Intensity Frontier Particle Physics
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Need: High intensities

Perform:

’ &
- \ t

- Precision measurements

- Searches and
Symmetry Tests
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The Standard Model of Particle Physics

muong-2,B-decays,
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= Gravity, Dark matter

= Dark energy
= 3 families

= QCD theta term
= VValues and structure of particle masses and couplings
= Baryon Asymmetry of the Universe

= Conservation of baryon and charged lepton number
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Intensity Frontier Particle Physics

B Has a very large and diverse community

B Besides particle physics it has strong connections to other
flelds, especially to nuclear and atomic physics

B It can be performed at high and at low energies, w and w/o
accelerators, at electron and at proton machines:

High power proton drivers have arguably the largest impact

Examples of recent community efforts in Europe and the US:

1 tﬁl d?ntlent?tl P}gl;_y&gs Flavour physics of leptons and dipole moments *
a © HILeNsILy ontier Working Group 3 of the CERN Workshop “Flavour in the era of the LHC”

Workshop held December 2011 in Rockville, MD

arXiv:1205.2671 arxX1v:0801.1826
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A feW reCent and not so recent eXCItementS
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http://lhcb-public.web.cern.ch/lhcb-public/Images2015/comparison.png
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LHC can realistically pick up New Physics with a,~ ag,,, and
my ~ 1TeV, while having no success with a,<10-%, and m,. ~ GeV.
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Very high energy example

B GUT scale phySiCS Grand Unification
E proton decay ”
Intensity frontier S0t
neutrino detectors :

E nnbar oscillations 130

dedicated experiment ook

10

5 4 & B 10 12 14 16 18
Log,,(Q/GeV)
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Multi-TeV example

m gl =|myl=3TeV, [mg|=10TeV
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a large host of low energy observables can probe squarks and sleptons
with masses far above the direct reach of current and future colliders

Wolfgang Altmannshofer Altmannshofer, Harnik, Zupan, arxivl1308.3653
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Sub-GeV example

PHILIP ILTEN, JESSE THALER, MIKE WILLIAMS, and WEI XUE
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Dark Photons my [GeV] PHYSICAL REVIEW D 92, 115017 (2015)
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Ultra-low energy example

8
10 : - - . : : : ; : : —

/

Zpy models {constructod)
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I £ models {required)
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1[}_2{] | Cosmology (allowed + reach)
| BHSR (excluded)
| CASPEr-Wind (reach) ] AXIOnS &
| SN198TA (excluded) ] .
0% —#— QCDaxion Ultralight bosons
10~ 1010 10 102

m eV
PHYSICAL REVIEW D 93, 025027 (2016) .

An ultralight pseudoscalar boson

Jihn E. Kim"* and David J. E. Marsh™
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Intensity Frontier Particle Physics

E Many 1 if not most 1 precision measurements and
searches need the highest possible intensities

E Indirect tests are extremely powerful,
both, in absence of direct detection or
complementing it

E New particles could be very heavy or very light,
could couple strongly or

I need to check at many places!
I need highest intensity proton drivers!

I
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In this talk:

selected examples of intensity frontier physics at
powerful proton drivers

Muons: PSI, J-PARC, FNAL
E MEG, Mu3e, COMET, MuZ2e, g-2

Neutrons: SNS, PSI, TRIUMF, ESS (& competing reactor sources)
I dg, Nab, nEDM, nnb
npdg, Nab, n nnbar G?Q’\ o

Antiprotons: CERN <

e . .
E Hbar G Apologies to the many important
experiments not covered here

\g *O&\O%
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Antiproton and Antihydrogen physics

a

CERNO s

ALPHA: first trapping of antihydrogen (2010)

Detection of trapped antihydrogen
through quenching of multipole
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AD and EL
Aiming at
E Precision tests of CPT

= comparison of the p and pbar
mass, magnetic

= Test of charge equality
= comparison of spectroscopy
of H and Hbar

I Test of antimatter gravity

V4

F e

AEQIS, ALPHA, ASACUSA, ATRAP, BASE, GBAR

Klaus Kirch
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Fundamental Neutron Physics at tHgpallationNeutron Source

The Fundamental Neutron Physics program at the SNS has
three major themes:

1. The study oHadronicParity Violation in simple nuclel
2. Measurement of correlations in neutron beta decay
3. Search for a neutron electric dipole moment



HadronicParity Violation in simple nuclei

N\\P\LC/N

TP,

Direct W or 2 is highly suppressed by range heavy boson.
Look instead for PV interference term from meson exchange.

Example: PV in+p»R b !

Status: Data collection complete, statistics at <210
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Status: Installation at SNS in summer 2016




Search for neutron electric dipole moment

Fully cryogenic experiment usingsiu production of UCN within
measurement volume and incorporatifge cemagnetometry

Status: Design on individual subsystems in progress
Installation at SNS planned for 2019



NNbar @ ESS

x Baryon Number Violation at the core of our existence

X Physics of Baryon Number Violation of utmost importance
A Standard Model tells us about interactions
o Butnothingabout nature of quarks and leptons
A Standard Model is now complete
0 Understanding fermions is our biggest gap
o Grand Unification our best hint
A Baryon Number Violation excellent probe
o0 Weknowit exists
o0 Observation will tell us about mechanism, and Grand Unification
(and maybe neutrinos)
X ESS + modern neutron guiding technology allows to push
sensitivity to free neutron oscillation probability by ~100a
MdpdnQa L[| SELJSNJ\YS)/'U

x Opportunities to gain a factor 1000 in sensitivity to processes
at core of our existence and understanding of universe are rar
A Shouldnot be squandered
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Neutron Beam EDM

Source

3
3
3
3

Phase Shift Ag

HV L

1/ velocity

Piegsa, PRC 88, 045502 (2013)

Unique, complementary and novel approach: ideal for ESS
Ramsey neutron beam-type experiment, sensitivity ~1E-27ecm
Directly measures main systematic false effect (vl E)

Proof-of-principle planned for PSl and ILL

2 Neutron beams
E >50kV/cm

By =200¢T

L =5m (proof-of-prin.)
L =50m (full-scale)




Ultracold Neutron Source & Facllity

/ 2.2 .. 2.4 mA Beam Currer

|._a_ 590 MeV Proton Cyclotron™

Excellent performance of HIPA — | B | -
and regular beam de”very to UCN ; Ultra Cold Neutron Source
UCN Operation Statistics i U C N'S 0 u rce

80 40000
| Il proton charge (left scale) | L

70 —" B no. of pulses (right scale) }

- Isttest: 12/2010 —_— €
- Safetyapproval 06/2011 ‘

< 60 [ 30000

%) i - UCNSstart 08/2011

5, & -Reliableperformance2012
S . 5 - UCNto nEDMsince2012
£ 20_5 | & ->intensity90xover2010

- Increasedduty factor 2015:
[ 20A 40mA average
2011 2012 ' 2013 2014 2015 - 2016:towards60mA

year




Towards newimits and beyond
Neutron EDMsearch at PSI

T I I o !
= w0l S |
; Testing CP symmetry and 2| &
g : - <
b searching exotic forces o 3!
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Lk ST High votsgo oo /
Vacuum chamber Cesium magnetometer
Precession chamber . . 7
whera neuron pacsssion Zif%ii’:,;?g%%) // / /// /// W//

100

&~ Mercury lamp
to read out the
mercury polarization

Photomuiltiplier tube

to detect the intensity modulation
of the mercury light # d ays

Mercury polarizing cell

where the mercury is polarized Magnetic field coils

e The slope determines
and compensating fields, as well
as the spin flipping fields

. the path forward

to distribute the UCNs to
different parts of the apparatus

Spin analyzer n E D M

—— Neutron detector

Mercury lamp

[ ] epemmmen ~e
_ ultraviolet (253.7 nm)
>

5 tesla magnet
to spin polarize the UCNs

/Y —




Charged Lepton Flavor Violation
Is small in the Standard Model

g
E Only known LFV so far: wf

neutrino mixing

B cLFV suppressed by F’_.W

(dm/m,)* and thus
smaller than 10-°9 Expect from SM:
A SM not observable BR(Meg) < 1050
A accidentally small !?

E Plenty of room for
new physics

Experimentally so far:
<5.7x1013

PRL110(2013)201801

I
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cLFV Searches: Current Situation

16° T T T
Th_e present best = A Marciano, Mori, Roney
limits on LFV o2k - Annu. Rev. Nucl. Part. Sci. 2008. 58:315-41 |
are from muon &
: A
experiments at PSI 104 | ) . d
) T N\ i
ntY etee 5 | - to,
o 10 a T
BR<13 1012 = A A
SINDRUM 1988 7 | a1 ot » !
3 o,
m+ Au ¥Auex B ou— ey g MEGA@LANL
BR<73108 10 g ,—3e Ajé. A__ N
SINDRUM Il 2006 A UN— eN .A i BE “m
Y erg ol [ ‘ ; mg
— 3u
BR<5.73 108 41014 . /
MEG 2013 1940 1960 980 o/ 2020
[90 % C.L.] SINDRU e
SINDRUM 11~ ME

Most sensitive LFV search — «aus kiren PSI. Feb 29, 2016



EntyY

cLFV Searches: next steps

't g to43 10 4 with MEG Il at PSI

EntY etee to 10 15 and 10 16 with Mu3e at PSI

EmY

‘econversionto 104 ¢é 11017 and beyond
with DeeMe, COMET at J-PARC
and MuZ2e at FNAL

Klaus Kirch PSI, Feb 29, 2016
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MEGII Status

A Higher beam intensity

Key elements:

A Higher detector efficiency and 2013 2014 2015 2016 2017-20
resolution

A Improved calibration methods Sensitivity [2017_20] ~4x 1014
A New DAQ system

Liquid Xenon Gamma-ray Detector

COBRA . ‘\‘\‘:‘:‘:‘:‘:‘:!\‘\'"
Superconducting
Magnet

X2 resolution 7 x 107 -

everywhere % muons/s
Muon

Drift Chamber i 5

e 1l Y
Positron L i ‘
Positron Timing Counter o //‘J/ .‘l \ '
! 9 ; 35/ps resaliittop

Radiative Decay Counter i thUHiPle Ritsy,




Mu3e Status

A Staged approach (here only
phase | up to 108 muons/s)

A Impressive momentum 2013-5 2015-7 2017 2018-20

resolutions __Design_Ponstructionl | EngRun | Run__

A Good timing also with minimal Sensitivity phase | [2018-20] ~ 101°
amount of material (Final Sensitivity phase Il [202x] ~ 10°16)

Key elements:

Tile detector

70 ps resolution
w/ single hit

Superconducting
solenoid Magnet

Homogeneous field

1T Fibre hodoscope

~ 500 ps resolution
w/ double hits
thickness: < 0.3% Xo

Mupix detector

Tracking;integrate sensor and
readout in the same device: 50
um thick

1 layer: ~ 0.1% Xo



MEG and Mu3e complementarity

_ 1 (5) (3 , 1 (6) ~(6) 1
‘C_"CSM"'E;CJ: @y +ﬁ_2¥ck Q. +O0(
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w00 T Ll ChnfCliy | 2501070 | 3910+ | |SEEHOR
P o 25-100 | 39.107° -
L B R canz 8.7-10°
0L i || g0 ERGE
X Ciﬂl."]ﬂz
1011 I e B B e Cl’m“ﬂﬂ
! e
ool ey e
10-13 I ® e [ BR{p—eyk J.Adam et al. (MEG), Phys. Rev. Lett. 110, 201801, (2013)]
[ BR{Z—pe): G.Aad et al. (ATLAS), Phys. Rev. D80, 072010, (2014) ]
[ BR{p—3e) U Beligardt et al. (SINDRUM}), Mucl Phys. B299. 1, (1988) ]
10" | S 110‘“
-101"5 407" 10" 107" 107 10"15
See: G.M. Pruna and A.Signer JHEP 1410, 014 , (2014) =
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Mu2e experiment

Designed to maximize signal acceptance and remove backgrounds

Protons enter here, hit Curved transport solenoid avoids line
target, make pions of sight from production target to
detector

Muons stop on
aluminum target

R A search for Charged Lepton fuo ol
Flavor Violation: * N YeN S, N
i Expected sensitivity of 6x10-17 g
@ 90% CL, x10,000 better than [—9
SINDRUM-II i 4 n
I Probes effective new physics Electron Energy (Mov)
mass scales up to 10¢ TeV/E “Hollow” tracker has “0% acceptance for Michels
i Discovengsensitivity to broad swath | and~100% acceptance forsignal = _
of NP parameter space 3¢ Fermilab
PSI, Feb 29, 2016 o =J» 28




MuZ2e Proton Beam line -remias

A Mu2e makes use of existing
Infrastructure at Fermilab

A Mu2e uses 8 kW of protons
I From the Booster (8 GeV)
I Re-bunched in the Recycler
I Slow-spill from Delivery Ring

A aka Accumulator/Debuncher
for Tevatron anti-protons

A Revolution period 1695 ns

A Mu2e can (and will) run
simultaneously with NOVA

A Commissioning 2020

MuZ2e 3% Fermilab
29 http://mu2e.fnal.gov



Phase |
Phase |l

* Phasel
— Beam background study and achieving an intermediate sensitivity of <10-14

— 8GeV, -3.2kW, -90 days of DAQ

— B8GeV, -56 kW, 1 year DAQ to achieve the COMET final goal of < 10-16 sensitivity

. . Transport solenoid
Detector solenoid Beam collimator
/ Capture solenoid

5T
e

Radiation shield

COMET Phase-| Detector Pion production target




Capture Sol

COMET Status COMET CMA5 Jan. 2015 /

Construction of Hadron South Exp. Building
(completed in JFY 2014)
Construction of new primary beam line

— Strong support by the hadron beam line group
Construction of pion/muon capture (in

progress) & transport solenoid magnets
(completed in JFY2014)

— High field / high radiation tolerance
Development and construction of detectors,

Radiation tolerance test of detector
components (in progress)

Submission of Technical Design Report to J-
PARC PAC (in Oct. 2014)

enoid C

oil Winding

T ll[

TS2 coil

Transport solenoid + Dipole coils



Proton

DeeMe: Search for p-e Conversion

Production
Target

v m~ Production
»in-flight m - u-

i Muonic Atom Formation

© u-e Conversion
 J

HAlow-PBRG
«

high-P

Signal

Secondary Beamline

IMSS/Muon PAC: Stage-2 Approved

J-PARC/RCS: High-Power High-Purity Pulsed Proton
Beam.

Production Target as p-stopping target.
H-Line/MLF: Large-Acceptance Beam line.
State-of-the-Art MWPC Technology

S.E.S. — BR*5x 10"
(8 x 107 sec of data taking with SiC target)

Start the physics run with graphite target
. S.E.S. — 1x 1013 (2 x 107 sec)
Aiming to start the engineering run in 2015.

ﬂﬂlagnet leased fr{)h

TRIUMF is waiting for

the installation at MLF
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