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Motivation for BSM

e Dark mater evidence

A
- Electrically neutral (dark!) o
- Cold (structure formation)
- Non-baryonic (BBN)
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WIMP Searches

* Weakly Interacting Massive Particles:

- Minimal & linked to EWSB
- Cosmological abundance generated via
thermal freeze-out

 Different Strategies to search for
DM non-gravitational interactions

Production at Colliders
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thresholds
A high intensity relativistic beam is advantageous!
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Indirect Detection

Direct detection sensitivity drops due to recoil
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Dark Sectors Paradigm

* Viable thermal relic density for a sub-GeV WIMP requires new annihilation channels

through light states as part of a hidden sector _
[Boehm & Silk et al.]

[Pospelov, Ritz, Voloshin '07]

2
2 1 Mpm
QXh X =255 5 Oann X 777
mediator

* Dark Sector: a collection of particles that are neutral under the SM forces

Mediator Interaction
Standard Dark

Model Sector
Non-gravitational

portals
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Portals to Dark Sectors

(SM) O(med) 1

@,
EFT for a DS: ‘Cmedz'a,tion — Z g Anl ™~ Oportals - O(K)
n=k+I[l—4

Generic interactions are irrelevant (dimension > 4), but there are three UV-complete
relevant or marginal “portals” to a neutral hidden sector

€
* Vector portal —B”VALV Dark Photon A’
[Okun; Holdom; Foot et al.] 2
* Higgs portal HTH(AS + )\5’2) Dark Higgs S
[Patt, Wilczek]
* Neutrino portal yZHN Sterile neutrino?
. . I 1 MV = .
Axion porta —tr(G G/U/)a Axions & ALPs
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Proton-Beam Fixed Target Probes

* Production of a high intensity “new weakly coupled light mediator beam” followed by
the decay or recoil in the detector

* Production channels: proton bremsstrahlung, and secondary meson decays

Proton Target/ Decay Pipe/ Detector

Beam Dump Dirt
DM scattering

(—» DM+DM) (e”,pm, ... )

____________________________________________________ Decay (visible)

 Past, existing and near Future neutrino experiments: [Batell, Pospelov, Ritz ‘09]
[McKeen, deNiverville, Ritz ‘14]
LSND, CHARM, MiniBooNE, MicroBooNE, [Krnjaic, Kahn et al "17]

MINQOS, NOvA, SBND, SeaQuest, SHIP, ...
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Dark Sector in the far-forward region @ LHC

 LHC Higgs factory: new physics searches focus on the central region. (high-p7)
e But light particles mainly directed in the forward region! (Energetic, low p7)

[Feng, Batell, Kling, Trojanowski, et al.]

* Forward Physics Facility for the HL-LHC

——i shielding Forward Physics Facility

LHC beamline

B o Particle
pp collisions in FASERV/FASER  neutrino || p 4 incl |
s etector (incl. |IOm long, \
LA (LHC run 3) detector | ! MCP detector
m radius decay volume) Space for
FASERv2 / MilliQan/
SND@LHC FaERs FORMOSA e

credit: Felix Kling

FPF experiments provide sensitive and complementary probes of models of light DS:

ooooklong-lived particles, dark matter, millicharged particles + neutrinos (~TeV) .



Dark Sectors

DS production via proton bremsstrahlung
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Proton Bremsstrahlung

* Primary production channel for dark sector mediators with mass ~ [0.5,1.5] GeV
at proton beam facilities

* Important regime near vectors (p,w,...), and scalar (f,,... ) meson resonances

Dark Vector Radiation, /s = 14 [TeV]

103_3 [SF & Ritz “21] rl — Quasi—Real Approx. (NSD)
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ISR and FSR in Quasi-Elastic scattering

* Modeling forward pp scattering with Pomeron Pt > D P> 5
M ’ V4 { { p
Donnachie & Landshoff model [D&L’82,°84, 11, “13] P —|— P
P > p— 7D p > > p
* Observe the large cancellation between ISR & FSR in quasi-elastic scattering
Dark Vector Radiation, /s = 14 [TeV] 102 Dark Vector Radiation, /s = 14 [TeV]
T Je— A T
% oy T % wd—m—-e T
; 100-5 } 100- \
~ 107! = 10!
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Z 107 Z 1072
é 1073 Pomeron—Exchange ISR~ == 8uasi711:eaé%{;p‘§?xAISR 5 1073
5| T v Gowm A [SF, Ritz "21]
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Topologies of events in o),

» Diffractive processes constitute up to 40% of o;,;

Elastic Non-Diffractive
P > > P D
P X “ PP collision at

P > > P » \/ s =14 TeV

O-tOt ~ 110 mb
Single Diffractive Double Diffractive Oel ~30mb

o ~ 10 mb

p > p SD

> p > /\/:/ Y
P Opp ~7 mb
P
!

p'&/\:\X p—> X
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Radiation in Non-Single Diffractive Processes

 The dominant contribution comes from ISR in non-single diffractive scattering.

* Quasi-Real Approx.: Intermediate p’ near on-shell

(")

* Transition (Off-Shell) form factor: [Feuster & Mosel 98]

% Accounts for the suppression when the intermediate p’
goes far off-shell A

o 4 2
Ap + (p’ o
* Time-like nucleon form factor: [raessier et al ‘09]

FppD (10’2)

**Mixing with meson resonances
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Revisiting Proton Bremsstrahlung

Dark Vector Radiation.

V5 = 14 [TeV]
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Kinetic Mixing e

Dark Vectors [SF & Ritz {21]
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Dark Sectors

Gluon-coupled ALP

2022-06-08
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° [PBC "19]
Axion Portal - .
'> (.,“.j’:“’,‘\ 9> ya(rny,nnm)
3 107
e Axion are theoretically well-motivated: <107
- solution to the Strong CP problem; 8~a/f, 107 Suu. EASER Lo ot
- viable candidate for dark matter e N\ s s
- Axion acquires a small mass from mixing with the pion 6
10”
[Peccei,Quinn 77; Weinberg 78]
1077
107
. . . . . . 1
* Axion-Like Particles (ALPs) are weakly interacting light pseudoscalars myp (GEV)
mass & coupling are independent!  [wilczek 82; Berezhiani,Khlopov 90]
[Bauer, Neuber, Thamm et al. '17 '21]
g Cu,_g b wb”u.l.f .« Cu,"y w.(_“_/ lC(Lf . M
LD -5z 540G, G ar 7 aFu FPY + 5 =00 Y gyt ysty
Focus of q ~ f
this talk
0 . a === q ===
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Axion Portal (gluon coupling)

Gluon—Coupled ALP Production, Fyean=120 GeV, Fe Target

* Perform Chiral rotation: eliminate the aGG 19"
term in favor of ALP coupling to quarks | [SF Ritz; to appear]
10+ 1
e Axial-vector currents and 2
coupling to nucleons: = 10°4
1 >
3 8 @
o
/ 0 < 10°4
(N(p )!J@IN(p)) S
e ALP mixing with 10°1 —— Proton Bremsstrahlung
pseudoscalar mesons ¥, 1, n’ 0 1wt 1
m, [GeV]
. i Also look at
* Axial Form Factors probe the axial structure p N. Blinoy et al.
of the nucleon: 2112.09814

axial vector mesons a4, f1, f{ resonances

2022-06-08
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Dark Sectors

Millicharged particle hunt @ FPF
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Millicharged Particles

* mCPs could arise from vector portal Kinetic Mixing in a massless phase: [Holdom, ‘85]

Lyicp = X(10 _ — My )X

 Production Channels

. P._)._T:o_n_ %
**Meson decays 2 v
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Millicharged Particle Hunting at the LHC

[SF, Kling & Tsai 20]

Scintillator detector at Forward Physics Facility 10 ; ;
f L LEp CMS}
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Deposition of energy due to ionization mCP flux enhancement in the forward direction
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Dark Sectors

Neutrino EM properties @ FPF

2022-06-08
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vi(pi)

vi(py)
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Neutrino EM properties at the FPF

* Non-zero neutrino electromagnetic properties through loops [Giunti, Studenikiny *1 5]

vi(pi) vi(ps)
2

q :
gj (Q) — F)/Oé (Ql/kj =+ E <T2>I/kj> o Zo-aﬁqﬁ l’Lij

V(q)
 Large flux of neutrinos in the far forward region  Experimental signature:
E,~ [100GeV - few TeV]

electron recoiling

18 . T Vo Ve
10°° T —» wu vt
1017K — Ve I'"IE;JtI‘iI"'ID ) neutrino -"#,-gm:i;h ?
‘oduction ropagation i T 4
1016D = Vs \ productio propag
e e
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FASERv Collab. arXiv:1908.02310
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Events [1/bin]

Neutrino EM properties at the FPF

. .. - _ my
* SM predictions: byt~ 3 < 1071 ( evk) /B (r?)SM U 10732 m?
2[Abraham, SF, Kling, Tsai, to appear]
. 10 —
FLArE1O 1014 I 7 FLArEL0
10°4 <r,> = 5:107%'cm? i f L TIQ, =107
iHv, o I
0y 100] T T F_,—ﬁ I -
= I S T : =
101 i ui_ ‘i---;:l_v_':zl E e 100 \_I_| -
JFI_,_H* L.-.t S i = ‘;:'
- - -1 i ) |
i 101 :
1 SM+<r2 £ > » 0 1 SM
10-1 — v T = L : |—‘ 1 Q,,+SM
£ SMA<r2 > 107247 o2l i A
]_0‘2 '-E : — Ovﬂ
g

o SM+<r2 > Z ¢ Qu+SM
- _ -3 i | | | |
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E, [GeV] E, [GeV] E, [GeV]
* Bounds: <71r?>,<~10"%'em?, p, <4x107%up , 10,| < ~107 8¢,

* FLArE-10 can do order of magnitude better than DONUT hep-ex/0102026

2022-06-08 Saeid Foroughi-Abari (University of Victoria) 23



Outlook

* The dark sector paradigm is well- motlvated and could have connections to other
. fundamental puzzles:in nature.

 Dark Sector Production via Proton Bremsstrahlung as an important production channel
IS nontrivial to estimate in the forward regionsas it involves nonperturbative QCD:

- -

» ALP coupling to nucleons in the three- flavour theory Is used.to estimated the.ALP
emission rate In proton-nucleus bremsstrahlung

 millicharged Dark sectors could be probed using scintillator-based detector in the LHC
forgard region providing leading sensitivity in the. 100:MeV to 100 GeV mass window.

« Probing_Neutrino EM propertieslike milli-charge, and charge radius at FPE

Image courtesy-of KHIPAC/SLAC 24



“Thank you for your attention”
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DM Candidates — Thermal WIMP

WIMPs

* Thermal candidates .
Y __non-thermal | thermal non-thermal

~100 eV MeV GeV Mz ~100TeV

DM freeze-out occurs when annihilation rate
becomes smaller than the Hubble rate Y —
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Decays of Portal Mediators

* Visible and invisible decays of dark mediators

\S_M mediator S:’M/ SM

/>.W\/W\./\ e -

>\/\N\M<
SM SM

SM X
[FASER "17]

10-2 Dark Higgs [K“ng 121] " [Batell et al ’21]
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(Minimal) Higgs Portal to the Dark Sector

Higgs-mediated DM scenario:
- mg < 2mp,, to avoid strong constrains [Krnjaic "15]
- dark scalar decay to visible particles

Induced couplings after EWSB: S mixes with physical Higgs
T " 67 e
LD -ASH'H = HTSfwa...
6 « 1 production and decay rates are suppressed relative to SM!

Light scalars are hugely constraint by rare K and B decays @ E949, NA62 LHCD,
Belle,...
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Dark Scalar at LSND

* The LSND experiment:

800 MeV proton beam impacting a thick target

with ~102%3 POT

* Production modes at LSND:
- 1t and A are the relevant hadronic dof.

- Kand B mesons are not kinematically accessible!

Proton
Bremsstrahlung

A decay

2022-06-08

Primakov
process
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