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Lepton non-universality in B-decays (T-M)

BaBar had. tag
0.440 +£0.058 £0.042

Belle had. tag
0.375£0.064 £ 0.026

Average :
0.407 £0.039 £0.024 [ ‘_':

PRD94,094008(2016)
0.299 +0.003 ]

FNAL/MILC (2015)
0.299 +£0.011

HPQCD (2015)
0.300 % 0.008 *

HFLAV

1 I 1 1 I : 1 1 1

0.2 0.4 0.6
R(D)

= R(D™) =F(B>D™1*v)/ (B=>DMutv)

= HFLAV summer 2018 update
(slightly reduced significance)

» R(D), R(D*) Individually at 2.3-3.00
Combined at 3.6-3.80

BaBar had. tag
0.332+0.024+0.018

Belle had. tag
0.293 £0.038 £0.015

Belle sl.tag
0.302 £0.030 £0.011

Belle hadronic tau

0.270£0.035 £0.027

LHCb muonic tau
0.336+£0.027 +0.030

LHCb hadronic tau
0.291+0.019 +0.029

R(D¥)

Average
0306 +£0.013 £0.007
SM Pred. average i
0.258 +0.005 =
PRD 95 (2017) 115008
0.257+0.003 -
JHEP 1711 (2017) 061
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JHEP 1712 (2017) 060
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- ———— LHCb, PRL120,171802(2018) R(D*) = 0.258 +0.005 -
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Lepton non-universality in B-decays (T-M)

* Charmed meson J/y:
R(J/gp) =T(B*>J/yp 1t*v) | [(B*2>J/y ptv)

= Different from SM at ~20
= Less straightforward than R(D®™)

LHCb R(J/})

LHCb-PAPER-2017-035 —t i
0.71 £ 0.17= 0.18

SM predictions

PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 (2006) 074008
Range 0.25 - 0.28

I I | I I I I | | | I I
-0.5 0 0.5 1

R(J/Y)
R. Aaji et al., arXiv:1711.05623, PRL 120, 121801 (2018)
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Lepton non-universality in B-decays (u-e)

» LHCbh: R(K®) = [(B>K® u*u’) / (B > K* e*e)
= R(K™) different from SM at the 2.50 level; R(K) update awaited

——[LHCb —=s—BaBar ——Belle

4 2_ L L LI L ] L L L L L L |
= [ LHCb 7 < 1.0 o At _'
1.5-_ _ o [, Y oo ]
[ ] osk I :
1: SM 06 ® LHCh -
| .l i I BIP
' ] 04f Y CDHMV ]
0.5 B i B EOS i
: 0.2 E— LHCh : §éav.1o‘:
o s 10 15 20 00pmemmeemmee e
q* [GeV?/cH] ¢’ [GeV?/c]]
R. Aaji et al., R. Aaji et al.,
arXiv:1406.6482 arXiv:1705.05802

PRL 113, 151601 (2014) JHEP 08 (2017) 055



Experiments presented today

= The proton charge radius puzzile
MUSE @ PSI to compare
uEp and e*p elastic scattering
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The nine muses

= Test of lepton flavor universality
TREK/E36 @ J-PARC to compare
K*— e*v/u*v decays and search

Ry —
for A —se*e in K*>u*v A, mA’ / : @
and ¥ —>y A’ O S PRRLC -

= Search for a gauge boson m, <100 MeV/c?
DarkLight @ JLAB
Phase-1C: A’ >e*e in eZ > (e 2)A
near 17 MeV/c?

DARKTTELE
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Experiments presented today

= The proton charge radius puzzle
MUSE @ PSI to compare

u*p and e*p elastic scattering
l. Fernando (postdoc), Tanvi Patel (MS)

PAUL SCHERRER INSTITUT

=

= Test of lepton flavor universality
TREK/E36 @ J-PARC to compare
K*— e*v/u*v decays and search

Ry —
for A —se*e in K*>u*v A, mA’ / : @
and ¥ —>y A’ O S PRRLC -

T. Cao (postdoc), B. Dongwi (PhD)

= Search for a gauge boson m, <100 MeV/c?
DarkLight @ JLAB
Phase-1C: A’ >e*e in eZ > (e 2)A
near 17 MeV/c?
J. Nazeer (PhD)

DARKTTELE

‘geffgon Lab
Great opportunities for students and postdocs!



MUSE: MUon Scattering Experiment at PSI )

" Motivation
" Proposed experiment
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" Expected sensitivity e r ‘ I
7 Status & Schedule Appollo and the nine muses
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= Muon beamline
= Detector



Atomic physics

11

Wave functions of S and P states: R ——

S states: max. at r=0 P states: zero at r=0

Electron sometimes inside the proton. Electron is not

. inside the proton.
S states are shifted. P

Shift ist proportional to the

size of the proton

Slide by R. Pohl

Orbital pictures from Wikipedia




The proton radius puzzle
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The proton rms charge radius measured with

electrons: 0.8751 £ 0.0061 fm (CODATA2014)
muons: 0.8409 = 0.0004 fm
up 2013 =« * CODATA-2014
up 2010 |- o .H spectroscopy
- . e-p scatt.
B SN Y R TR} THN— Y Y 088085 09

R. Pohl et al., Nature 466, 213 (2010)
A. Antognini et al., Science 339, 417 (2013)

Proton charge radius (fm)




The proton radius puzzle
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Horbatsch, Hess'els, Pineda 2016
Higian'thar.rl et al. 2016
Griffioen, Cgrlson, Maddox 2016

Horbatsch, Hessels 2015

Lee, Arrington, Hill 2015

083 084 085 0.86 0.87

| Sick.201 2

Peset, ngda 2015 Hill, Paz 2010

- . )¢ "

56077

hd 2016 e  CODATA-2014
up 2013 #
Lorenz efjal. 2012 o . e-p scatt.
up 2010 |-
Belu.shki:n et :al. g007 PS . H spectroscopy

0.88 089 0.9

Proton charge radius R = [fm]




The proton radius puzzle in the media

April 20
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The proton radius puzzle in the media
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July 2013

First hints of how their minds differed from ours

NewScientist
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The proton radius puzzle in the media
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The proton radius puzzle in the media
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New measurements are on their way

* Proton Radius Workshops Trento (2012/16), Mainz (2014/18)

= Additional measurements needed / in preparation
= Spectroscopy with uD, uHe, and regular H; Rydberg constant

= ep-, ed-scattering
(PRad at Jlab, ISR-ep, ed elast at MAMI/A1; MAMI/A2; MESA;
ProRad at Orsay; ULQZ2 at Tohoku)

= u*p- and e*p-scattering in direct comparison at PSI (MUSE)
and possibly at CERN (COMPASS)

= Searches for lepton universality violating light bosons
(e.g. kaon decays such as TREK/E36 at J-PARC)

r, (fm) ep pp
Spectroscopy 0.8758 * 0.077 0.84087 + 0.00039
Scattering 0.8770 = 0.060 ?2?7?

Need more precision for extraction from scattering
More insights from comparison of ep and pp scattering
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New hydrogen spectroscopy

Spectroscopy of electronic Atoms and lons:

NPL, London: 25-6S/D in atomic hydrogen
MPQ, Garching:

= 25-4P in atomic hydrogen gg'%gm | -
= 1S-3S in atomic hydrogen 25 - 2P} 1
= He" (in preparation) 2543, -,
» LKB, Paris: 1S-3S atomic hydrogen |2s-4D,, | . .
= YU, Toronto: 2S-2P ,Lamb shift* éiziﬁi;g , . ) *
56D N
= VU, Amsterdam: He™ (in preparation)|2s-ss,, i
= NIST, Gaithersburg: highly charged |35 sp" -,
ions 28 -12D,, i
2S-12D,, —e—
IS-3S, , A
Spectroscopy of exotic atoms: CODATA : 0.8775(51) fm |~ 7o
Havg :0.8764(89) fm _ﬂl—:—i
_ _ _ u-p :0.84087(39) fm
= ETH, Zurich (in preparation):

| ! | ! | ! | ! | ! |
= pOSitronium (e+e-) 0.75 0.80 0.85 0.90 0.95 1.00
= muonium (“+e-) proton charge radius [fm]

= PSI, Villigen: pHe*



New spectroscopy results: 2S-4P (Garchinéo)

0.82 0'.83 0.84 0.185 O.|86 0.|87 0.88
1 1
- -
this work S.30 H world data
I I [
| ¢ | Y
CODATA 2014
Hp # I @
1 ! . ] . 1 . ! I/"'
1 I I I ' 1 ' 1 '
2S-2P,
25-2P, -—
_ 282P, =
T
o) 284S, o
o 254D,
g 284P,
5 284P,, T —
© 2565, °
S 2S-6D,, ® |
E 2583, e} |
© 2s-8D,, -
N
o 258D, [ °
Qg 28-12D,, L
@ 2s-120,, o
1S-3S,, °
this work
2S-4P —e— ——w— H world data
I I I I 1 ' 1
0.82 0.84 0.86 0.88 0.90 0.92
Proton charge radius 7, (fm)
Y T Y T . T ’ T ¥ T T
-0.0004 -0.0002 0.0000 0.0002 0.0004

Rydberg constant R, — 10 973 731.568 508 (m")

A. Beyer, L. Maisenbacher,

A. Matveeyv, R. Pohl, K. Khabarova,
A. Grinin, T. Lamour, D.C. Yost,
Th. Hansch, N. Kolachevsky,

and Th. Udem,

Science 358, 79 (Oct. 6, 2017)

ov~T/10%
- Small radius

Puzzle solved?
No!

Puzzling?
Confusing?



New spectroscopy results: 1S-3S (Paris)

4.4. FINAL RESULT 91
LKB 2010 |} o I
I e |  Yostetal., 2016
LKB 2014, new analysis | —e——]
LKB 2017, this work | o {

—-e—| CODATA 2014
Visss fromup |of

645 650 655 660 665 670 675 680 685 690
(Visas - 2 922 743 278 MHz ) [kHz]

Figure 4.7: Comparison of our measurement (LKB 2017) with other determinations
of the 1.5 — 3S transition frequency.

Hélene Fleurbaey, Frequency metrology of the 1S-3S transition of hydrogen:
conftribution to the proton charge radius puzzle,

Université Pierre et Marie Curie (UPMC), 2017,
https://tel.archives-ouvertes.fr/tel-01633631

Combined with 1S-2S: R, = 0.8799 +- 0.0138 fm - Large Radius!
(R. Pohl, private communication)



Motivation for yp scattering

|ldea for MUSE developed by R. Gilman, G. Miller, and M.K. at PINAN2011, Morocco
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Possible resolutions to the puzzle

* The pyp (spectroscopy) result is wrong
Discussion about theory and proton structure for extracting the proton
radius from muonic Lamb shift measurement

* The ep (spectroscopy) results are wrong
Accuracy of individual Lamb shift measurements?
Rydberg constant could be off by 5 sigma

* The ep (scattering) results are wrong
Fit procedures not good enough
Q2 not low enough, structures in the form factors

* Proton structure issues in theory
Off-shell proton in two-photon exchange leading to enhanced effects
differing between py and e
Hadronic effects different for yp and ep:
e.g. proton polarizability (effect o« m?)

* Physics beyond Standard Model differentiating g4 and e
Lepton universality violation, light massive gauge boson
Constraints on new physics e.g. from kaon decays (TREK@J-PARC)
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Lepton scattering and charge radius

Lepton scattering from a nucleon: Vertex currents:
JI' = —et.y"u,
— 1wt q,,
T =0y [F(Q) + Fa(Q¥) 5% | vy
2M

F,, F, are the Dirac and Pauli form factors

Sachs form factors: Derivative in Q? — 0 limit:
GE(QQ) = FI(QQ) - TFz(QZ) (r2 ) = _GdG%(QQ)
Gu(Q) = Fi(Q)+ F(Q?) . dQ? |20
2
Fourier transform (in the Breit frame) <7"12\1> _ _GdGﬁJ(Q )//Lp
gives spatial charge and magnetization | dQ)? 02 —0

distributions

Expect identical behavior for any charged lepton — e*, p*



MUSE: MUon Scattering Experiment at PSI )

Use the world’s most powerful low-energy separated e/1r/p beam
for a direct test if yp and ep scattering are different:

= Simultaneous, separated beam of (e+/tmr+/p+) or (e-/1r-/p-) on liquid H, target
Separation by time of flight

Measure absolute cross sections for ep and up

Measure e+/u+, e-/pu- ratios to cancel certain systematics

If radii differ by 4%, then form factor slope by 8%, x-section slope by 16%

i

= Directly disentangle effects from two-photon exchange (TPE) in e+/e-, y+/J-

= Multiple beam momenta 115-210 MeV/c to separate G and G\, (Rosenbluth)



M1 /| MUSE beamline

= TM1: 100-500 MeV/c RF+TOF sep. 1, 4, €
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MUSE experiment

layout
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= Beam particle tracking
= Liquid hydrogen target
= Scattered lepton detection

Measure e*p and p*p
elastic scattering

p =115, 153, 210 MeV/c

0 = 20° to 100°

Q2=0.002 - 0.07 (GeV/c)?

€ =0.256 - 0.94

Challenges

= Secondary beam with 1T
background — PID in trigger

= Non-magnetic spectrometer

= Background from Magaller
scattering and muon decay
in flight

Particle
Scintillator

Scattered l

—

Detectors
|/
Beam /
Hodoscope
™M1
Beam-Line

S §elnl>

Beam-Line
Monitor
- .

Veto
Scintillator

M

~ 100 cm
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Beamline instrumentation

GEM Beam
chambers Scintillator

] eln/u
Beamline Elements: separated in »I [I [I [I
time target

Thin

Scintillators

GEM telescope
(Hampton University)
— Incident track angle to
~0.5 mr intrinsic; <5 mr mult.sc. P%
— Third GEM to reject ghost tracks (4
— Existing chambers from
OLYMPUS

Thin scintillators with SiPM+CFD
readout (PSI/Rutgers/TAU):
— Fast timing (~60ps):

RF time and scattered particle TOF
— Flux, PID, Trigger, TOF, momentum
— Reject false tracks in GEMs

SiIPM + 2 mm thin scintillators



Target and veto

Low-power liquid hydrogen target
(UMich, Creare, PSI) N

Target cell prototype =

Coldhead

Feedthrough
collar

Entrance
window

3 Target
= ladder
- 30_ Cm_ Scattered
Veto scintillators (USC): J particle exit
window (2x)

Annullar veto ring defines accepted
beam aperture, smaller than transverse 7.8cm

wide beam

target cell diameter (6 cm) exit window
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Main detector instrumentation

University of South Carolina: | South Carolin'a scintillators
= 2 planes of scintillators (CLAS12 design) L | gpoeno == s Al o
= 94 bars (2 sides + beam) .

= High precision (~50 ps) timing

= PID and trigger, background rejection

| it g 1w o == - e Scintillator 6 cm x6cmx220cm ]
‘ "' : 100 best fit -
' ‘“’"“\‘!MH?H"‘M‘” (i ' , \O/ R
"- \ W H fll l ! e I

’ ‘ i ‘ | ! g

' ] ! v 7]

2, )

, o

o

£

|_

tnd plug / e Attachment bpnd =~ |

[6)]
o
_——
T S
—e—1
a1 -
—e—
A
&
A
S
L
K 7
—e—
—
- &
T
)
=
y )
e
]

~ with electric grpund

<}
e Fixation ring

Wire

y
" Crimp pin contact

L L L 1 1 L L s L |
0O 100 200

Position (cm)
HUJI & Temple:
= Straw Tube Tracker (STT), ~3000 straws
e = Determine scattered particle trajectory
& & M = Existing PANDA design — 140 pm resol.
AYBR S ° = Thin walls (25um), overpressured (2 bar)

. " Directly coupled to fast readout boards
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Trigger and DAQ

GWU, Montgomery College & Rutgers:

= FPGA design for beam PID (TRB or v1495)
= Beam scintillator + beam RF — beam PID

= Count particles and reject pions

= ¢ or 4 beam part. + scattered part. + no veto

= Custom signal splitters

= FPGAs as front end discriminator/amplifier,
custom designed TDCs (PADIWA/TRB3)

= High channel density (192ch/board)

= VME QDCs (MESYTEC)
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Mechanical assembly

T. O'Connor (ANL)

Rotating table
Retractable beam tracker
Dedicated alignment procedures



Simulations (S. Strauch, USC
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= Particle vertex and scattering-angle ™} _ ep 10
reconstruction meet MUSE = o ‘ﬁh“""-—-- 0
. o :
requirements =, 100 .
5 : p =153 MeV/c
o S SRR = e Moller / ee — ee 10
g 50_ — — Mott/ep —ep
= Background from target walls and = ‘0
windows can be cleanly eliminated ; | e N
0 45 90 135
or SUbtraCted Scattering Angle 6 (deg)
10” x10°°
L l ' 'u'B'eam' o O e'E.ieam I ]
cntrance window e ] p= 115 MoV NN,
I LH2 and | — fulltarget 30°<6<40° =-0.22 % .
\\ target flask, ~~empiytarget | 40 — full - empty tgt. incl. flux norm.
50 full target sho¥® less __LH2 sveme j

Normalized Yield

0
-100

super insulation

downstream ﬂu%
A A/ =)
[ : O

-l 20

scattering chamber
exit window

_. ] ;
e~ bt 1

target

flux renormalization
leads to good match of
full and empty-target
distributions

0 \ 100
Vertex z (mm)

super insulation

1 1
-100

0
Vertex z (mm)

100
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Projected sensitivity for MUSE

= Cross sections to <1% stat. for backward y, <<1% for e and forward p
Absolute 2%, point-to-point relative uncertainties few x10-3

Individual radius extractions from e*, y* each to 0.010 fm
Compare e*p and p*p for TPE. Charge-average to eliminate TPE.

From e/u xsec ratios: extract e-u radius difference with minimal truncation error
to 0.0045 fm or ~8c (1st-order fits)

If no difference, extract combined radius to 0.007 fm (2nd-order fit)

Sick (2003)f
CODATA (2012)}
Bernauer (2010)f

Zhan (2011)f
MUSE (Future)f

Antognini (2013)f

0.84 0.86 0.88 0.90 0.02
rp [fm]
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Projected sensitivity for MUSE

= Charge radius extraction limited by systematics, fit uncertainties

= Many uncertainties are common to all extractions in the experiment: Cancel in
et+/e-, y+/u-, and py/e comparisons

= R-R, =0.034+0.006 fm (5.60), MUSE: 5(R.-R;) =0.0045 fm (7.60)
MUSE suited to verify 5.60 effect (CODATA2014) with 7.60 significance

Sick (2003)f ' -
CODATA (2012)f r———
Bernauer (2010)f . ®

Zhan (2011)f . ®

MUSE (Future)f =—¢—

Antognini (2013)} 1

0.00 0.02 0.04 0.06 0.08

ro=run [fm]
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Fall 2017 installation and commissioning

Telescope extended to 4 GEMs
~75 um resolution, >98% efficiency

N

Oct. 2017 o=

Tanvi Patel (Hamptn U,
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Fall 2017 installation and commissioning

TAU, Rutgers, PSI

- T
Ty«

prereTe

i

W

SiPM
l\‘. -.'7 —

20|
Beam hodoscope: S =t 1632":8?5 \\-_ =
4(2) layers of narrow thin scintillators i ki
Resolution ~80 ps, efficiency 99.8%
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Fall 2017 installation and commissioning

Nov. 2017

Data taking with beam line elements: location and timing of tracks



Fall 2017 mstallatlon and commissioning

T

% w / Scintilla_tor walls: USC
R / Resolution 50-60ps

|

levgen Lavrukhin (GWU)




Spring/summer 2018 (cont’d)

Cryo target and chamber: UMich, Creare, PSI; Platform: ANL, PSI




Spring/summer 2018 (cont’d)

Collaboration Meeting at PSI| on June 8-9, 2018

C — — ~ -
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MUSE activities and status

* Proton puzzle alive and well in 2017 — 8 years later

= MUSE first proposed in 2012, PAC-approved in 2013
= R&D program with NSF, BSF, and DOE support 2014 — 2016

* Technical design report November 2015
= Collaborative funding proposal to NSF in Nov 2015: Mid-scale
* NSF technical review February 2016

= Restructuring in February 2016:
R. Gilman (Project manager)
E. Downie, G. Ron, S. Strauch (Spokespeople)
= Target conceptual design March 2016
= MOU with PSI April 2016
* Project management review May 2016 — award recommendation!

* Funding for construction has begun in fall 2016
= Construct and commission MUSE experiment 2016-2018
» Data taking 2x 6 months in 2019-2020



MUon Scattering Experiment —- MUSE

63 MUSE collaborators from 24 institutions in 5 countries:

A. Afanasev?, A. Akmal®, J. Arrington®, H. Atac?, C. Ayerbe-Gayoso¢®, F. Benmokhtarf, N. Benmounab®,
N. Bern?, J.C. Bernauer9, E. Brash", W.J. Briscoe?, T. Cao', D. Ciofig, E. Clinel, D. Cohnk, E.O. Cohen!,
C. Collicott?, K. Deiters™, J. Diefenbach", B. Dongwi', E.J. Downie?, L. El Fassi°, S. Gilad9, R. Gilman/,
K. GnanvoP, R. Gothe9, D. Higinbotham", Y. llievad, M. Jones', N. Kalantarians', M. Kohl', B. Krusches,
G. Kumbartzkil, I. Lavrukhin?, L. Li9, J. Lichtenstadt!, W. LinJ, A. Liyanage', N. LiyanageP, W. Lorenzont,
Z.-E. Mezianid, P. Monaghan", K.E. MesickY, P. Mohan Murthy9, J. Nazeer, T. O’'Connor¢, C. Perdrisat®,
E. Piasetzsky!, R. Ransome/, R. Raymond, D. Reggiani™, P.E. Reimerc, A. Richter, G. Ronk,

T. Rostomyani, A. Sarty%, Y. Shamai', N. Sparveris?, S. Strauchd, V. Sulkosky?, A.S. Tadepalli/,
M. Taragin*, and L. Weinstein®

aGeorge Washington University, °Montgomery College, °Argonne National Lab, “Temple University,
¢College of William & Mary, f Duquesne University, IMassachusetts Institute of Technology,
hChristopher Newport University, ' Hampton University, | Rutgers University, KkHebrew University of
Jerusalem, 'Tel Aviv University, "Paul Scherrer Institut, "Johannes Gutenberg-Universitét,

°Old Dominion University, PUniversity of Virginia, 9University of South Carolina, "Jefferson Lab,
sUniversity of Basel, 'University of Michigan, “Los Alamos National Laboratory,

vTechnical University of Darmstadt, WSt. Mary’s University, *\Weizmann Institute (Oct. 2016)



The proton radius puzzle
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The proton rms charge radius measured with

electrons: 0.8751 £ 0.0061 fm (CODATA2014)
muons: 0.8409 = 0.0004 fm
up 2013 =« * CODATA-2014
up 2010 |- o .H spectroscopy
- . e-p scatt.
B SN Y R TR} THN— Y Y 088085 09

R. Pohl et al., Nature 466, 213 (2010)
A. Antognini et al., Science 339, 417 (2013)

Proton charge radius (fm)




Muon anomalous magnetic moment
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Muon g-2 experiment disagrees with theory at the 3 sigma level.
A heavy photon with m ~ 10-100 MeV and £ ~ 102 — 103 could solve the

problem!
Theory vs Experiment
LR P TR AL ELELLH AR R L VI AL D [ I D L R R 0000 U
HMNT (06) il
JN (09) s o | Y
Davier et al, T (10) : -
Davier et al, e'e™ (10) L et
JS (11) B
HLMNT (10)
HLMNT (11) ; -
= RN YO L == s e e e e e e e e e e e e e e e i e e e ------
BNL (new from shift in A) : H—c

Anomaly ‘usually’ explained by SUSY with large tanf3
-> no evidence




A light boson and the proton radius puzzle °

Jaeckel, Roy (arXiv:1008.3536)

= Hidden U(1) photon can decrease charge radius for muonic hydrogen, however even more

so for regular hydrogen

0.6

7

Tucker-Smith, Yavin (arXiv:1011.4922)
can solve proton radius puzzie

= MeV particle coupling to p and p (not e)
consistent with gu-2

Batell, McKeen, Pospelov (arXiv:1103.0721):

can solve proton radius puzzie
= new e/u differentiating force consistent with gu-2
= <100 MeV vector or scalar gauge boson V (poss. dark photon)
= resulting in large PV pp scattering

Carlson, Rislow (arXiv:1310.2786):

can solve proton radius puzzie
= new e/u differentiating force consistent with g,-2
= Two fine-tuned scalar/pseudoscalar or vector/axial gauge bosons

Liu, McKeen, Miller (arXiv:1605.04612):

can solve proton radius puzzie
= Electrophobic scalar boson consistent with g,-2

Barger, Chiang, Keung, Marfatia (arXiv:1109.6652):
= Light bosons constrained by K — pv decay
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Time Reversal Experiment with Kaons

" TREK Program

= E06: Search for Time Reversal Symmetry Violation

= E36: Test of Lepton Universality
o Search for Heavy Neutrinos | Lower intensity

= Search for Light Bosons

4% e ©

E36 data taking completed in 2015!  http:/itrek.kek.jp

" TREK Apparatus

= Status



Timeline of TREK
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2006: EO06 (T-violation) Proposal (PAC1)
2009: J-PARC PS and HF start operating
2010: E36 (LFU/HNS) Proposal (PAC10)
2011: E36 stage-1 recommended (PAC11)
2012: E36 stage-1 approved (PAC15)
2013: E36 stage-2 recommended (PAC17)
2014: E36 stage-2 approved (PAC18)

Detector preparation November 2014 — April 2015
First commissioning run April 8 (24) — May 7, 2015
Second commissioning run June 3 — 26, 2015
Implemented improvements in summer 2015

Production run October 14 — November 24, 2015
Run extended until December 18, 2015
2016-18: Analysis in progress



Lepton universality in Standard Model K,

Standard Model: S 9:=9,7
G? m2\” -
m — 2 2 2 l
['(Kp2) = zngmel (1 - m%) K+ W

= In the ratio of I'(K,,) to I'(K,,),
hadronic form factors are cancelled u

Ve ,Vl’l’

/ T(K+ + 2 2 .2\ 2
R}S”(M o ( — € V)_me (mK me> (1+56,)

- DK = pty) m2 \my —m?

L
radiative correction

helicity suppression (Internal Brems.)

= Strong helicity suppression of the electronic channel
enhances sensitivity to effects beyond the SM

= Highly precise SM value

R,SM= (2.477+0.001) x 105 (with &, = -0.036); 5R,/R,=0.04%
V. Cirigliano, I. Rosell, Phys. Rev. Lett. 99, 231801 (2007)



Experimental status of Ry
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= Highly precise SM value

R, = (2.477 +0.001) x 105 (with 3, = -0.036), 6R,/R,=0.04%

V. Cirigliano, I. Rosell, Phys. Rev. Lett. 99, 231801 (2007)

R.x 10 °
= KLOE @ DA®NE (in-flight decay) T

R« = (2.493 £ 0.025 + 0.019) x 10 1.3 %
F. Ambrosino et al., Eur. Phys. J. C64, 627 (2009) 2510 [

= NA62 @ CERN-SPS (in-flight decay)  zsc0 [

R, = (2.488 £ 0.007 * 0.007) x 10-°
C. Lazzeroni et al., PLB719, 105 (2013)

2490 U

2480 p--SM--

= World average (2012) o
RK = (2'488 + 0-009)"10'5, 6RK/RK=O-4% 2470 b

= Systematics: 2460 [

KLOE (2009)

NA62 (2011)

— In-flight-decay experiments: kinematics overlap
— E36 stopped K*: detector acceptance and target
— E36 complementary to in-flight experiments

» E36 goal: dR, /R, =2 0.2% (stat) £ 0.15% (syst)

[0.25% total]
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The TREK apparatus for E36

End View Side View

IRON POLE

GAP
Cryostat COIL

O Q Cryostat

— | C4 TTC PpGC

N e =

%\/ % Shield

= TARGET ——— Cherenkot "> Tng
R 42;1\(/%3 /7 Active Target

W v

— —— & =

— i o \ —— e - - —-—

P y % ja ¥ // 4
el \/@ B0 S SFT, TOFA

0 0.5 1.0m | J

fr l—l—l @ =)

S le—é///// S /“TE///// _IO-OCE:

Modest upgrade of KEK-PS E246

Stopped K* Tracking (1r,u.e) PID Gamma
*K1.1BR beamline ‘MWPC (C2, C3, C4) *TOF1,2; TTC Csl(TI)
*Fitch Cherenkov Spiral Fiber Tracker (SFT) <Aerogel Che. (AC) <Gap veto
*K* stopping target *Pb glass (PGC)
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u*/e* identification

PID with: TOF
— TOF ) Flight length 250 cm
— Aerogel C Time resolution <100 ps
— Lead glass Mis-ID probability 7x 10+
TOF2 Aerogel C counter
¢y | Radiator thickness 4.0 cm
Refraction index 1.08
—— e* efficiency >98%
g - o
e’ u + Mis-ID probability 3%
/ | pMIT
ca b .
PGC
c2 — Lead glass (PGC)
C1 v Material SF6W
Aerogel C Refraction index 1.05
e* efficiency 98%

Mis-ID probability 4%

P . (total) =P_.. (TOF)x P... (AC) x P... (LG) =8 x 107 < O(10%)




Possible A’ decay channels in TREK/E36

K* decays ~ 1070
Signal 1: K* — m A, A'— e*e
Background: BR(K*— mte*e’)~ 2.9 x 107 ~ 2,900 ev.

Signal 2: K- u*vA, A — e'e
Background: BR(K* — u*v e*e ) ~ 2.5 x 10~ 250,000 ev.
Add. background from K* - u*vm? — u*v ete (y)

¥ decays 1) 3x108 2) 2x10°
mf production:  K*— u*v m?(3.3%) K* — Y
(21.1%)

Signal 3: M- y A’ A'— e'e
Background: BR(T® -y e*e ) ~1.2% ~ 0.3 (2.3) x107 ev.
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Search for a new particle in K* — u*ve* e

20000
[}
S
318000
16000
14000
12000
10000
8000
6000

4000

2000

op/p~5%, 86~4° — dm,, ~3-7 MeV

50
25 & 100

Signal

o
o

20 I40 60I 80 100I | 120I II140I
2
M,... [ MeV/c?]

diff. Branching Ratio

e

o
-
(-]

10-11
1072
10"

107

O IIIIT|T| [ ||||m| [ ]IIIﬂ'll [ IIIIIIII TI'HTITII [ IIIIﬂ'II [ IIIIITII lJ}LlJLH]l<A~i“r‘|1‘ITI'I] TTTIT

\
\
\
Lol Lo b bona b b b v b oo |

Background

e

o
-
[4,]

50 100 150 200 250 300 350 400 450 500
mass A' [ MeV ]

Investigated for E36:
= Detect uy* in toroid, e*e” in Csl(TI)

= Simulate achievable resolution
for invariant mass m_,

= Simulate QED background
(radiative decay K* —» u*v e*e)

= Sensitivity from QED background
fluctuation

— Exclusion limits for €2 versus m_,

P. Monaghan, T. Cao, B. Dongwi (Hampton)
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Dark photon / light neutral boson search

= Dark photons (universal coupling) well motivated by dark matter
observations (astronomical, direct, positron excess) and g -2 anomaly

= Light neutral bosons (selective coupling) for proton radius puzzle

= Search for visible decay mode of A’ — e*e" in K* decays

Mixing Parameter 2

Kaons: K* - u*v A’;

K* — m* A’ (also invisible decay);

Pions: m® — y A’, using K* — mm° (21.13%) and K* — u*v m°(3.27%)

E36: Dark photon exclusion limit

10+

105~~~

10°

107

10°

T Illllll

3 BR(K+_)H+Ve+e-) - - - - accepted with ALL cuts

~2.5x 10'5 1e10 accepted kaons
—— 2.5e11 STOPPED kaons

T T TTTTIT

1102
m, [ MeV ]

E36: Light boson expected signal

Carlson Polar-Axial vector
x10°

E_Required signal
- for proton radius

Kt— utve*e
My = 50 MeV
oM., ~3 MeV

25

dr'(K—=uvee)
dM,,

20

15

2
ee
Tiat(K)

10

III|IIII|IIII|IIII|I

QED Backgroun

H-m -1 | I 11 1 I 11 1 I 11 1 | 11 1 | 11 1 | 11 1 I 11 ] 1 11
40 42 44 46 48 50 52 54 56 58 60

M... [ MeV/c? ]




Search for light boson events
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= Search for visible decay mode of A’ — e*e" in K* decays
Kaons: K* - u*vA’; K'— a*A’ (also invisible decay);
Pions: m® — y A’, from K* — m*m? (21.13%) and K* — u*v mf
(3.27%)

= DP trigger: 3+ TOF1 bars
= K* > u* e* e-v decays recorded in E36 data with DP trigger

* Reconstruct K*— p* e* e v decays with y* track in toroid and
e*e- pair in the Csl(TIl) calorimeter

» e* and e are identified by the aerogel Cherenkov counters
surrounding the K* stopping target

* Main background: K* = r*mr° and K* = p*m° v, with ™ — e* ey

» [Can also use 1T° — e* e"y as another signal channel!]
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Search for light boson events

goooo :_ 1000 =
30000 £ -
20000 E 500
30000 £ -
0 P ISR B oy - 0 | =
1 05 0 05 1 z - N
cos B(71, AC) % R E_ a -
_ ~.1000 [
20000 E -
%0000 ;_ -1500
20000 E - .
300005— _2000lllllﬂldﬂﬁllllllllllll
- VI T TR A, 0 220 230 240 250 260
)0 -1 -0.5 0 0.5 1 Pu (MeV/e)
cos O(v2. AC) Evaluate K*— p*e*e"v missing mass
Correlate Csl e*e- hits with AC sector
14 —
12 |
10 -
8 [
6 -
4 =
Select p* momentum > 205 MeV/c (K )t
Evaluate A’ — e* e"invariant mass = R | N B
0 100 200 300

X mass in CsI(T1)(MeV)
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TREK/E36 EXPERIMENT AT J-PARC

Lt

“In the world of weak interactions do electrons and muons
behave the same?” That is the question.

LA

The Standard Model (SM) represents our best description
of the subatomic world and has been very successful
at explaining how elementary particles interact under the
influence of the four fundamental forces. However the
following questions still linger:

e what is dark matter?
e what happened to all the antimatter after the big bang?

e why do neutrinos have mass?
y

\

INTRODUCTION

Lepton universality: In the SM ¢, 1 and 7 : Have different
masses but identical coupling constants.

s 9:=0,7
- Yoy

G? m2\1°
I'(Kp2) = g? (8—7‘_) fIQ\,me,l2 [1 - (ﬁ)]

Decay width ratio
; DKY s efv)  m? fm2om2\? o
S M — _ . % : . v
Ry T(K+ = ptv)  m2 (,,,f\,,m’z‘) (1+ 6,) —> radiative corr.

e Hadronic form factors cancel

e Strong helicity suppression of electronic channel enhances
sensitivity to effects beyond SM

o SM: R = (2.477 4 0.001) x 10~° (very precise!)
NA62: R = (2.488+0.007+0.007) x 10~° (in-flight K * decay)

E36 proposal : 0.25% (0.20% stat.+0.15% sys.), stopped K+ |

The mystery of Dark Matter

Well motivated by dark matter observations (astronomical;
direct: positron excess) and g,, — 2 anomaly

Light neutral boson (selective coupling): proton radius puzzle

Search for the A’ with Kaons: K — ptvA’;
Kt — 7t A’ (also invisible decay)

Also search for A’ with pions: 7° — A’ (z° from K, and
K,3)

Banan 2007

Neutrinos.
arXiv:1702.03327
BABAR Collab

Photons.

Black holes

T m(aen

Dr. Tongtong Cao, Bishoy Dongwi, Letrell Harris, Dr. Michael Kohl, Aruna Liyanaarachchi, Dr. Anusha Liyanage, Jesmin Nazeer
for the TREK Collaboration
Department of Physics, Hampton University, Hampton, VA, 23668, USA

The E36 experiment was conducted at the Japan Proton Accelerator Research Complex (J-PARC) using the TREK detector system.
E36 was successfully completed in the fall of 2015.

Side view
Coyostat._
~
bk
ronPole_ ¥

Lead sheild

_Actve Target

Stopped K

K1.1BR beamline
K stopping target

05 10m
1
Tracking Particle ID
MWPC (C2, C3, C4) Time of fl. (TOF)
Spiral fib. tracker (SFT)  Aerogel Cheren.

Thin trig. counter (TTC)  Pb glass Counter

December 2014
e Installed detector components
February - June 2015
e Completed installation of C3 & C4
e Cabling and detector maintenance

September - December 2015

O O
e Physics run and data taking
Gamma ray
CsI(TI)

CsI(TI)

e
Magnet

lyeth
Degrader

Predicted state vector

Filtered state vector

Measurement

Smoothed state vector

v'/

C3 c4
Dro, 7 0p,
C % 0, iom
Ca Cl
smoother

—___smoother

+ The prediction makes an estimate of the future state of
the system by the Runge-Kutta method.

+ The filter estimates the system state in the present.

*  The smoother allows to estimate the state of the

o ¢t are selected by
aerogel cherenkov
(AQ), lead-glass counter
(PGC) and TOF

detectors

PGC ADC(a.u.)

- req. : e PID will be performed
o by combing all three
detectors

M (Mev/c')’ M’ (MeV/c

\

New Physics Search with the TREK/E36 experimentat J-PARC

ozazas 77 7 ‘

Run 3994 Event 77

"' J-PARC

J=PARCYVRLY-EOT (2

o Determination of K* stopping
position lepton track length

o Measurement of lepton emission
azimuthal angle to help determine
SFT-Z

o Development of target analysis
algorithm is nearly complete

GEANT4 VERIFICATION

t profile for p* tracks

 hisinc2z

1
,L” ; 4
f Y Jr%
k

Wy

\

s

o Trigger on Target @ TOF1 ® TTC
® TOF2

e Compare hit distribution between
dispersive coordinates of the
MWPCs

.

CEPTANCE STUDY

Acceptance of g4MC and Data for u* : /= 11504

= Osakaft
= gamc

momentum (4 ) (Mevic]

o Comparison of acceptance calibration between Monte Carlo and experimental data
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December 2014

February - June 2015

New Physics Search with the TREK/E36 experimentat J-PARC

Dr. Tongtong Cao, Bishoy Dongwi, Letrell Harris, Dr. Michael Kohl, Aruna Liyanaarachchi, Dr. Anusha Liyanage, Jesmin Nazeer

Department of Physics, Hampton University, Hampton, VA, 23668, USA

tor Research Complex (J-PARC) using the TREK detector system.

e Installed detector components

e Completed installation of C3 & C4

e Cabling and detector maintenance
September - December 2015

e Physics run and data taking

POlyeth
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aerogel cherenkov
(AQ), lead-glass counter
(PGC) and TOF
detectors

e PID will be performed
by combing all three
detectors
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J=PARCYVRLY-EOT (2

TARGET TRACKING

o Determination of K* stopping
position lepton track length

e Measurement of lepton emission
azimuthal angle to help determine
SFT-Z

o Development of target analysis
algorithm is nearly completed

GEANT4 VERIFICATION

profile for p* tracks

o Trigger on Target @ TOF1 ® TTC e Compare hit distribution between
© TOF2 dispersive ~coordinates of the
C:

\_ MWPCs

CCEPTANCE STUDY

Acceptance of g4MC and Data for u* : /= 11504

= Osakaft
= gamc
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momentum (4 ) (Mevic)

\_ o Comparison of acceptance calibration between Monte Carlo and experimental data
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DarkLight
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.geffe’gon Lab

Detecting A Resonance Kinematically with
eLectrons Incident on a Gaseous Hydrogen Target
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Composition of the Universe

Atoms
Dark
4.6% Energy
Dark 71.4%
a
Matter
24%

Hel ;
,'5 N 7 ¢ 2

e 1
A

&

SR /

0 /

B EsTe 1759

e

TODAY -

95%

Big Bang Theory:
WMAP data fitted for relative densities

Ordinary matter: < 5%

Dark matter: Galactic scales
Dark energy: Inflation at largest scales
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The nature of Dark Matter

Interaction with the
Standard Model

Standard Model Y A’  Hidden Sector | GUINNESS
quarks, leptons '\/\/X\/\, dark matter? n. o

|9 W=7 7 ] A’ (massive)

e.g. kinetic mixing
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DarkLight

= Dark photons (universal coupling) well motivated by dark matter
observations (astronomical, direct, positrons)
in combination with g -2 anomaly

* To be run at the Low Energy Recirculator Facility (LERF)
at Jefferson Lab (alternatively, DL Phase-1C at CEBAF injector)

= Search for visible decays modes of A’ — e*e" in ep—epA’ —epee

= Search for invisible decays A’ — X in ep—epX

= DarkLight sensitive to dark photons with masses < 100 MeV/c?
in the region of the g ,-2 welcome band

= DarkLight phase I:
Funded (NSF-MRI) in 2014, H responsible for lepton tracker
LERF: Run phase 1ain 2016, phase 1c in 2018/19

= DarkLight phase II: DAR
Ultimate reach, design in progress, 2019+
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DarkLight sensitivity: visible decay

Goal: Explore e* e invariant mass spectrum from 10-90 MeV

using the processe p — e p e e

DarkLight A" Reach
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DarkLight sensitivity: invisible decay

=ep — epA’ (“invisible”) observe only final state electron and proton,

= Backgrounds' kinematics different enough that they can be controlled

= Requires photon veto ep — epy | Invisible Search Reach (1 ab'l)
(1S
10
e+
P«< e
e A —SQ/ w107
- a'=¢’a, (a=e"l4m)
- = Preferred
P ==== (% photon cff. (4., = 1}
= = = 3% photon cff. (Ao = 1)
93% pholon efl. (S = 1)
= = [00%: photon ell. (A, = 1
-0 T AT T TN WA [ SR TR SR N T | P T T
Kahn, Thaler Phys. Rev. D 86 (2012) 11501 V"5 30 20 20 20100

my (MeV)
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DarkLight phases

Phase 1A: Operation of ERL beam, target, and detectors (2016/17)
Phase 1B: Mgaller process, test of streaming readout (2017/18)
Phase 1C: Search for 17 MeV fifth force carrier (2018/19)

Phase 2: Full measurement

'
w

_-—\\_\\‘\— =

NSF/MRI award 2014 (HU)



DarkLight phase 1a (2016/17)
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Demonstrated feasibility
= ERL operation with target Prototype

and solenoid detectors:
= Operation of detectors SiPM+GEMs




DarkLight phase 1a (2016/17)
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Protophobic boson

Dark Photon visible decay

4 Dark Photon invisible deca
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» Conflict with other measurements can be resolved if €, = €n

+ (%Be points approximate) R. Corliss, MIT

A. J. Krasznahorkay et al., PRL 116, 42501 (2016)
J. Feng et al., arXiv:1604.07411 [hep-ph]; 1608.03591 [hep-ph]
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Search for light U(1) gauge boson A’

= Light mediator of dark force coupled to SM via kinetic mixing;
motivated by astrophysics, g,-2, (and proton radius puzzle R))

g2 KLOE

E. Goudzovski et al.
[NA48/2 collaboration],

10 arXiv:1504.00607

1.7e7 10 Dalitz decays
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DarkLight phase 1c (in preparation)

10~°
Dedicated search for the
17-MeV fifth-force carrier
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Construction of focal-plane detectors at Hampton U. (NSF/MRI)
2x 3 GEM elements ~25x40 cm? by fall 2018
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DarkLight phase 1c (in preparation)

10~°
Dedicated search for the

(90— 2)-preferred NN\ 17-MeV fifth-force carrier
o | PR12-18-006 submitted
1 to PAC46 (July 2018)
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Construction of focal-plane detectors at Hampton U. (NSF/MRI)
2x 3 GEM elements ~25x40 cm? by fall 2018
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m Lepton universality is challenged (BaBar, Belle, LHCDb)

m Proton radius puzzile to be studied with MUSE @ PSI:
= Size of TPE could be different for y*p, e*p

= up and ep interaction could be fundamentally different
Running in 2018-2019

m Non-universally coupled light bosons to explain a, and R, puzzles
= Rare kaon decays with TREK/E36 @ J-PARC
Data taken in 2015, under analysis

m Dark photons, protophobic bosons searched with DarkLight @ Jlab
=» Staged approach in phases 1a, 1b, 1c, and 2
Pioneering run in 2016, Program for 2017-2020

Phase-1C: Dedicated search for the 17-MeV fifth-force carrier
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