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Physics motivation: Standard Model is great
but it 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
- 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 at the scale of New Physics and on its
coupling strength to the SM particles !



Scale of NP: See-saw generation of neutrino masses

Most elegant way to incorporate non-zero neutrino mass to the SM Lagrangian
is given by the see-saw formula:
2
= i

where mp ~ Yo < ¢ > -typical value of the Dirac mass term

10 F ‘ . ‘
Example: strong coupling
1000 E
2
FOI’M~1GeV8ndi~005eV S o1 no see-s
. . -]
it results in mp ~ 10 keV and Yukawa S
. 10°°
coupling ~ 10”7 2
T /
Ajé 10
>
10°! neutrino masses are too small
Smallness of the neutrino mass hints
either on very large M or very small Y,,, 05 o o1 " o LoV
LSND T v MSM " TLHC GUT Tsee—saw
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Scale of NP: Dark Matter

The energy scale(s) of new physics

MSSM

Theories of
Dark Matter

T. Tait, DM@LHC '14

The prediction for the mass scale of Dark Matter spans from
10?2 eV (ALPs) to 10?° GeV (Wimpzillas, Q-balls)
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BSM theories with a new energy scale
(which may also contain “light” particles)

GUT - (SMparticles) ~ 1075 GeV
SUSY - (sgoldstinos from SUSY breaking, with couplings ~1/F) ?
Composite Higgs > (Higgs) ?
Large extra dimensions - (Branons) ?
Peccei-Quinn symmetry > (Axions) 10°-107¢ GeV
Models with Hidden Sector - (Various messengers: ?

dark photons, scalars, ALPs)

So, there is always a good reason to increase the energy (even \s > 14 TeV)
and intensity, even if the scale of NP happens to be inaccessible directly.
LHC is also one of the best machines at the Intensity Frontier !



BSM theories with no NP between
Fermi and Planck scales

vMSM ( T.Asaka, M.Shaposhnikov PL B620 (2005) 17 ) explains all experimental
evidences of the BSM physics at once by adding 3 Heavy Neutral Leptons (HNL):
N,, N, and N,
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Reach at the Energy Frontier

No sign of New Physics yet

Modified from arXiv: 1311.0299
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Energy Frontier Snowmass Study '13

any NLSP ee, 0.5 TeV, 500/fb
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Wait for new LHC data at Vs = 13 TeV
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Exploration power of the Intensity Frontier
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(with significant simplifying assumptions)

courtesy Zoltan Ligeti
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Intensity Frontier: bounds on the NP scale
( Requires assumption on the NP coupling: strong or weak )

GLOSSARY

RH currents & U(1) flavor

Ac [10] symmetry
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* % visible but small effects awpa  Fcurensasue) emiy
Search for processes highly %  unobservable effects  stum  coueamen:
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- CPV effects in EDM - x| xax l2ax | = " x| aan
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Proton decay(AB=1) and n-n(AB=2) oscillations experiments

Frejus IMB Super-K (2013) Hyper-K
p— etm® ‘ B * e . .
0 minimal SU() ISl Sensitivities of future experiments
+
redictions flipped SU(S) (560 kT Hyper-K, 34 kT DUNE LArTPC)
SUSY SO(10) .
ron-SUSY S0(10) Gazso B0 SO10) are at the level predicted for SUSY
GUT models
p— et KO ¢ T e—g
por K . e — DUNE-34
n o VI : e — Good tracking capabilities of
P D o ee——
il SUSY SUS) H Hyper-K LArTPC technology
p— VK™ nomminimal SUSY'SU(S) = less background in final
predictions .
SUSY S0(10) States with kaons
1 1 1 IIIIII32 1 1 1 IIIIII33 1 1 1 IIIIII34 1 1 1 11111
10" 10 10 10 10°

. /B (years)
arXiv 1401.6077v1

. o o Sensitivity of large underground detectors
Neutron-antineutron lifetime low limits (90% CL) < jimjteq by significant backgrounds.

Study of LArTPC sensitivity ongoing

Experiment 10%2 n-yr | 7,,(10%% yr) | R(10%/s) | 7,_a (108 s)
ILL (free-n) [56] n/a n/a n/a 0.86
IMB (°0) [88] 3.0 0.24 1.0 0.88
Kamiokande (°O) [89] | 3.0 0.43 1.0 1.2 New free neutron decay experiment is
Frejus (PFe) [90] -0 0.65 14 1.2 being discussed to improve current
Soudan-2 (°°Fe) [84] 21.9 0.72 1.4 1.3 e 10
SNO (°H) [86] 0.54 0.30 0.25 1.96 sensitivity by 2 orders (t,, ~ 10" s)
Super-K (1°0) [85] 245 1.89 1.0 2.44°
arXiv 1410.1100v1 10
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Indirect bounds from Flavour Physics

Most stringent limits come from observables in mixing of neutral mesons

DO 8o~

b m—m—— "\ N\—>—d 0.14} HFAG @
— .
B, u,c,t y AUt B,
d b — 012} Czl\(/‘)Srb , 68% CL contours |
—e— I NN N—e— o « (Alog £ = 1.15)
w = 010} CDF 9.6 b "K
S L. Silvestrini, CKM 2014 < oost ( Grtined
lq_) WRe C, Jllvestrini, "/
= 10 WimcC, 0.06 ATLAS 192107 oM
o ImcC, . : . : .
(_g o .CBd -04 -0.2 0.0 0.2 0;4
DU_J WC,, Combination of B — Jrip Kt*K—=, BY— Jppmtn~
= o and B — DI D;: ps = —0.034 4 0.033 rad
o C.=FL,/A?
. F;,— NP flavour coupling
1
L;— loop factor
10 A — NP scale

A > 10°— 10° TeV for strongly coupled NP (F; L; ~ 1)

The best sensitivity in kaon mixing
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Prospects in kaon physics

Progress is limited by theoretical uncertainties in hadronic channels
Very clean case in K* 2 n*vv and K° 2 a%vv decays:

- ngh sensitivity to NP (p.n.). AM,, /AM,;, s D vt d
- No hadronic uncertainties R pas me AN S
i u,ct e, [, T N 2
Y { B:,’—NJK.\\‘[3 i W v v % v %
In SM: (0,0) (1,0)  (p0)

BR(K, 3vv) = (3.00 £0.30)x10""
BR(K >7*vv) = (9.11 £0.72)x10-""

[A.]. Buras, D. Buttazzo, |. Girrbach-Noe and R.Knegjens, arXiv:1503.02693]

=X calorimeter
B L= C<Coa

' a a

KOTO (J-PARC) (successor of E391a) C========signal | |
=+ | region | /% =
e 1 event RN = —— —————. ).
- E391a sensitivity: 1.29% 108 in the signal box_ — s~ee- Lz Zc;»/ OE/;.- cles
- 1st Physics Run in May 2013 S 33358_7 et s
- Upgrade to reduce background e N b !
: : Number of observed data E e —
- Resqmgd data taking in Jur_le 2015, "~ Well understood. Il I .
sensitivity approaches GN limit (10°) 150¢ 1
E 9
Goal to reach SM (1077) S0 =S Ig*“ 8

2000 3000 4000 5000 6000
Rec. z [mm]

Nanjo-san, J-PARC PAC, July 2015, Tokai
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Prospects in kaon physics

NAG2 {,

First Physics Run started
- Events with a single track in the
spectrometer reconstructed (40 ns)

P <35GeV - 10?2 muon rejection at trigger level
; ' Entries 10897
V. PaIIadmo,_ EPS 2015 o 000742
N RMS  0.0321
1200— K* >t n”
p N 5 néé 0.2 K'-m*n°(y)
:2 1000_— -—|§0‘183—
2 I 016}~ Analitical computation
O, 800 014
N . —_ e 7
8 [ Region] — = o1/ R
o 600 : kY 0.1
w ) C
2 <4 0.08— _S
£ 400 006F o
L 4 ; 00sF- [ Region Il
200, : n 11 002/ o “"a-{(_‘;:’f}z(jmm)
' - T K —m T
q) L1 - UJ) 1]1 o l"l 1‘l\q.1 ! 0 10.104- l I-0‘|0?.I I l0I I I0,:)?_I I I0.(|)t’vlI I IOJ{)GI ' 0:(1]:;—- 01 [GO\_E}/-L]
0.1 05 0.05 0.1 wv s [GEV7/c!
mi552 [GeV2/ct] s Goal to collect 100 SM events
K* > v CrLmT in ~2 years
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Selected prospects in Charm & Beauty
v’ Clarify current hints for BSM physics (LFU in R, Rp. P’; in B2>K*uy, ...)

See talk by Anero MapTtunHec CaHTOC)

v’ CP Violation in B, 2> ¢¢ B
LHCb upgrade will improve accuracy to 0.02 B I LY 4\
(theory uncertainty ~ 0.003) T

e e

n N
11I||Tn'| TT
5

juded anea has g

I[IIIIlIIII|IIII|IIII|IIII|II

IIIIIIIIlI[”]IIII

v Unitarity Triangle sides and angles
Currently largest uncertainties in |V ,/V,| and the angle y ==+
V,, will be possible at a few % with Belle Il (and LHCb upgrade)
(requires progress in theory !)

The stat. reach in yis expected at 1°(LHCb upgrade) to 2°(Belle Il)

v’ Br(B°2>uu)/Br(B.2uu) should be possible at 25% with the CMS (and LHCb) upgrades
Theory uncertainty is 5%
- Dedicated flavour experiment at HL LHC to improve experimental accuracy
Also useful for many other observables in flavour physics

v' Belle Il will measure Br(B>K**/K* vv) at 0.2x10-°

v' Charm CPV & mixing
LHCb upgrade will measure AA.p at 0.12x103and A at 0.5x10*

14

Well secured and healthy future extending into the HL LHC era !



Charged Lepton Flavour Violation (CLFV)

(muon decays & conversion)

v Expect big step forward in the next few years (MEG and MEG-Il @ PSI, proposed
Mu3e search @ PSI, new searches for u— e conversion with Mu2e @ Fermilab and
COMET @ J-PARC)

v SM contribution is negligible (@ 10-°¢ level for u 2 ey)

v Described by dipole amplitudes (dim. 5) operators and four-fermion (dlm 6) operators

from Gouvea and Vogel, /A\ /A\ /A

arXiv:1303.4097

p— ey

A (TeV)

10 'F

B(u — e conv in 2’Al)=10"°]

. B(u—ey)=10"" |

2
10

K
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Comparison of muon LFV experiments and prospects

Background: accidentals, Background: accidentals Background: cosmics, beam
radiative decays and radiative decays with related ;t, muon decays in

internal conversion orbit, low energy (n,p) noise
Continuous beam Continuous beam Pulsed beam

v’ Currently best limits

5.7x1013 MEG 2013 1x10712 SINDRUM | 1988 7x10-13SINDRUM II 2006

v’ Future prospects of next generation experiments

0(104) MEG ~2017  O(105) Mu3e  ~2017  O(10'Y7) COMET ~2020
0(106) Mu3e  >2017  O(10%7) Mu2e  ~2020
0(108) PRISM > 2020

Future LFV experiments will probe NP at A ~ O(104 TeV)

LHCP 2015, St Petersburg
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CLFV in T decays

Bl HFAG-Tau

v' So far the best limits achieved at §’ L s W ! o ==
B-factories (with ~10° T leptons): ER . O RS IR I
Br(t > uy) < 1.4x108@ 90%C.L. 2 L. .. -
Br(t = uup) < 2.1x108@ 90% C.L. 2 | f

Nearly background free analyses ! gt ™7 v T LT oo

A O R
v' Will be improved down to SX

:: ::'r:‘:’xxv-»—o.axx&&eﬁ o'z's0's 8 xz x:fx! x:cx:<<|<<'<

fewx10°- 10-° @ Belle Il

0’30 FO'2 0205 gy o2 035**3_11 E xx!g:!! RS 1 LEEe
o'zo 'z 1 030 sy BE RE Y

v' tleptons are copiously produced in HE pp-collisions, mainly in D, 2 tv, decays
LHCb reached similar sensitivity for Br(t = uuu) with 3fb™" (~10"" t leptons) in
presence of non zero backgrounds, in particular from D, 2nuv with n 2 uu

LHCb: Br(t 2 uuu) < 4.6x108 @ 90% C.L.

v' Good possibilities for improvement at LHCb upgrade (50 fb'') and even
better at dedicated flavour experiment running at HL LHC (~10° T per sec.)
Expect Br(t 2 uuu) < 1079, or even 10-"" depending on how background scales.

v’ Very interesting sensitivity, ~10'9, can also be reached at the fixed target facility
(SHIP) being discussed at the SPS at CERN
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Electric Dipole Moments (EDM) A

EDM introduces new CP-odd sources . 4
(required for new CPV physics, strong CP problem): dﬂu P &
d
—_ +
3 ~__ d T
ey > & > quark EDM >
@
+
- A
. - S v Vv =
Nuclei: N S >  quark chromo-EDM a
2H, 3H,3He a4 < c ¢
- > = H
& [a)
Diamagnetic 2 8 >
atoms: > 3 5| gluon chromo-EDM |—>1 %
(]
Hg, Xe, Ra F w
; E
: o
Paramagnetic < A=
atoms: 5 5| four-quark operators > £
w
T, Cs S 5
® i &
Molecules: > \ 4 >| lepton-quark operators > %
YbF, ThO, HfF* =
Leptons: v > lepton EDM >
muon

Jordy de Vries, 2012
- SM contribution to quark, lepton EDM is tiny
- Long distance effects dominate in atoms and molecules, but still few orders

of magnitude below experimental sensitivity

EDM is very sensitive probe of CP Violation. Any EDM observed in currently running
or planned experiments 2 BSM physics or CPV in strong interaction
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Electric Dipole Moments
So far, most sensitive EDM searches on electron, nuclei and neutron

Best limits for nucleons (n, p), leptons (e, u), diamagnetic atom ('9°Hg),
paramagnetic atom (2°°Tl) and molecules (YbF, ThO) (Hans Stroher, EPS HEP 2015):

| UpperLimit

n 2.9x1072 90% CL
u 1.9x1071° 95% CL
Atoms:
Dia —1%°Hg 3.1x10%° 95% CL d, < 8x10% (indirect)
Para—2%Tl 9x10%° 90% CL d,< 1.6x10% (indirect)
Molecules:
YbF 1.1x102%2 90% CL d, < 1.05x10%’ (indirect)
ThO (ACME) d,<8.7x102° 90% CL (indirect)
Factor 10 improvement in next 10 years
y adopted from B.Batell, FCC working group
Electron EDM d, =cy xsin ¢ x vev/ A?
5 2
€ € ~ 8.7 X 10_29ecm><simqﬁ(4>< 1(11 TeV)
—r —

ACME limit New physics scale
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Serebrov et al., arXiv 1408.6430 Neutron EDM

10-20__ T T T T T '
_ ProgressinnEDM — — \ Electro-
21 -
S 10749 v ORNL-Harvard ] magnetlc
e v ¢ ORNLLL N
=107 = |LL-Sussex-RAL . Y
E v N
=P £ PP 1 <— d(proton) < 5x10-24
2 1071 ) i
[ N
E -
5 107 SO T
i
-25 N
s 107 eea . - <— d(neutron) < 3x10-26
T I The latest ILL-Sussex-RAL result ——» "®
5 107 The latest PNPI result in ILL / T 5
ER <«— d(electron) <1.6x10"
107 -
= Estimation of PNPI project accuracy ———» @ N R —/
g t th N f WWR-M tor i tchi . . §
1022 the now [eR source o WIRR-M roactor in Garehing - present experimental limits
19651970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Year

PNPI double-chamber EDM spectrometer at ILL

none of this seen yet, why ?

10732
100 —'—EDMtop L
--+-EDM
80 bott| L 4(-34 Standard Model

N
[

TT T T T TT T T T T T T T T T T T

EDM (10> ¢ x cm)
o O

SUSY is not natural
any longer

0 10 20 30 40 50 60
Block numbers
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Electric Dipole Moments
(future prospects)

v' Ongoing and future experiments on nEDM use Ultra Cold Neutrons (UCN)

v' Future goal to reach sensitivity fewx1028 e cm (experiments at reactors &
Spallation sources)

v' New ideas to measure EDM of proton, and deuteron, at the storage ring
experiments. Sensitive to combination of CPV parameters that differ from nEDM.

Cooler Synchrotron COSY

- Stat. reach 10?° e cm

- Control of systematics (long spin
coherence time, efficient polarimetry,
large electric fields, ...) to be proven !

COSY FZJ, Julich provides very
good starting point (JEDI collaboration)
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Search for Hidden Sector (HS)

L=Lgy*L, cqgiator *Lns

ﬁ Hidden Sector
Naturally accommodates Dark Matter

Mediators or portals to the HS: .
. . (may have very complicated structure)
vector, scalar, axial, neutrino
v HS production and decay rates are strongly suppressed relative to SM
- Production branching ratios O(10-9)

- Long-lived objects
- Travel unperturbed through ordinary matter

Final states

HNL, SUSY neutralino I'n, FK, Ip~ pt2>mtnd
Vector, scalar, axion portals, SUSY sgoldstino 'l

HNL, SUSY neutralino, axino v

Axion portal, SUSY sgoldstino YY

SUSY sgoldstino 700

Full reconstruction and PID are essential to minimize model dependence

Experimental challenge is background suppression
-2 requires O(0.01) carefully estimated

LHCP 2015, St Petersburg



Experimental and cosmological constraints on HNLs

10’

LHCP 2015,

v' Coupling to active neutrinos
U2 = Ue2+UM2+U12 (Vu42 = Uuz)

v’ Stringent constraints on light
HNLs below kaon mass

v' The mass range above charm
is relatively poor explored

St Petersburg

§l ! T ‘ T II ; T | T T T ; T T 1T T T T T T TT ?
N > NA3 /1 IE
SN A : s
07y PN 1™ BELLE T
f RS O NS \ IE
10° :€3| I A N : =
C. I -
N 10_4 _€| i. E
§ o " | E
Z 0 i E
10°E 4
107 E 4
WF T K>y T e Updated Atre et.al. (0901.3589)
10 g L : PS191
: ._, 1
- i 1 1 1 1 111 I| 1 1 1 1 111 I| 1 1 1 1 1111
10797 1 10 10C
m, (GeV)
1076
v" Recent progress in cosmology
S 108
v' The sensitivity of previous experiments
did not probe the interesting region 107
for HNL masses above the kaon mass
10—12

0.2 0.5 1.0 2.0 5.0 10.0
M [GeV] 23



The SHIP experiment at SPS

( as implemented in Geant4 )

N,ot = 2x10% in 5 years
>10'7 D, >10"° 7

Zero background experiment Hidden Sector

decay volume

AT

Spectrometer
= Particle ID

Target/

hadron absorbe v, detector

ctive muon shield

SHiP Technical Proposal: arXiv 1504.04956
SHiP Physics Paper: arXiv 1504.04855
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SHIP sensitivity to HNLs for representative scenarios

v BAU constraint is model-dependent (shown below for vMSM)
v Seesaw limit is not

U2,: U2, U2,~52:1:1 U2, U2, U2,~1:16:3.8 U2, U2, U2,~0.061:1:4.3
Inverted hierarchy Normal hierarchy Normal hierarchy
. TR - NuTeV ~== 0 : NuTeV =~
\\ PS191 BAU

107

= = )
= = =
(] “ »
a0’ 810 210’
g g g
B, B, 3
g g10 §10‘°
- - =3
Z z
x, £ i
10 10 107"
BAU / Seesaw BAU/ Seesaw
10.“ 10||| 1 1 1 R | IO"'I N N N ll.lll

HNL mass (deV) HNL mass (deV) HNL mass (deV)

SHIP sensitivity covers large area of parameter space below the B mass
Moving down towards the ultimate see-saw limit
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SHIP sensitivity to dark photons and hidden scalars

and mix with the SM photon with ¢
Produced in QCD processes or in decays of i’ 2 y'y, n 2y v, w2y’ a’and n’ =2 y’y

Hidden scalars, S, can mix with the SM Higgs with with sin’©

Mostly produced in penguin-type decays of B and K decays

Visibly Decaying A'
1074
(g-2), > 50
106 [(@=2), + 20 Tl
g (e E774 BaBar, NA48/2, PHENIX
10 E141
SHiP,
10~ 10 Orsay, U70 bremsstrahlung
2
€ -12
10 Charm, Nu—Cal
10~ 14 .
E137, LSND -
10-16 SHiP,
mesons
SN
10~ 18
10—20

10

102

ma (MeV)

103

10*

@10’2

N —
=10° |
510 E

10
10°

1 0-6

107

108 |-

10°
107
10-11
10—12
10—13

Decay into a pair of SM patrticles into e*e”, u*u", w'xn*, KK, nn, tt, DD, ...

See talk by F. Rede

Dark photons -2 U(1) associated particle A’ (y’) in HS that can have non-zero mass

e SHiP
- B (ViSib|9)
\\\\\\\\\\\ B (invisible)

CHARM
wessss LHCb

SHIP probes unique range of couplings and masses

LHCP 2015, St Petersburg
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Hidden Sector experimental constraints in future

0.1}

0.001F

-
”

107 k&

|Uul|2

10_7§‘ "‘.

10774

0.1 1 10 100

v' SHIP will have unique sensitivity for “heavy”
dark photons

v' HPS is expected to cover new range of
€2 in a couple of years
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v My <M, LHCBb, Bellell
SHIP will have much better sensitivity

v M,<My\, <M, FCC in ee mode

v’ My >M, Prerogative of
ATLAS/CMS @ HL LHC




Summary

v' The message from Intensity Frontier:
The scale of strongly coupled NP (A > 103 TeV) is above direct reach

v Multi-range in Intensity Frontier programme all over the world
Expect the major improvements and new results in:
Neutrino physics
Proton decay experiments
Flavour physics
Searches for LFV in the muon and tau sectors
EDMs

v' CERN is very well positioned to make a unique contribution,
particularly in
- Flavour physics with LHCb and NA62,
and later with dedicated flavour experiment @ High Lumi LHC

- Searches for Hidden Sector portals and HNLs
at the SHIP facility @ SPS and @ FCC in ee mode
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