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Beyond the Standard Model

Standard Model of Elementary Particles

three generations of matter
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Still missing:

—
(bor)
-

(m,)"

4 (B,

——— ()
(ba)
- (m,)" (my)’m e—

normal hierarchy inverted hierarchy

Neutrino masses

Baryon asymmetry

= — ()" (m, —

2/28



Frontier in particle physics

Energy Frontier
SUSY, extra dim.

Composite Higgs
= LHCSERHC

ntensity Frontier
Hidden Sector

=> Fixed target facility
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|
Energy frontier

@ Experiments at LHC can directly probe energy frontier: search for particles
that are heavy

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
Status: March 2023 [Ldt=(36-139) 1" \VE=13TeV
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Intensity frontier

@ We may have not observed new particles not because they are too heavy but
too feebly coupled to the SM — new physics is suppressed by small
dimensionless parameter

@ Portals: simple classification of low-energeric parts of NP:

@ Scalar portal
Ls=cH'HS + c;H'HS?, (1)

@ Fermion portal (HNLs)
Ly = FnaNo2H Lo 4 hec,, (2)

© Vector portal (dark photons)

[’V — 7%\/}“/3&1/7 (3)

@ Axion (not renormalizable but phenomenologically attractive) portal
a

L, = FBn,l,é‘“’ (4)

Oleksii Mikulenko SHiP 5/28



|
Intensity frontier at LHC/FCC
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@ Feebly interacting particles (FIPs) 107 e ]
— large intensity of the experiments 107N \ 3

@ LHC during high luminosity phase = 107 . 1
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Intensity frontier: BDF

p beam
FIP

target

dec3

,(_L—Shleld decay vessel

© BDF experiments may search for all new particles
regardless of their nature

© BDF experiments may measure the properties of
new particles - mass, spin, couplings

© — potentially we can not only find FIPs, but also
probe their connection to BSM problems!
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The SHiP experiment

Access shaft (4x8m?)
(existing)

Scattering and

Neutrino Detector (SND)
Decay volume

Spectrometer

Requirement Value
Track momentum >1.0GeV/c
Track pair distance of closest approach <lem
Track pair vertex position in decay volume >5cm from inner wall
Impact parameter w.r.t. target (fully reconstructed) <10cm
Impact w.r.t. target (partially reconstructed) <250cm

SHiP

Service building
(existing)
Access shaft (8x8m?)

Particle ID
Background source Expected events
Neutrino DIS < 0.1 (fully) / < 0.3 (partially)
Muon DIS (factorisation) <6x107*
Muon combinatorial 12x1072

[2112.01487]

8/28


https://arxiv.org/abs/2112.01487

Overall timeline

LHC
SPS (Norh Avea)
BDF /SHiP

Miestones BDF
Milestones SHIP

Accelerator schedule 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033
Run3 Y B

Approval for TDR Submission of TDRs
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Production of FIPs
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Coherent conversion
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Optimized geometry

10*
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https://arxiv.org/abs/2304.02511

|
Muon shield
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https://arxiv.org/abs/1703.03612

Simesiie wanl
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CCDIS CCDIS

interactions ~ w. charm prod.
Ny,  8.6x10° 5.1 x10*
Ny,  24x10° 1.1 x10°
Ny,  2.8x10* 1.5 x10°
Ny,  19x10° 9.8 x10°
Ny,  55x10° 22 x10*
1.9x 10* 1.1 x10°

Vo

Table 2 Expected CC DIS interactions in the SND assuming 2 x 10%°

protons on target.

SND

Heavy target for neutrino interactions
First observation of 7,

v;, - physics with high statistics

vy magnetic moment

F4 and F5 structure functions

Ve Cross sections

v-induced charm production

strange quark nucleon content

LFV

LDM via elastic scattering

vV VvV VYV VV VUV e
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Hidden sector decay volume and spectrometer

Spectrometer magnet Timing detector

Surrounding Background Tagger

=W

Upstream Background Tagger

Spectrometer straw tracker
Decay volume

Electromagnetic calorimeter
Muon system

SST stations

Muon rate [Hz]

Zio 300 20 —loo 0 100 200 300 400
X [em]
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SensCalc

Oleksii Mikulenko

HNLs (BC6) Dark scalars, BC4
Excluded Excluded
s
012
01 05 1 5 o1 02 05 1 2 5
my [GeV] ms [Ge
Dark photons ALPs coupled to photons
©) ) Excluded
AN A —d\ 1
1o g
W 107"
107"
005 010 050 1 005 0.10 050 1
mj [GeV]
ALPs coupled to fermions ALPs coupled to gluons .
cluded H /— ~—
) O\
0.001 ) ™ €] N - (
N e
104 e
S —
1075 T
N
1079 |
107 L
005 0.10 050 1 02 05 1 2
m, [GeV] m, [GeV]
SHiP

SHiP may observe
thousands to
millions of events

[2305.13383]
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https://arxiv.org/abs/2305.13383

SHiP is more than just a signal discovery

SHiP is also a signal exploration machine

Once discovered — properties of new particles can
be put to great scrutiny

NORTH f(
AMERICA é}

ATLANTIC
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Azoréd Tagnds
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OCEAN irst voyage = ———
Second voyage ——
Third voyage ——
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e
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Distinguishing FIPs

Particle Decay modes

IohT
HNL N Iolg + inv.

h + inv.

Scalar S Inly, h
Vector A’ Iy, h
ALP (v coupling) a vy
ALP (g coupling) a h
ALP (f coupling) a Inle, h

With tens of events, one can
differentiate between various
FIPs based on their decay modes

Oleksii Mikulenko SHiP
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[1904.10447]

[1801.04847]
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https://arxiv.org/abs/1904.10447
https://arxiv.org/abs/1801.04847

|
Example: Neutrino Portal and BSM problems. |

@ Neutrino oscillation can be described by an effective dimension-5 operator
(Weinberg operator). = new particles (e.g. HNL) are needed:

Ve Vp Ve Vu
@ —p
aH Fe o

== =L

A

@ Naively, to explain neutrino oscillations HNL interacts with SM through small
mixing angles U, ~ F, /My of order

VAMZ, 111 GeV
U = TNt =5-10 11M7N (5)

Accelerator experiments do not have
enough sensitivity to probe so small
mixing angles. Does it mean that we

\ cannot probe oscillations?
1012 T

Neutrino masses are too small

1079 AT

0.5 1 5 10 50
my [GeV]

Oleksii Mikulenko SHiP 18 /28



Example: Neutrino Portal and BSM problems.

@ To explain oscillation data (two mass differences in active neutrino) at least

two HNLs are needed

e In this case, mixing angle U? > UZ_..,, can exist, but they require
approximate symmetry between HNLs. The difference between HNL

parameters should be:

My U2 — MaUZ ~ \/ AmZ,

Excluded

V Mlgul -

0

Nw
=)
1070
Seesaw
1 -12
o5 1 2 5

my [GeV]
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\/ M1 0 )
i |:UPMNS ( 0 ﬁmzem
0
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Neutrino masses from two HNLs

@ Neutrino masses can be explained with only two HNLs.

@ Small coupling — total U?, internal couplings — mixings with lepton flavours

Xo = U?/U?

Oleksii Mikulenko

SHiP

Measure flavour
couplings x,
1
Test two HNLs
hypothesis
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‘0. 02 04 06 08 1.
vAIv?

UZ:U%U?=(05,03,0.2)

Excluded (U2 rescaled) i . L L.
e — With SHiP sensitivity reach, it is
possible to reject minimal 2-HNL

model
[2312.00659]

[2312.05163]

6.5 1 2 5
my, GeV
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https://arxiv.org/abs/2312.00659
https://arxiv.org/abs/2312.05163

Measuring Majorana phase

— NH
104l /| p— H
I i I
\ \ II
£10° \ »J\ I
@ \ l
= \ \\ /
102f 7 \
\\. 7 AN //
1. . 1 S
0. 02 04 , 20.6 0.8 1. 10%, 2 pe 3072 2n
viu n
With > 100 event, it is possible to constrain the Majorana phase 1 —
independent prediction of mgs and for 0v35 experiments J

22/28
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Probing Baryon Asymmetry of the Universe

@ Same HNLs that are 10¢ g
s —_ -ee
responsible for neutrino N — SHiP, U,
. . 10° — HL-LHC, U, §
oscillations can generate 107] BAU possible B il
baryon asymmetry of the

[o*

Universe

@ Baryon asymmetry also
demands at least 2 HNLs
with almost degenerate

101 10° 10! 102 10°
masses: My, GeV
AM = |My— M| < My, My

and have the same mixing 2 e AM Uesaw
angles: U(J’2 - U(vl 1+ o MN ’ U2 (7)

Can we understand that we observed such HNLs?
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Distinguishing two HNLs?

o Two HNLs with similar masses = HNL oscillations LNV

o Ratio of probability of lepton number violating (LNV) and
conserving (LNC) processes:

PLNV 1 —cosAMTt

~ ~ HNL i .
Pine  1+cosAMr proper time  (8)

H H
(B ) 2 B o)

C
o Kinematics of LNV and LNC decays is statistically different -

v" SHiP can resolve

[
10.0 HNL oscillations

R [1912.05520]
S 504 5
L 25 v Needs O(107) .
R events — middle of the ™ e
s 0 exploration region :
Wi ;5]
—5.01 V' Oscillation period: .
27/ AM -
-75 ; i ; i ; ; , e
o 2 4 & 8 10 12 14

Proper time T [m]
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https://arxiv.org/pdf/1912.05520.pdf

|
Dark matter at SHiP

@ Two HNLs N>, N3 solve neutrino masses and BAU

@ One separate light (keV) N; can be cosmologically stable — dark matter

@ Processes with ; AND IV, 5 are doubly suppressed — search for /V; is not
feasible

N, vy [u;
@ New interactions:
HNLs in Left-Right

Symmetric Model

o Two “small couplings’™
U, and
— 2 /2
Ur = mW/mWR
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Dark matter at SHiP
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SHiP: not one channel but frontier

% 107

10719

1078 Cosmology

0.05 0.10 0.50 1 5
ms [GeV]

10
m,,(MeV)

@ SHiP can observe new physics directly

@ SHiP does not study some specific channel — it can explore the whole
intensity frontier to ~ mp masses, push the constraints by orders of
magnitudes for a generic model with light FIPs

© ...and potentially resolve the BSM problems!
inflation, complex higgs sector, dark matter, cosmological axions. . .
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Summary

o Energy frontier is quite explored already and is going to be explored even
more at FCC

@ Still no physics found — need to search for heavy physics in rare processes —
effective operators

@ Intensity frontier — not explored. A single experiment can explore the whole
frontier, probing various models

@ BDF can directly observe new physics particle and measure its properties

@ Finally, BDF can probe connections of the new physics to BSM problems
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