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Proton Sources in The World
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Proton Sources in The World
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Proton Sources 1n The World HE

FANL-LINAC 400MeV FermiLab, LINAC

FANL-MI 700kwW  8GeV 83% FermiLab, LINAC+Booster+MR

PIP-II-LINAC 1% 16kW 800MeV FermiLab, LINAC SC

PIP-11-MI 1.2~2.3 120GeV FermiLab, LINAC+Booster+MR
MW

PIP-111-LINAC 2~8GeV FermiLab, LINAC

PIP-111-MI >2MW  120GeV FermiLab, LINAC+Booster+MR

Project XLINAC 969  287MW 3 GeV / FermiLab, LINAC

Project X Ml 24MW  120GeV 150 FermiLab, LINAC+Booster+MR

JPARC LINAC  1.25% 400MeV JPARC, LINAC

JPARC RCS 500kW  3GeV 90% JPARC, LINAC+RCS

JPARC MR 470kW  30GeV JPARC, LINAC+RCS+MR

JPARC+ LINAC JPARC, LINAC

JPARC+ RCS 1.IMW  3GeV JPARC, LINAC+RCS

JPARC+ MR 1.3MW  30GeV JPARC, LINAC+RCS+MR

2019/1/29 10



Proton Sources INn The World ME

TRIUMF
SNS
SNS+
LANSCE

CNGS

AGS

AGS+

ESS

ISIS LINAC
ISIS

2019/1/29

100% 1.4MW
100% 200kW
5% 1.AMW
6% 3MW
6.25% 800kW
400kW
85 kW
0.1% 1MW
4% SMW
1% 17.5 kW
1% 200 kW

590MeV  87%
500MeV
1 GeV 86%
1.3 GeV

800 MeV  87%

400 GeV  80%
24 GeV
28 GeV
2.5GeV  95%
7/0MeV

800MeV

110
250

31
31

PSI, Cyclotron, muon/pion
TRIUMEF, Cyclrotron, muon/pion
ORNL, LINAC+Accumulator,
ORNL, LINAC+Accumulator,

LANL, LINAC+Accumulator, halted at 1998, restore
by 2017

CERN nu to Gran Sasso, LINAC+Syn, LBNE
BNL, LINAC+Booster+MR, g-2

BNL, LINAC+Booster+MR

European SS, LINAC, ESShuSB

UK, LINAC

UK, LINAC+Syn, MICE, SNS

11



Proton Sources in China

Acc Name | DF |Beam | Beam Relia | ppp | Comment
Power Energy | bility | 10M2

NJPS | 20% 400MeV LINAC, ?
NJPS 11 20 SMW 1GeV LINAC, ?
CSNS | 100kwW  1.6GeV LINAC+RCS, SNS
CSNS 11 200kW  1.6GeV LINAC+RCS, SNS
CSNS 111 500kw  1.6GeV LINAC+RCS, SNS
CSNS+ AMW 128GeV 468 LINAC+RCS+MR, LBNE
C-ADS Ccw SMW 250MeV LINAC, ADS
~1GW  ~1.5GeV
MOMENT <10% 15MW  1.5GeV LINAC, MBNE

2019/1/29 12
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Physics with Proton Sources

Neutrino Physics

— Neutrino Oscillation
— Sterile Neutrino

— Heavy Neutrino.
Muon Physics

— CLFV

—_ g_2

— MuEDM

— Precision Measurements
Kaon/Pion Physics
— K->pi,nhu,nu
Neutron Physics

— NEDM



Physics with Proton Sources

* Neutrino Physics

— Neutrino Oscillation
— Sterile Neutrino
— Heavy Neutrino.



Pros PQCE ive Discovery
. From 2020 to 2030

* Discovery of Neutrino (P violation
* Determination of Mass Hierarchy [MH]

* If inverted MH, discovery of Majorana Neutrino mass with the
neutrino-less double beta decay.

Determination of neutrino masses via cosmological observations.

Supernova Neutrinos

Dark Matter via neutrino astronomy

Sterile Neutrinos

. After 2030, many precise measurements of

* Neutrino (P phase, Matter effect, Neutrino mass, the number of Sterile
neutrinos, etc..

* Proton Decay
2019/1/29 16



Ah&ictpaﬁed Schedule
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o e Timeline NEUTRINO EXPERIMENT
o7 R0 il TS0 J-PARCY wil =] MW
T (2016 | 2017 | 2018 | 2015 | 2020 2021 | 2022 2023 | 2028 2025
Brgeioty | CPYMH~2.30 w/Nova =
10% of sin26 rotoDUNESs
! i Cavern excavation
P ——— | Cryostat Construction

Sppar-tt |MH-20 | w Far Detector Installgtion

Hyper-K ﬁpHv>33q Far Q&tector commissioning

>30
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NO-I ||FH_Y Comm. N
25 30.05.18 Andres Rubbia | Status of DUNE
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arXiv:1405.7052 Meeting for Large Neutrino Infrastructures
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Sensitivity Benchmarks  jgums

CP Violation (50% Coverage)

DUMNE Sensitivity —— COR Arterrecs Design ]
Physics milestone Exposure kt - MW - year Exposure kt - MW - year E ::?:ﬂ" ';“:’;;;""" ——- Opiisized Design 7
(reference beam) (optimized beam) " sin'e,, = 0.45 3
1° fgn resolution (fi3 = 42°) TO 45 i —
CPV at 3o (dcp = +7/2) T0 60 -
CPV at 3 (dcp = —/2) 160 100 3 ]
CPV at 5 (dcp = +/2) 280 210 HNilf = ]
MH at 5o (worst point) 400 230 ;lT C .
10° resolution (§pp = 0) 450 200 e F 3
CPV at So (dcp = —m/2) 525 320 - ]
CPV at 5o 50% of dop 810 550 - ]
Reactor &,y resolution 1200 850 a -
(sin? 20,5 = 0.084 £ 0.003) :
CPY at 2o 75% of dpp 1320 E50 =
PN T I T N T T O N A A A A B

00 200 400 60D 800 1000 1200 1400
Exposure (kt-MW-years)

¢+ Many milestones expected throughout experimental run:

L]

2019/1/29

1% 0, resolution (0,, = 42°): 45 kt-MW-years
Definitive MH determination (=50 for all values of 6.;): 230 kt-MW-years
CPV at 50 (6 = -n1/2): 320 kt-MW-years

Reactor 6, resolution: 850 kt-MW-years
18



v-beam facilities for LBL exp |_n operatlon

* J-PARC v beam
* OA beam : Neutrino energy ~0.7 GeV

* Flux at ND/SK is estimated based on
HD production measurement by NA61/
SHINE experiment with ~10% f
uncertainty_ : Total Accumuloted POT for Physics

v-Muode Beamn Power

= 10%° N - V. Mode Beam wv.\-:mf - "
* 425kW beam operation achieved. bt B & & (TR B°E
— 2.27x10 p/pulse I -
1 t z 10° § = 300 =
* 440KkW ftrial is also performed. § ot = s §
6- & e
: 3 & ot
* 2018 J-PARC MR PS upgrade Zgw r 1 -
: Cycle: 2.48s — 1.3s “T20m 2012 2013 2014 2015 2016
* ~800kW beam power is expected. 27 May 2016 y-modo POT: 7.67510% (50.14%)
POT total: 1.510x1021 vemode POT: 7.53x10% (49.86%)
* The power supply upgrade of horns, K
reinforcement of the horn strip-line cooling, ; ' }1 W v ] jw 5
DAQ and beam interlock upgrade are i i LN ]
planed. % s P S V. -
T~ -
WG #1(Mon) T. Sekiguchi propeciimm it o irgsal i
W63 #2(Tue) K. Sakashita g

2019/1/29 19



v-beam facilities for LBL exp. in operation

r
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3

FNAL NuMI for NOvA
OA beam : Neutrino Energy ~ 2GeV

* ~B600kW beam operation is achieved.

* Test operation of design beam power

(700kW) is also achieved in 2016.
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Future proposal of v-beam facilities

* FNAL LBNF for DUNE

" Onlinesince 2014 NOvA (fa
! (fli‘esui)gnei; ,"Zr 700.kW) i 1
* Ml cycle: 1.33s—1.2s oy N

* MI Proton/pules: 4.9x1013—7.5x1013
* M| Beam power: 0.7—1.2MW

3 X N : A Looh) -  New Neut‘rzi‘r\\(; Beam \ $ NC\,A,-Y
* The beamline is designed to be -t Fermlb and 2 prcilo’ b
3 y ear Detector vy
upgradeable up to 2.4 MW proton beam oot
power.
Designed to run at 1.2 MW beam power (PIP-1i) S e s Socumrel R ke 40 LN, s o S 0 W o
and upgradable to 2.4 MW , Agon of Ensankimant ~ 6

120 GeV RCS

Main Injeclor

‘ M0 Poirk of Exdraction —

Near Detector Absorber Hall Target Hall Complex
Kirk Service Bullding Sarvice Bullding { Primary Beam
(LBNF-30) S«vtlc: Nl'ul’lm
( -5)

8GeV ™

Recycler ™\ *

’ 12 MW
targsl
et

800 MeV 8 GeV RCS
SC Linae Boosler

WG3 #9(Tue) E. Zimmerman 1



Future proposal of v-beam facllities: ESSnuSB

OE‘FPF- European Spallation Source — 521 14— g TOLA2 s
) Lnn . | Y — s ,. P m > o= 1.» -...,. « -.; ¢.. ... ¢,~J~,. c-- m, .
g ?"/' .« 2GeV proton Linac : ready by 2023
: ot o Beam power: 5 MW .
.t 14 Hz (2.86 ms, 10" protons/cycle).
o ( .
- A Duty = 4%.
11

LINAC upgrade
- Doubled rate(14Hz—24Hz, Duty 4% —8%)
- Proton beam — H beam
Accumulation Ring ( for horn focusing)
- Beam pulse width 2.86 ms— few us
Conventional beam line with multiple horns

(+Far detector) =] §T =
: 1
L N
Ep ¥
| i W,
P wh .8
- : e 3 .w- [ ¥ e} [XY 010 3 ] : 1F3 [l . "‘;L VVVV 'A‘ [l:‘.l J' "2 " L
Proton beam switeh-yard ~ WG3 #3(Wed) N. Vassilopoulos 12
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Future proposal of v-beam facilities: MOMENT

* Muon decay medium baseline neutrino beam facility

Phys. Rev. ST Accel. Beams 17, 090101

, SC LINAC (1.5GeV 15MW CW)
- 9 Mercury jet target
SC solenoid for m capture (141

High-power proton linac (ISMW, 1.5GeY) Pion target: .
| ! %
ADS type (~300m) ‘QQ < . <

Pion collection section QQ\ 4

~200MeV neutrino beam
4.7x10" v/im2/y for 14T

18} — !

p A= selection section(~2m)

Bending section(~20m )(\

A
: / \-.,
\ /
v

Y / ve or Vi / Ve n decay channel (~300m)
To detector (~150km) (SC solenoids or quads)
Detector
Detector w/ charge ID WG3 #3(Wed) N. Vassilopovlos ~ | |
-WC w/ Gd, MIND, LAr w/mag.  \yg o) T2n0 e ]

13




Perspective

« e/u identification in the liquid scintillator
— MC studies are ongoing

cos(theta):phi {gec*(evt==1)} u+ cos(theta):phi {qc&8&evt==50} e +
i EEENICHEE T B e ey o )
g 400 osk . 8 8 osh et Ei = 5
%300_ - ) L 6 'E: .--lf' .::- " 4
E 200—: 0 g_ ] : " C 4en ko‘v,rrng-%:l-;—- ’
100F s ) -' -' 2 o =ty e _-:-._ j
b o= LI T SRR, Lottt
§5=""50"""95" 100105 TT0 11%imel:2[([)m] 0 1 2 3 4 5 %hi 0 1 2 3 4 5 6 ohi
. . o . 1200}' I ' ' f{
- Improve charge identification IiE
— A large magnetized detector? Eat
 Reduce atmospheric background = ‘
— Reconstructing neutrino direction _ L
. : . Direction of e* from
— Sending neutrino in short bunches IBD

(arXiv:1511.02859)?
« Not realistic in ADS-type accelerator (CW beam)



Results

MOMENT, Standard Osc. MOMENT, NSI
asof j ' 350 ' j
300} - 1 300
| |
250 I 250
— 200} — 200
(=]
g g
L1+ L)
150 150
1o
o 2o
100 - 100
Ao
20
50t —_—ag 50
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FIG. 3. Projected sensitivity of the MOMENT experiment on d — #ag for different background
suppression factors SF=0.1 % and 10%, respectively shown with thick and thin lines. The true
values of neutrino mass parameters are marked by a star and are set to their present best fit values

. Fig (a) shows the projected sensitivity assuming no NSI. In Fig (b), the present 1o uncertainty

of all values of € are taken into account.



Towards High Intensity Neutrino Beams

* Running neutrino beam facilities have the prospects to
their design beam power in a few years.

* NuMI: 700kW test was performed in 2016

* J-PARC-v: 425kW operation was achieved. + J-PARC
MR high repetition rate in 2018.

* Goal in coming decade: Real >1MW beam power
* J-PARC-v: Aiming ~1.3MW beam
* FNAL PIP-Il + LBNF: Aiming ~1.2MW beam

* Following future plan: v-beam with SC linac (>5MW)
* Developing target+pion focusing device is key.

* Common technical challenges:

2019/1/29 26



Muon Accelerator Program (MAP)

Muon based facilities and synergies

Acceleration o Storage Ring + Factory Goal:
102 p~ & - per year
ut within the accelerator
— v
{ 5 Gev - acceptance
0.2-1 1-5 -
i Gev Gev T H v
. i w-Collider Goals:
«B1m 126 GeV =
Bi elerators: ~14,000 Higgs/yr
Sipgle-Pass Linacs PAulti-Tew ==
] Lumi > 103 crm2s-!
. Share same complex i [ o e
: T
i e L 4
Collider Ring

Ful"lunn Collider :
Proton Driver Front End ér.:nnll g Acceleration
: o
| §O oz
2 3 3
g E g E E Accelerators: ? “
g Linacs, RLA or FFAG, RCS .
! ! t 1
— 13_4ni4 i
Key TL?'tia:S p:riii'r: Fas{;fzn::sl;rng Fast acceleration iaCkdeDUﬂd
- mitigating u deca Yy U decay
Challenges -7 u: by 106 (6D) gating p y i
Qo 4 ]
Cost eff. low RF SC | Detector/

| |
lonization cooling

MW prot-::n driver
High field solenoids (30T) Fast pulsed magnet | machine

(1kHz) interface

Key R&D MW class target
NCRF in magnetic field | High Temp Superconductor

Unique properties of muon beams (Mov 18,2015)

JP.Delahaye

2019/1/29
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A\ Sterile Neutrino Search

Potential sterile mediated v, — v,
disappearance measured in reactor
experiments are sensitive to 0,
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SHIP: Search for Hidden Particles

=» SHIP is a new proposed experiment at the CERN SPS, aiming to
search for neutral hidden particles with mass up to O(10) GeV and
extremely weak couplings, down to 1071,

=% production and decay of hidden particles:

- large decay volume followed by spectrometer, calorimeter, PID
- shielding from SM particles: hadron absorber + VETO detectors

-» High intensity 400 GeV beam dump == high flux of neutrinos (all
species).

=*» More details: arXiv:1504.04956 (TP) and arXiv:1504.04855

E. Graverini {Universitat Ztirich) Heavy neutrino searches from MeV to TeV

2019/1/29 30



Neutrino Summary

 Osclillation experiments:

— High energy neutrino: Nova, T2K, DUNE, T2HK
* multi GeV? 1~2MW

— Medium/low energy neutrino: ESSNnUSB/MOMENT
¢« 1~2 GeV, >5MW

— Neutrino factory (muon collider)
* Over MW source + ...

o Sterile neutrino: Nova, T2K
— Similar to LBNE

* Heavy neutrino
— up to 400 GeV proton

2019/1/29
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Physics with Proton Sources

* Muon Physics

— CLFV

— g_2

— muEDM

— Precision Measurements



Muon Physics: Worldwide Effort
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Muon Physics: Worldwide Effort*

Lifetime — Fermi constant
= Mulan & FAST at PSI
= Decay parameters (p, 3,1, P,§ ...)
= TWIST at TRIUMF and polarization measurements at PSI
=  Muon Capture
= MuCap at PSI: g, pseudoscalar coupling
= MuSun at PSI: basic EW interaction in 2N system
= Lepton Flavor Violation
= u->ey— MEG and p3e at PSI
= ue conversion: Mu2e (FNAL), COMET, DeeMee (JPARC)
= Anomalous magnetic moment (g-2)
= [E821 at BNL and Muon g-2 at FNAL & JPARC
Search for Electric Dipole Moment
= E821 at BNL and Muon g-2 at FNAL & JPARC
Lorentz / CPT violation tests
= E821 at BNL and Muon g-2 at FNAL & JPARC
Proton charge radius
= Muonic Lamb shift (CREMA), MuSE at PSI
Muonium Spectroscopy
=  Muonium hyperfine at LAMPF & MuSEUM at JPARC

* Incomplete list of
past, present & future
muon experiments

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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Different categories of muon experiments

1. Measurement of SM parameters like with other particles:
— Masses: M, M,, M, m;, m; m_, m;, m, ...
- COUp'IﬂgSZ (X,QED astrong GF Ggrav
— Structure of interactions: SU(3).x SU(2),x U(1),

2. Search for Physics Beyond the Standard Model (BSM):

— Test for deviations from a pure V-A structure
— Charged Lepton Flavor violation (CLFV) (see talk by S. Mihara)
— Searches for new particles through quantum loop effects

3. Applied material research:
— Muon spin Resonance (muSR) to probe magnetic properties

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
35



| N [y Sy 4 DR P |

PAUL SCHERRER INSTITUT

The MuLan concept in one slide...

=  Collect 1012 decay electrons
" Fit decay spectrum to extract 1,

/\ Avoid ffearly-tomematics
Measurement Period, T, |

T, =2196980.3 = 2.2ps

3

Accumulation Period, T

Counts per 42 ns

107

Kicker Transition '\ 1\ .

105

Gr=1.1663818(7) x 10™ GeV2 (0.6 ppm)
Background Level

H AN T
"""""""""""""""" D.B. Chitwood et al., Phys. Rev. Lett. 99, 03201 (2007) \
N N I R EE R S D. Webber et al., Phys. Rev. Lett. 106, 041803 (2011)
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MuCap: Measuring the nucleon structure

" Mulanresult 1, =1/1,, isinput for MuCap
" Form muonic hydrogen up in ultra-pure hydrogen TPC

" Measure disappearance rate A,
= Extractsinglet capture rate Ag=A, - A,
= Determine the nucleon’s pseudo-scalar form factor g;

, August 25, 2016
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MuCap: Muon capture on the proton

"l’- \\// V M~ GFVUd "Wy ’Yoc(l_’YEs)\l]lvL . Wn(Va-Aa)Wp

V%= gy(@?) v* + i gy(9?) o™ gp/2My
q2 = -O.88mu2 A" =ga(0?) v%ys + 9p(0?) qa/mﬂ5

= Since g, 8w, 8 and V4 are well
A known, A determines the
P pseudo-scalar form factor g,
= Test of yPT theory prediction

g,(MuCap) = 8.06 £ 0.55

Andreev et al., Phys. Rev. Lett. 110, 012504 (2013)

g,(PT theory) = 8.26 + 0.23

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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MuSun: Muon capture on the deuteron

K~V
d—C ~Tn

= Next step: Measure simplest two-body system

= EFT relates this process to low energy constant &R
relevant for other processes

= Similar to MuCap with ultra-pure deuterium, cryo-

TPC (30K)

= Data taking mostly completed, analysis ongoing
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Muonic Hydrogen Lamb Shift - Proton Charge Radius

Bohr radius in muonic hydrogen is smaller by m .4 = 186m,
than in hydrogen

The muon overlap with the proton is larger by m3 . ,and hence
Lp is more sensitive to the proton’s charge distribution

Extract proton charge radius r, from 2S — 2P transition (Lamb shift)

AE(2S — 2P) = 209.978(5) — 5.226 72 + 0.0347 /3 meV

Knowledge of the charge and magnetic
distributions inside the proton are needed
for precision tests of bound-state QED

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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MUSE @ PSI
r, (fm) electron muon
spectroscopy 0.877+0.007 0.841+0.0004 (up)
0.8356+0.0020 (ud+iso)
scattering 0.875+0.006 ?

= New experiment at PSI to measure
low-energy scattering of u*p and e*p

" Goal: Ar, =0.007 fm
(similar to current CODATA)

Peter Winter

0 = 20° - 100°
Q?=0.002 - 0.07 GeV?
5 MHz total beam flux

= 2-15% \'s

=~ 10-98% e's

= 0-80% T1's

M1
Beam-Line
:DMs, NuFact2016, .

Beam-Line
Monitor

Scattered
Particle
Scintillator

Straw-Tube
Tracker

LWL

SiPM
Thin Scintillator




Muon g-2: Motivation measuring a, = (g-2)/2

BNL: a ®®"-a >"=(260%78)x 10" (3.3 0)

Known well beyond current experimental Known slightly better than current experimental
precision precision — needs work

Expt. — SM 4 New Physics
aM aH aM

= |f current discrepancy remains new experiments
would yield >5c
= Together with theory improvements could give >8c

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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Muon g-2: The basic measurement

—> Momentum p

= 5! — Spin S
v D A N
' WM r
AN x5 X 5
-— PN

®, =e/m a,B

Determination of a, requires measurement of both
1. the spin precession frequency o,
2. the magnetic field B

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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See also WG4 talks today:

The new Muon g-2 experiments: A comparison

R. Kitamura @ 10:45am
W. Gohn @ 11:15am

] E34 @ JPARC E989 @ Fermilab

Beam High-rate, ultra-cold muon beam
(p =300 MeV/c)

Polarization Prax = 50%

Magnet MRI-like solenoid (rg, .. = 33cm)

B-field 3 Tesla

B-field gradients Small gradients for focusing

E-field None

Electron detector Silicon vanes for tracking
Continuous wave NMR

400 ppb

B-field measurement

Current sensitivity goal

High-rate, magic-momentum muons
(p = 3.094 GeV/C)

P=97%
Storage ring (7m radius)

1.45 Tesla

Try to eliminate
Electrostatic quadrupole
Lead-fluoride calorimeter
Pulsed NMR
140 ppb

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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A
ThO EDM excludes certain SM extensions

t
f experimentally excluded unconstrained

imperial 20010 ACME
2013

standard model
SUSY variants
) generic models
Technicolor

Alignment

Seesaw Neutrino Yukawa Couplings

Approx.  Approx. Exact
CcP Universality Universality

Heavy
sFermions
: />

102 107 107 102 10® 10%® 10% 10% 10% 10% 10#
d, (ecm)

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016
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Why CLFV

 Flavor is one of the most puzzling aspects of the SM.
— Why 3 generations? Mass? Mixing?

* We have observed quark mixing and neutrino
oscillation, but no SO far.

— Wil tell us more about the nature of flavor BSM!

090 » Quark flavor violation:

» Characterized by CKM matrix

> Neutral lepton flavor violation:

« Characterized by PMNS matrix

2019/1/29 46



CLFV as a Probe to New Physics

* |Is CLFV allowed in SM?
— Through loop diagram with neutrino oscillation, yes. But..

Sg\“r\ﬂ“’vgz * Historically we deflne Br = FCLFV /Fcapture
T_._LTFL — Practically negligible.
Vy = Ve Clean probe to NP!

* How about with New Physics?

— Assuming TeV scale new physics, naturally large coupling constant like
SUSY, it may happen just around the corner!

_ — 2leV
/\'\J\J\ Br(ﬁ'_}'eﬁf)_-lo 1 K( f ) (10 2)2
U 10711~1071° Jevel.

Reachable with current technics!

2019/1/29 47



CLFV candidates
» Studied in B factories:

-8 -9
LHCb, BaBar, Belle T - Uy 4.4 %10 <10 Flavor factory
*  Will see improvement T - ey 3.3x 1078 <107° Flavor factory
in Belle I1'and LHCb T > pUp 2.1x1078 < 1072 ~1071% Flavor factory
« CLFVin p sector:
' -8 -9 _10-10
- Studied at PSI. p - ey T > eee 2.7 x10 <10 10" Flavor factory
is the best result. T - pee 1.5x 1078 <1072 ~10~1° Flavor factory
] WI” see gl’eat_ w- ey 4.3 x 10-13 4% 10-14 MEG Il
improvement in
uN — eN at J-PARC - eee 1x 10712 10715~10"1®  mu3e/MuSIC
~and FermiLab uN - eN (Au) 7 x 10713 < 10718 PRISM/Mu2e I
e T Intensity:
—_ — —-15 -17
e Current: 2/sec uN — eN (Al) 107*/10 COMET/Mu2e
 Future: 100/sec uN — eN (Ti) 4.3 x 10712 <1078 PRISM/Mu2e I
* pintensity: = —
N - e*N (Al 4.3 x 10 ? COMET
« Current 108/sec : (4D
e Future: 10'1~10'%/sec wre” —opTet  83x1071 7 COMET

2019/1/29 48



Model Independent Approach for CLFV

L = (R__Tﬁj\_zﬂRggueLFﬂy_FmﬂL’YHeL qu_L’YMQL
qg=u,

Four-Fermi Process
K> 1

Photonic Process
K <K1

2
MEG  Befy- ey)<5.7x10-13
103 —
u ) e er‘u .-An)<7X1°—l] SINDRUM“ ” ) e
Strong Yes No Ves

Excluded

Four-Fermi
102 ¥
0.01 0.1 1 10 100

2019/1/29 K 49



DC or Pulse?

« DC beam for coincidence « Pulse beam for non-
experiments coincidence experiments
. LU—EeYy, u—eee . [L-e conversion
L b |
f— g

~20 ns 1-2 ps

2019/1/29 50



MEG & MEG I

MEG Muon Statistics

Signal Background
180°
HTIN a* U‘/
" / vl ° “*A
H 2\ v
Y /v
- MEG@PSI

. Search for u"—e'r using 3x10"Hz muon beam

- Liquid Xe photon detector & COBRA positron
spectrometer

- DAQ in 2008-2013

. Final upper limit result published: 4.2x1 O']3 @ 90% C.L.

European Physical Journal C, 76(8), 1-30
- Detector upgrade to achieve 10 times better sensitivity : MEG I

- See presentation by Marco Venturing (WG4) for more details

oy IFTT 7 AFHER BREEE)
DRER =
fi 28

AIFRNY B RAE
2019/1/29

—

*x

r

S =
T

Accumulated N, (10"

Liquid xsnon
photon
dstector
846 PMT:s

*HA

» Schweiz
= Ttalia
*U.S.

* Poccua

muon beam
3x107 jzeo

stopping
targst
polysthylens
20011m

Poczitron
tracker
1.7x10° X

Timing
ocountar
70-80 pceo




MEG |l

Improve resolutions by
about factor 2
COBRA

everyw here aua%enrggnducting

Liquid Xenon Gamma-ray Detector

L beam rate of 7x107
Hz to reach the
Sensitivity of 4x1] 0-14 Drift Chamber

Positron Timing Cou}\‘iter

Engineering run in Radiative Decay Counter
2016

See presentation by Angela Papa (WG4) for more details

2019/1/29 52



Physics background from mu->e nu nu gamma

10

0B |

.06 |

&y

04

x =2E./m, am:fy =2E,/m,

All background levels in history

Historical progress of searches for p+ — e™y since the era of meson factories with 90% confidence upper (C.L.)
upper limits. The resolutions quoted are given as a full width at half maximum (PWHM).

Place Year AE, AE, Aty (NS) Aty (mrad) Upper limit Reference
TRIUMF 1977 10% 87% 67 - <36 x 1072 [17]

SIN 1980 B7% 93% 1.4 - <1.0x 1072 [18]
LANL 1982 8.8% %, 1.9 37 <17 % 10-10  [19]
LANL 1988 8% %, 1.8 87 <49x 107" [20]
LANL 1999 1.2% 45%° 1.6 15 <12x 107" [21]

Psl 2013 0.9% 4 0.1 23 <57 x 10-13  [2]

2019/1/29 PSI MEGII 0.3% 0.035 5x 1071 -



The beam-line

* 590 MeV proton ring cyclotron

3x107ut/s
 the mES5 beam line placed at 175° p=29MeV/c
from the proton beam

M. Venturini — SNS & INFN Pisa NuFact 2016, 22 August — Quy Nhon



Mu3e: u—eee Search using DC Muon Beam

Another channel sensitive to cLFV
with DC muon beam

a % \
. e
1.0x10°'2 (90% C.L.) by SINDRUM G I ‘“—‘*--;__ z
e e
e
Goal : 10 in 3 steps ;-l.;'__éw__ib_“i_ﬁ_‘é-_ {":
Phase | in 2018-2020 — e
Sensitivity:~10""° Signal Acc. Overlap
2 p=0 2 px0
At=0| - - Atx0
Measure all electron tracks / \ i
precisely L
e 10— a )
5 100] T
most severe BG — = 107 T
£ 0l | Suppress BG
£ 101 | b
i l ] more than
u—e'e'e vy 0T e { oY
105p =" { 16 orders of
: 107 | —1 magnitudes
- See presentation for more - 3 9
details by Angela Papa (WG4) 10, /11 i
N TN AGHRRRRREL m, - E,, (MeV) at

ZULY/1/ZY o0 T



2013-5 2015-7 2017 2018-20
Sensitivity phase | [2018-20] ~ 10-1°
Mu3e detector concept  (Final sensitivity phase I [202x] ~ 1018

needs 10° muons/s)

Tile detector

Superconducting
solenoid Magnet Fibre hodoscope

|
MIDAS DAQ and Slow |
Control .

|

Muon Beam and
target
Mupix detector . :

15




Muon to Electron Conversion

1s state in a muonic atom

L 2> evy

W+ (A,Z) 2Vu +(AZ-1)

T T AW )

Main Proton Pulse -
_ // 10 p’p.]m —\.\\ \“

- Prompt Background

_Stopped Muon Decay
. >
"< Timing Wincow

Arbitrary Unit

201 9 Time (us) 1.

We are searching for:

Neutrino-less muon nuclear capture
u +(AZ) —e +(AZ)

Event Signature:
— asingle mono-energetic electron of

105 MeV

— Free of accidental background.

No limit on beam intensity!

Backgrounds:

ex. muon decay in orbit (D10),
radiative muon capture (RMC)

beam-related backgrounds,

eX. radiative pion capture, muon
decay in flight, large angle
scattering.

Can be suppressed by pulsed beam!

— cosmic rays, false tracking

S7



Aceurnuitar (B Gev)

Debuncher (8 Gev) Linex

"

at Fermilab e

tain | njector | i e ot .
150Gy ey Exlraction
' Target  Cullider Aborts

R lier ]
BOeY of :
= s~f FO B0 Detector
. ard Low Bata |

e After Tevatron

uvaotiineblll  MU2E at Fermilab
antiprﬂt on Straw Tracker

accumulator ring

o
v
at

Muon Stopping N
and debuncher ot =
ring for beam swaconsueing (8 W T e
pulsing. Carian

e Proton beam . ‘? Cobomater

power is 20 kW
and >200 kW for Production Sclenaid
pre and post SN
Project-X,

respectively.

Supenconducting
Detector Solenoid
(20Tz1.0T)

Colimators
Aim for 10-16

After the cancellation of the
MECO experiment in 2005




COMET (COherent Muon to Electron Transition)

In Japan B(p~ + Al — e~ + Al) < 10716

Fion Capture Section

UH-HH-ﬂH.HH.HH-HHH
[

[
[ =
=
[
[ =
[ ==
=
[ =
==
=
==
[ =
=
[ =
=
[ =
=
-

L

uj

\

A section to capture pions with a

large sclid angle under a high

solencidal magnetic field by

conducting magnet,

Muons

. V.

st

.l.-

Fion-Decay and
Muon=transport Section
A gection 1o collect
from decay of pions under a
solenoidal magnetic fisld.

MLISNS

SUpEm

FPRIMI

A detector to search for
muon=to=egleciron  con-
VETSION Processas,

\‘:\,oﬁ?

i

o o o
J‘:I".-un-'\-

& D

Proton Beam

The Muon Source
eProton Target
ePion Capture
eMuon Transport

The Detector

*Muon Stopping Target
®Electron Transport
®Electron Detection

proposed to
J-PARC




COMET Phase-lI

The COMET Phase-| is designated to conduct the following tasks:

@ Background Study for COMET Phase-II:
A direct measurement of potential background sources for the full COMET
experiment by using the actual COMET beamline constructed at Phase-l.
Using Phaes-Il detectors: straw tube tracker and energy calorimeter (ECal).
@ Search for mu-e conversion:
A search for mu-e conversion at intermediate sensitivity which would be more
than 100 times better than the SINDRUM-II limit.
Using new detector dedicated for Phase-I: cylindrical detector.

pion production

detector system

muon transport system

2019/1/29 60



PRISM=Phase Rotated
Intense Slow Muon source

PRISM Muon Beam

Capture Solenoid
muon intensity: 10'1~102 /sec
central momentum: 68 MeV/c
narrow momentum width by phase rotation matching section }5

Solenoid

pion contamination : 102° for 150m

% 1£> {% é} Ejection System injeciian System .-?
J RS
S .

Fo—

Detector

Phase rotation = accelerate
slow muons and decelerate
fast muons by RF




Muon Summary

* Precision muon measurements
(MuLan,FAST, TWIST,MuSan,MuLan,MUSE,MuSEAM,proton radius)

— On going at Cyclotrons: CW,~500 MeV, ~1MW, detector has potential
« g-2: 2" generation on going

— FermiLab , 3GeV muon, (4MW)
— JPARC: unlcear...
« muEDM
, 1-8GeV, 2MW (?)
« CLRV
— Mmu-e gamma
» On going at Cyclotrons: CW,~500 MeV, ~1MW,
— Mmu-eee
» On going at Cyclotrons: CW,~500 MeV, ~1MW,
— Mmu-e conv
50kW (0.5MW), detector OK
2MW (400MW) , detector OK
— Mue-ee

* CW, 2~8 GeV, low power consumption, , detector OK

2019/1/29 62



Physics with Proton Sources

« Kaon/Pion Physics

— K->pi,nhu,nu



Summary: Rare Kaon Decays

Exceptional sensitivity to new Flavor Physics
CERN NA62(K+ - 7z+v17)and JPARC KOTO (Kf - 7z0v17) poised to begin soon.

* Fermilab: great potential for advancing the intensity frontier
"Ultimate™ high precision experiments possible
* Significant work can be done with existing facilities:

MI+Tevatron Strecher: K* — zfvv
* Project X ICD-2 would provide extraordinary

possibilities for measuring Kl(_) — 7%V

Doug Bryman FNAL Accelerator 64
Workshop October 20, 2009



Experiments

Prospects for 10-1000 x improvements.

K" > z'vy

T | AR AR DY
I . I . +;10.5 = Klem ¥ 90% CL limits EO : O |
Lepton Flavor Violation Top e oK > 7y
p s
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ou—py 2 :
10 _ _ =5 E787 1988 ]
& i fuwkee + £ .
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Doug Bryman FNAL Accelerator
Workshop October 20, 2009
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K — zvv Experiments
K" >zt
o« BNLE787/949: B(K*™ — z'vv)=1737:x107"
o CERN NA62; New Technique
o New proposal: Fermilab P996
o Fermilab Project X?
K. — vy
o KEK E391a; B(K® — 7%v)<6.7x10°°

e JPARC KOTO
e Fermilab Project X?

Doug Bryman FNAL Accelerator
Workshop October 20, 2009
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Kaon production (K.Gudima, MARS15-LAQGSM)
Optimal production rate at 7, > 4 GeV is 8-10x rate at 1, = 2 GeV

p+ “C 5K +X p+12Cc K+ X
B LI I B BN B L LI B L B LR RN MU AR R R R
LU in E3 e E 10 £ = E
- -l—"'—l. Y . - 4m + 4m 1
* 7 :~>3ﬁ-ﬁ'x-:-5;r - ottt g
71) .-| T g | 502 1iedie?] T o=300(x0 5]
3 172 < i 'ﬁ. . ~3_ l | ““’. I
10 : —Lh T o = 10 F | 4 <@ < 23% ‘O"‘ =
=3 I TR I = s —
"':"E : ‘.I:.ﬁ I ! -. == - - —_ : :: 4 - '__‘ il
4 ] = h . a4
Z':nv*l{] J_“ -~ + > >800Melicixl. 1) zu1 ”;E[{IMEUm D0
~. ,)"'ﬂ . T ; ; 5
= : | e
g It z
i -5
< 10 1' 3 % 10 =
TR AN ©
> 1; i‘ >
g
10 ¢ E 10 .
_T_
10 ¢ E 10 -
:I 1 1 i | L, |_
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K — mrr at Project X

Kt — ntvi K — 7
Beam time structure DC  pulsed (25 MHz)
Proton beam energy 2.6-6 GeV 2.6-6 GeV
Beam pulse width NA < 50 ps
Beam pulse interval NA ~40 ns
Extinction NA 10—3
Beam power 2 MW 2 MW

Both experiments prefer [CD-2.
Maximum power would allow reduction of phase space of kaon beams
for higher beam purity, detection efficiency.

2019/1/29 68



T+*—et Ve and I\/Iasswe Neutrinos

- 7+ branching ratio R in SM
_T((m—ev)+(m—oevr))
M T ((m=uv)+(mr—uvr))

= (1.2352+0.0002)x 104
m+r—etve is helicity suppressed.

------

E u : e’ l—J+
W+
?1' + _____________
Ho 5 Ve, Vyu
""" Je, gy

V.Cirigliano, .Rosell, PRL 99 231801 (2007)

If massive neutrinos exist...
= Affects pion branching ratio
- A change in the phase space.
- Apparent violation of equality of

the weak interaction couplings.

- Relaxation of helicity suppression.

3

= Additional mt*—etv 4
would be detected.
m»:60~130 MeV/c2 .. ...
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Measurement Strategy
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mT+—etve Decay

-7+ branching ratio R in SM U e+t
_T{mr—oev)+(mr—ev r)) :

M ((m=u )+ =Py 1)) W
fgé:Imﬁ(nﬁ- i
= G imATE 221x0)0+e) 1/ coupiings/
id ¥ Ve, Vy

= (1 2352+O 0001)x104(0.01%) Je,Qu
V.Cirigliano, I.Rosell, PRL 99 231801 (2007)

F ; mo—Expected by %..°
- Qe=0pu. Iepton unlversallty. - New Measurement
; : F Czapek
- Tt—etve s disfavored (V-A). mEBriton {7
¢ FBryman Ao L .
s = . ) Theoretical
= Helicity suppression. : / region
. Experimental result L U
[ Anderson
Rexpr=(1.2344+0.0023(stat)+0.0019(syst))x 104 szl
Branching ratio (x 10™)

(From 1076 pi->e nu events) 15 History of R measurement.




Sensitivity to Massive Neutrino

10

Results in 1992

—— PIENU Results

10°

el

IU I

10°

|ue.|2-<o 0033/ ¢

-? 1 1 1 1 1 1 1 1 1 1 1 | 1 1
10% 30 20" 30 a0 50
Neutrino mass (MeV/c?)

- Factor of 1.5 improvement over previous result in <bb5 MeV/cz.

- Branching ratio and neutrino results submitted — coming soon!!
- Full statistics: >x10
= Sensitivity will be improved by a factor of >3.
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Sensitivity to Majorons

- Nambu-Goldstone bosons (Majorons) occur in gauge
models with spontaneously broken global B-L symmetry.

- In the presence of Majorons M, the expected branching
ratio is slightly higher.

[(r—eL?) /T (m—pL)
['(m—ev)/I'(m—pr)

Majoron-neutrino coupling

— 1+ 157.5gﬁf

G.B.Gelmini and M.Roncadelli.,
Phys.Lett. 99B 411 (1981)

- LO: final states of v, vM, and v x (very light Higgs particle).

- Previous result: gfn<3x10-5 This result: gﬁ<2.'l x10-3
(90% C.L.)
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Kaon/Pion Summary

« Rare Kaon decays

— Proposed at FNAL & J-PARC: pulsed, 2GeV,
2MW

 Precision pion measurements
— On going at Cyclotrons: CW,~500 MeV, ~1MW
— Detector has potential to handle higher rate

2019/1/29 74



Physics with Proton Sources

* Neutron Physics

— nEDM



Accelerator-Driven Spallation Sources

®*  Produce neutrons for use in condensed matter and basic physics research

=  Want neutron wavelengths about the dimensions of interest, or neutron energies
that can probe the dynamics of interest

=  The pulsed nature of the neutron beams allows for energy determination by time
of flight {(which you can’t do with a reactor source)

— Exception noted for the SINQ source which uses the PSI cyclotron

What’s Important?

TR IS B | I
0w “J _
= Accelerator parameters w08 "
— power on target — 7 kKW (IPNS) to 1 MW (SNS) é 0T Fop _
— proton energy — 450 MeV (IPNS) to 3 GeV (JSNS) % 0.6 = E
— pulse rate 10 Hz (ISIS TS2) to 25 Hz (JSNS) to 60 Hz (SNS) g o5f- i
— pulse length — sub-is (short pulse), 1-2 ms (long pulse), CW (SINQ) é h f:;ﬁf&i{j:ém - :
= Neutron economy in target (production, absorption) E o ﬁm;ﬂaé‘gﬁ'ﬂ_mﬂuw
=  Moderator efficiency, coupling to target o I o i I J_L;.:::]
= Neutron energy spectrum and emission time distribution 1 2 6 10 20 60 100 200 600 1000

Energy (GeV)

Types of Accelerator-Driven Spallation Sources

= Linac + synchrotron (IPNS, ISIS, JPARC)
= Linac + accumulator (compression) ring (SNS, LANSCE, original ESS)
=  Cyclotron (SINQ)
2019/1/29 76



Neutron EDM Efforts
nEDM @ PSI

Gusding cotl

Glass
Structure

Quartz wedge

Spin-flippers
%0cm Spr Ppe

RF shielding

Yoke +Magnets

kron toils

1y

-

Mechanical
Structure

Peter Winter, Review of experimental status on precision muon physics and EDMs, | pz source running

-

= Current sensitivity ~2 x 1026 e:cm

= nEDM@PSI should reach sensitivity
1026 e-cm in 2016

= Next generation n2EDM (start 2018-19)
— Mu-metal Shield
— Double chamber setup (two E direction)
— Magnetometers (improved 1%°Hg, He-3)

= Goal:3x10?% e-cm early 2020s

= Also: SNS EDM effort in critical
component demonstration phase now,
integration ~2018, data early 2020s

=  Many other nEDM efforts worldwide

PSI (Switzerland)

D2 source operating
nEDM Experiment data taking

RCN P (Japan)

He source tested - TRIUMF
nEDM experiment R&D -> TRIUMF

Mainz (Germany)

D2 source operating

NC-Stateusa)

D2 source under construction

".I.(France)

Turbine source running
nEDM experiment (PNPI) setup
and

He source prototype running

TRI U M F(Canada)

He source under construction

™ PNPl ussn

He source under construction

wy : Atlanti nEDM experiment planned PacNe Ocear
Ocean
/ / J-PARClipan)
L(USA) ignsei::)ment in He under construction TUM o it pl.anned
D2 source under construction NEDM experiment planned

nEDM experiment under construction
nEDM experiment R&D B peri ue



EDMs - Summary and outlook

EDM limits for various systems (some limits assume a single source)

EDM limit (e:cm)

YbF d,=(-2.4+5.9)x 10?8
Paramagnetic molecule

ThO d, =(-2.1+4.5)x10%

19Hg dyg=(2.2£3.1) x 1030
Diamagnetic atom

225Ra drazps = (-0.5 £ 2.51) x 1022
Nucleon n d,=(0.21+1.82) x 10%°

Full interpretation to understand underlying CPV interaction requires theory
While experiments have set impressive limits, order of magnitude improvements

expected over the next decade:

— Several nEDM experiments with up to 2 orders of magnitude improvement

— Octupole enhanced systems %2°Ra and 221Rn/?%3Rn

— Light charged particle EDMs in storage rings

Peter Winter, Review of experimental status on precision muon physics and EDMs, NuFact2016, August 25, 2016

78




Neutron Summary

* NEDM

— On going at LINAC/Cyclotron with SNS type
targets: CW, <1GeV, ~MW

2019/1/29
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Summary

Neutrino Oscillation/Sterile neutrino:

— Bunched beam, high energy: synchrotron?
Heavy neutrino/Dark photon

— upto 400 GeV proton, LINAC OK

Precision muon measurements (MuLan,FAST, TWIST,MuSan,MuLan,MUSE,MuSEAM,proton
radius)

— On going at Cyclotrons, LINAC OK but physics potential limited
g-2: 2" generation on going, 5 sigma expected
— mu EDM
CLFV
— mu-e gamma/ mu-e e e
» On going at Cyclotrons, LINAC OK, physics potential depends on detector design
— mu-e conv
» 100 ns/1 us bunch structure, ~GeV, MW in future, Synchroton?
Rare Kaon decays
— Proposed at FNAL & J-PARC: pulsed, 2GeV, 2MW
Precision pion measurements
— On going at Cyclotrons: CW,~500 MeV, ~1MW
— Detector has potential to handle higher rate

nEDM
— On going at LINAC/Cyclotron with SNS type targets: CW, <1GeV, ~MW
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