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High Intensity Frontier 

Andrey Golutvin 
Imperial College London 

CERN 

known physics 

unknown physics 

Energy Frontier: 
LHC, FCC 

    Intensity Frontier: 
   - Proton decay, n-n oscillations  
   - Neutrino physics (not covered 
                                  in this talk) 
   - Flavour physics  
   - Lepton Flavour Violation 
   - Electric Dipole Moments 
   - Hidden Sector 
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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, … 
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 No clear guidance at the scale of New Physics and on its 
        coupling strength to the SM particles ! 
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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: 

where                                       - typical value of the Dirac mass term 

Example: 
 
For M ~ 1 GeV and mν ~ 0.05 eV 
it results in mD ~ 10 keV and Yukawa 
coupling ~ 10-7   

Smallness of the neutrino mass hints 
either on very large M or very small YIα  
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4 CHAPTER 1. INTRODUCTION AND PHYSICS MOTIVATION

Figure 1.1: Possible values of the Yukawa couplings and Majorana masses of HNLs in seesaw
models [17].

energy and the intensity frontiers.
From the point of view of this proposal, there are two kinds of BSM theories of interest:

1. BSM theories with no new physics between the Fermi and the Planck scales,

2. BSM theories with a new energy scale which may also incorporate light particles.

Models with no new physics between the Fermi and the Planck scales try to extend the
SM using the smallest possible set of fields and renormalizable interactions. For example this
”Minimality principle” motivates the ⌫MSM [25,26] which attempts to explain the pattern of
neutrino masses, DM and the observed BAU by introducing three HNLs. The lightest of these,
N1, provides the DM candidate, while N2,3 are responsible for the baryon asymmetry. Through
the seesaw mechanism these HNLs also allow the pattern of neutrino masses and oscillations
to be explained.

Supersymmetry (SUSY) is an example of a theory which has some new energy scale but
could still have light new particles. SUSY is a broken symmetry but the energy scale at which
the symmetry is broken is unknown. If the masses of SUSY particles are determined by the
conventional naturalness argument (for reviews see [27, 28]), then SUSY partners with masses
comparable to the Higgs mass are needed to protect against quadratic radiative corrections
without significant fine-tuning. In certain models (see, e.g. [29] and for a review [30]) the
breaking of the symmetry is accompanied by the appearance of light sgoldstinos [31], which
are the superpartners of the Nambu-Goldstone fermion, goldstino, emerging in the spontaneous
breaking of SUSY. The couplings of these sgoldstinos are inversely proportional to the square
of the scale of the SUSY breaking and hence the couplings could be significantly suppressed.
The resulting very weak couplings mean that light sgoldstinos may have evaded detection at
previous experiments. The new SUSY scale may therefore have light particles with masses at
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Scale of NP: Dark Matter 
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The prediction for the mass scale of Dark Matter spans from 
10-22 eV (ALPs) to 1020 GeV (Wimpzillas, Q-balls)  
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 BSM theories with a new energy scale  
(which may also contain “light” particles) 

GUT   à (SM particles)                                                                           ~ 1016 GeV  
 
SUSY à (sgoldstinos from SUSY breaking, with couplings ~1/F)              ? 
 
Composite Higgs à (Higgs)                                                               ? 
 
Large extra dimensions à (Branons)                                             ? 
 
Peccei-Quinn symmetry à (Axions)                                      109-1012 GeV 
  
Models with Hidden Sector  à (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  
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νMSM  ( 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):  

N1, N2 and N3 
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N1   à Dark Matter 
N2,3 à Neutrino masses 
           and  BAU  
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Modified	  from	  arXiv:	  1311.0299	  

Reach at the Energy Frontier 

Wait for new LHC data at √s = 13 TeV 

No sign of New Physics yet 
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Exploration power of the Intensity Frontier 
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Intensity Frontier: bounds on the NP scale 
( Requires assumption on the NP coupling: strong or weak )  

Search for processes highly 
suppressed in SM by certain symmetries 
 - LFV in muon and tau decays 
 - FCNC in B/D decays like Bàµµ, 
   Dàµµ, … 
 - CPV effects in EDM 
 - Proton decay  

“DNA of New Physics” 
 (a la Prof. Dr. A.J. Buras) 

David Hitlin                ICHEP Melbourne                    July 6, 2012 13 

Heavy  flavor  studies  provide  a  “DNA  Chip”  for  New  Physics 

GLOSSARY 

AC [10] 
RH currents & U(1) flavor 
symmetry 

RVV2 [11] SU(3)-flavored MSSM  

AKM [12] 
RH currents & SU(3) family  
symmetry 

GLL  [13] CKM-like currents 

FBMSSM 
[14]  Flavor-blind MSSSM 

LHT [15] Little Higgs with T Parity  

RS [16] Warped Extra Dimensions 

W. Altmannshofer, A.J. Buras, S. Gori, P. Paradisi and D.M. Straub  
The pattern of measurement: 
��� large effects 
��     visible but small effects 
�        unobservable effects 
is characteristic,  
often uniquely so,  
of a particular model 

These are a subset of a subset listed by Buras and Girrbach 
MFV, CMFV, 2HDMMFV, LHT, SM4, SUSY flavor. SO(10) – GUT,  
SSU(5)HN, FBMSSM, RHMFV, L-R, RS0, gauge flavor,  ………. 
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2.3 Baryon number violation 15
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Figure 2-4. The experimental reach of Hyper-Kamiokande and a 34-kton LBNE LArTPC are compared
to prior experiments and the rough lifetime predictions from a wide range of GUT models. The projected
limits are for 10 live years of running, at 90% C.L., calculated for a Poisson process including background
assuming the detected events equal the expected background.

through processes such as dinucleon decay and neutron-antineutron oscillation and is predicted at observable
rates in other classes of models. These processes a↵ord violation of baryon number without violation of lepton
number. They arise from operators with new physics contributions at mass scales of 100 � 1000 TeV, well
below the GUT scale. Interesting theoretical models, especially those based on quark-lepton symmetry
realized at the multi-TeV scale, predict a n � n oscillation time of order 1010 sec. Observation of n � n̄
oscillations with probability not far from the current limit could refute the paradigm of leptogenesis, and in
itself would suggest an alternate source for generating the baryon asymmetry of the universe.

One search technique for neutron-antineutron oscillation involves a beam of free neutrons where one neutron
could transform into an antineutron and annihilate in a distant detector. The probability of oscillation is
given by P (n ! n̄, t) ' [�mt]2, where �m is the baryon-violating interaction strength. The same process
may also occur for nuclei, where bound neutrons may transform into antineutrons and annihilate within the
nucleus, producing an isotropic final state of pions. In the case of bound neutrons, a nuclear suppression
factor must be applied to calculate a free oscillation probability. Currently, the limits from bound n � n
transformation in oxygen nuclei in Super-Kamiokande are slightly more restrictive than the result from the
best free neutron oscillation search. However, the sensitivity in water is hindered by a large background
rate of roughly 25 events per 100 kiloton years with 12% signal e�ciency. It is hoped that a LArTPC will
provide better performance, but this is still under study.

The previous experimental search for free n � n̄ transformations employed a cold neutron beam from the
research reactor at Institute Laue-Langevin (ILL) in Grenoble, and reported a limit on the transformation
of ⌧ > 8.6 ⇥ 107 seconds. The average velocity of the cold neutrons was roughly 600 m/s and the neutron
observation time was approximately 0.1 seconds. A net magnetic field of less than 10 nT was maintained

Community Planning Study: Snowmass 2013

Proton decay(ΔB=1) and n-n(ΔB=2) oscillations experiments 

Sensi&vi&es	  of	  future	  experiments	  
	  (560	  kT	  Hyper-‐K,	  34	  kT	  DUNE	  LArTPC)	  
	  are	  at	  the	  level	  predicted	  for	  SUSY	  

	  GUT	  models	  

Experiment 1032 n-yr ⌧m(1032 yr) R(1023/s) ⌧n�n̄(108 s)
ILL (free-n) [56] n/a n/a n/a 0.86
IMB (16O) [88] 3.0 0.24 1.0 0.88

Kamiokande (16O) [89] 3.0 0.43 1.0 1.2
Frejus (56Fe) [90] 5.0 0.65 1.4 1.2

Soudan-2 (56Fe) [84] 21.9 0.72 1.4 1.3
SNO (2H) [86] 0.54 0.30 0.25 1.96

Super-K (16O) [85] 245 1.89 1.0 2.44a

Table 1: Neutron-antineutron lifetime lower limits (90% CL).

aThe most recent theoretical calculations of R for 16O [59] changes the Super-K ⌧n�n̄

result [85] to 3.45⇥ 108 s.

detectors. With the presence of irreducible backgrounds it is possible to set
higher limits for nuclear lifetime, but impossible to discover a new e↵ect
unambiguously with a modest improvement of detector mass or exposure
time.

Table 1 also gives preliminary limits obtained recently by the SNO [86]
and Super-K [85] collaborations. The limit from the SNO detector is close to
the limit obtained by the much larger Super-K experiment partially due to
smaller nuclear suppression factor for deuterium. A more recent evaluation
of this factor from a field-theoretical approach is given in recent publica-
tions [91], where the role of the possible spin structure of the p � n̄ annihi-
lation amplitude has been studied as well. The SNO result can be improved
using the recent SNO data set, which is a factor of 4 times larger than the
previous version. A careful analysis of the SNO data is especially important
in this context as the deuteron is a simple enough system to imagine the
possibility of a much more reliable theoretical calculation of R.

The limit on the free n � n̄ oscillation time from the recent Super-
Kamiokande experiment ranges from 2.44 ⇥ 108 s [85] to 3.45 ⇥ 108 s [59]
depending on the theoretical model for nuclear suppression factor R. The
Super-Kamiokande limit was derived from 24 observed candidate events with
a selection e�ciency of 12.1% and with an estimated background of 24.1
events from atmospheric neutrino interactions in the detector. This inherent
atmospheric neutrino background makes further improvement of the n � n̄
search di�cult in water-Cherenkov detectors larger than Super-Kamiokande,
such as the proposed Hyper-Kamiokande detector [92]. The expansion of

37

Neutron-‐an*neutron	  life*me	  low	  limits	  (90%	  CL)	  	  

arXiv	  1401.6077v1	  

arXiv	  1410.1100v1	  

Good tracking capabilities of  
LArTPC technology 
 à  less background in final  
      states with kaons 

Sensitivity of large underground detectors 
is limited by significant backgrounds. 
Study of LArTPC sensitivity ongoing   

New free neutron decay experiment is 
being discussed to improve current 
sensitivity by 2 orders (τn-n ~ 1010 s)  

DUNE-‐34	  
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Indirect bounds from Flavour Physics  

Most stringent limits come from observables in mixing of neutral mesons 
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Fig. 87: Lower bounds on new physics scale at 95% probability, assuming strongly coupled new physics
(FiLi ⇠ 1), from �F = 2 processes in the neutral K, D, Bd and Bs meson systems [590].

systematic uncertainties. The analysis of BESIII data would provide crucial information on the
relative amplitudes and phases A(D

0 ! f)/A(D0 ! f) = �re�i�f between D0 and D
0, by

exploiting the coherent production of D0 � D
0 pairs [592]. The mixing parameter yCP and

the CP violation parameter A� can be measured from the lifetime ratio of the CP -even decays
D0 ! h+h� (h = K, ⇡) with respect to the CP -mixed state D0 ! K+⇡�, and from the
lifetime difference of D0 ! h+h� and D

0 ! h+h� decays, respectively. The time-dependent
analysis of wrong-sign D0 ! K+⇡� decays allows to measure the mixing parameters x02, y0

and the CP violation parameters |q/p|, AD and '. In particular AD is sensitive to CP violation
in the decay while |q/p| and ' are sensitive to CP violation in mixing.

6.3.3 CP violation in decay
In general CP violation in charm decays is very small in the SM allowing for a significant
“null test” of the theory. However, asymmetries at a few times 10�3 within the SM cannot
be excluded according to recent calculations. The study of CP violation in singly Cabibbo-
suppressed charm decays (e.g. D0 ! K+K�, ⇡+⇡�) is uniquely sensitive to physics beyond
the SM, in particular through new contributions in strong penguin and chromomagnetic dipole
operators [593].

Nevertheless, it is important to search for CP violation in many decay modes for the
interpretation of the results in terms of SM and possible new physics contributions by perform-
ing a SU(3)-flavour analysis [594]. Some examples of interesting decay modes to study are
D+ ! ⇡+⇡0 (no CP violation is expected in the SM), D0 ! K0

SK0
S (possible CP violation

enhancement due to the suppressed production rate), D0 ! V � (possible enhanced CP vio-
lation effects related to gluonic penguin contributions). In addition, the study of 3-body and
4-body decays allows localised CP violation in different regions of phase space to be probed.
This approach enhances the sensitivity due to several interfering amplitudes with different rel-

173

Ci = FiLi / Λ2 

Fi – NP flavour coupling 
Li – loop factor 
Λ – NP scale

Λ  > 103 – 105 TeV for strongly coupled NP (Fi Li ~ 1) 
The best sensitivity in kaon mixing

L.	  Silvestrini,	  CKM	  2014	  



LHCP	  2015,	  St	  Petersburg	   12	  

Progress is limited by theoretical uncertainties in hadronic channels
Very clean case in K+ à π+νν and K0 à π0νν decays: 
  - High sensitivity to NP 
  - No hadronic uncertainties 

Prospects in kaon physics  

KOTO (J-PARC) (successor of E391a) 
 
 - E391a sensitivity: 1.29× 10-8 
 - 1st Physics Run in May 2013  
 - Upgrade to reduce background 
 - Resumed data taking in June 2015, 
   sensitivity approaches GN limit (10-9)  
   Goal to reach SM (10-11) 

In SM: 
      BR(KLàπ0νν) = (3.00 ±0.30)×10-11 
      BR(K àπ+νν) = (9.11 ±0.72)×10-11 

Nanjo-san, JPARC PAC, July 2015, Tokai
15Lepton-Photon  2015:  Precise Measurement of Leptons, Kaons, Nuclei   -- R. Tschirhart 

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

V.	  Palladino,	  EPS	  2015	  

First Physics Run started 
   -  Events with a single track in the 
      spectrometer reconstructed (40 ns) 
   -  102 muon rejection at trigger level 

Goal to collect 100 SM events 
 in ~2 years 

AnaliScal	  computaSon	  
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Selected prospects in Charm & Beauty  
ü  Clarify current hints for BSM physics (LFU in RK, RD*, P’5 in BàK*µµ, …) 

ü  CP Violation in Bs à φφ
   LHCb upgrade will improve accuracy to  0.02 
   (theory uncertainty ~ 0.003) 

ü   Unitarity Triangle sides and angles 
    Currently largest uncertainties in |Vub/Vcb| and the angle γ
   Vub will be possible at a few % with Belle II (and LHCb upgrade) 
   (requires progress in theory !) 
   The stat. reach in γ is expected at 1°(LHCb upgrade) to 2°(Belle II)  

ü  Br(B0àµµ)/Br(Bsàµµ) 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 
 
ü  Belle II will measure Br(BàK*+/K+ νν) at 0.2×10-6 
 
ü  Charm CPV & mixing 
     LHCb upgrade will measure ΔACP at 0.12×10-3 and AΓ  at 0.5×10-4 

Ulrik Egede13 Aug  2014 9/27

http://ckmfitter.in2p3.fr/

Unitarity of CKM matrix

The SM requires that many different fits to the unitary 

triangle all result in the same apex

● If not, there are additional amplitudes coming from NP

● Largest uncertainties are coming from left side (|V
ub

|/|V
cb

|) 

and the angle γ

Unitarity

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

See	  talk	  by	  Диего	  Мартинес	  Сантос)	  
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Charged Lepton Flavour Violation (CLFV) 
(muon decays & conversion)  

ü  Expect big step forward in the next few years (MEG and MEG-II @ PSI, proposed 
    Mu3e search @ PSI, new searches for µ – e conversion with Mu2e @ Fermilab and 
    COMET @ J-PARC) 
ü  SM contribution is negligible (@ 10-52 level for µ à eγ) 
ü  Described by dipole amplitudes (dim. 5) operators and four-fermion (dim. 6) operators 

µ eiµ ie

W

a

Fig. 93: Feynman diagram of the µ ! e� decay induced by neutrino oscillations. Its amplitude is very
extremely tiny, since neutrinos have to oscillate within a W boson’s lifetime.

standard model, but even in case of non observation they pose strong limits on the development
of new theories.

On the other hand such searches are difficult to be carried out at general-purpose machines
and detectors, so dedicated detectors, if not even dedicated accelerators or storage rings, have
to be designed.

As we will see in the following the search for lepton flavor violation is expected to know a
real step forward in the next few years. An international program of CLFV searches exists, with
experiments recently completed, currently running, and soon to be constructed in the United
States, Japan, and Europe. These include the completion of the MEG experiment at PSI, its
upgrade MEG-II, the proposed Mu3e search at PSI, new searches of muon to electron conver-
sion (Mu2e at Fermilab, COMET at J-PARC), studies of ⌧ decay at SuperKEKB, and over the
longer term, experiments exploiting megawatt proton sources such as PIP-2.

6.7.2 Theory and Phenomenology
Independently of the specific theory and model, CLFV transitions are related to new lepton-
lepton couplings and effective operators that give rise to processes like the ones depicted in
Figure 94. These processes can be divided in dipole amplitudes, described by dimension-5
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Fig. 94: Schematic representation of vertices and interactions of some of CLFV processes in which new
physics (NP) contribution could be measurable.

operators, and four-fermion dimension-6 operators (compare the first four diagrams in Figure 94
and the last two). It is customary to parametrize the interplay between the two effects by means
of two parameters [663]: ⇤, which sets the scale of the four fermion amplitude, and , which
governs the ratio of the four fermion amplitude to the dipole amplitude.
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parameters: ⇤, which sets the mass scale of the four fermion amplitude, and , which governs the ratio of
the four fermion amplitude and the dipole amplitude. ⇤ depends on both the mass and coupling strength
of new particles that may mediate mu to e transitions. For  � 1, the dipole-type operator dominates
CLFV phenomena, while for  � 1, the four-fermion operators are dominant. Figures 2-5 and 2-6 show
these relationships and the capability of new experimental searches which can extend our knowledge quite
dramatically in the next decade.

The pattern of violation that emerges yields quite specific information about new physics in the lepton sector.
Existing searches already place strong constraints on many models of physics beyond the Standard Model;
the contemplated improvements increase these constraints significantly, covering substantial regions of the
parameter space of many new physics models. These improvements are important regardless of the outcome
of new particle searches of the LHC. The next generation of CLFV searches is an essential component of the
particle physics road map going forward. If the LHC finds new physics, then CLFV searches will confront
the lepton sector in ways that are not possible at the LHC, while if the LHC uncovers no sign of new physics,
CLFV may provide the path to discovery.
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Figure 2: Sensitivity of a µ ! e conversion in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ ! e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale ⇤ as a function of , as defined in Eq. (2). Also
depicted is the currently excluded region of this parameter space.

A model independent comparison between the reach of µ ! eee and µ ! e conversion in nuclei is
a lot less straight forward. If the new physics is such that the dipole-type operator is dominant ( � 1
in Figures 2 and 3), it is easy to see that near-future prospects for µ ! e conversion searches are
comparable to those for µ ! eee, assuming both can reach the 10�16 level. µ ! e conversion searches
will ultimately dominate, assuming these can reach beyond 10�17, and assuming µ ! eee searches
“saturate” at the 10�16 level. Under all other theoretical circumstances, keeping in mind that  and ⇤
in Eqs. (2,3) are not the same, it is impossible to unambiguously compare the two CLFV probes.

The discussions above also serve to illustrate another “feature” of searches for CLFV violation.
In the case of a positive signal, the amount of information regarding the new physics is limited. For
example, a positive signal in a µ ! e conversion experiment does not allow one to measure either ⇤ or
 but only a function of the two. In order to learn more about the new physics, one needs to combine
information involving the rate of a particular CLFV process with other observables. These include other
CLFV observables (e.g., a positive signal in µ ! e� and µ ! eee would allow one to measure both

7

Figure 2-5. Sensitivity of a µ � e conversion
in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ �
e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale �
as a function of �, as defined in the text. Also
depicted is the currently excluded region of this
parameter space. From [10].
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Figure 3: Sensitivity of a µ ! eee experiment that is sensitive to branching ratios 10�14

and 10�16, and of a µ ! e� search that is sensitive to a branching ratio of 10�13 and 10�14,
to the new physics scale ⇤ as a function of , as defined in Eq. (3). Also depicted is the
currently excluded region of this parameter space.

 and ⇤ if Eq. (3) describes CLFV), studies of electromagnetic properties of charged leptons (g � 2,
electric dipole moments), precision studies of neutrino processes (including oscillations), and, of course,
“direct” searches for new, heavy degrees of freedom (Tevatron, LHC). Valuable information, including
the nature and chirality of the e�ective operators that mediate CLFV, can be obtained by observing
µ ! e conversion in di�erent nuclei [14, 29, 30] or by studying the kinematical distribution of the
final-state electrons in µ ! eee (see [14] and references therein).

Before moving on to specific new physics scenarios, it is illustrative to compare, as model-independently
as possible, new physics that mediates CLFV and the new physics that may have manifested itself in
precision measurements of the muon anomalous magnetic moment. In a nutshell, the world’s most
precise measurement of the g � 2 of the muon disagrees with the world’s best Standard Model estimate
for this observable at the 3.6� level (for an updated overview see [1], and references therein). New,
heavy physics contributions to the muon g � 2 are captured by the following e�ective Lagrangian:

Lg�2 � mµ

⇤2
µ̄R�µ⌫µLF µ⌫ + h.c. . (4)

8

Figure 2-6. Sensitivity of a µ � eee ex-
periment that is sensitive to branching ratios
10�14 and 10�16, and of a µ � e� search that
is sensitive to a branching ratio of 10�13 and
10�14, to the new physics scale � as a function
of �, as defined in the text. Also depicted is
the currently excluded region of this parameter
space. From [10].

In general, muon measurements have the best sensitivity over the largest range of the parameter space of
many new physics models. There are, however, models in which rare tau decays could provide the discovery
channel. Tau flavor violation searches will have their sensitivity extended by around an order of magnitude at
new e+e� flavor factories. Polarized electron beams can provide an additional gain in sensitivity. All feasible

Community Planning Study: Snowmass 2013

Fig. 95: Sensitivity of µ ! e�, µ ! e transition and µ ! 3e to the scale of new physics ⇤ as described
in the text, as a function of the parameter  that defines the proportion of dipole versus four-fermion
amplitude. Note that µ ! e� is sensitive mainly in the dipole dominating region, while µ ! e and
µ ! 3e receive contributions also from the four-fermion interactions. The shaded areas are excluded by
present limits.

For  << 1(>> 1) the dipole-type (four-fermion) operator dominates CLFV phenomena.
Figure 95 summarizes the power of different searches to explore this parameter space. A scale
⇤ < 1000 TeV is already excluded by present limits, posing serious constraints on Standard
Model extensions, supersymmetry in the first place. Nonetheless ⇤ is only an effective scale
and is not immediately comparable to the mass M of new particles accessible by direct search.
For the magnetic moment type of interaction, M is related to ⇤ via a loop factor and the new
BSM coupling gbsm as follows: 1/⇤2 ⇠ g2

bsme2/(16⇡2M2) . For the four fermion operators, ⇤
is more directly related to the mass of new particles, 1/⇤2 ⇠ g2

bsm/M2. In both cases, the real
mass M tested by CLFV processes is significantly above that accessible at the LHC.

CLFV importance is therefore independent from what the LHC can find in the next several
years when the direct searches will keep testing the TeV scale. An eventual observation of
new physics at LHC will correspond to a precise measurement both at MEG and Mu2e and
the comparison between these determinations will help pinning down the underlying theory.
An example is shown for the Scalar Leptoquark searches. In Fig. 96a, the reach for the new
coupling �, as defined from eq. 14 of [664], is reported for a range of Scalar Leptoquark masses
for both MEG upgrade and conversion experiments. The compilation is extracted from the
Mu2e TDR. It is clear that while not excluding the Leptoquark existence at few TeV masses,
the CLFV coverage extends up to masses of O(100 TeV).

Another example is shown for the Left-Right symmetric models that is a BSM theory
useful to restore parity at short-distances. A recent study [665] predicts the CLFV rates in this
environment assuming a new mass breaking scale at around 5 TeV. The correlation between the
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W

a

Fig. 93: Feynman diagram of the µ ! e� decay induced by neutrino oscillations. Its amplitude is very
extremely tiny, since neutrinos have to oscillate within a W boson’s lifetime.

standard model, but even in case of non observation they pose strong limits on the development
of new theories.

On the other hand such searches are difficult to be carried out at general-purpose machines
and detectors, so dedicated detectors, if not even dedicated accelerators or storage rings, have
to be designed.

As we will see in the following the search for lepton flavor violation is expected to know a
real step forward in the next few years. An international program of CLFV searches exists, with
experiments recently completed, currently running, and soon to be constructed in the United
States, Japan, and Europe. These include the completion of the MEG experiment at PSI, its
upgrade MEG-II, the proposed Mu3e search at PSI, new searches of muon to electron conver-
sion (Mu2e at Fermilab, COMET at J-PARC), studies of ⌧ decay at SuperKEKB, and over the
longer term, experiments exploiting megawatt proton sources such as PIP-2.

6.7.2 Theory and Phenomenology
Independently of the specific theory and model, CLFV transitions are related to new lepton-
lepton couplings and effective operators that give rise to processes like the ones depicted in
Figure 94. These processes can be divided in dipole amplitudes, described by dimension-5

51

γ

µ e

γ

τ µ,e

γ

µ µ

Ze

µ e

µ ! e� ⌧ ! µ�
⌧ ! e�

(g � 2)µ µ�N ! e�N
µ ! eee

µ,τ

γ

e e

e
µ e

q,e q,e

µ�N ! e�N

NP NP NP NP NP
NP

Fig. 94: Schematic representation of vertices and interactions of some of CLFV processes in which new
physics (NP) contribution could be measurable.

operators, and four-fermion dimension-6 operators (compare the first four diagrams in Figure 94
and the last two). It is customary to parametrize the interplay between the two effects by means
of two parameters [663]: ⇤, which sets the scale of the four fermion amplitude, and , which
governs the ratio of the four fermion amplitude to the dipole amplitude.
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Constraints dominated the 
-  Dipole type operators for 
     k << 1 
-  Four-fermion operators 
    for k >> 1 

Different searches are 
needed to explore the 

whole parameter space 

from	  Gouvea	  and	  Vogel,	  
	  arXiv:1303.4097	  
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Comparison of muon LFV experiments and prospects  

ü  Currently best limits 

µ à eγ µ à eee µ – e conversion

5.7×10-‐13	  MEG	  2013	   1×10-‐12	  SINDRUM	  I	  1988	   7×10-‐13	  SINDRUM	  II	  2006	  

µ à eγ µ à eee µ – e conversion

O(10-‐14)	  	  MEG	  	  	  	  	  	  	  	  	  	  ~2017	   O(10-‐15)	  Mu3e	  	  	  	  	  	  	  	  	  ~2017	  
O(10-‐16)	  Mu3e	  	  	  	  	  	  	  	  	  >2017	  
	  

O(10-‐17)	  COMET	  	  	  	  	  	  ~2020	  
O(10-‐17)	  	  Mu2e	  	  	  	  	  	  	  	  ~2020	  
O(10-‐18)	  	  PRISM	  	  	  	  	  	  	  >	  2020	  	  	  	  	  	  	  	  	  	  	  

ü  Future prospects of next generation experiments  

µ à eγ µ à eee µ – e conversion

Background:	  accidentals,	  
radia&ve	  decays	  
	  
Con*nuous	  beam	  

Background:	  accidentals	  
and	  radia&ve	  decays	  with	  
internal	  conversion	  
Con*nuous	  beam	  

Background:	  cosmics,	  beam	  
related	  π, muon decays	  in	  
orbit,	  low	  energy	  (n,p)	  noise	  	  
Pulsed	  beam	  

Future LFV experiments will probe NP at Λ ~ O(104 TeV) 
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CLFV in τ decays   
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Fig. 102: Summary of the B�factories searches for LFV ⌧ lepton decay modes.

ized factories: e.g. the helicity angles of the ⌧ pair decay products can be used to significantly
suppress the background when one ⌧ decays to µ� and the other one to ⇡⌫ [681].

6.7.7 LFV at accelerators
LFV signatures might be observed at the LHC if e.g. supersymmetric particles are discovered,
which naturally generate LFV couplings in slepton mass mixing. Consequently, if sleptons are
light enough to be produced in pairs, different lepton flavors might show up in decay chains
such as: ˜̀+ ˜̀� ! `+`�0�0�0.

Known and new scalar or vector particles could also have lepton violating tree couplings
and might be directly reconstructed from resonance peaks: H ! ``0 or Z 0 ! ``0. Due to
the existing bounds on flavor changing processes, these LFV decays are small and difficult
to detect above the large background from WW -production with subsequent leptonic decays.
It seems however, that with high enough luminosities, the LHC can e.g. go beyond the LEP
bounds [682–685] on LFV Z decays [686].

If new particles exist at the TeV mass scale, i.e. in the discovery reach of the LHC, it is
very likely that precision experiments will discover lepton flavor violation via radiative loops.
Dedicated LFV search experiments like the proposed µ ! e experiments would then allow
one to measure the LFV couplings of the new particles, complementary to the ⇠TeV scale
experiments at the LHC.

Conversely, in the case that no new physics were discovered at the LHC, the discovery of
CLFV in precision experiments is not excluded as e.g. rare muon decays are testing mass scales
that are much higher than LHC energy.

6.8 Extreme Flavour
A study of the possibility to exploit the full luminosity which will be provided by the HL-LHC
for flavour physics studies has started very recently. The following summarizes the status of
this study, as resulting from several “brainstorming” meetings which were attended by theorists
and experimentalists. After a review of the theoretical motivations behind these studies, early

205

ü  So far the best limits achieved at 
     B-factories (with ~109 τ leptons): 
       Br(τ à µγ) < 1.4×10-8 @ 90%C.L. 
       Br(τ à µµµ) < 2.1×10-8 @ 90% C.L. 
     Nearly background free analyses ! 
  
ü  Will be improved down to 
    few×10-9 – 10-10 @ Belle II 
 
ü  τ leptons are copiously produced in HE pp-collisions, mainly in Ds à τντ decays 
    LHCb reached similar sensitivity for Br(τ à µµµ) with 3fb-1 (~1011 τ leptons) in  
    presence of non zero backgrounds, in particular from Ds àηµν with η à µµ
   LHCb:	  Br(τ à µµµ) < 4.6×10-8 @ 90% C.L.	  

ü  Good possibilities for improvement at LHCb upgrade (50 fb-1) and even  
    better at dedicated flavour experiment running at HL LHC (~106 τ per sec.) 
    Expect Br(τ à µµµ) < 10-10, or even 10-11 depending on how background scales. 

ü  Very interesting sensitivity, ~10-10, 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) 

Jordy de Vries, 2012 

EDM introduces new CP-odd sources 
(required for new CPV physics, strong CP problem): 

- 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 à 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, µ), diamagnetic atom (199Hg),  
paramagnetic atom (205Tl) and molecules (YbF, ThO) (Hans Stroher, EPS HEP 2015): 

Upper	  Limit	   Comment	  

n	   2.9×10-‐26	  90%	  CL	  

µ 1.9×10-‐19	  95%	  CL	  

Atoms:	  
Dia	  	  –	  199Hg	  
Para–	  205Tl	  

	  
3.1×10-‐29	  95%	  CL	  
	  	  	  	  9×10-‐25	  90%	  CL	  

	  	  
dp	  <	  8×10-‐25	  	  (indirect)	  
de	  <	  1.6×10-‐27	  	  (indirect)	  

Molecules:	  
YbF	  
ThO	  (ACME)	  

	  
1.1×10-‐22	  90%	  CL	  

	  
de	  <	  1.05×10-‐27	  	  	  (indirect)	  
	  de<8.7×10-‐29	  	  90%	  CL	  (indirect)	  
Factor	  10	  improvement	  in	  next	  10	  years	  

Why Electric Dipole Moments?
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EDMs indirectly probe scales much higher than 
direct searches at the LHC!
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ACME limit

}

New physics scale

EDMs from New Physics:

Electron EDM                                        de  = cW × sin φ × vev / Λ2            

Why Electric Dipole Moments?
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EDMs indirectly probe scales much higher than 
direct searches at the LHC!
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New physics scale

EDMs from New Physics:

adopted	  from	  B.Batell,	  FCC	  working	  group	  
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Neutron EDM 

SUSY is not natural 
any longer 

 4 

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
10-28

10-27

10-26

10-25

10-24

10-23

10-22

10-21

10-20

Estimation of PNPI project accuracy

at the new UCN source of WWR-M reactor in Gatchina

The latest PNPI result in ILL

The latest ILL-Sussex-RAL result

 

- Minimal SUSY

- Weinberg Multi-Higgs

- Left-Right Symm.

- Electromagnetic

Theoretical

Prediction:

 MIT-BNL

 ORNL-Harvard

 ORNL-ILL

 ILL-Sussex-RAL

 PNPI

 

N
eu

tro
n 

E
D

M
 E

xp
er

im
en

ta
l l

im
it 

(e
·c

m
)

Year  
Fig.2. Stages of decreasing an experimental limit on neutron EDM and 
perspectives for precision increase. 
 
The tasks of EDM-experiment became a crucial impetus for developing a novel technique 

of ultra cold neutron production such as UCN cryogenic sources, located either in close vicinity to 
or in the reactor core itself   [27, 28]. However, UCN sources available now do not allow to expect 
much better result than that obtained. Nowadays in a few foreign scientific centers studies are 
being in progress on elaborating new ultra cold neutron sources: ILL (France), LANL (USA), PSI 
(Switzerland), TUM (Germany). PNPI (Gatchina, Russia) is planning to create UCN sources of 
high intensity based on superfluid He, with the reactor PIK under construction and with the 
operating PNPI reactor WWR-М [29, 30]. The calculated UCN density of these sources is by 2-3 
orders higher than that in the available source of ILL. Such sources enable to obtain EDM 
estimation accuracy at a higher level than 10–27 е�сm, as shown in Fig.2. This level of 
experimental precision will make it possible to estimate prediction validity of different theories on 
СР-violation (super-symmetric, left-right ones and others).  

The present work describes the double chamber differential magneto-resonance EDM 
spectrometer made in PNPI and used in the beam of PF2 MAM of the reactor ILL (Grenoble, 
France), with the latest measurement results quoted. 

 
2. The method of measuring.  
The direction of neutron spin is the only distinguished direction in the system of 

coordinates related to neutron, thus EDM vector dn , if it exists, must be collinear to the neutron 
spin. In the external magnetic field Bo  potential energy of magnetic moment interaction P with the 
field W= �(P�Bo ) and the neutron energy state splits into two levels corresponding to two possible 
projections of the neutron spin into the field direction.  

If within the magnetic field a constant electric field collinear to E is applied , while 
neutron EDM is different from zero, then potential energy of neutron interaction will be expressed 
by the following equation: 

W= � (P�Bo ) � (dn�E ). 
Due to an extremely low value of dn, additional to the neutron interaction energy is very 

little, yet it must result in frequency shift of magnetic resonance in the available electric field. If E 
and Bo are parallel and dipole moment is dn ! 0, then magnetic resonance frequency decreases:   

PNPI	  double-‐chamber	  EDM	  spectrometer	  at	  ILL	  

Progress	  in	  nEDM	  

 22 

measurement sequence of the value of EDM in accordance with eqs. (1) and (3). Also quoted are 
separate results on the quantities EDMtop = (d1+d3)/2 and EDMbott = (d2+d4)/2 for the top and 
bottom chambers. Total results from the series shown in Fig. 5 are EDMtop = (2.59±3.90)×10-25 
e∙cm, EDMbott = –(3.98±4.22)×10-25 e∙cm and EDM = –(0.70±2.17)×10-25 e∙cm. The latter permits 
us to assess the sensitivity of the experiment when running under smooth conditions, which for 
this series of measurements amounted to 1.7× 2510� e∙cm/day.  

 

 
     
Fig.17: Exemplary series of measurements. EDMtop and EDMbott are values 
measured for the top and bottom chamber separately (see text). EDM is the quantity 
defined in eq. (3) that measures the neutron EDM using measurements with both 
chambers and all 4 UCN detectors 
 
Several of such series as shown in Fig. 3 were obtained at the ILL during three reactor 

cycles of 50 days each. Since after these measurements the reactor has been shut down for an 
extensive period of ten months for maintenance and upgrades, we felt it timely to present our first 
results. Results for EDM are quoted in Table together with measured values of the quantities Δν, 
ΔN, and Z defined in Eq. (3), all in units of 10–26 e·cm (these results were previously published 
in[45]). The deviations from zero of the values EDM and Z do not exceed one standard deviation. 
The values of Δν and ΔN,on the other hand, deviate from zero by two and 3.5 standard deviations, 
the latter with different signs in the two measurements. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 8 

                      
 

Fig. 6. General view of the PNPI spectrometer in the experimental hall of ILL. 
 
 

Specified feature of our spectrometer is that it has two chambers for UCN storage with the 
mutual system of magnetic fields and  electric ones equal in value but of opposite directions. In 
changing polarity of the electric field, neutron EDM effects in different chambers will have 
opposite signs, while instability of common electromagnetic conditions gives rise to the shift of 
resonance frequency of the same sign. Difference in results of these estimations leads to additional 
effects produced by neutron EDM, with the effects from correlated count alteration irrelevant to 
EDM being greatly suppressed.  

Another distinctive characteristic, enhancing the installation sensitivity is the system of 
double polarization analysis. At the output from every chamber there are two detectors, each of 
them recording the definite neutron polarization component with respect to the leading field. As 
the direction of the leading field in the output neutron guides is preserved, spin flipper is placed in 
front of the secondary detectors for registering the secondary polarization component. This 
increases summary neutron count during estimations and allows to compensate the data spread 
resulting from intensity fluctuations of neutron sources. Data analysis from four detectors enables 
to find out systematic effects.  

It should be noted that the four detector system does not have equally high aperture. As a 
rule, UCN count in the top chamber is higher than that in the bottom one. Also is different the 
UCN count for detectors located in front of flipper and behind it. These differences are accounted 
for by various gravitational location of storage chambers and various geometry of location of 
detectors and polarization analyzers  – either onward the UCN beam or to the side direction from 
that. Such a symmetry in UCN count on different detectors somewhat reduces compensation 
mechanism to systematic errors of the spectrometer scheme with double chambers and the system 
of double polarization analysis. 

 

Serebrov	  et	  al.,	  arXiv	  1408.6430	  
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Electric Dipole Moments 
(future prospects) 

ü  Ongoing and future experiments on nEDM use Ultra Cold Neutrons (UCN) 
       
ü  Future goal to reach sensitivity few×10-28 e cm  (experiments at reactors & 
                               spallation sources) 
 
ü  New ideas to measure EDM of proton, and deuteron, at the storage ring 
    experiments. Sensitive to combination of CPV parameters that differ from nEDM. 
 
     - Stat. reach 10-29 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) 

Cooler	  Synchrotron	  COSY	  
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Search for Hidden Sector (HS) 

   Full reconstruction and PID are essential to minimize model dependence 

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

Models	   Final	  states	  

HNL,	  SUSY	  neutralino	  
Vector,	  scalar,	  axion	  portals,	  SUSY	  sgoldsNno	  
HNL,	  SUSY	  neutralino,	  axino	  
Axion	  portal,	  SUSY	  sgoldsNno	  
SUSY	  sgoldsNno	  

l+π-, l+K-, l+ρ- ρ+àπ+π0

l+l-
l+l-ν
γγ
π0π0 

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

 
Hidden Sector 

Naturally accommodates Dark Matter   
(may have very complicated structure) 

 
Visible Sector     

    Mediators	  or	  portals	  to	  the	  HS:	  
vector,	  scalar,	  axial,	  neutrino	  

L	  = LSM + Lmediator +LHS	  
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Experimental and cosmological constraints on HNLs  
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ü  Recent progress in cosmology  

ü  The sensitivity of previous experiments 
     did not probe the interesting region 
     for HNL masses above the kaon mass 

LHCb

BELLE ü  Coupling to active neutrinos 
     U2 = Ue

2+Uµ
2+Uτ

2 (Vµ4
2 = Uµ

2) 
ü  Stringent constraints on light 
     HNLs below kaon mass 
ü  The mass range above charm 
     is relatively poor explored 

Updated	  Atre	  et.al.	  (0901.3589)	  	  
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The SHiP experiment at SPS 
( as implemented in Geant4 ) 

Npot = 2×1020 in 5 years 
>1017 D, >1015 τ 

Zero background experiment 

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

U2
e: U2

µ: U2
τ~52:1:1 

Inverted hierarchy 
U2

e: U2
µ: U2

τ~1:16:3.8 
Normal hierarchy 

U2
e: U2

µ: U2
τ~0.061:1:4.3 

Normal hierarchy 

SHiP sensitivity covers large area of parameter space below the B mass 
Moving down towards the ultimate see-saw limit 

ü  BAU constraint is model-dependent (shown below for νMSM) 
ü  Seesaw limit is not 

SHiP	  
SHiP	  SHiP	  
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SHiP sensitivity to dark photons and hidden scalars 
ü  Dark photons à U(1) associated particle A’ (γ’) in HS that can have non-zero mass 
     and mix with the SM photon with ε 
     Produced in QCD processes or in decays of π0 à γ’γ, η à γ’γ, ω à γ’π0 and η’ à γ’γ 

ü  Hidden scalars, S, can mix with the SM Higgs with with sin2Θ 
     Mostly produced in penguin-type decays of B and K decays 
 
ü  Decay into a pair of SM particles into e+e-, µ+µ-, π+π+, KK, ηη, ττ, DD, …  

10 CHAPTER 2. PHYSICS

2.1.2.2.2 Comparison of CERN, FNAL and JPARC

Cross section of beauty production at FNAL energies is 625 times smaller than at CERN.
JPARC has negligible cross section.

Fig2.5 shows sensitivity to the Higgs with the FNAL beams.

Figure 2.5: Sensitvity to Higgs: SHIP@FNAL

2.1.2.3 Dark Photon to SM particles

Hg-2Le BaBar, NA48ê2, PHENIX
Hg-2Lm + 2s
Hg-2Lm > 5s

E774

E141

Orsay, U70
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E137, LSND

SN

SHiP,
bremsstrahlung
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mesons
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Figure 2.6: Dark Photon SHIP@CERN design compared to previous bounds. This figure
updates fig xx of the Physics Paper.

2.1.2.3.1 Optimisation of the CERN setup

Fig2.7 shows the Dark Photon decay yield vs decay vessel length. We assumed 1GeV dark
photons decaying to di-muon pairs, with ✏ = 107.

SHiP probes unique range of couplings and masses 

See	  talk	  by	  F.	  Rede	  
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Hidden Sector experimental constraints in future  

   HNL     

Dark photon     

ü  MHNL< Mb   LHCb, BelleII 
     SHiP will have much better sensitivity 
 
ü  Mb<MHNL<MZ  FCC in ee mode 

ü  MHNL>MZ   Prerogative of 
     ATLAS/CMS @ HL LHC  

ü  SHiP will have unique sensitivity for “heavy” 
     dark photons 
ü  HPS is expected to cover new range of 
     ε2 in a couple of years 

MHNL,  GeV    

27	  
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Summary 

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


