Search for Hidden Particles (ShiP):
an experimental proposal at the SPS

ship.web.cern.ch/ship
Mario Campanelli
University College London

Hidden particle
decay volume

Spectrometer

Particle ID

Tau neutrino
detector




The Standard Model and beyond

» All SM particles have been discovered so far (apart from
anti-v,)

* Despite some anomalies, no compelling evidence of new
physics found so far

* The Higgs mass points to a

. .
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What we know we do not know

» Apart from naturalness, we do not understand.:

Barion Asymmetry of the Universe

Dark Matter (indications are for cold, non-barionic)

The pattern of masses and mixings

Inflation

e Limits to masses of new particles being pushed in the
TeV scale by the LHC.

— “protection” against a small Higgs mass getting weaker



ATLAS Preliminary
\Vs=7,8TeV
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ATLAS SUSY Searches* - 95% CL Lower Limits
Status: July 2015
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The “hidden sector” approach to new physics

*» Maybe new particles have not been yet found not
because they are heavy, but because their coupling
IS very small, or null

e |f an additional term to the Lagrangian is not
Interacting with SM, there could be Invisible particles
contributing to dark matter, and no naturalness
Issues

» However, an interference term between the
Lagrangians would allow a very small coupling:




“Portals”

e |[ndications for a Hidden Sector may come from “ordinary”
particles (SM, SUSY, axions etc.) acting as mediators with

the HS Lagrangian

* The experimental signature is either missing energy or the
appearance of SM particles very far away from its
production, indicating an “oscillation” into the HS (and back)

Models Final states

Neutrino portal, SUSY neutralino T KT pr., " T
Vector, scalar, axion portals, SUSY sgoldstino 7/

Vector, scalar, axion portals, SUSY sgoldstino % n~, KT K

Neutrino portal ,SUSY neutralino, axino v

Ax10mn ]HI-I"I:|| SUSY sgoldstino

ol “\\| Hﬂ||:c|a1i||ch



® JoSlandard Model ponais.
« D =2: Vector portal
. - - o - - - . 1 uv
Kinetic mixing with massive dark/secluded/paraphoton V : - P Fye
< Interaction with ‘'mirror world’ constituting dark matter

« D =2: Higgs portal

+ Mass mixing with dark singlet scalar x : (uy + Ay*)H'H _

- Mass to Higgs boson and right-handed neutrino, and function as inflaton in accordance with Planck and
BICEP measurements

D = 5/2: Neutrino portal
« Mixing with right-handed neutrino N (Heavy Neutral Lepton): YHTNL
- Neutrino oscillation, baryon asymmetry, dark matter

« D =4: Aion portal
« Mixing with Axion Like Particles, pseudo-scalars pNGB, axial vectors : %GWGF". %ﬁﬁrsw , etc
- Solve strong CP problem, Inflaton

+ And possiby higher dimensional operator portals and SUper-SYmmetric portals (light neutralino, ligh
sgoldstino,...)
= SUSY parameter space explored by LHC
< Some of SUSY low-energy parameter space open to complementary searches



e Vector Portal:
(A’ = “hidden photon” )

/ jia%
ek, F

 Higgs Portal:
(H’ ="hidden Higgs")




Minimal Vector Portal

* Hidden photon A’ with mass ma, A’ = SM+SM:

[Biorken, Essig, Schuster, Toro 2009: ...: BaBar 2014]



Fermions get mass via the Yukawa couplings:

—Lyviawa = Yi2QLidDrj + Y4 QridUr; + YiiL1;¢Ep; + h.c.

If we want the same coupling for neutrinos, we need right-handed
(sterile) neutrinos... the most generic Lagrangian is

__ 1 __ ~
— 2\ . HNT. . N\ . v : .
Kinetic term Majorana mass term Yukawa coupling
Seesaw mechanism:
V = (vLi, Nj) —L, = %?Mvp + h.c.
0 MD 2 2
— My L+ /Mg+4M

2
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Seesaw formula mp ~ Yio < ¢ > and m, = mTf

e Assuming m, = 0.1eV
o if Y ~ 1 implies M ~ 10'4GeV
o if My ~ 1GeV implies Y, ~ 10~ 7

remember Yi,, ~ 1. and ¥, ~ 10-¢

If we want to explain the smallness of
neutrino masses (in a natural way) the
mass of sterile neutrinos should be at
least at the GeV scale
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DM sterile neutrinos decay subdominantly as Ny — v~ with a branching ration B(N; — ) ~ ﬁ

Excluded by nnn-nhaarvutind_
of dark matter decay line

Interaction strength [Einziiﬁi]
=
5

Phase-space density

Discussion in the community,
not yet clear if this is a “good”
signal, needs confirmation

e — ——— . e — S

Bulbul et al. 2014 (arXiv:1402.2301)

Boyarsky et al. 2014 (arXiv:1402.4119)




If U is too large, N, 5 are in
thermal equilibrium during the
expansion of the Universe

.

@l hierarchy _

I |I||_|J I ||IIE|

il

1 L i | NNy N I1D 'l i L Ll
L mass (GeV)
N

The seesaw limit defines the region
where N, 3 can explain the
observed active neutrino Am?

_/

At My = My, the rate is enhanced
by N = W1 leading to stronger
constraints on U*?

4 ”Ifqtlrenadhfera _

Seesaw

il 1 1 PR A N B o |

10
HNL mass (GeV)

If (N,,N3) < 0.1 s, they cannot
affect the Big Bang nucleosynthesis




Unique possibility to explore HNL mass range above 100 GeV

v' Experimental signature: two same-sign leptons and no missing energy
Majorana-type N would contribute to the signal with
both opposite-sign and same-sign leptons. Same-sign
lepton events have much lower SM background

v' With currently available data samples experiments are 4
only sensitive to large U? (or short lifetimes) of N
For U? > 10 (and M,, 2 50 GeV) a typical N flight
distance is < 100 microns )

v' No use of detached vertex possible

- large backgrounds from multi-jet events with faked leptons or leptons
from b-decays

> 2 > 70
13 s Misgentfied Muon Bagna 8
2 20 B SM imecuciie Bignd E 60
——— My =80 GeV, [Vypy" = 0.025 & .
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_ _ EWSB, Hierarchy
Where is the new physics? WIMP DM .
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Model-independent experimental considerations

We have to look for very weakly interacting particles:
* Production BR O(1E-10)

» Lifetimes O(km)

« Can travel through ordinary matter

Cosmologically interesting masses O(GeV)
* Produced through decays of mesons
» Can decay to mesons or charged leptons
» Full final-state reconstruction and particle 1D

To have high intensities:
 fixed-target against a beam dump
» followed by a long decay tunnel and a spectrometer at the end



An experiment In practice

Use protons from CERN's SPS: 500 kW is 4x1E13 protons/7 s ->2E20 in 5y

» Slow (ms — 1s) and uniform extraction to reduce detector occupancy and
combinatorics

 HS particles produced by mesons (mainly charm) decays; need to absorb all
SM decay products to minimise BG - heavy material thick target, with wide
pbeam to dilute energy deposition (different from neutrino facility)

Muons cannot be absorbed by target: muon shield, possibly magnetised

Long decay tunnel away from external walls to minimise rescattering of
muons and neutrons close to detector

Vacuum in decay tunnel to reduce neutrino interactions

Far-away detector with good PID and resolutions
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Schematically...

50m
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The ShiP proposal

» Proposal for a new faclility at th
CERN SPS accelerator:

» hidden sector detector
e VT facility

235 experimentalists from 45
Institutes and 15 countries + CER

« Technical Proposal submitted in
(arXiv:1504.04956)

* Physics Proposal signed by 80
theorists (arXiv:1504.04855)

* Presently under scrutiny by the



Proposed implementation is based on
minimal modification to the SPS

complex.

Share transfer line and slow extraction
mode with existing facilities.

AWAKE (previously
CNGS)




Example of creation of long-
lived neutral particles (N, ;): Hidden Sector
decay volume

Spectrometer
- Particle ID

Target/

hadron absorbe v, detector

ctive muon shield

=50m It is designed as a background-
free experiment = need for lots
of background veto systems



Hidden Sector
decay volume

* Challenging due to high average beam power
deposited on the target (2.56MW during spill of 15
(peak), ~¥350 kW averaged over 7s cycle)

* Hybrid target, with 58cm of titanium-
zirconium doped molybdenum followed by

58cm of pure tungsten, water cooled
* Heavy target to suppress nt/K decays
* Tungsten cannot be used at start because of too
much thermo-mechanical stress

 Embedded in cast iron bunker (440m?3)

Spectrometer
-, Particle ID

tive: muon shield

Longitudinal cross-cut 1 2m-lnng
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Hidden Sector
decay volume
Spectrometer

- Particle ID

tive: muon shield

+ other sources

* Active muon filter made of

two magnets (B,', =40 Tm to
bend out 350 GeV u beyond the

5 m vacuum vessel aperture)

* 1% part to separate W/ -+ g |

¢ 2" part to bend the
muons further outward

3

—
E
=

0

-2

Clear the p flux to a level inferior to the v-
induced background and not to compromise
the occupancy limit in the v_detector

E-

"‘:g 1"11 =i |l muons

- —+— from open charm
> —— from resonances
(ﬂé —+— from decay

“E"‘ K decays

O S

i 30 GeV
i — =38. mrad

350 GeV . E
o { -~ +28. mrad

= return field

0 10 IE:UI T30 a0 IEIU' I _3(]. - I'llﬂ'l I I:Iﬂlﬂl - JIU - 4If.' - Iﬁll::"I -
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Hidden Sector
decay volume

Target/
hadron absorbe

Spectrometer
Particle ID

E_i D:- ._"-". -L--.""\..\_

From CERN H4 beam life

Meutrino Target

High@Precision Tr

47

Upper Returm yoke

u flux:
103 p/mm?
in 6 months

/ RPC and drift tubes

|ldentify u coming
from T decays; u
: momentum

i pecsion Tofies - @@surement

ECC berick Compact Emulsion Spectromersr
7.3 3.1 om

Rosscel plaie

OPERA-type modules (emulsion cloud chambers (ECC))
* 1x1m, close to the beam line

* 2 parts: ECC brick and compact spectrometer

1. vinteraction : identified 2. distinguish v_anti-v_:
through detection of ¢ Look at the charge of

production and decay

the t decay products

(contained within a brick

due to short T lifetime)

7



Hidden Sector
decay volume

* Veto tagger located just after

v, detector to tag indirectly

neutral K produced by v and
u interactions in the passive
material of the v_detector

and p entering the vessel
from the front

10°* mbar vacuum needed suppress the
neutrino interactions

Double-wall structure, space
filled with liquid scintillator to
tag background entering from
the sides

Elliptical structure to
avoid the large n flux
deflected horizon-
tally by the u

shield . '

A

10m
tracking detector to

reject residual charged
background in the
5m forward region (K.%,..) 8




ElectromagneticfHadronic Lalorimeter

Spectrometer Timing Detector

Spectromete HS Spectrometer Magnet
Particle 1D -

Hidden Sector
decay volume

Target/
hadron absorbe

v, detector

Retive muon shield

D, -
M
l; H N'E. 1 ;H qq_-""‘-——._

D
S e
-““\}\\ TH =
Ve

U = Nia

Signal reconstruction and
background rejection: warm

magnet (LHCb) with 0.65Tm

bending power; tracker (NA62) with ¢ jqentification, 7° and 1 reconstruction: ECAL
horizontal straws and stereo angle  (shashlik technique, LHCb)

Spectrometer Straw Tracker I\

Veto anti-coincidence from combinatorial : 7t/ separation : hadronic calorimeter (similar
timing detector (50ps resolution) technology as ECAL), muon detector (WLS
fiber bars, MINOS) 9






Target
&
filter

N
v interactions in the

material upstream
L of the HS detector

* Redundant VETO system

* Combinatorial rejected by timing detector

* Impact parameter to the target
* 75% selection efficiency for signal

HS decay volume

After selections:

<0.1bkg/5y



u backscattered to N
the vessel B
Target HS decay volume

&
filter

:{; __________ -

K sweeping field

* Redundant VETO system
* Combinatorial rejected by timing detector
* Impact parameter to the target After selections:

* 75% selection efficiency for signal <0.1 bkg/ 5 Yy




[ Cosmic rays

Target , _ HS decay volume
& —

filter

* Redundant VETO system
* Combinatorial rejected by timing detector
* Impact parameter to the target After selections:

* 75% selection efficiency for signal <0.1 bkg / 5 Yy




Neutrino tomograph

ackeround source Decay modes

v or i+ nucleon — X + K Ky — mev,mpuv, nta~, atn— oV
v or p 4 nucleon — X+ K Kg — a'n%, mwra—
v or j + nucleon — X + A A — pr~

n or p + nucleon — X + Kz, ete  as above

— — p——T T

Background summary: no evidence for any irreducible background
« No events selected in MC = Expected background UL @ 90% CL

Background source Stat. weight Expected background (UL 90% CL)
r-induced

20 < p<4.0GeV/c 14 1.6

4.0 < p < 100 GeV/e 2.5 (0.9

p > 10 GeV/e 3. 0.8
r-induced

2.0< p < 4.0 GeV/e 2.4 1.0

4.0 < p < 10.0 GeV/e 2.8 0.8

p>10 GeV/e 6.8 0.3
Muon inelastic 0.1 4.6
Muon combinatorial <0.1
Cosmies

p < 100 GeV/c 2.0 1.2
p > 100 GeV /e 1600 0.002




@ Visible decays = At least two tracks crossing the spectrometer

e \ CHATNG 0' e NuTeV ==
F _PS191 -
L] \ﬂ_‘\' . =
5 N imi S E
Z = F Preliminary
<] a8w*
§ gk
— 4 F
£ £ .r
" I -0
10
E BAU / Seasaw
| 1 [ B A | L 1 L T | I s ouoos sl i

HNL mass (GeV) HNL mass (GeV)

UZ:UZ:UE ~ 48:1: 1, inverted hierarchy
CHARM J
|

NuTeV
Preliminary

Scenarios for which
baryogenesis was 10*

numerically proven

il i i " |
HNL mass (GeV)

10"

a2
("

HNL coupling to SM U

Sensitivity to HNL

« Ex. Formy =1 GeV with U?=10% and BR(N - um) = 20%, expect ~330 signal events

UZ:UZ:UZ ~52:1:1, inverted hierarchy ~ U2:UZ:UZ ~ 1:16:3.8, normal hierarchy UZ: Ug: UZ ~ 0.061: 1: 4.3, normal hierarchy

BAU / Seesaw

HNL mass (GeV)

:UZ:UZ ~1:11:11, normal hierarchy




Wisibly Decavine A'

| .,_..M"r"ﬁ*i"'w-"wﬁtj.,,,..v«.m.wﬂh'ﬁh-n__

BaBar, NA48/2, PHENIX

SHiP,
bremssirahlung

10°
m g (MeV)

0 o




m SHiP
mmsm B (vigibla)

mmm B (invisible)

SHP preliminary




Axion portal

@ Axion Like Particles, pseudo-scalars pNGB, axial vectors a
Appear in extended Higgs, SUSY breaking, motivated by coupling with dark sector, possibility of

® Production

® Decays

inflaton, etc

Generically light pseudo-scalars arise in spontaneous breaking of approximate symmetries at a

high mass scale F
= Couplings suppressed by the breaking scale F and masses are light ~A/F?

SM portal through mixing with gauge bosons and fermions

= d.,a —
L =G G*, =y, ysy , etc

Resonant production from Drell-Yan photons
Production from mixing with pions and
heavy meson decays

Decays to ete™, u*u~, hadrons above 1 GeV
Decays to photon pair

m, (GeV)

(0TOZ) 8OOETT'Z8 Q¥d




long lived
i —

pp —+ A+ X, 4 VY

=Logqaf. [GeV )

Logaf., GV

Logsp Ma[eV] Legio mafeV]

- - long lived
pp— B+X s A+ K+ X, A 25T

.




» Charged current neutrino nucleon scattering

2
neutrino d*o G MyE, Mg (xy? 4 miy (1 Myry  mj
= T : - Yy — —
scattering ._ s dy m LSV B R TON VA YT OE, T aE?

: : \ 2 22 | )2 2
ﬂl‘ltl-l'lElI!:[‘lIlﬂ + (-!‘HH B E] o myy m;ﬂn:; —I;EJ Fy mj '
scattering 2 1E, My AE M5 r Fo, A

Structure functions

» Evaluation of F3
» | | More precise estimation » First evaluation of F4 and Fs, not

» B, T Gl g accessible with lighter neutrinos
3> osite sign for v
* Fs Snpcr anti-vlgn

» F
§ Dependent on the lepton mass.
» Fs Suppressed in case of vy
interactions, becomes relevant
for v interactions



Some tau neutrino numbers

Current status of tau neutrino observations:

DONUT observed 9 events (from charm) with a background of 1.5
OPERA observed 4 events (from oscillations)
No tau antineutrino has been even observed

Ship can increase by 200 the current tau neutrino sample, and discover tau
antineutrinos

Measurement of tau neutrino differential cross-section in CC interactions

Measurement of charm production for muon neutrinos and antineutrino (factor of
100 increase wrt CHORUS)
A good fraction of the old OPERA collaborators are joining SHiP to build the neutrino

sub-detector and analyse its data.
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Activity

LMC opsration
5P% operation

Fazility HY issimningddry runs on seailabiling

SHIF facility commissioning with beam

SHIP detector commissioning

SHIP operation

SHIP Technical Proposal

SHIF Project approval

Technical Design Reports and RED

TOR appreoval

Dutector production

Detector installation

Irtegration studies [CE, OV, EL, BP, etc)

Fre-comstruction activities (EIA, design, penmit, terdering)
WPL: TDC juntion cavern,first section extraction tunnel
WP2: Second section extraction turmel

WF3: Target area

W4 Experimental area

Operation  |Accel,

Operation :

Dartector

Detector :

Civil Engineering :

Civil Enginaering

Temiporary remoaal in TDC2 [100m)
Irstallation in TOCZ {100m|

Iretallation for new beam line ko tanget
Infrastructure N —
Irestallation In experimertal area
Svstem : Diesign studies, specs and tender docs
Tachnical Design Report
Manufacturing mew components
Refurbihment existing components
TOCY dismrantling [100m)]
TOCE re-installation and tests |splitter and bends)
Neww: beam line to target installation and tests
Muan shield irtallation [section 1 & section 7)

Infrastructure
Systams

B Ling

Beam line :

Tanget complax design studies, specs and tendor docs
Tanget complex services - design and manufacthuring
Tanget studies and prototyping
Tanget production and install

* CERN decision on the strategy with SHiP within a year
* Detector construction, 5 years of data taking (from 2022) and data
analysis of 2x1020 protons on target can be all achieved within 10 years

Target :

Com e

Target
Tanget




SHIP In the UK

Imperial College London has been involved since the very beginning, and
expresses the spokesperson

(Andrei Golutvin); main activity active muon filter

UCL (N.Brook, M.C) to work on trigger/DAQ

RAL PPD (engineering support, but also physicists like S.Ricciardi)
Bristol (K. Petridis)

Warwick (G.Barker)

Manchester, Liverpool may join in a second stage



Conclusions, and considerations
on the future of particle physics

« LHC Run 1 results geve no positive evidence for new physics; Run 2 results out soon, let's
hope for the best

» But In current (and foreseable) resource climate, a next big brute-force, general-purpose
high-energy collider is difficult

» Particle physics could reinvent itself in becoming smaller and smarter, designing
experiments that target specific problems (dark matter, neutrinos, etc.)

» A detector like ShiP perfectly fits this philosophy

 \VVery positive feedback so far from CERN, we have just been invited to submit a CDR (2-3
years of work) by the new management, that will also organise workshops to investigate
further uses of the facility.



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47

