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Towards a dedicated experiment

vMSM: T.Asaka, S.Blanchet, M.Shaposhnikov (2005), T.Asaka, M.Shaposhnikov (2005),
direct tests of vVMSM: D.G., M.Shaposhnikov (2007)
proposal for direct searches, to European Strategy Group, 2012 D.G., M.Shaposhnikov
sketch of realistic experiment S.Gninenko, D.G., M.Shaposhnikov (2013)
Expression Of Interests: Proposal to Search for Heavy Neutral Leptons at the SPS

W. Bonivento, ...D.G., et al, 1310.1762
Technical Proposal and Physics Paper 1504.04956, 1504.04855
included in the CERN GreyBook (2016) approved in 2024 ! 46 institutes from 16 countries
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Standard Model + GR : Major Problems

Gauge and Higgs fields (interactions): y, W*, Z, g, G, and h
Three generations of matter: L= (), eg; Q= (Zﬁ) dr, UR

@ Describes all experiments dealing with

» electroweak and strong interactions

@ Does not describe (PHENO)

» Neutrino oscillations
» Dark matter (Qpp)

» Baryon asymmetry (Qp)

» Why the Universe is flat and

homogeneous?

» Where did the matter
perturbations come from?

Dmitry Gorbunov (INR RAS)

Light Exotics

(THEORY)
Dark energy (Qa)

Strong CP-problem
Gauge hierarchy

Quantum gravity

» Quantization of electric

charge
Why 3 generations?

Why Ye < Yy <. < Yy
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Light NP: a logically possible option

@ All the new particles are at (below) Egy
then quantum contributions to my, ~ Egy, are safe
@ If DM number density is of the order of that of baryons,
Pom ~ PB M~ & (GeV)
@ Why so far no evidences for such light New Particles ?
@ They are only feebly coupled to the Standard Model

» they are SM gauge singlets (not a GUT)
» new Yukawa-type couplings ?
» portal-like couplings ?
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Three Portals to the hidden World

Renormalizable interaction including SM field and new (hypothetical) fields singlets with respect
to the SM gauge group

Attractive feature: couplings are insensitive to energy in c.m.f.,
hence low energy experiments (intensity frontier) are favorable

@ Scalar portal: SM Higgs doublet H and hidden scalar X
the simplest dark matter

Zscalar portal = -B H%HX%X_I'LH';’HX

@ Spinor portal: SM lepton doublet L, Higgs congugate field H = eH* and hidden fermion N
sterile neutrino !!

Zspinor portal = —}’ZF’N

@ Vector portal: SM gauge field of U(1)y and gauge hidden field of abelian group U(1)’
hidden photon

€ U Uy
Zvector portal = _E Bn(/ )YBu\E )
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Most natural example: coupling to inflaton

Chaotic inflation, A.Linde (1983), A.Linde (1984)

If V(¢) dominates by chance

O —Np/a+3Ho+ V' () =0

for power-law potential at ¢ > Mp,

V ~ const

“slow roll” solution

8
szﬁvm, a(t) o e CBHHX?— pH HX

valid while slow roll conditions [Nflaton must couple
to Standard Model fields

to reheat the Universe
after inflation

" V/2
M,%7<<1 , M’%W<<1
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Renormalizable inflaton at GeV scale 0912.0390

Sxsm = /\/ —gd*x (Lem + Lext + Lgrav)

1 1 B @ y2)?
= R XHX+—meX2—EX* A (HTH- =X
Foa = XX+ X=Xt —a ( )
M2 +EX2
ggrav = - P7R7
2 03 T T 7 T T
WMAPY, 95%
i £=0 68%
inflaton mass 0.25 |- WMAP9+BAO, 95%

68%

B B
M= Mh\ 2 =\ 762"
phenomenology is fixed by

mixing with Higgs

02 _ 2BV 2a

=
ms A

0.93 094 095 096 097 098 099 1

Ns
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Limits from LHCb 1508.04094
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QCD modes: claimed uncertainties upto 102 1w
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following J.Donoghue, J.Gasser and H Leutwyler (1990)

Interaction among the final hadronic states
Light Exotics 01.10.2025, Yerevan 10/40
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Fixed target and similar

However for the feebly coupled light particle best place to show up is
the intensity frontier fixed target experiment

Variations and specifics
@ dedicated (e.g. NA64) or working as by-product (e.g. T2K, DUNE)
@ thin target (e.g. T2K, DUNE) or dump (e.g. NA64)
@ decays or hits as the signature
@ production by cosmic rays
o ...
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sensitivity curves

Two different cases:

Qo lgec = cTXY K
Ldetector

Nevents

IX= chan ° Brchan

Smooth for
pions, wiggly
for muons
ldec = CTXY>
Ldetector

Brehan
o<
CcTxY

events
NX —chan

Wiggly for

pions, smooth
for muons
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We need to know the scalar form factors

= —92%17/,1,/,3, — G%G“VG“VS
f
all meson channels are interesting, nw, KK, nn, 4=, etc
(' (p)7* ()| TH|0) = ©x(s)8",
(@' (p)7* (') | myTiu+ mydd|0) = T (5)5%,
(n'(p)7* (p)|ms3s]0) = Ar(s)8™,
2 7
Gz(s) = 5@,,(3) + 9 (Tz(8)+Az(s)).

At small s = (p+p')2 = M we can compute them to (N)LO ChPT

Or(s) =s+2m?2, Ok(s) = s+2mz,
1

rﬂ:(S):m%7 Mk(s)= §m72“
]

Ar(s)=0, AK(s):mf(fém,z,.
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Alternative (Generalized Distribution Amplitude) - :2s:

— set 1
25 set 2
—— LO ChPT

o NLO ChPT
CQD) 2L —— LOQCD
N —— NLO QCD
=

~1.5 8
[\
up
=

=

S 1t
/l\
A
=05 1

0 | |
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These estimates corrected by dispersion relations
form factors are analytic functions of s = Mg

As) = 1/0°°dsr”"/‘(5’)

T s'—s—ie
one-channel approximation for S-matrix (zzx — nx): e/9(s)

F(z) = F(0)exp <;A:;2 OISS((Z(f)Z)>
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The estimates BSM people use 1809.01876

—— Voloshin
—— Raby
—— Higgs Hunter's

—— Truong

o [GeV]

—— Donoghue

Monin

06 08 10 12 14
my [GeV]

Physics:  Final State Interaction: 7#r — nx
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These estimates are based on dispersion relations

There are several issues, e.g. 1812.08088
@ Unitarity requires ©(e0) = 0, while ©(s) « s
— ignore (why not important for low s ?) J.Donoghue, J.Gasser, H.Leutwyler (1990)
— make ©() =0 by hand (changes or not low s, always changes high s
behaviour)

@ There are many channels, but people typically reduce to the 2-channels system,
nr, KK

— we need more to make predictions

nn,4n, ... hep-ph/9909292

— the truncation is not justified

some channels are strongly coupled,

e.g. Br(f(1500) — nx) ~ 35%, Br(fy(1500) — 47) ~50%,

results depend on the way one adds a new channel 1809.06867
@ Nobody calculate the uncertainty of their results:

30% (like typically in ChPT), *factor of 2°,’10* ?
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Alternative based on other observables... -2/

u-, d-quark contributions to gravitational form factors of pions

ab
(% (p)z°(P)| T4 (0)/0) = 67 ((snM¥ = PHPY)©1 (s) + AF A ¢(s))

where P=p+p and A=p-p'.

r(s)=s (g(% (s)— %@z(s)> +2m20,(s).

O4(2),4(8) are inferred in 1711.08088 from fit to

—

Belle data y*y — 7%70 with technique of 3 o
Generalized Distribution Amplitudes O o5l Tir, —
(see e.g.hep-ph/0307382) = . LY
o
fit includes resonance contributions, kaon 2 05 L rent?
threshold, phase shifts for s- and d-waves from £ I, ——
1611.10070 etc oLy ITx|

no peaks !! resonances are not qq states "o 1 2 4 5 6

3
s, GeV?
ITz(x)| = (0.0687 +0.0270x"/2 + 0.697x%/* — 0.283x) GeV?
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Alternative (Generalized Distribution Amplitude) - :2s:

— set 1
25 set 2
—— LO ChPT

o NLO ChPT
CQD) 2L —— LOQCD
N —— NLO QCD
=

~1.5 8
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Uncertainties -« and comparison with GDA

set 1
set 2
10 Donoghue
Monin
10-5 Raby
Truong
‘Voloshin
109 Winkler
=7 This work
85 N
R
1077 - >
&
10°8 \
1079
0.00 0.25 0.75 1.00 12 150 1.75 2.00
myg [GeV]
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We must calculate:

(nx| T} |0) = Oz(s)
(mr|myTu+ mydd|0) =T x(s) done with y*y — 7°x
(rmm|msSs|0) = Ag(S)

0

(KK| T/ 0) = ©k(s)
(KK|mytu+ mydd|0) = Ik(s)
(KK|ms3s|0) = Ak(s) 2227 with 7'y — KK

(nn|T{0) = ©y(s)
(Mn|ms3s|0) = Ap(s) ?2??? with vy —nn
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Branching ratio
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Massive vectors (paraphotons) NA64

Vector portal to a secluded sector:

e.g. with Dark matter ¥

one more U(1)" gauge group [spontaneously broken] in secluded sector 0711.4866
2

s 1 , m '
ZDM+mediator = V (’Y#aﬂ —€ '}’uA‘/u - m\U) V- ZA;A JARY + TVAL Ak 4 EA‘/L, ay B

when my > m, ~1GeV

@ limit from BBN:

of My \ < qn-2t
Ty<l1s, =¢ (1GeV)N1O
@ light for (g—2)
@ light for Pamela, Fermi, etc

Production by virtual photon & o €2
Decay through virtual photon, Mg
V—ete ,utu  etc

2
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Massive vectors: decays are under control

Decay into SM via mixing with photon

into leptons
4m?
Ml = muye?, [1— 2L (1
3O‘QED A m%, +
into hadrons
1
rgédrons _ gaQEDmA’52 -R(my),
where
o(ete” — hadrons)
R =
(Vs) o(ete —putu~)
and
Pt =g e 1 4 rhgerons

Dmitry Gorbunov (INR RAS)
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Massive vectors: production by protons

@ decays of 7%, n° and p*, p°, o

B T A v
r.o 1, 2 € — r-.o
a0 —Ay a0—yy

m?,

b

@ proton bremsstrahlung
conservatively corrected by

the Dirac (electric) form factor of w 10
proton
1 1 7
Fi= B —— 10
q2 mA’
1+ -1
b 1078
SHiP,
with Dirac mass squared m2 = 12/r3 mesons
and the Dirac radius rp ~ 0.8 fm 100 |
0.001 0.010 0.100 1 10
@ secondary pion bremsstrahlung ma.GeV
@ quark bremsstrahlung (Drell-Yan) 1411.4007
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Massive vectors: QCD NNLO calculation with EKrykev

Cross section of Drell-Yan dark photon production mechanism, /s = 27.4 GeV
35

30 F

wt
T

1.5 2 2.5 3 3.5 4 4.5 5
mq, GeV
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Massive vectors: various a’['[emp’[S 2108.05900
Dark Vector Radiation, Epeam = 120 [GeV]
1034 1~ Quasi—Real Approx. (NSD)
,‘l — Pomeron—Exchange (Elastic)
,". === Modified W.W. Approx.
10?4 f
M Oy < 50 mrad
= 10'4
£
L1004
S
1071 4
10725
1073 .

000 025 050 075 100 125 150 175 2.00
mV[GeV]
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Massive vectors: Pomeron-based calculation . exyuon

P; Py

) ) —i
i = —lengL"?gMJ’l,
Ly p—k+M k+p+M
L, =" (K)o _pmrkEM L, KEPEM Y o).
v 14 ( ) (p)<’}/v(p_k)2_M2/YN ’}/ﬂ(k+p,)2_M2yv> (p)
which can be related with elastic pp scattering cross section
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Massive vectors: Ep =120 GeV 2306.15800
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It changes the sensitivity... SHIP,

400 GeV

107° ¢
1070 4
w1077 §
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different DiraC, Pauli form factors (0910.5589,2010.15872) 2409.11386

10°
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10*3 I I I I I
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Outcome for future experiments 2409.11386
107° ¢
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1
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Huge community: theory meets experiment  is0i7s

New models, reinterpetation of old data, new experimental constraints

Benchmark Models (BC#)
@ nparaphoton (dark photon)
@ B- L vector
© millicharged
© scalar (H— SS at 0.01)
© scalar (no H— SS)
@ HNL mixed with ve
@ HNL mixed with v,
© HNL mixed with v,
© ALP coupled to photons
@ ALP coupled to fermions
@ ALP coupled to gluons

Dmitry Gorbunov (INR RAS)

Experiments and Proposals
@ T2K, T2HK, DUNE
© NICA, FLAP
© SHIP

@ DarkQuest, NA64, NA62-damp,
PADME

© FASER, FASER-2, SND

© CODEX-b

@ FORMOSA, FLaRE

© MilliQan, TiMoFey

© ANUBIS, MATHUSLA

@ SHADOWS, HIKE-K+, HIKE-dump
@ LDMX, M3, SBND
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BC1: paraphoton (dark photon) V,

Dark photons. BC1
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BC4: scalar portal: only mixing with Higgs

Dark scalars. BC4 T

Excluded LHCb, Run 3 (solic) t
LHCh, Run6 (dhes)  §
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BC5: scalar portal: cubic and quartic terms

Dark scalars. BC5

Excluded
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2
fixing Br(h — SS) = 0.01 double production from B — meson via p’

decay
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SHiP: Search for Hidden Particles, 4-10'®PoTs/year

Experiment at the SPS Beam Dump Facility to Search for Hidden Particles SHiP and the
associated SPS Beam Dump Facility is a new general-purpose experiment in preparation at the
SPS to search for "hidden” particles as predicted by a large number of models of Hidden Sectors
that are capable of explaining for instance dark matter, neutrino oscillations, and the origin of the
baryon asymmetry in the Universe. The experiment is design to search for any type of feebly
interacting long-lived particles, among which are found e.g. heavy neutral leptons, dark photons ,
dark scalars, axion-like particles, and light supersymmetric particles - sgoldstinos, etc, as well as
different types of Light Dark Matter. The high intensity of the SPS and in particular the large
production of charm mesons and photons with the 400 GeV proton beam allow a comprehensive
search at the MeV-GeV scale over many orders of magnitude in coupling. The detector
incorporates two complementary apparatuses aimed at searching for hidden particles through
both visible decays and through scattering signatures from recoil of electrons or nuclei.
Moreover, the facility is ideally suited to study the interactions of tau neutrinos.

SHiP

Search for Hidden Particles
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Leptophobic vector B-boson

— - e
B = (% +£Qqe> 47" qB, —celf'IB,, & (4?;’2

Production in =N scattering

corrected for pion attenuation

[ B - B

Dmitry Gorbunov (INR RAS) Light Exotics 01.10.2025, Yerevan 39/40



supported by RSF grant No. 25-12-00309



