL-LHC
2 =3000fb~ R = 1m, L = 5m

Feng, Gallon, Kling, Trojanowski, 1708.09389

Letter of Intent for FASER: ForwArd Search ExpeRiment
at the LHC, 1811.10243; Technical Proposal for FASER:
ForwArd Search ExpeRiment at the LHC, 1812.09139

Ny~ 112N, ~ 23 x 10", N, ~2.5x10', Np~1.1x10", Ny~7.1x10"
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ForwArd Search ExpeRiment

FASER - start with LHC RUN3
(2022-2024), & = 150fb™"

R=1m, L =1.5m

FASER?2 - start with HL-LHC
2 =3000fb~ R = 1m, L = 5m

Feng, Gallon, Kling, Trojanowski, 1708.09389

Letter of Intent for FASER: ForwArd Search ExpeRiment
at the LHC, 1811.10243; Technical Proposal for FASER:
ForwArd Search ExpeRiment at the LHC, 1812.09139

FASERv/FASER2v

0.25x0.25%x 1m / 0.5 % 0.5 X 2m
detector (%§4W) put in front of the

decay vessel

—> probing high energy neutrinos;

Technical Proposal: FASERnu 2001.03073
N, ~ 1300, N, ~ 10000, N, ~ 20
e U T

Detecting and Studying High-Energy Collider
First neutrino interaction candidates at the LHC 2105.06197 Neutrinos with FASER at the LHC 1908'023101




=100m

Other CERN based intensity frontier experiments

MATHUSLA - start with HL. LHC (proposed)

leptonic decay hadronic decay

Multi-laver tracker

Surface Floor detector

. LHC beam pipe

<100m ' ~100m
E. Torr6 for the MATHUSLA Collaboration

Muon shield
Target and

Scattering and
neutrino detector

SHiP - start about HL. LHC (proposed)

"~ Particle ID
Decay spectrometer

hadron absorber SHIP EXperiment PROGRESS REPORT

@ Missing X — DM, Flavor

@ rescattering — DM, Flavor
@ LLP - Visible, Flavor —_ I
@ Millicharged — DM, Visible [ Significant US contribution |
@ Rare/Prompt — Visible, Flavor [ International effort |

Detector signature = Physics Driver | \Jodlest upgrades enable transformative physics

PIP-Il [PIP-IBD® @ |

Present |LEsa [(DWX@@w |
Many more proposals and e | e
. M M [pui M3 @
ideas related to lab-based S ESi 9] EEETEG —= —
Dark Sector searches FRECI - | [ovee ESNEDGS .
3 ’LANSCE [CCM 0@ . ‘
%) 1
. > | sns [COHERENT @ @ | [COHERENT-STs @@ |
were discussed at Snowmass s | e
imeline } >
e.g., 2206.04220, 2207.00597, 2207.06898 | nES . [PIONEER |
Forward Physics Facility, 2109.10905, FLArE [ Mes _HIiES: 06 | | Timeliné unknown or
g ‘ SuperKEKB |Be||e-|| 000w || beyond next Snowmass
2101.10338, ... S [os BEce [FokeRee T [SHP ® @ |
g [NAG4-p & I | |
S . d. . % | — I SHADOWS @
ome previous studies: § (6 [moew [[EFCh upgrade @ @ |
. . . S [ Codex-p @ | [ Codex-b @
Batell, Pospelov, Ritz, 0906.5614, deNiverville, BT 00 l e v oo
Pospelov, Ritz, 1107.4580, IiIGen @ | ieicod SND
HL-LHC & FPF 2206.04220 14



https://arxiv.org/abs/2101.10338

Secondary production of LLPs -

coing beyond the long lifetime regime

Assume nonminimal BSM particle content featuring LLP’s with my;p > my;p

Interaction point Material in front Detector
O % e .
T R T L S e L e
p—> LLF, LLP e+
Primary production Secondary production Decay

Primary production limited to a certain lifetime regime of new particles that must
reach the detector before decaying

L, L..—L,., Lint 2 e=Lmin/d  for d < Ly
‘@decay = EXp\ == 1 — EXp\ — ’ N, sig X

d d Lint 62 Lmaxd_anin for d > Lmin
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Secondary production of LLPs -

coing beyond the long lifetime regime

Assume nonminimal BSM particle content featuring LLP’s with my;p > my;p

Interaction point Material in front Detector
O % e .
T R T L S e L e
p—> LLF, LLP e+
Primary production Secondary production Decay

Primary production limited to a certain lifetime regime of new particles that must
reach the detector before decaying

L, L,..—L,, Lt 2 g=Lmin/d  for d & L
‘@decay = E&Xp\ ———= 1 - CXp\ — = ’ N, sig X

d d Lint 62 Lmaxd_anin for d >> Lmin

« Secondary production: LLP, + SM — LLP, +SM
Signal due to LLP, — LLP; + visible or LLP,,+e¢™ — LLP,+ e~

16



Experimental signatures of new physics at FASER

« LLP signal inside the decay vessel — eTe™ and y Detector
. E, > 100 GeV _ y
« ete™ search: negligible background due to high energies of LLP’s e
« y search: = e+
+ neutrino-induced BG minimized by preshower put in front of the calorimeter
« BG from muon-induced photons vetoed by scintillators detecting a time-coincident muon going through

the detector — excess of single-photon events unaccompanied by any muon indicative of new physics

17



Experimental signatures of new physics at FASER

« LLP signal inside the decay vessel — eTe™ and y Detector
. E, > 100 GeV y
« ete™ search: negligible background due to high energies of LLP’s e
. ¥ search: = e+
+ neutrino-induced BG minimized by preshower put in front of the calorimeter
« BG from muon-induced photons vetoed by scintillators detecting a time-coincident muon going through

the detector — excess of single-photon events unaccompanied by any muon indicative of new physics

« Prompt decays of high-energy LLPs inside the emulsion detector

- looking for very high-energy photons E, > 1 TeV or 3 TeV unaccompanied by any time-coincident muon
(timing layers placed between the emulsion plates to gain temporal resolution needed to veto muon induced y)

« Scattering off electrons
« new-physics-induced neutrino scatterings off electrons producing detectable electron recoils inside the neutrino
detector.
« Energy and angular cuts:
« Electron energy and angular cuts following the DM scattering signature
Batell, Feng, Trojanowski, 2101.10338

« The cuts have been designed to minimize the neutrino-induced BG to the level of O(10) such expected events

in FASERvV2.
Decay vessel
o P X
Only scattering ..., LL L, i EMé i _LEEZ ____________________ L _<g+
(v 1% : :
Double signature oo : 'g-'_ — e e
- 5k hard e+
S 50
p -S+" &g}ni% decay vessel j% ------------------ -<e
tracker layers

18



Vector Portal - Dark Photon

Extend SM by “dark” U(1), gauge group:

1 1 , €
<Y D>—-—-—-B"B,  ——F"F, ——B"F
4 S| # 2 # 2

2 A A
mAA Aﬂ

QED + Dark U(1), + Kinetic mixing + Mass term
€ i
_EB L,

Even if ¢ = 0 at tree level, non-zero value induced by loops

BY XH

EDSESM ~ 104
1672

I

Okun, 1982
Holdom, 1985
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Dark Photon - production, detection

107

Mesons decay
Bremsstrahlung

fetime decays

Al

Drell-Yan

A’ Mass 10 GeV

Production contributions for masses of interest only weakly dependent
on the Dark Sector matter specification
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Inelastic DM

gint 2 glzﬂ?z}/ﬂ)(leu +h.c. Smith, Weiner, 0101138

« Two termions with dominant non-diagonal couplings to dark photon

.y, is stable; relic density obtained thanks to y,y, (co-)annihilations

« Masses in regime where dark photon predominantly decays into

1 and y, while dark photon is produced mainly in mesons decays

Masses leading to invisible decays

ma l off-shell
1 m, :m, :my~1:3:4 : X
e A1 A2 g A 7

S Invisible X : e

© subleading visible
| 3 \/V\,<
- = visible e
» 2Mmet ‘
y Invisible
SM : ;
= A y
u long-lived A

Dark Matter Mass 17y '
SM

« Typical lifetime

2 5 5 4
0.1 5-107* 2 100MeV M, E,
ct, Y x Imx | — —
2 ap € A, M, 400MeV / 100GeV
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Results: 1iDM

\\
\\
~

SHiP
MATHUSLA
ASER
FASER~(HL)
FASER 2
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Secondary production - covering Qhr* ~ 0.1, (g —2),

Contribution to g-2

B April 2021 @ Fermilab -
confirmation of ~ 4.2¢
L _ae /" o 2my 2(1 — 2)° discrepancy!
2 2 Ja m, (1 )2 + m?,

A
I

SHiP
MATHUSLA
ASER
FASER(HL)
~ FASER 2




Secondary production contribution

oy tette
up to 10% events for MATHUSLA

up to 107 events for SHiP up to 10° events for FASER?2

1072

7
7’

-
7
-

10~3

NS ="
-
N -
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Electron scattering events

up to 3000 events with two collinear, time-coincident

and spatially separated EM showers satisfying cuts

SNDQSHiP

iDM: m,, : my, :ma =1:2.9: 4/ \Jded Dark Higgs: ms: my =1:4/3, ap = 0.1

SND - decayinside (> 1 cm)

- primary
—3 [
10 SN —+—+ SND - electrons (af)
=~ 2 *3 .
= “: _ T SND - decay outsifle
104 i ' D - decay inside | €
E.......:-‘-‘/“‘ (> 1 -
s - e —— SHiP - primary
10 3 —— SHiP - seconda
1079 = -
10 7 | l Lo / | 10 5 | l Lo
0.01 : 0.2 2 0.01 0.05 0.1
My, [GeV] my [GeV]
Decay vessel
Only scattering ., ., LLP] .................... oM, ___LE}_)Z ___________________ -—<gf
Double signature ~ ooiiciiiiiionn Do E%l——-— fe_
S0 . hard e+
p I:S"&lé[c%n decay vessel Y fg B~ -<e'
tracker léyers
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Neutrino non-standard interactions

. Neutrino magnetic moment Petcov, Fujikawa, Shrock 1979

Z D puyvp0, NgF*™ + h.c.,

Vara 1
~ 300 GeV

2m, 4

In SM yu, < 107ug, where u, =

DM DD experiments (Xenon anomaly), neutrino experiments, cosmology /astrophysics

Gninenko (MiniBooNE), 0902.3802, 1009.5536, 1201.5194

Coloma, Machado, Martinez-Soler, Shoemaker (IceCube), 1707.08573

Magill, Plestid, Pospelov, Tsai (SHiP), 1803.03262

Shoemaker, Wyenberg (Xenon), 1811.12435

Brdar, Greljo, Kopp, Opferkuch, 2007.15563 < UV complete model based on TeV-scale leptoquarks

MiniBooNE Anomaly, natural light m, generation

- Light Z, mediator from dark gauge

. « Bertuzzo, Jana, Machado, Zukanovich Funchal
group U(I)D - dark neutrino model 1807.09877, 1808.02500
m2 « Argiielles, Hostert, Tsai, 1812.08768
Zp _ .
LD 7~ 7H 4+ g ZﬂN}, N + ecZH Jem « Ballett, Pascoli, Ross-Lonergan, 1808.02915
D ‘D D >
2 A D Dtk D™ # . Ballett, Hostert, Pascoli, 1903.07589
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Neutrino magnetic moment

Dipole portal - universal coupling
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mgz, = 30 Mev, ap = 0257 a€2 = 2 % 10—10

Light Z, mediator
my <:lﬂgwr‘*”"”” i\\\\\\\“‘nniz» > my,

T (, | 100 -
10-3 % N produced by upscattering vX — NX 5 ays
- - 1072
10~k  — :
107°F 5
—afll v Tl
0750 T LEP monojet
N Ts~o
—6L i — Ny T
10 5 R |
i = .
| sl T~ AN T
107 _ RO o\ W
=l — ] o .
10 V ] g fq 0‘6% w .L\)ﬂ SR, S — FASER2 - primary
[ 10~ L} —— FASER2 - secondary 7
— 'ASER2 - electron scatterin
1077 —] FASER2 - v, + T = N+ T g F g
/ N—)I/p,—i-uZD, Zp —ete™ % é E — FASER2 - Zp - NN
[ FASER?2 - electron scattering | E Disfavored by N — e~ scattering (ﬂ) f (N = vr + et + e decay)
—10 MR | Ll M | 10—10 ) M | ) M | M| M|
10 1071 109 10* 10-3 102 10! 100 10?
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electron scattering: Ne™ — Ne™ and ve™ — Ne~
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Dark KSVZ ALP at FASERv2

« Connection between a dark photon and ALP independent of kinetic mizing

GCW’J’ ' ~ Gayy’ ~
al, 2" + aF 7"  Ejli1609.06623
4 . K Kaneta, Lee, Yun, 1611.01466

<Z Jark axion portal =

« Example model: dark KSVZ axion - loops with heavy quarks induce

8ayys 8ayyy 8ayy 1t they are charged under U(1)p, and U(1)y.

exotic quarks A MVVV\, exotic quarks A VVV\, 7 exotic quarks A V\VV\
(1—-—<r (1--—<r r/-——<v
VW ) VWY VW Y

s (EF G 10
(7”

l' — tal l ‘ .

Axion Por

Kaneta, Lee, Yun, 1611.01466
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Motivation

Dark photon DM
Kaneta, Lee, Yun 1704.07542, Gutiérrez et al. 2112.11387

Cosmological relaxation
Choi, Kim, Sekiguchi 1611.08569; Domcke, Schmitz, You 2108.11295

&—-2),

deNiverville, Hye-Lee, Seo, 1806.00757; Ge, Ma, Pasquini 2104.03276
Axion-photon-dark photon oscillation

Choi, Kim, Sekiguchi 1802.07269; Choi, Lee, Seong, Yun 1806.09508, 1911.00532;
Lab searches - displaced vertices, missing energy....

deNiverville, Hye-Lee, Seo 1806.00757, 1904.13061, 2011.03276

Astrophysical searches - supernovae, white dwarves...

Arias et al. 2007.12585; Hook, Marques-Tavares, Ristow 2105.06476

Laser/LLSW searches
Hye-Lee, Lee, Y1 2201.11906
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Beam dump and collider limits

lllllll llllll' 1 1 lIllIlI I

Electron g-2

Muon g-2
0.100 E
0.010! -
S BaBar !
O Wy ey
Q. 0.001 LN Belle-I1 20 fb™’ L B
-i ~--—A<:\ ____________________________________ II' E
© %\ / 7
(D e s //,
104+ 1 T M\Belle-ll50ab” - =
| MINE S & \\ -
10-5L NEOS \\\\ \‘\ i
= CONUS - i §
e ~SHIP m,>m, & €=0
10-6 1 . R 1 REY 1 R . i 8 ¢l
0.001 0.010 0.100 1 10
m, (GeV)

deNiverville, Hye-Lee, Min-Seok Seo, 1806.00757, 1904.13061, 2011.03276
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Adding astrophysical limits

Massive Dark Photon Constraints

100

1072

: Muon g-2

o
A
III'I'ITIIII T --nrrmiq—l'rrnnp-rmm‘—rmm‘—rrmnrrmnq—rmml

N
> Supernova Trapping
&)
s 1o BBN
Supernova Emission
1078
White Dwarf

10—10E Ll i1

m,>m, & €=70

1076

lIllIlI 1 | | Illlll 1 1 1 lllllI 1 | |
1072 100 102 10*

mp (MeV)

lllllll 1 1 1
10~4

Hook, Marques-Tavares, Ristow, 2105.06476
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1/f, (GeV™")

Inverted mass hierarchy
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Massless dark ALP with photon-dark photon coupling
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Conclusions

Realistic BSM scenarios often predict more than a single sub-GeV new particle
If weakly coupled and unstable, such particle will be long-lived and pertinent to the displaced

vertex searches — low SM background but searches restricted by fixed decay length

Realistic BSM scenarios often predict more than one LLP, so that secondary LLP production
can take place right in front of the detector, extending the sensitivity to shorter lifetimes.
One can employ several complementary signatures for such LLPs:

e two high-energy oppositely-charged tracks

e high-energy photons appearing in the detector

e the single-electron scattering signature without further EM /hadronic activity

38



