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SHiP: a new multipurpose
beam-dump experiment at SPS

e Physics landscape after Run-1.
e Why Heavy Neutral Leptons?

e How to produce/detect HNLs.
e The experimental set-up.

e Backgrounds & Sensitivity

e Symbiosis with “active” v physics.

e Conclusions.
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A Triumph of SM: Higgs found!
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What is not found..

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 \s=7,8TeV
Model & T,y Jets ET™ [Ldim) Mass limit Reference
T T T T — T T T T — T
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 0.8 1.7TeV  m(G)=m(g) 1405.7875
MSUGRA/CMSSM Ten 3-6jets  Yes 20.3 4 1.2 TeV any m(q) ATLAS-CONF-2013-062
1) MSUGRA/CMSSM 0 7-10jets  Yes 20.3 g 1.1 TeV any m(g) 1308.1841
g 4, q—)q,f? 0 2-6jets  Yes 20.3 q 850 GeV m(t7)=0 GeV, m(I** gen. §)=m(2" gen. §) 1405.7875
S g_ﬂqX? 0 2-6jets  Yes 203 2 1.33 TeV m(E))=0 GeV 1405.7875
S | 22 5oq9t —qqW )(1 1epu 3-6jets  Yes 203 |2 1.18 TeV m(¥})<200 GeV, m(F*)=0.5(m(¥})+m(g)) ATLAS-CONF-2013-062
O 33, g—»qg(cc/ev/w)xl 2e,u 0-3 jets - 203 |z 1.12 TeV m(¥?)=0GeV ATLAS-CONF-2013-089
Q  GMSB(/NLSP) 2e,p 2-4jets  Yes 4.7 tanp<15 1208.4688
] GMSB (7 NLSP) 1-27+0-1¢ 0-2jets  Yes 20.3 1.6TeV  tans>20 1407.0603
= GGM (bino NLSP) 2y - Yes 203 1.28 TeV m(¥2)>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tep+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>107* eV ATLAS-CONF-2012-147
S o g—>be 1 0 3b Yes 201 Z 1.25 TeV (¥))<400 GeV 1407.0600
o2 g—)zD( 0 7-10jets  Yes 203 |& 1.1 TeV m(¥}) <350 GeV 1308.1841
3 EO g—)lt)(l 0-1e,u 3b Yes 201 2z 1.34 TeV m(F7)<400 GeV 1407.0600
— F—bit| 0-1e,pu 3b Yes  20.1 2 1.3 TeV m(E7)<300 GeV 1407.0600
b1b1, bl —>b)(] 0 2b Yes 20.1 by 100-620 GeV m(¥})<90 GeV 1308.2631
o o biby, bk} 2¢,u(SS)  03b Yes 20.3 by 275-440 GeV m()?f) 2 m(¥)) 1404.2500
<.9 77 (light), i —b¥y 1-2e,pu 1-2b Yes 47 |4 110-167 GeV m()(l) =55 GeV 1208.4305, 1209.2102
8 S iflight), fi—Wht) 2e,u 0-2jets Yes 203 |# 130-210 GeV m()(.) m(f))-m(W)-50 GeV, m(f,)<<m(¥}) 1403.4853
g'g 717, (medium), 7, >t} 2e.u 2jets Yes  20.3 i 215-530 GeV m()(.) 1GeV 1403.4853
c g ffi(medium), 7 —bXT 0 2b Yes 20.1 i 150-580 GeV m()(|)<200 GeV, m(¥)-m(f))=5 GeV 1308.2631
S5 iiii (heavy), ij = Tepn 1b Yes 20 |& 210-640 GeV m()(l) =0 GeV 1407.0583
~ O ah (heaVY)b |-t 0 2b Yes 20.1 3 260-640 GeV m(e})= OGeV 1406.1122
o® i, - 0  mono-jet/c-tag Yes 203 | 4 90-240 GeV m(f1)-m(¥})<85GeV 1407.0608
fif) (natural GMSB) 2e,u(2) 1b Yes  20.3 A 150-580 GeV m()z?)>1so GeV 1403.5222
by, hoh +Z 3e,u(2) 1b Yes 20.3 b 290-600 GeV m(¥})<200 GeV 1403.5222
Tirlig, i8] 2e,u 0 Yes 203 |7 90-325 GeV m(¥))=0 GeV 1403.5294
X, )Zf—%v(tv) 2e,pu 0 Yes 203 X} 140-465 GeV m{E})=0 GeV, m(Z, #)=0.5(m(¥F)+m )) 1403.5294
> ‘g )21*)2’ Xl —F() 27 - Yes  20.3 ):rf ) 100-350 GeV m(S)(?):O GeV, m(z, 7)=0. 5(m()(, )+m(¥ )) 1407.0350
e )(1)( chngc(W) L) 3eu 0 Yes 203 A_ff,)fﬁ 700 GeV m(&r)=m 'z)_,im(x.)ﬂoo m(Z, %)=0.5(m (¥ )+m(¥})) 1402.7029
X1X6—>W)( Z\/ 2-3e,u 0 Yes 20.3 ,YT,/! 420 GeV m()fl )=m()fz), m _')=0 sleptons decoupled 1403.5294, 1402.7029
X —~>gVX1h3(1 Ten 2b Yes 203 )ﬁ,x 285 GeV m(EE)=m(¥3), m(¥?)=0, sleptons decoupled | ATLAS-CONF-2013-093
X3, Xas =Tl 4ep 0 Yes 203 Xy 620 GeV m(E3)=m(¥3), m(¥})=0, m(Z, #)=0.5(m(¥5)+m(¥?)) 1405.5086
B @ Direct¥iiy prod., long-lived ¥7 ~ Disapp. trk 1 jet Yes 203 | 270 GeV mE)-m(¥)=160 MeV, 7(¥})=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R hadron 0 1-5jets  Yes  27.9 g 832 GeV m(¥})=100 GeV, 10 us<7()<1000 s 1310.6584
St GMSB, stable 7 W =t@, (e, 121 - - 15.9 10<tans<50 ATLAS-CONF-2013-058
§ 8 GMSB, 1)~ long-lived 1\ 2y - Yes 47 0.4<r(?)<2 ns 1304.6310
= qq,)(?—n]qy (RPV) 1 p, displ. vix - - 20.3 q 1.0 TeV 1.5 <c<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X, Ve +pu 2e,pu - - 4.6 24,,=0.10, 1,3,=0.05 1212.1272
LFV pp—v. + X,V —e(u) + T lTeu+t - - 4.6 24,,=0.10, 2,(2)33=0.05 1212.1272
> Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 20.3 1.35 TeV m(z)=m(g), ctrsp<1 mm 1404.2500
& )21)21’,)21 SWELX >eer,, euv, 4e,u - Yes 203 |X 750 GeV mE})>0.2xm(¥}), 12120 1405.5086
R X W X 1, erve Bep+t - Yes 203 |k} 450 GeV m(E})>0.2xm(¥}), 43320 1405.5086
&—q99 0 6-7 jets - 203 |2 916 GeV BR(#)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—it, fi—-bs 2¢,u(SS)  03b Yes  20.3 z 850 GeV 1404.250
N Scalar gluon pair, sgluon—gg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon— 2e,u(SS) 2b Yes 14.3 ATLAS-CONF-2013-051
"O"‘ WIMP interaction (D5, Dirac ) 0 mono-jet  Yes 10.5 m(y)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
M| 1 1 MR
v_ =8TeV .1 0_1 1
full data Mass scale [TeV]
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SM:

e No tree level decay

e Helicity suppressed

e Expected: B(Bs, — utp~)= (3.6 £0.3) x 107
(Phys. Rev. Lett. 109 (2012) 041801)

NP:
e MSSM: B o tan®8/Mj,

e Pre-LHC parameter space example:
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SP Higgs and Vacuum Stability

e Higgs mass is “fine tuned”?

— SM located in narrow meta-stability wedge.
— Most likely “multiverse” near such a wedge? 200 |
— Vast majority of sand-dunes have a slope
angle roughly equal to the so-called “angle of repose”. > i
— Not anthropic, but P(multiverses) peaks near wedge? & 150 _
e Vacuum might be stable, or has a 7 >> Tuniverse %
e SM may work successfully up to Planck scale, E 100 | Stability
i.e. no need for a new mass scale g i
129 e
=~ i
128 >0
127 N Meta-stability
> § ‘ 0 _ 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 L
¢ - 0 50 100 150 200
£ 125 " Higgs mass M} in GeV
>
124 =
0
[0}
123 2
107

122 :
170 171 172 173 174 175 176 177

H.Dijkstra

ICNFP 2015, 26 Aug " " 5-




AVa
\/ \/
SH;P
NO, SM unable to explain observed:

e Matter anti-matter asymmetry in universe
e Neutrino mixing—-masses

e Non-baryonic dark matter
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SM case closed?
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5
Y History Lesson(s)
L (after B. Batell)

First decades of last century:
_ _ Energy spectrum of be‘ia::: .

e (3-decay: Meitner, Hahn, Ellis, Neary decay electrons from 10 Bi
e Continuous spectrum observed for n - p+¢e~ ? %‘
e Note: SM (1930): N, e, ~ =
e Pauli (1930) proposed: n — p+e~ + v

‘I admit that my remedy may appear to have a

small a priori probability (..). 002 04 08 08 10 12

However, only those who wager can win, (...)" inetic energy, MeV

Nowadays: call this a “hidden sector” !

e New particles, neutral, very weakly interacting.
e Interacts with SM through “portal”.

e SHIP Physics Proposal: vector, Higgs, neutrino and axion portals.

H.Dijkstra
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Ptolomy (~90-168 AD):

vMSM: T.Asaka, M.Shaposhnikov

PL B620 (2005) 17
Adding three right-handed Majorana Heavy Neutral Leptons (HNL): N;, N5 and Nj:

e N, can provide dark matter candidate
e Nj 23 can provide neutrino masses via Seesaw mechanism

e Ny 3 can induce leptogenesis— baryogenesis.

Three Generations
of Matter (Fermions) spin %

Three Generations
of Matter (Fermions) spin %

mass - 2.4 MeV 1.27 GeV 173.2 GeV mass - 2.4 MeV 1.27 GeV 173.2 GeV
charge - | 24 u %3 C %3 t charge - [ 24 l l %3 C £ t
name - up charm top name - up charm top
4.8 MeV 104 Mev 4.2 Gev 4.8 MeV 104 Mev 4.2 Gev

%] %]

=< |-¥% -5 - = |-% - -

© ©

> >

o down strange bottom o down strange bottom
—
c 126 GeV 10 ke! ~GeV ~GeV

V : 'H Ve/N, *Vi/N, *Vz
? 0 S t
muo e Higgs muo au
neutrifio o boags r?cle%(itr[ng HETHINo heutrin

o
LL .

n 0.511 MeV 105.7 MeV 1.777 Gev —~ spin 0 I 0.511 MeV 105.7 MeV 1.777 Gev
(%]

5 |1 1 1 c 5 |1 1 1

= o =

20 e T 2 20 e T

Q o Q

- electron muon tau o - electron muon tau
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It is a good principle to explain phenomena by the simplest hypothesis possible!
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VaY, vMSM: closer look at N,

SHiP

N can provide dark matter candidate:

e very weak mixing with other leptons
hence, stable enough for dark matter

N,

o
e Seesaw: one M, _..iive ~ 1077 eV
o

Radiative decay: T > Tuniverse I
_ My,
o [, = —
_ 10_'7 % T T T T ? o
e X-ray detection: S 10 3 3
— 10/2/14: arxiv.org/abs/1402.2301: & ,F& \ 1S
Detection of an Unidentified Emission Line in theg ;E\ - ?; E
Stacked X-ray spectrum of Galaxy Clusters B 1071 '§_§ \\‘\_;' —é
. = C) 31 —
— 17/2/14: arxiv.org/abs/1402.4119:  §10 o 1 ¥
An unidentified line in X-ray spectra of the S LFd 1 >
8 10 E 5| Not enough DM = X
Andromeda galaxy and Perseus galaxy cluster & E & I | I I 1
. -13 [ 1 1 L 111 1 1 1
— Both papers refer to Astro-H (with O 1 2 5 10 50
Soft X-Ray Spectrometer, 2016 launch) Dark matter mass My, [keV]

to confirm /rule-out the DM origin of this signal.

H.Dijkstra
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107
Use Ny 5 to explain: -
® I/ masses:
: ) 1077
Seesaw constrains Yukawa coupling
and MNQ,?’, l.e. M,/ X U2/MN273 1070
N \
e Baryo(Lepto)genesis: make D 0%

N> nearly degenerate with N3, and
tune CPV-phases to explain baryon
asymmetry of universe (BAU).

107108

10—11 B o e

3 10‘1% -
o 1/TN2,3 X MNQ,?, :

e Tn,; <O0.1s,
otherwise Big Bang Nucleosynthesis
(BBN, ~ 75/25 % H-1/He-4)

0.1¢

0.001
would be affected by Ny 5 decays. _
- 1073
These are the particles SHiP is after! o
107°

ICNFP 2015, 26 Aug -10-
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=X Ny 3 production and decay
DS LM/ e Ny 3 mix with active v
e Produced in (semi-)leptonic decays, f.i.
Vu 7 K—=uv, D—= uwX, B— uX, Z = vv
'H N3 e x op x U?
¥ 2 _ 772 2 2
o Uy = UQ,Ve + UQ,VM + Uz,yT
D B
\ n
'H N
X 2,3 L
Ly,
'H
X T
e B(N— pu/em): ~0.1—-50% L
e B(N = /e p): ~0.5—20%
e B(N—vue): ~1—-10% N,, Vu B —
® TN, X U2 ie. cr O(km) TH <\e
x Ve
1) H.Dijkstra
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SHiP Requirements
SHiP
Where to produce charm?
o LHC (y/s =14 TeV): with 1 ab™!: ~ 2.10% in 4.
e SPS (400 GeV p-on-target (pot) /s = 27 GeV): with 2.10%° pot: ~ 8.1017
Hence: go for the SPS!' HNL search is different from v, v, physics (but v, similar):

e v,, V. cause background: heavy (Mo+W) target to avoid m/K-decay.
Example: Cu iso W-target doubles v-background!

e Place detector as close as possible to target as background (huge pu-flux!) allows, i.e. ~ 60 m?
e Decay vessel: “vacuum” to avoid v-interactions

e Magnetic spectrometer to reconstruct HNL mass.

[-]

E— — |

\

Bkl
-]

HNL decay vessel spectrometer

p-beam  Target u-shield

H.Dijkstra
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Y SHiP Technical Proposal

e Where to put this spectrometer?

e Some words about the target bunker
e [he muon shield

e Decay vessel and Spectrometer

e Expected sensitivity

H.Dijkstra
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Nrth Area

H.Dijkstra
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Target Bunker

Accelerator department studies:
e Beam-line from SPS
e Civil engineering
e Target design
e Radiation environment
e and cost...

concrete

H.Dijkstra

15

ship.web.cern.ch /ship/Document/SHIP_Taskforce_Report_v1.0.pdf
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SHiP Active -Shield
e Per 1 s SPS spill: =

~ 101° 4* in acceptance. E _

e Active ji-shield (1.8 T in Fe). 2

HNL-decay vessel

H.Dijkstra
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-chambers ‘5“
" "/ \/

||| O Straw chambers .
11 r’\\\\ = ___ Vacuum vessel ~ SHiP

i \! \ SFY: gers Veto Straw chambers

~~~

agnet

Calorimeter
Spectrometer to reconstruct signal:

e Ecal and muon filter/chambers at the end.

e Tracking straw chambers (thin!) and magnet for reconstruction.
Background rejection:

e /i or v interactions in decay volume: evacuated vacuum vessel: (10 wubar)

e K /A-decays produced in surrounding material in p, v-interaction:
— Taggers: liquid scintillator in double walled vessel to veto candidates with accompanying particles.
— Veto: veto short lived Kg, A, or candidate with accompanying particles.

H.Dijkstra
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SHiP Physics Program Being Studied

Signature Physics Backgrounds
7 ut, K T HNLNEU RDM, K} — 7 utu,
S Tas HNL(— p~ ™) KY - ptv,(+7%), K¢ — o ntn"
7 e K et HNL, NEU Kg ST e,
nmlet | HNL(— p~e™) Ky w1 etve, K} - n ntn®
p~e T +p™**  HNL,Higgs Portal (HP)(— 77) K = n puv,, Kp =7 e,
pptp™* HNLHP(— 77) RDM, KY — 7~ utu,
wopt DP,PNGB,HP RDM, KY — = utu,
wo oty Chern-Simons K wn ntn®, KY — 7 ptv, (+7°)
e et 4+p™ss  HNL,HP K? 5> netu,
e et DP,PNGB,HP K 51 et
_ K snputv,, K -7 ety
i DP,PNGB,HP L BV AL er
T Kg — 77_7r+7r0,K% O—> Tt . .
DP,PNGB, HP(— 77), Ky w7m putv,, K -1 etve, K -7 ntna’,

HSU,HNL(— p°v)
DP,PNGB, HP

DP,PNGB,HP, HNL(nv)
DP,PNGB,HP
PNGB(— mwmn)
PNGB(— 7mn)
DP,PNGB,HP

Hidden Susy (HSU)
Hidden Susy

Hidden Susy

Hidden Susy

Kg — 7T_7r+,Kg~ St A— pT

K; — 7T_,LL+I/H , K% — 7T_6+V6K2 N A o
Kg — 7T_7r+,Kg~ St A— pT

K} - n ntn®

K? — = nta%(4-7")

K? - n-nata®
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neutralino

Heavy Neutral Lepton, NEU=

HNL=
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= Expected HNL Sensitivity
Simulated background : T
e v-tomography: Genie(v + N — X )+Geant — 2::
e /1-DIS: Pythia( + N — X)+Geant o

e Random pu: combine primary ps from target. =
e Cosmics: Pythia(u + N — X)+Geant
e No (background) events expected.

Signal sensitivity example:

e Present U, limits

e BAU: Ui <1076 —-10"8 o
e Future: §
— SHiP: 2 x 10%° p.o.t

— LBNE: 5 x 10%! p.o.t

— FCC-ee: 1012 2°

100
H.Dijkstra
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Y v, Physics with 2 x 10% pot
e World v, N — 17X statistics: Donut ~ 7, Opera: b.

e Produce 5.7 x 10*° v, + v; via pN — XD (— Tv;)

e SHiP placed “mini-Opera” between pi-shield and HNL decay vessel.

N o)
T) — COMPACT EMULSION
. — [} SPECTROMETER
ﬁ % rohacell
' b))

3 S |
(O] > g
> T o u
4-‘ _—_\_\ .
E g

. ST

Emulsion
\ 15 mm
uemulsion XB

[-spectrometer , lavers _
Passive material as neutrino target

e Pb/Emulsion: ~ 10k, 340k, 2.4M CC v;, v,, v, interactions — rich v-physics program.
e B-field in emulsion and muon-filters in u-spectrometer: distinguish v from v..

e HNL-background: tagv+p — Ky +1+ X

e .. produced predominantly in charm-decay — HNL normalization.

H.Dijkstra
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iy Conclusions

http:/ /ship.web.cern.ch/shi
kwre p://ship /ship/

A .
J known physics

e SHiP complementary to LHC searches

e SHIP under review by SPSC:

— If approved, and (CERN) money found:

— First civil engineering in LS2 (2019-2020),
— and start SHiP data taking in 2026.

Intensity frontier:

Generic beam dump
facility at CERN

unknown physics

Interaction strength

Energy

e The impact of HNL discovery on particle
physics is difficult to overestimate!
Discovery would shed light on BSM
physics:

— The origin of the baryon asymmetry of the Universe

— The origin of neutrino mass

— The nature of Dark Matter, did we get a hint?

H.Dijkstra
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