A Facility for Hidden Sector exploration at SPS CERN
&}ﬁi\ Andrey Golutvin
= mperial College London




Triumph of the Standard Model




SM may well be a consistent effective
theory all the way up to the Plank scale

v'All constituents of the SM found

v M, <175 GeV = SM is a weakly coupled theory up to the Plank energies !

v' M, > 111 GeV 2 EW vacuum is stable or metastable with a lifetime
greatly exceeding the age of our Universe (Espinosa et al)

Higgs mass M;,=125.3+0.6 GeV
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SM is not a complete theory

Experimental facts of BSM physics

- Neutrino masses & oscillations

- The nature of non-baryonic Dark Matter

- Excess of matter over antimatter in the Universe
- Cosmic inflation of the Universe

Theoretical shortcomings

Gap between Fermi and Planck scales, Dark Energy, connection

to gravity, resolution of the strong CP problem, the naturalness
of the Higgs mass, the pattern of masses and mixings in the
quark and lepton sectors, ...

No clear guidance on the scale of NP and on its
coupling strength to the SM particles !

DESY Seminar 3 Jan. 2015



An example: See-saw generation of neutrino masses

Most general renormalisable Lagrangian of all SM particles (+3 singlets
wrt the SM gauge group):

Leingiet = iNj8, /"Ny — Y1 NFHLE, — M;N;°N; + h.c.,

~ S~

Yukawa term: mixing of Majorana term which
N, with active neutrinos to carries no gauge charge

explain oscillations -
mi,

The scale of the active neutrino mass is given by the see-saw formula: m,, ~ ‘—[
where mp ~ Yi,U - typical value of the Dirac mass term ‘

Example: wp : 1

ForM~ 1 GeVandm,~ 0.05eV o} strong coupling

it results in my ~ 10 keV and Yukawa & o}k lel ML L 1

coupling ~ 107 i os|| P too large

E 10°F
Smallness of the neutrino mass hints ST neutrino masses are too small
either on very large M or very small Y, ol 1&7 0{{ L " .
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BSM theories with a new energy scale
(which may also have light particles)

SUSY is an example

v' From naturalness expect SUSY masses comparable to the Higgs mass to avoid
significant fine tuning

v Could still have light NP. SUSY breaking may be accompanied by s-goldstinos (P.S)
with couplings ~ 1/ ( SUSY breaking scale ) 2 may have evaded detection

eg.D —» X, then X —It1— |Gorbunov, 2001, LHCb: Aaij et al., 2013]

B° 5 PS, then P,S — put pu~

v R-parity violating neutralinos in some SUSY models

e.g., [Dedes et al., 2001]
eg. D —1lyx, then x =11 v

DESY Seminar 3 Jan. 2015 6



Models with Dark sector: impressive list of ideas in the past
(pioneered by Bjorken and Okun)

Holdom, Galison, Manohar, Arkani-Hamed, Weiner, Schuster, Essig,
Pospelov, Toro, Batell, Ritz, Andreas, Goodsell, Abel, Khoze,
Ringwald, Fayet, Cheung, Ruderman, Wang, Yavin, Morrissey, Poland,
Zurek, Reece, Wang, ...

v Hidden particles are singlets with respect to the SM gauge group

v Very weak interactions with the SM particles through portals described by various
operators with vector, Higgs, neutrino and axion forms

v’ Isolated Dark sector naturally provides DM candidates

v' Dark Sector may have a rich structure of light hidden messengers between
Dark sector and SM patrticles

v" No theoretical input on the Dark Sector mass scale 2>
may well happen to be accessible at future experiments

DESY Seminar 3 Jan. 2015 7



Mirror matter: to restore P. C and CP

Vector portal
Okun, Voloshin, Ellis, Schwarz, Tyupkin, Kolb, Seckel, Turner, Georgi,

Ginsparg, Glashow, Foot, Volkas, Blinnikov, Khlopov, Gninenko,
Ignatiev, Berezhiani,...

Dim 2: Hypercharge U(1) field, B,
New particle — massive vector photon (paraphoton, secluded photon, ...)

renormalisable coupling — kinetic mixing =2 &B, F* 107 pommmr G
r wans] BABAR
104 El41
Production: through a virtual photon: electron or proton fixed-target -
experiments, e e~ and hadron colliders, o o« €2. Decay due to the 100 b \m
mixing with photon to the pair of charged particles: Eis7
ete™, ptp—,mtn—, ete, etcorto invisible particles from the dark " |
sector.
. . 10-10 - N B
Constraints are coming from: au
® SLAC and Fermilab beam dump experiments E137, E141, E774 | '{i} - E\ﬁ
® electron and muon anomalous magnetic moments 10-14 - ‘ T
Planck
1 ‘He
® KLOE, BaBar ——
10-16 . 711‘)15:: 4
® PS191, NOMAD, CHARM (CERN) oMB
DESY Seminar 3 Jan. 2015 10-1% L . L 8
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nggs portal Patt, Wilczek, Schabinger, Wells, No, Ramsey-Musolf, Walker, Khoze,
Ro, Choi, Englert, Zerwas, Lebedev, Mambrini, Lee, Jaeckel, Everett,
Djouadi, Falkowski, Schwetz, Zupan, Tytgat, Pospelov, Batell, Ritz,

ezrukov, Gorbunov, Gunion, Haber, Kane, Dawson,...

Dim 2: Higgs field H tH
New particle — hidden (dark) scalar with renormalisable coupling

(kx +Ax*)H™H (H) _ (cosp —sinp) (¢6)

h sinp cosp s’

v' Convenient parameterization of an extended Higgs sector: two Higgs doublets,
SUSY (e.g. light s-goldstino, scalar singlets, Higgs triplets, ...

v’ Extra scalars may help in solving hierarchy problem, flavour problem, baryogenesis,
Dark Matter, neutrino masses, inflaton, etc

v' Production 10"
- direct: pttarget > xX
: . *
- in flavour decays: B2>xK
- T~ S8in? ) .
p 107 Perturbative 1 -
107"y - Voé)sh(iin ------------ 1 o B
2 iggs ters Guide ---eeeee- = -
10 I Rnl)_\’l ’b\\']:{‘. (;;llt'hg:'n(; cosnsiones | ‘® 10" F zGorMod"’
R (e ' Truong & Willey 1
E 10 [ Donoghue et al. === :
= 100} ) : 108 P aiead
f —a 1 10-10 | Io, o
10 f: ' Y 1 ~ 10,
107 [ ; — 1
0.1 1
0.1 1 ) s
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Neutrino portal Minkowski, Yanagld'a, GéII-Mann, Ramond, Slansk){, Glashow,
Mohapatra, G. Senjanovic + too many names to write, the whole
domain of neutrino physics

Dim 5/2 Higgs-lepton HT L

renormalisable coupling 2 v HT N

To set the scene (summary of the past results) :

loo A T T ‘] T l]| 1 L I | Ll LI A B B | ] I 1 L B B |
M, , [
107 ' ' It\ '| N\ NA3 ,’l
) A B N W . .
w0l 5 RSJh e N\ cmarun " v' Coupling strength to active
3 BT RN AR I neutrinos is U?, where
10 : » \\ N . . / I/ UZ:Ue2+U#2+UT2
. Vs ~ e e e e ——_——T —
o 10* | RELCEEN -\.\. k ----- / ( V;l42_Uy27 etc.. .)
>§ I SN TN DELPHI 4
il o N N N e e ——— . .
10° ! N\ PMME v Stringent constraints on the
1% ‘ .. N light M,, below kaon mass
v IS \’ .—.i—> BEBC
10” N RN, v
N K S KTV The mass range above
10° © ps 101 charm is relatively poor
10-9 1 L 1Ll II 1 1 1 L1l II 1 1 1 L L Ll exp/ored
01 1 GeV) 10 100
m, (Ge

from Atre et. al. (0901.3689peminar 3 Jan. 2015 0



Weinberg, Wilczek, Witten, Conlon, Arvanitaki, Dimopoulos, Dubovsky,
Kaloper, March-Russell, Cicoli, Goodsell, Ringwald, Lazarides, Shafi,
Choi, Essig, Harnik, Kaplan, Toro, Gorbunov,...

Dim 4: Axion-like Particles, pseudoscalars 5
Non-renormalisable couplings =2 %Gwéﬂ", %a'(z'y“*yszp

Axion portal

v' Axions -2 to solve strong CP-problem, string theory, extra dimensions
v Axion-Like Particles (or pseudo-Nambu-Goldstone bosons) 2 dark matter, SUSY ...

Similar to the Higgs portal, from arXiv:1008.0636, Essig et al

-2 -2
107 19 OI' l109 107 19 - OII l109
108+ 108 10| 108
107+ 107 107 107
_ 10% 110° _ 10 10°
% 10°] <100 % 10°) 10°
g 10* 10* % 10* 10*
10° 10° 10° 10°
10 10 10 10
10 10 10 10
e o1 1 o 0.1 !
m, (GeV) m, (GeV)
Left: K+ — anything + eTe™ (green); KT — T+ invisible (blue);
BT > KHiti— ( ) (Il = e, n); BT — KT+ invisible (red).
Right: Gray: the combined exclusion region from meson decays; green: CHARM; 11

blue: supernova SN 1987a; red: muon anomalous magnetic moment.



BSM theories with no NP between Fermi and Planck scales
(minimalistic approach)

vIMISM ( T.Asaka, M.Shaposhnikov PL B620 (2005) 17 ) explains all experimental
short comings of the SM at once by adding 3 HNL: N,, N, and N,

Three Generations Three Generations
of Matter (Fermions) spin ¥ of Matter (Fermions) spin ¥
| Il 1 | I 1

mass- [ 2amer 127GV 1732Gev mass - [ 24 MV 127 Gev 173.2GeV
chame - (35 u % C % t charge - 35 u % C % t
nam w chasn up cham op
4.8MeV 104 MeV 4268
-%d % S % b % b
down smnge boton bonom
= Z6GeV 0 ~av | v
v/ v v F Vo/Ny VN, VN
. B8 g thog decxin
0511 My 105.7 M ;; spin 0 @ 0.511 MeV 105.7 MeV 1.777 GV
L = S |2 -1 -1
1 : re bp P
muon 2 decyon muon 1.

-1 e 1
N = Heavy Neutral Lepton - HNL

vad % S

yange

Quarks 7
Quarks "'

Bosons (Forces) spin 1

Leptons
Lept

ekcyon

Role of IN; with mass in keV region: dark matter
Role of N3, N3 with mass in 100 MeV — GeV region: “give” masses to
neutrinos and produce baryon asymmetry of the Universe

Role of the Higgs: give masses to quarks, leptons, Z and W and
inflate the Universe. DESY Seminar 3 Jan. 2015



Constraints on DM HNL N,

v’ Stability 2 N, must have a lifetime larger than that of the Universe

v Production - N, are created in the early Universe in reactions
Il 2 vN,, qq 2 vN, etc. Need to provide correct
DM abundance

v' Structure formation 2> N, should be heavy enough ! Otherwise its
free streaming length would erase structure
non-uniformities at small scales ( Lyman-co
forest spectra of distant quasars and structure
of dwarf galaxies )



Dark Matter candidate HNL N,

Yukawa couplings are small —

N can be very stable. For one flavour-

N

\ » 10 keV\® [ 10~8
z N, = 10 years
/ | \ M h

Main decay mode: N — 3v. M

Subdominant radiative decay
channel: N — v~.

DESY Seminar 3 Jan. 2015 14



Dark Matter candidate HNL N,

DM particle is not stable. Main
decay mode N; — 3v is not
observable.

Subdominant radiative decay
channel: N — v~.

Photon energy: .

Radiative decay width:

9 QEM G%‘
I'rad =
256 - 474

sin” (26) M,5

DESY Seminar 3 Jan. 2015

N,->yv produce a mono-line in

photon galaxies spectrum.
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Interaction strength v?

Allowed parameter space for DM HNL N,

1 2 5 10 100
Dark matter mass My, [keV]

DESY Seminar 3 Jan. 2015
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Searches for DM HNL N, in space

e Has been previously searched with XMM-Newton, Chandra,
Suzaku, INTEGRAL

e Spectral resolution is not enough (required AE/E ~ 10~3)

e Proposed/planned X-ray missions with sufficient spectral resolution:
Astro-H LOFT

ATHENR+ - 5 508
THE ASTROPHYSICS OFTHE -
HOT AND ENERGETIS 4 %
UNIVERSE >

N

Reading the Metal Diaries of the Universe

DESY Seminar 3 Jan. 2015
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rieavy Neutral Leptons: N,

v' N, should be sufficiently stable

-2 super-weak N,-to-v mixing such that ©(N,) > t(Universe)
Observable decay mode: N, > vy

- search for mono-line in galactic photon spectrum, E, =My /2

Hints for a signal have been recently reported in:

Bulbul et. al. (1402.2301) Boyarsky et. al. (1402.4119, 1408.2503)
< | 7 T v T v T ' T v ] v 2'3‘ ‘ 1 ‘ l ' I ' l )
| MMMOS | § 0 P bttt
.f 08 3.57 £0.02 (0.03) Full Sample - :- 0.32 “("* 3.5320.025 —
!;I 07 l 6 Ms : g;o.’o_ - " *. |
S I i 9.4 i
£ o0 4% 0.26 \r{_:-ﬁ:gq_
0.24 |- -
3 o | Jg E 0.22 ) | ) | ) %
i #‘LI&{ }f ’” w # oot |- BT
T 001~ \ u j T ::Z,, : { :
. A e H ! {%{ -
Energy (keV) §§ 201_002 }_}§_£%+ I 31 ¥+ }A f
- 1 HEE . N
My, =7.1 keV s LT, 2 ’ -
3.0 3.2 3.4 3.6 4.0
U2 = 7 X 10—11 Energy [keV]

My, = 7.06 + 0.05 keV/
=(2.2-20) x 101 =

DESY Seminar 3 Jan. 2015
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Heavy Neutral Leptons: N,

v' There are also recent papers
on non-detection of dark matter 10 —rrrry

sterile neutrino candidates:

M.E.Anderson et. al. (1408.4115) 10° |-
D.Malyshev et.al. (1408.3531)

10° = 2

- [
= 100 = .§$
v Ongoing discussions o 4 3%
L. . = 10"~ s<
on reliability of the signal ... - gc
102~ &8

(33

v" Accuracy of the measurements 10" - &

limited by systematics 10 -

Will soon be checked by the Astro-H mission (to be launched in 2015)
with better energy resolution, AE/E ~ 0.1%

DESY Seminar 3 Jan. 2015 19



Masses and couplings of HNLs: N,, N,

* M(N,) = M(N,) ~ a few GeV-> CPV can be increased dramatically to explain

Baryon Asymmetry of the Universe (BAU)
Very weak N, ;-to-v mixing (~ U?) = N, ; are much longer-lived than the SM particles

D M
> Ny 3 R //
Example: M 'H
. . / H N2’3 d b t DX T
N, ; production in charm o ana subsequen
M decays u
D N2’3 Vu //
N YH \e
D)(IH N2,3 ’UX Ve
- Typical lifetimes > 10 us for M(N, ;) ~ 1 GeV -

Decay distance O(km)

0.001 +

7 [s]

« Typical BRs (depending on the flavour mixing): + 1-:
Br(N 2 we x) ~0.1-50% o
Br(N = w/e p*) ~0.5 - 20% 0 ‘ ‘ ‘ ‘ BTN

BI’(N 9 VMG) ~ 1 _ 10% 0.2 0.5 10 20 50 10.0

M [GeV]




Baryon asymmetry

Sakharov conditions:

CP is not conserved in vMSM

6 CPV phases in the lepton sector and 1 CKM phase in the quark
sector (to be compared with only one CKM phase in the SM)

Out of thermal equilibrium

!

HNL are created in the early Universe
CPV in the interference of HNL production and decay
Lepton number goes from HNL to active neutrinos

Then lepton number transfers to baryons in the equilibrium
sphaleron processes

PS Explanation of DM with N, reduces a number of free parameters
- Degeneracy of N, , masses’i§'1équiréd to ensure sufficient CPV

21



Masses and couplings of HNLs

Very weak N, ;-to-v mixing (~ U?) =2 N, ; are much longer-lived than
the SM particles

m
D m
- N3 R //
Example: o 'H
L H N3 d sub ¢ ok =
N, ; production in charm V¥ and subsequen
n decays "
D N2’3 . Vu //
N 'H — &
D)(IH N2,3 ’DX Ve
* Typical lifetimes > 10 us for M(N, ;) ~ 1 GeV 01 BN
Decay distance O(km)

Typical BRs (depending on the flavour mixing):

Br(N 2> we ) ~0.1-50% 0
Br(N =2 u/e p*) ~ 0.5 - 20%
Br(N =2 vue)

~1-10%

107°

L
0.2

L
0.5

L L
10 20

! =
50 10.0
M [GeV]



Experimental and cosmological constraints

v" Recent progress in cosmology \ NuTeV\\\Jﬁﬁ e

0—6

v' The sensitivity of previous experiments 1
did not probe the interesting region
for HNL masses above the kaon mass 107 -

v' Use heavy flavour and W,Z decays o
to extend mass sensitivity reach

1072

| | | | |
0.2 0.5 1.0 2.0 5.0 10.0
M [GeV]

T T T

NuT\ = \/!
\ I

S~ 1

10—6

= 1078

B decays j

10~ 10 L

1012

DESYSeminZi®3 Jan. 20130 10.0 23
M [GeV]



Main goal of current and near future experiments:

exploration of the Fermi scale
(and a bit beyond)

known physics

Energy frontier:

LHC

Experiments at the both

Intensity frontier: energy and intensity
Generic beam dump . .
facility at CERN frontiers are essential !

unknown physics

Interaction strength

Energy

hidden sector:

HNL: baryon asymmetry of the Universe, dark matter, neutrino masses
sgoldstino, light neutralino: SUSY

paraphoton: mirror matter, dark matter

DESY Seminar 3 Jan. 2015 24



Energy Frontier: No sign of New Physics yet
(or what has yet not been found)

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model 6Ty Jets ET [raqm™) Mass limit Reference
MSUGRA/CMSSM 0 2-6 jets Yes 20.3 4.8 1.7TeV m(g)=m(z) 1405.7875
MSUGRA/CMSSM 1epu 3-6jets  Yes 20.3 z 1.2 Tev any m(g) ATLAS-CONF-2013-062
% MSUGRA/CMSSM 0 7-10jets  Yes 20.3 2 1.1 TeV any m(g) 1308.1841
0 26jets  Yes 203 |§ 850 GeV m(\"]’)=o GeV, m(1* gen.q)=m(2™ gen. §) 1405.7875
0 2-6jets  Yes 203 |& 1.33 TeV mth) 0GeV 1405.7875
1ep 3-6jets  Yes 20.3 2 1.18 TeV m(¥})<200 GeV, m(¥*)=0.5(m(¥)+m(z)) ATLAS-CONF-2013-062
22, g—.qgw/[v/ww, 2ep 0-3 jets - 203 |& 1.12 TeV m(¥))=0GeV ATLAS-CONF-2013-089
[ GMSB (7 NLSP) 2ep 2-4jets  Yes 4.7 tang<15 1208.4688
‘®  GMSB (/ NLSP) 1-27+0-1( 02jets Yes 203 |& 1.6TeV tans>20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(t})>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tepu+y - Yes 48 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(¥})>220 GeV 1211.1167
GGM (higgsino NLSP) 2epu(z) 03jets  Yes 5.8 m(NLSP)>200GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(G)>107* eV ATLAS-CONF-2012-147
g 'g €—>1111X| 0 3b Yes  20.1 2 1.25 TeV m(¥})<400 GeV 1407.0600
> £ go1i¥, 0 7-10jets  Yes  20.3 z 1.1TeV m(¥}) <350 GeV 1308.1841
T o NI, 0-1e.p 3b Yes 201 |& 1.34 TeV m(¥})<400 GeV 1407.0600
@ 2—biX| 0-1e,p 3b Yes 201 |& 1.3 TeV m(¥1)<300 GeV 1407.0600
byby, by —.b)(, 0 2b Yes 201 by 100-620 GeV m(t})<90 GeV 1308.2631
< biby, by—i¥y 2epu(SS)  03b Yes 203 b 275-440 GeV mu, )=2 m(¥)) 1404.2500
%.9 #1f1(light), 7 —b¥7 1-2eu 1-2b  Yes 47 |4 1 1208.4305, 1209.2102
g g i (light), 7y —dval ey 0-2jets  Yes 20.3 7 130-210 GeV 1) =m(7,)-m(W)-50 GeV, m(f,)<<m(¥}) 1403.4853
§' 7171 (medium), 7 —»m e 2jets Yes 203 |74 215-530 GeV m(¥})=1GeV 1403.4853
: g_ 71 (medium), 7, —»b¥ 0 2b Yes 201 | & 150-580 GeV m(¥})<200 GeV, m(¥} )-m(¥})=5 GeV 1308.2631
§’ f1f1(heavy), 7 —>t¥ Teu 1b Yes 20 |4 210-640 GeV m(X:}:):O GeV 1407.0583
3 E rm(heavy)[ fi—tY) 0 2b Yes 20.1 i 260-640 GeV m(t})=0 GeV 1406.1122
- —ck) 0 mono-jet/c-tag Yes 20.3 i 90-240 GeV m(7)-m(¥])<85GeV 1407.0608
r.r.(natural GMSB) 2e.u(2) 1b Yes 203 |# 150-580 GeV m(¥))>150 GeV 1403.5222
b, - +Z Be.p(2) 1b Yes 203 |7 290-600 GeV m(¥})<200 GeV 1403.5222
I wlyg, -0 2ep 0 Yes 203 |7 90-325 GeV mp(, )=0 GeV 1403.5294
Xy X =) 2eu 0 Yes 203 |&; 140-465 GeV m(¥))=0 GeV, m(7, 7)=0.5(m(¥})+m(¥})) 1403.5294
s § XXy X1 —v(ry) 27 - Yes 203 |X; 100-350 GeV m(¥})-0GeV, m 5(m(EE ) +m(E)) 1407.0350
s -l v[[ (), L) 3epu 0 Yes 203 X},)?' 700 GeV m(¥})=m(¥> ) m(h) 0, m([ #)=0.5(m(¥} )+m(t])) 1402.7029
B iviowiiz 23ep 0 Yes 203 ’ 420 GeV sleptons decoupled | 1403.5294, 1402.7029
)?’)?LW)ZI 5% 1eu 2b Yes 203 [F; 285 GeV sleptons decoupled | ATLAS-CONF-2013-093
RSB 5 ol dep 0 Yes 203 |dgs 620 GeV. . 9)=0.5(m(E2)+m(i?) 1405.5086
3 Direct ¥1¥; prod., long-lived ¥; ~ Disapp. trk 1 jet Yes 203 | 270 GeV m(¥})-m(¥])=160 MeV, r(¥{)=0.2 ns ATLAS-CONF-2013-069
= Stable, stopped g R hadron 0 1-5jets  Yes 279 |& 832 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
é;-ﬁ GMSB, slable 7 X -1, Ayg(e. ) 1-2u - - 15.9 10<tanf<50 ATLAS-CONF-2013-058
s 8 GMSB, ¥1—yG, long-lived ¥ Y - Yes 4.7 0.4<r(¥))<2 ns 1304.6310
~ qq,x, —qqu (RPV) 1 p, displ. vtx - - 20.3 q 1.0 Tev 1.5 <ct<156 mm, BR(u)=1, m(¥})=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X, ¥r—e +pu 2e,u - - 4.6 =0, 10 413,=0.05 1212.1272
LFV pp—¥, + X, ¥, —e(u) + 7 Tepu+t - - 4.6 . 222=0.05 12121272
> Bllmear RPV CMSSM 2e.u (SS) 0-3b Yes 20.3 m(q):m(,g), cTrsp<i mm 1404.2500
& ol XL WX, —eev,. euv, dep - Yes 203 mE)>0.2xm(F}), 4121 #0 1405.5086
XX X - WH X oty erv, Bep+T - Yes 203 m(¥))>0.2xm(F}), 43,20 1405.5086
84999 0 6-7 jets - 20.3 BR(1)=BR(h)=BR(c)=0% ATLAS-CONF-2013-091
g—iit, I —>bs 2e,u(SS)  03b Yes 203 1404.250
L Scalar gluon pair, sgluon—gg 0 4jets - 4.6 incl. limit from 1110.2693 1210.4826
_E Scalar gluon pair, sgluon— 2e, ,u (S8S) 2b Yes 14.3 ATLAS-CONF-2013-051
5 WIMP interaction (D5, Dirac y) mono-jet  Yes 10.5 m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
L PR | L L L PR S S A | L " L PR S T
Vs =8TeV —1
N 10 ! Mass scale V]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.

Wait for new LHC data at Vs = 13 TeV

DESY Seminar 3 Jan. 2015
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Indirect bounds on the scale of New Physics

Most stringent limits come from observables in K° & B° mixing

W- — 0.25
b —>—— NN N—— f
— =
B((,) uc,ty Au,cct Bg
d _« hArnl—eD
W+
(V2 V"V, )2
M(Bd—Bd) B Yi© Vi td) Sxp 1
167°m, A2
tree/strong + generic flavor
-1 fstrong + & > A2 2x10° TeV [K]

loop + generic flavor

~1/(167%)

~ (¥ vti*th)z/ (167°)

Wait for new data from LHCb, NA-62 and later
from BELLE-2 and LHCb Upgrade

DESY Seminar 3 Jan. 2015

LHCb 1ib" + CDF 9.6fb" + DO 8/b ' + ATLAS 4 9fb’
—

—
HFAG

:

68% CL contours
(A logL = 1.15)

> A= 2x10°TeV [K]
~ (%4 Vti*th)z tree/strong + “aljgnment”> Az 5 TeV [K & B]

loop + “alignment™
>

A 0.5 TeV [K & B]

26




Search for Heavy Majorana Neutral Leptons at accelerators
(recent results and future perspectives)

M.Shaposhnikov NP B763 (2007) 45-59

A.Pilaftsis et.al. PR D72 (2005) 113001
From cosmology: My, <M, or M, 2 =300 GeV

(Sakharov condition > CP has to be violated out of thermo-equilibrium)

v MN < MK
Impressive limits exist from PS-191
Will soon be validated by NA62

v MN < Mheavy flavour
LHCb, BELLE
New beam-dump experiment at the SPS (SHIP) has the best sensitivity reach

v MN < MZ
Can be best explored at Future Circular Collider in e+e- mode

v MN > MZ
Prerogative of the ATLAS / CMS in the high luminosity phase of LHC
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Intensity frontier: New fixed target facility is very timely
to explore Hidden Sector and to search for HNL

Common experimental features:

v Production through meson decays (x, K, D, B, proton bremstrahlung, ...)

v Decays Final states Models tested
wl, Kl, pl, | = (e, pu,v) | v portal, HNL, SUSY neutralino
ete=, ptp~ V, S and A portals, SUSY s-goldstino
atr=, KTK~ V, S and A portals, SUSY s-goldstino
ITl-v HNL, SUSY neutralino

v" Full reconstruction and PID are essential to minimize model dependence

v Production and decay rates are strongly suppressed relative to SM
- Production branching ratios O(10-9)
- Long-lived objects
- Travel unperturbed through ordinary matter

v Challenge is background suppression -2 requires 0(0.01) carefully estimated
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The Fixed-target facility at the SPS (Prevessin North Area site)

Not up to date

CMS

LHC

North Area
2008 (27 km) | N

Future SHIP
Extension Area
‘

ATLAS

& R ~ 3 HiRadMat
Access B.Id. (% L/ " :
~ 20m wide #74

S i
& ol
Service Bld." "\ 24124

~ 15m wide

BOOSTER

ISOLDE

T East Area

T
‘ PS
1959 (628 m)
s

LEIR
5

LINAC 2

(/> TARGETHALL e
Bypass tunnel 2N ~ 20m wide fons

Access Bld.
=15m wide

"AuX" ._



The SHIP experiment

Hidden patrticle
decay volume

Spectrometer
Particle ID

Tau neutrino detector on sweeper

Ideal place to study
physics of v_ produced
in Dg decays

Target / hadron




General experimental requirements

v Search for Hidden Particles (HP) in Heavy Flavour decays
Beam dump experiment at the SPS with a total

)ub]

lo
of 2x10%° protons on target (pot) to produce large L
number of charm mesons B
Y

v HP produced in charm decays have significant P

=) = T T T E

S 0.08F =

, € F Polar angle of u 1

! 0.07 & —

S™UE from N> ur

2 0.06F E
S S =

— S A g 005 3

target < [ e _ : © 0.04H 3
/ N oo c =

\\ " detector _g 0.03 —
O C

S o02F =

0.01F E

0: 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 -

0 0.1 0.2 0.3 0.4

0 (rad)

Detector must be placed close to the target to maximize
geometrical acceptance - compromise between HP life time and production angle

Effective (and “short”) muon shield is essential to reduce muon-induced backgrounds
(mainly from short-lived resonances accompanying charm production)
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CERN Task Force

Initiated by CERN Management after SPSC encouragement of the SHIP project in
January 2014

Detailed investigation aimed at overall feasibility, identifying options/issues & resource

estimate

Physics motivation and requirements
Experimental Area

SPS configuration and beam time
SPS beam extraction and delivery
Target station

Civil engineering

Radioprotection

Document completed on July 2

Detailed cost, manpower and schedule
Compatible with commissioning runs in 2022,
data taking 2023

Working group responsible for providing
design of facility for Technical Proposal
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A new Experiment to Search for Hidden
Particles (SHIP)
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Preliminary Project and Cost Estimate

The scope of the recently proposed experiment Search for Heavy Neutral Leptons, EOI-010,
includes a general Search for Hidden Particles (SHIP) as well as some aspects of neutrino,
physics. This report describes the implications of such an experiment for CERN.
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Requirements to the SHIP beam-line
(incompatible with conventional neutrino facility)

Initial reduction of beam induced backgrounds

- Heavy target to minimize neutrinos from w/K - uv decays
- Blow up beam to dilute energy on target
- Hadron absorber
- Effective muon shield (without: muon rate ~1079 per spill of 51073 pot)
- Strong preference for slow (and uniform) beam extraction to reduce occupancy

Not to scale!

p(400 GeV)
Mo/W
Target~1m

e.m, hadrons

Fe “5m

Vacuum
Active muon shield (magnetic deflection) O(50)m

Tau neutrino Detector volume ~100m
Detector “5m

Multidimensional optimization: beam energy,
beam intensity, background conditions and detector acceptance



SHIP target

Design consideration
v High temperature

v Compressive stresses o

v Erosion/corrosion 1 E E

v Material properties as a function of irradiation - ——————

v Remote handling (Initial dose rate of 50 Sv/h...) | |
o, Wl

1
a 20 40 &0 50
Z Jemr]

Max. energy density, | = 4e13 proton/pulse, pure materials

R

NN

¢ pulse]
§ & 8
I
—
a A
r‘_,"'
T

Jiempul
- 8 B 8 8
“—\‘K~.
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SHIiP muon shield

v Muon flux limit driven by emulsion based neutrino detector and HP background

v Baseline: Active muon shield based entirely on magnet sweeper / passive absorber.
Realistic design of sweeper magnets in progress. Challenges: flux leakage, constant
field profile, modelling magnet shape.

v' <100k muons / spill (E, > 3 GeV) which can potentially produce V,, (K)

v Negligible flux in terms of detector occupancy

Prompt dose rates in the
experimental hall 4x13 p.o.t. / 7s

Prompt dose, y [-110:110], all particles

e
.F-P-

-

2000 4000 6000 8000 10000 12000 14000 16000

z [cm]

Prompt dose, z [10000:10200], all particles

2800 tonnes

-500
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Detector concept

(based on existing technologies)

v' Reconstruction of the HP decays in various final states
Long decay volume, magnetic spectrometer, HCAL/Muon detector and ECAL,
preferably in surface building and with walls of infrastructure away to reduce
neutrino/muon interactions in proximity of detector

Cylinder Magnet yoke
Backgro:ind Tagger Magnet coil

Electromagnetic
calorimeter

Background Tagger
(Veto chamber)
Decay volume
v' 50 m long vacuum vessel = Background from active
neutrino interactions negligible at 0.01 mbar
v' 10 m long magnetic spectrometer with 0.5 Tm dipole magnet
and 4 low material tracking chambers
v Cylinder bkg tagger based on LiSci housed in between
walls of vacuum vessel
v' Front window with LiSci/Plastic scint. Front bkg tagger
v' Downstream high resolution timing detector

Muon filter

imi | tect
S— Timing detector uon detector



v

v

v

Decay volume and spectrometer magnet

Estimated need for vacuum: 102 mbar
- Based on neutrino flux: 2x10* v-interactions per 2x10%° p.o.t. at p,,,, Negligible at 0.01 mbar
- Design with factor 10 flexibility and factor 10 safety margin: 10* mbar

Vacuum vessel
-10mx5mx60m;

- Walls thickness: 8 mm (Al) / 30 mm (SS);

- Walls separation: 100 mm; ' " o A4l
- Liquid scintillator volume: ~120 m?3; P i

DA ;
N AR
- 1500 WOMs (8 cm x @ 8 cm Wavelength Shifting \ esomn §ifo

& T W

Modules + PMTs); BT NN E‘f‘_. 2~ 210000 ko

~5200mm | e
#eight - 980000 Ky

P mua el e

- Metal weight (stainless steel, no support ): ~ 480 t.
Magnet designed with emphasis on

low power
- Power consumption <1 MW

- Field integral: 0.65Tm over 5m ,{}
- Current 2500 A (1.7 A/mm2 o T10% ™~
2 %E | ~11000mm T
- f—
=800 tonnes “le]|, |
Outer quartz tube to separate I ) = ‘
Inner tube from LS L "3
~3 |
\ ‘9@0]1! ° e .-:' ‘
\ ) ~_}
i ARk
| [~
10 cm l : 2 .:.“-‘-
i “le
\ 1, By
g o
et o | LAB (Linear alkyl benzene) 37
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Some SHIP sensitivities: HNLs

Sensitivity based on current SPS with 2x10%° pot in ~5 years of CNGS-like operation
(visible decays = at least two tracks crossing the spectrometer)

v' SHIP will scan most of the cosmologically allowed region below the charm mass
v Expect ~120 events for M(N, ;) = 1 GeV in cosmologically favoured region
with U 2 = 10%and 7y = 180 us

Inverted hierarchy, U® dominating \ Normal hierarchy, U? dominating

Normal hierarchy, Uf dominating

HNL coupling to SM U?
HNL coupling to SM U?

0"

o'

-

HNL mass (deV)

HNL mass (deV)

52 :1: 1, inverted hierarchy

~ 1:16 : 3.8, normal hierarchy
: U2 ~ 0.061 : 1 : 4.3, normal hierarchy

v Ultimate see-saw limit is almost in reach
Would require increase of the SPS intensity by an order of magnitude

(does currently not seem realistic) 29
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Some SHIP sensitivities: hidden particles

Dark photon: e*e- & utu~

7

: : Y0 i
oz 2707
Lo U @e oy
‘: . 5{' . o 5:: . 5; — m mesons — Y'X
10™M BBN excluded areas
10-12 (_\'.H‘ 7.
1 Illlp/Hl 1 1 1 44 1 1 Illllll m/IH
3x10°  1022x10? 102x10™ 1 2 345 10

v' mass (GeV)

g Ll T T Ll T

3 PRELIMINARY

= aVa'
\/\/
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5 \ /
L
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E 109k T e,
10 » ++. CHARM
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107
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S 3
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Some SHIP sensitivities: low mass SUSY
Light neutralinos produced in B and D decays, e.g. B® 2 vy,or B* 2 u* x,

{ 7 ] 1— : X d :

I ¥ % ( X Xi ¢ =X
- @, R

- \'\ -0

v h—————<— b < X1

b i

then decays:

g 1 Vg
- i | -
X1 : X3 . : " X

Fa ?/'/”'7 [TH ‘.'/ vy “/'/)'l-

S S '

‘0‘ ] Ll lllllll ] L] Illllll

SHIP

10°

Sensitivity studies in progress

107

N. Events

nuTeV

10

L1 ll 1 1 L L L Ll ll
0 7 o .
" ° Lifetime (s) DESY Seminar 3 Jan. 2095
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SM physics with SHiP: prospects for v (v,, v,)

COMPACT EMULSION
SPECTROMETER

rohacell

Kemulsion XB
layers
— Passive material as neutrino target

~10m
v' Expect O(4000) v, /v_ interactions in 6 tons emulsion target with 2x1020 pot

v' Physics aims:

- First observation of v_

- v, /V_ cross-section measurements

- Extraction of F,, F5 structure functions never measured
so far

- Measurement of charm hadron production in
v_interactions will improve understanding of
the strange quark content of nucleons

- Measurement of the v, production in charmed hadron decays will also provide

normalization for measurements of long lived HP
DESY Seminar 3 Jan. 2015 41




Some history and current status

Oct 2013: submitted our EOI: CERN-SPSC-2013-024 ; arXiv:1310.1762 ; SPSC-EOI-010
January 2014: EOI discussed at SPSC

Encouraged to produce “an extended proposal with further developed physics goals, a
more detailed technical design and a stronger collaboration.”

Work towards Technical Proposal in full swing

Extension of physics program

Signal background studies and optimization

Detector specification, simulation and even some detector R&D

Optimization of Experimental Facility - beam line, target, and muon filter, RP, overall layout
1st SHIP Workshop in Zurich in June with a 100 experimentalists and theorists

41 institutes from 14 countries expressed interest to contribute to the Technical Proposal
24 SHiP Workshop/Collaboration meeting at CERN September 24-26

Revise progress in Working Groups towards Technical Proposal

Extend physics for a general purpose facility: Tau neutrino, LFV and direct Dark Matter
search

39 SHIP Collaboration meeting at CERN December 15
Revise progress towards TP and Physics ProposalFormalize Collaboration as proposed by
CERN management with 44 institutes (14 countries)

4! SHiP Collaboration meeting in Naples, February 9-11

Finalize contents and decision for TP, first raw draft ready

4?2
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Next steps: schedule of the SHIP facility

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

AVa
] ] o \VaVy,

2014 2015 2016 2017 1018 2019 2020 2021 2022 2023 2024 2025 2026

Activity a1 2 03 asla1 a2 03 asfo1 @2 @3 asfar [2 03 aslar @2 @3 aefai32 o3 eafar 02 @3 a¢las @2 @3 aslar @2 03 aslor @2 03 <slar @2 03 el ax @2 3

LHC operation
SPS operation

& |Facility Hw issioning/dry runs on availabili i SHiP CERN-SPSC-2014-XXX
- N ntas o €
£ [sHIP facility commissioning with beam Search for e Paricds § September 2014
8‘ SHIP facility operation | !
SHIP Technical Proposal -‘ 1
N SHIP Project approval o |
§ Technical Design Reports and R&D h
9
° TDR approval .
o
g , Technical Proposal
Detector production
Detector installation
w0 |Pre-construction activities(Design, tendering, permits| | | - 3
g (0esig e permits) An Experiment to Search for Hidden
@ |CE works for extraction tunnel, target complex
2 . .
ugn CE works for TDC2 junction cavern ParthleS (SHIP) at the SPS
c
i [CE works for filter tunnel and detector hall
o
s Installation in TT20 (150m)
g2 . S “ollaboration®
s § Installation for new beam line to target The SHiP Collaboration
s
% 2 |Installation in target complex, filter tunnel
ga
&= o
£ Installation in detector hall Abstract
Design studies, specs and tender docs ’==
d The SHiP experiment is a new general-purpose fixed target facility at the SPS to search for hidden
Integration studies particles. These are predicted by a very large mumber of recently elaborated models of Hidden Sectors
Technical Design Report which are capable of accommodating dark matter, neutrino oscillations, and the origin of the full
2 |\anufacturi . baryon asymmetry in the Universe. The high intensity of the SPS and in particular the large produc-
£ anufacturing new components tion of charm mesons with the 400 GeV beam allow accessing a wide variety of light long-lived exotic
£ |Refurbishment existing components particles of such models and of SUSY. Moreover, the facility is ideally suited to study the interactions
® y - of tan neutrinos.
&  |TT20 dismantling (150m) “ o i i ) N ) i
B ) The SHIP detector consists of two 40 m long evacuated decay volumes, each of which is followed by
TT20 re-installation and tests 10 m magnetic spectrometer, a calorimeter and muon detectors in order to allow full reconstruction
New beam line to target installation and tests and particle identification, together with an upstream emulsion target. As an example, with an
Muon filter installation integrated total of 2x1020 protons on target, the experiment achieves sensitivity for heavy neutral
leptons that is four orders of magnitude better than previous searches, accessing a significant fraction
- N N o . . X
% [Target complex design studies, specs and tender docs H of the unexplored parameter space consistent with cosmological constraints.
- E Target complex integration studies
v
£ X |Target complex services - design and manufacturing
s 2 ! Authors are listed on the following pages.
g Target studies and prototyping
8 Target production and installation

A few milestones:

v' Technical proposal - March 2015
v' CERN to decide on the strategy for the SHIP beam within a year after TP submission

v Technical Design Report > 2018
v Construction and installation > 2018- 2022
v' Data taking and analysis of 2x10%° pot -2 2023 - 2027++

DESY Seminar 3 Jan. 2015 43



Summary

SHIP is proposed to search for NP in the largely unexplored domain
of new, very weakly interacting particles with masses below charm

Also unique opportunity for v_physics

Sensitivity improves previous experiments by O(10000) for hidden
particles and by O(200) for v_physics

The impact of the discovery of a new light hidden particle is hard to
overestimate !

SHIP will complement searches for NP at energy frontier and
in neutrino physics
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SHIP experimental area

Future SHIP 4
Extension Ar
t pe 1x new MBB TDC2
Spitter 1 | 8 x new MB8 ‘ SHIP beamline
(modified) Splitter 2
‘ R . = T o - - CE R R
Accass Bld. AL > d .
~20m wide Ay ) / » 20 I ’ TCC2
New qua.drupoles.
TARGET HALL
~ 20m widée - . = - - =
Detailed civil engineering and target station plan

evaluated by relevant CERN divisions

X / ' z E I 160 cm Concrete (removable to access the pit)
He-vessel walls g’ AR woom oo ”
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(-\N — \,
Ed
. Concrete
Target hall building e ?;"”‘"2:"” (towards the
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E
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2 wi;1dow
[remately 320 cm
echargeable
from torget hall)
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Higgs portal observables ( inflaton )

2
(bx + Mx*)H'H + Lsm + Lhidden If u <<V, the new scalar
® Direct production p 4 target -+ Y + x x may be long-lived

® Production via intermediate (hadronic) state
p + target — mesons + ..., and then hadron— x + ....

® Subsequent decay of x to SM particles

Recent example — a model to produce 7 keV N, (DM candidate) and inflate the
Universe in accordance with BICEP and Planck

arXiv:1403.4638, Bezrukov, Gorbunov Syn_er gy with search
0.0001 for inflaton at LHCb
0.0001 0.001 | : ]
‘ —— ' . Rad. corredtions x /
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1e-08 Sied 00001 R
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D, — /N 3
D —= (KN

Dy — v, 7 — XUy

(- U2 and Ny < M(7) — M(X)

B(s) = D(s)tN ¢= U ue @and Ny < M(B()) — M(D(q)) — my

B — (N (B — wN) (- U2, and Ny < M(By) — my
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Invertied hierarchy, Uj dominating '
v 10

"E ! ~CHARM
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Normal hierarchy, U*=U7 dominating
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1, inverted hierarchy

VU?:U?:U?~1:11:

11, normal hierarchy
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How to extend sensitivity to higher masses
v' Use processes Z 2 Nv with N -2 lepton + 2 jets

BR(Z > vN) = BR(Z > w)xU2, T}y = G2XMy*U%N soca, chamners / 19278

v' Assuming data sample of 1072
Z decays one can reach very
interesting sensitivity for
M, > 10 GeV R

e 2T T e e

v Expected sensitivity of FCC 3
in e*e- mode assuming zero ">° B T o S
background - - : j'~j' L TTer——

107 R e R
‘o = 9 1n L > T P I 1 X X 2 3 4 5
TR ,,.. R B A R (

Courtesy of A.Blondel,
E.Graverini, N.Serra and
M.Shaposhnikov
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