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Our sessions

Our group covers a variety of intensity frontier topics, we tried to include sessions which reflect this:
PPHI: Precision Physics using Muons and Pions (new results and proposed measurements)

PPHI: Understanding the muon g-2 anomaly

PPHI: Anti-hydrogen and n-nbar oscillations

PPHI/DM: Dark Matter at High Intensity experiments (new results and projections)

PPHI/HF: Rare Decays

PPHI/HF: Charged Lepton Flavor Violation/Lepton Universality (new results and projections)

PPHI/EW: Symmetry Tests

PPHI/QCD: Proton Radius

~ 40 talks in totall!



Precision Physics using Muons and Pions




LFU searches using pions at PIONEER Effective Theories and Muon toEvan Rule
Patrick Schwendimann SumElectron/Conversionk & Frederic Noel

* Nuclear ET identifies six CLFV response functions + two
interference terms probed by elastic 4 — e conversion

Publicly-available Python & Mathematica codes
_ for u — e effective theory (see arXiv:2208.07945 for details)
o T(rt — etv(y)) R T(nt — wletv)

'e/ B Tt N w8 = T o

I'(rt - ptv I'(all :
( H (7)) ( ) Inelastic 4 — e conversion probes 4 LECs that elastic cannot “ -
with a precision < 0.01 % with a precision < 0.2% 100 MeV

Nuclear ET

Motivation

Matching to quark-level EFTs in progress

ER, Haxton, and McElvain, arXiv:2109.135

o Proposal: https://arxiv.org/abs/2203.01981
o PSI Website: https://www.psi.ch/en/pioneer

August 30, 2022 | 14™ CIPANP | Evan Rule

Future experimental searches for
muonium-antimuonium oscillations

PIONEER

Recent results from AlCap

The simplest bound states: muonium
Summary Nam Tran

» AlCap measures charged and neutral particles from muon capture on aluminum &

Spin-0 (singlet)
titanium

paramuonium

e Muonium: a bound state of u* and e~

r

— (u" ) bound state is true muonium (anti-symm)
e Important photons

» 347 keV X-rays (Al): 79.8 + 0.8 %

— New Physics searches (oscillations)

e Muonium lifetime 7,, = 2.2 us |exey Petrov
» 1809 keV gammas (Al): 53.8 £2.6 % — main decay mode: M,, — e*e 0,1, =3
» 932 keV X-rays (Ti): 67.3 2.2 % — annihilation: M, — D1,
* Interferences: . Spin-1 (triplet)
) . 3 . " orthomuonium
» 347 keV X-rays (Al) has interferences from W and Pb * Muonium’s been around since 1960's P
e 932 keV X-rays (Ti) has interferences from Pb, and stainless steel = usediinichemistgy, . )
. 1809 keV gammas (AI) is clean — QED bound state physics, etc. (¢ ? % )

Hughes (1960)
The masses of singlet and triplet are almost the same!

e
o Alexey A Petrov (USC) 18 CIPANP 2022, Orlando



1809 keV gamma line from aluminum Muonic X-rays from aluminum

Timing of 1808.66 keV photons N 3 70000 "
3 F 2 C

g _ 1809 a iA|Cap Preliminary B C v, Transition Energy Intensity (%] Intensity [%)]

Sl ! i G ER- 1 L & [keV] (this experiment) 3]
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« Fitted lifetime: 861(14) ns 10000 = 2 Yy
« Lifetime of muons in aluminum 864(4) ns N |t f AlC E Jv'.. T "?‘5’
- €W resulits rrom a E L T R N B I Y . P
« Emission rate: 53.8 £ 2.6 % per muon capture P 900 320 340 360 380 a00 220 440 T 4s0 280
- Consistent with previous value at 51 =5 % N am Tra n EREEHERY]
8 12
L Results Outlook
Outlook

With values from Mu2e or COMET the limits become even stronger J

o Combining the limits from Ti and Al we find:

1e-13} Ti—oﬁly
Prediction on pion flavor violating channels based on ronal ]
muon to electron projections that are reachable in next B
generation of CLFV experiments from Frederic Noel 0;19-157 ]
= 1e-16| single-operator J
limit

16177 Jel1a Te-12 1e-10 1e-08

Brip — e, Al]

F. Noé&l (Uni Bern, ITP) P — jie from j — e conversion 20.08.- 04.00.22 kil /7193



Understanding the muon g-2




The field measurement and systematics in g-2

" Overview of E989

Part 3

NMR Technique and Field Measurement

Run 1 Result (2021)

BNL g-2 +—o——1
* Result q, to 460 ppb

« Confirmed BNL experimental results

FNAL g-2 +—o—
(20 years later)

asM =116 591 810 (43) < 420 >
af¥P= 116 502 061 (41) ‘
afP SV = (251+59) =4.20 S C—— ——rt
it bk
[unit: 107H] Standard Experiment
Model average

The white paper from the

17.5 18.0 185 19.0 19.5 20.0 20.5 21.0 21.5
a,-10° — 1165900

theory invitation
[https://muon-gm2-
theory.illinois.edu/white-paper/]

)

J-PARC muon g-2/EDM experiment

J-PARC muon g-2/EDM Experiment

C)

Muon Beam Line

and experimental area
Thermal muon

Muon linac

Injection

Storage

CHCECECNC

Detector

(®Storage

Initial goal Final goal

g2 ~ 0.45ppm - 0.1ppm ‘

EDM~ 10?'e * cm

NMR PrObeS Fixed Probe . . .
Trolley Probe -

Location:
Total 17 probes carried by trolley

Purpose:
Periodic field maps inside of the ring
every 3-5 days

Fixed Probe

Location:

Total 378 probes mounted at fixed
locations outside (top and bottom) of the
muon orbit

Purpose:
Continuously monitor field drift while
muons are present in the ring

Hadron Vacuum Polarization from lattice QCD

Outline

BMW, Iat'tice QCD Exper;nemal

Standard Model Average
¢ 720G >
—————
White Paper

Standard Model

175 18 185 19 195 20 205 21 215
a, x 10° - 1165900




Kalman Szabo: reported on BMW’20 lattice QCD calculation of the hadronic vacuum polarization term

Several improvements led to significantly reduced uncertainty in lattice-based determination of HPV

e Disagreement with HPV determinations from e’e” R value data

BMWc’20 }
LM20 |
Mainz’'19 |
FHM'19 |
PACS’19 |
ETM19 |
RBC’18 |
BMWc'17 }
WP’20 |
DHMZ'19 |
KNT’19 |
CHHKS’19 |

m g,°>"P =707.5(2.3)(5.0)[5.5] with 0.8% accuracy

Final

lattice =—HB—
R-ratio —&—

result

=0
g
o :

=S~ no newphysics

660 680

700 720 740
1010 st atO_HVP

m consistent with FNAL and 1.5¢ away from BNL+FNAL

m 2.00 larger than [DHMZ19], 2.50 than [KNT19]

Kev improvements
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w .17
Statistical Physical Finite Continuum Isospin

point T&L limit breaking

m incorporated recent algorithmic improvements to reduce
statistical noise

m physical input is mass Omega baryon with 0.2% error

m dedicated finite-size study in 11 fm box (typical is < 6 fm),
good agreement with model computations

m six lattice spacings and improved approach towards
cont.limit

m included all relevant isospin breaking effects



Anti-nydrogen and n-nbar oscillations




Pulsed production of antihydrogen in the AEgIS

Experiment Michael

Schematic overview: AEgIS oy crferomer
Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, antiprotonic atoms (pp, pCs), Ps, ...

= Anti-hydrogen formation via Charge exchange process with Ps*
* 0-Ps produced in SiO; target close to p; laser-excited to Ps*
* H temperature defined by j temperature

Ps"+p—- H" +e

Doser

Precision Studies with Trapped Antihydrogen \Vill Bertsche
ALPHA as installed, 2022

> Trapped antihydrogen at CERN

> Done spectroscopy measurements on the
antihydrogen hyperfine spectrum as a CPT test.
> Preparing test to measure the gravitational

& A
tag
= Pulsed A production (time of flight — Stark acceleration)
= Narrow and well-defined H n-state distribution
postronium = Colder production than via standard process possible
- converter -

Rydberg Ps & o~ a,n’ — f formation enhanced

grating 1 orating 2

> Demonstrated production of
pulsed beam of antihydrogen

> Expect improved rate due to an
upgrade in the antiproton
deaccelerator.

antiproton  accelerating
trap electric field

pulsed production horizontal beam
of H¥ formation
Friday 26 August 22

Searches for Neutron Oscillations with
HIBEAM and NNBAR Leah Broussard

The NNBAR Experiment

gratings produce periodic pattern on detector;
measure gravity-induced vertical shift of fringes

n” n

NNBAR

acceleration g for the antihydrogen atoms. o

* NNBAR at ESS: Leverage 3 decades of advances: moderator design, neutronics,
detection, reconstruction techniques X1000 sensitivity of LI | Phys G 48 070501 (2021

Aperture 1 /\[ Aperture 2 Beam
iy | T -
Source Captured Inensj . wge
High-m reflector ety s e
§ targer
200 m beamline

(‘ollimaN |

1
Magnetic Shielding and Vacuum Tube /\/ Background-free 7 detector
* HighNIiSS (3M€ iU grant): moderator study, 7 detector prototyping
* EPJ] Web Conf 251 02062 (2021), Sym 14 1 (2022), arXiv:2204.04051
¢ Goal: CDR in 2023 for LD, moderator, NNBAR

* Staged R&D program ORNL — IIIBEAM — NNBAR

HIBEAM and NNBAR, CIPANP 2022,
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CIPANP, Orlando Florida, 2022

Baryon Number-Violating Amplitudes on a Lattice

Sergey Syritsyn

Summary & Conclusions

@ Amplitudes of quark BNV operators computed in
lattice QCD with realistic, chirally-symmetric quarks

@ Neutron-antineutron oscillation

Amplitudes * (6 ... 8) larger than from pheno.models
Continuum limit study pending
NEXT: nn—vacuum amplitudes, n— in nuclear medium

@ Proton decays p—#/K, p—leptons

No topological suppression of nucleon decay found; confirm limits on GUTs
Finer spacing, larger volume calculations desirable
Need NLO ChPT for p—=r/K : cross-check vs. p—vacuum amplitude

NEXT: p=p—zzn, p—K*—=zK amplitudes

BNV Amplitudes from Lattice QCD CIPANP 2022, Aug 31, Orlando, FL



Leah Broussard: Chance coming up at European Spallation Source (ESS) to significantly improve on search
for relatively unexplored neutron-antineutron oscillations

F om * n - 7, dinucleon decays sensitive
n-n d‘\z uiou /X/d to BN V-only
AB = 2, AL = ()

* x1000 improvement in n —
N sensitivity on horizon

Golden opportunity for n = n at ESS

[ ——

* Substantial investment from ESS with n - 71 in
mind, to maximize FOM: N{(t?)

* “Large Beam Port” now constructed

Search for n-nbar oscillations in
a free neutron beam at the ESS;
can reach up to

(2-3)x10° sec.

* Up to 300 m beamline

* Fundamental Physics leading design of 1.D,
lower moderator ] Phys G 48 070501 (2021) .

ESS currént
moderator
ety

.,,',*.';a 2 s

Large Beam Port

LDillOf’VCf gy soies - i} . 1000 times improved sensitivity search for n-nbar
moderator. | - 3 oscillations.




Charged Lepton Flavor Violation




New Physics expectations

#® Mass dependent couplings enhance tau LFV w.r.t. lighter leptons

Yukawz-inspired scenario (d-2) Yukawarinspired scenario (d-+1)
=\ i

Low- and high-energy
phenomenology of a
doubly charged scalar

A. Crivellin et. al.
Phys. Rev. D 99, 035004
2019)

b

107 10

# Some models predict LFV up to existing experimental bounds

® eg. SUSY models: non-diagonal slepton mass matrix = LFV
® Normal (Inverted) hierarchy for slepton = 7 — py (7 — e7)
® Neutrinoless 2 and 3 body 7 decays have different sensitivity

B(r — fy) | B(r — ¢tf)
SUSY SO(10) (NPB649(2003)189, PRD68(2003)033012) 1078 10710
SUSY Higgs (PLB549(2002)159, PLB566(2003)217) 10-10 0%
Non-Universal Z/ (PLB547(2002)252) 1079 108
SM+Heavy Majorana vy, (PRD66(2002)034008) Hio=2 1g=10

w Search for 7 — fy/P°, 7 — (0L, * — (hh' decays (£ = e, pi; h =7, K)

Swagato

CLFV in 3
Banerjee

7 sector

Uofl

Prospects for CLFV in the Tau Sector from S. Banerjee

Current status of LFV 7 decays ~ 107

Tentative timeline

Belle Il

2020 — 2030

ATLAS/CMS/LHCb

e-Print: 2203.14919 [hep-ph]

Approximate number of T decays studied
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.9. 10_2 ||||||| T T ||||||| T T ||||||| T T ||||||| T T ||||||| T T |||l||| T T
-
é’ E Markll *THNY
o0 g
£ F * ARGUS FE=sEN
g 10425 4 o DELPHI ETOSUUU
g « 3
. = on : CLEO
s - ‘.
= 10° o
Belle u
E E P BaBar LHCb ATLAS  CMS
= * .
5 = | I | o
- - Belle
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) E SM + seesaw
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7 sector Il Banerjee ofl.



Latest Results on CLFV in the Tau Sector from S. Banerjee

7 - faatBellell

7 — ppup at ATLAS & CMS

0 — 5 = = = ; ;
95% C.L. upper limits from Belle II (ICHEP’2022) » ATLAS limit on the 7~ — i~ " i~ branching ratio (20 o' at 8 TeV)
e T ea 0 T pal B(r~ = u ™) <3.76 1077 ©90% C.L. Eur. Phys. J. C (2016) 76:232
3 o Belle Il preliminary —e— Observed UL F Belle Il preliminary —e— Observed UL L. _ -4 . .
o ffasesy Byected U T L Eouad UL » CMS limit on the 7~ — p~p"p~ branching ratio
5 5 I Expected UL = 1 std. dev. 3 I Expected UL = 1 std. dev. (33 fb'l at 13 TCV)
1 Expected UL = 2 std. dev. t Expected UL = 2 std.dev. B(r- A 1 0—8 @ 9 00/ C |_
e o . (7" = w7 uu7) <80x L. JHEP 01 2021) 163
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T gk — Belk Il preiminary T b —— Bellellprefiminary 3 1
i 3 0,05
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° Ly Y & N SRR Scenario Axel%] N7 90% CL UL on BR(r = 3p) [107] Number of background events 24 2601
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M, [GeV/CZ] M, [GeVlcﬁ High background 0.88 507.05 640 Trixl:uon :“:slf resoelu:‘un 18 MeV 31 MeV
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Projections for CLFV in the Tau Sector from S. Banerjee

Summary of experimental prospects of 7 decays
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CLFV Muon Processes

¢ p—ey

* oldest studied, most powerful limits, and the best experiment so

far: MEG at PSI

* yN—eN

* muon to electron conversion: muon converts in field of nucleus,

Projections for CLFV in the Muon Sector from R. Bernstein

leaving nucleus unchanged

T +N(A,Z)— ¢ +N(4,2))

a ['(4” +N(A,Z)— all muon captures)

* two experiments upcoming at FNAL and JPARC

* —eee

¢ ambitious and unique, excellent partner to other two (at PSI)

e Conversion and p—ey

after André de Gouvéa

1) Mass Reach to
~104 TeV for unit
coupling, x10000
existing experiments

2) Mu2e/MEG
upgrade
complementary in
loop-dominated
physics.

3) These are
discovery
experiments

(TeV)

104+

103+

All Limits are at 90% CL

Rye(iN~eN on A<6x10718

7
Pt
-

B(u-vey)<42x10~13
Excluded (u—ey)

e
-
L
-

\
A Re(HN-eN on Au)<7xl0~13

Rye(N—eN on Al)<6x1017

\
\Fxchdded (ZN—eN on Au)
‘\\ SINDRUM-II

higher mass scale ——




Status of upcoming searches for CLFV in the Muon Sector from R. Bernstein

Mu2e Schedule

=== * x1000 existing
= experiments by
2025

¢ in construction!

e x10000 by end-of-
decade

ll"'"-’

-'._.




Results from NA62 P. Cooper

NA62: K, signal regions Opening the box (2018 data)

: = | Squared missing mass vs pion momentum | T
4,‘ miss>=(Px=P_)? vs track momentum | Main K+ decay modes L 02= SM K e
— | l g 5 -7
gL - CONTROL DATAJJJ]  (>90% of BR) rejected % 018
<ot Kt s kinematically. <) . i IO
Sl +>rtmOn0 : . g "o : - ’
40-1- K* =m0 Resolution on m?_, : ¥ 0.06 " [Region 2 R e %o
[ 0=1.0x10-3 GeV4/c2. F $
B T Y 0.04 =
- Measured kinematic 0.02 —gpairitis
0.05[- background suppression: o [Fez
- e v Km0 1x10-3; Squared missing mass |-
_____________________ Vv Kr—=utv: 3x10-4, T
T — 10° Bty Wi | i | JHEP 0? (2,02 1) 4
Further background » Bt 25 30 35 40 45
suppression: 7" momentum [GeV/c]

Y PID (calorimeters & RICH): | 10 ;
u suppression 10-8,

n efficiency = 64%.

v Hermetic photon veto: 10"
0 N n0—yy rejection
b 70 80 90 100 factor = 1.4x10-8,

p_ [GeV/c] 8

B Annnnar 1 AIDANID 9099 9 Canéambhar 9099 T -0.02 0 002 0.0 0.06 008

| Full Run 1 data set:
Candidates observed: 20 (17 in 2018 data)
Expected background: 7.03710

~0.82
Expected SM events:
10.01+0.42

-0.05

T T T T | T T T T I

1,19

syst™ ' *

10




Hidden sectors with K+—mxtvv

| Squared missing mass (2018 data)

% Signal regions R1,R2: search

10°

I
102 |

10 5

7t+7t0|4- Data
region| M Kk-w) BK-uy, ws et

n

D Upstream % Total background | i
— Model

7K

K—atn® . K-ty

K-ann Kon'ne'v

10"
10

-3
i =002 0 002

JHEP 02 (2021) 201,

JHEP 06 (2021) 93

P Cannar / CIPANP 9122 2 Qantamhar 20192

Region 2

004 006
m?, [GeV¥/c']

for K+—a*X (X=invisible),
0 <my < 110 MeV/c2 and
154 < m, < 260 MeV/c2.

¥ Interpretation: dark scalar,
ALP, QCD axion, axiflavon.

% The n*n0 region: search
for n0—invisible.
Y SMrate: BR(n0—vv)~10-24,
v Observation = BSM physics.
v Reduction of n0—yy
background: optimised
7t momentum range.
Interpretation as K*—mn*X,
with my between R1 and R2.

12

v Main background: K+—m*vv.

Results from NA62 P. Cooper

Search for K*—nue decays (Run 1)

LFV decay m(m*u-e*)

LNV decay m(n-uet)

@1055' ¢ Data $10° ¢ Data
% [ | P Eers % | I
s10* E K'onmety =10t K'>ninety
:\", E W K—rruty § [SecatTy
210°¢ W Korete 24 W K-rlee],
g f I K-pvere 9 W Kooy
w02 3 K=t o [0 K'—etvpin
F I K—etvurpe ~ Total uncertainty
10 I Total uncertainty
1 }
107" | |

-2 -2
Jc;s?nu I 26 m T [
$ia | i e
A “aE: uh N7 4 ~.ﬁm
QOB, iy ‘.ﬁ o ot; ; W““M?‘ o

- e 2

0.4ty 0.4E "y i

500" 350 400" 450" 500" 680 600"

m. [Me eV/c?

300" 380" 400 450" 500' 550 600
m. . [MeV/c]

K+ decays in FV: (1.33+0.02)x1012
Expected background: 1.07+0.20 evt
Candidates observed: 0

Expected background: 0.92+0.34 evt

Candidates observed: 2

BR(K*—n*u-e+)<6.6x10-11 at 90% CL
BR(n0—u-e+)<3.2x10-10 at 90% CL

BR(K*—n-u*e*)<4.2x10-11 at 90% CL

TPRL 127 (2021) 1318021




Dark Matter Searches with HI




Theory Overview

Benchmark Models for Dark-Sector Searches

Snowmass RF06 Classification
Benchmarks in Final State x Portal Organization

DM Production Mediator Decay Via Portal Structure of Dark Sector
™ VS Y [m S 3.5
5 m, vs.y [a,w 5.3 m, values] b SR . iDM m,_ vs. y [m,/m,=3,a,=.5] (anom connection)
£ G SIMP-fotivated cascades [slices TBD]
m,, vs. € [deca,
B imlvs. m, (0,05, y-y,) A [decays] Uy ) e e (OM OF SM decays)
= ‘Ivfll:charge myvs. q
m_ vs. sin® [4=0, fix m¢/m_ g.] (thermal x

s ltarfet excluded 1512.04119, should still m. vs. sinB p=o0] Dark Higgssstrahlung (w/vector)

S linclude) s in® . - scalar SIMP models

S5 Note secluded DM relevance of S +SM of  [/T’s VS- SO Bmst Br(H s 10912 Leptophilic/leptophobic dark Higgs
(D imediator searches

o m,, vs. U,

= N i

= le/w/talal709.07001 Lol e o Sterile neutrinos with new forces
=3 Mhy VS e

D “Think more about reasonable flavor structures.

L= . 70 S e S v s e e e e e
m_ vs. ::

o m, vs. £/l (-0, fix m /m, g,] (thermal oSG . .

| e ke m vs. £=, FV axion couplings

<C ‘What about f,, f,? m_ vs. f,

Bold = BRN k, italic=| . others are new suggestions. Underline=CV benchmarks that were not used in BRN

PBC: The Physics Beyond Colliders initiative at CERN

Krnjaic, ...

597 13

Tsai, arXiv:2207.00

CERN Based Experiments
Range of new detectors coming online

for Run 3!

Transverse
detector

Rock or
shielding

Light

CMS/ATLAS/LHCb

M. Citron mcitron@ucsb.edu

APEX Results

Forward
detector

E

T ’
’ slab.

FASER/FASERV

+ Moedal/MAPP

HPS and LDMX
Dark Photon Decays - Complementary Searches

APEX results: blinded data set

Analysis performed on blinded data set; looking at upper limits on signal
counts, and 1 and 20 confidence intervals.

2me < ma < 2mpps 2mpyr < moar

Heavy Photon Search Light Dark Matter eXperiment i
(HPS) at Jefferson Lab (LDMX) at SLAC
£
3 100
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-
2} -
ECal HCal
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Results from BABAR

Presented by B. Echenard
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Results from Jefferson Lab

APEX results (coming soon) by O. Jevons
HPS results by M. Solt

Displaced Vertex Search Final Results

APEX results: blinded data set

10

Set limit using the
Optimum Interval Method
(OIM) ("L1L1")

1074
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Repeat analysis
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No exclusion to minimal
dark photon model for
this dataset, however
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Symmetry Tests




Neutral Weak Form Factor Measurements from the
PREX-Il and CREX Experiments

PREX-1l & CREX

(@)
)

0.00616 GeV?
50

PREXIT CREX
Target Pb Ca
Target Thick. 0.5 mm 6 mm
Beam Energy 1 GeV 2.2 GeV

0.0207 GeV?
50

@ Two PVES experiments, run at

JLab Hall A in 2019-20

@ Neutron radius from Apy
measurements

@ Polarized electron beam on
unpolarized high-Z targets

@ 298Pp radius: test of uniform
nuclear matter
e “8Ca radius: test of different nuclear
structure models

—~30 U
@ Overall goal: =3% error on AZ

48
and ALY,

Predicted
asymmetries on
the order of 1
ppm!

Neutron Measurements to Probe the

Hadronic Weak Interaction

« HWI is still one of the least understood aspects of nuclear physics.
Significant recent theoretical work but still lack a sufficient number of
precision measurements to constrain the set of couplings.

< NPDGamma and n®He are the first two recent statistically significant

Summary

precision measurements in few nucleon systems.
< NSRIII (n*He) provides additional,

much needed, significant precision

measurement in the NN weak sector.
= NSRIII collaboration has an apparatus

nearing readiness for an n*He spin

rotation measurement at the level

~[£1.0(stat) + 1.0(sys)]*x10~8 rad/m.

« The critical path items are the LHe
pump, LHe target, and radiation

shielding

+ NIST will announce the details of their
restart plan in the next couple of weeks

9/2/22

CIPANP 2022

Parity-Violating Electron Scattering as a Test of
the Standard Model

Summary and Outlook

» PVeS has become a precision tool for: 0245 - —~ - -
measurements =
> Beyond standard model searches :
» Neutron skin of a heavy nucleus 02008 Q) Iqw(e, INuTeV i
> QCD structure of the nucleon = :
= . E
» Technical progress over time has enabled = 3 IQW(APV) 4
o 0.235F =
c 5 E
unprecedented precision @ 3 3
* Complementary to collider measurements 3 ILHC 5
0.230 - L
3 MOLLER = — E
= Mainz-P2 T TsoLD -
0.225 E
ul ul ul ul ol ul
0.0001  0.001 0.01 0.1 1 10 100 1000 10000

ZOMBIES: An Experiment to measure nuclear anapole

moments

ZOMBIES: an experiment to measure nuclear anapole moments

(and more)

* Nuclear anapole moment and hadronic parity violation

¢ Nuclear spin-dependent parity violation (NSD-PV) in atoms & molecules:
nuclear anapole moment + semi-leptonic

* ZOMBIES approach using amplified NSD-PV effect in molecules

[ e Proof of principle with *F in BaF molecules ]
¢ Outlook

Dave DeMille
University of Chicago & Argonne National Laboratory



Dave DeMille: ZOMBIES: Nuclear spin-dependent parity violation in atoms and molecules (NSD-PV); Measure
nuclear anapole moments and more

ZOMBIES I: NSD-PV with BaF

Initial physics goal: NSD-PV with 3"BaF

« Odd neutron (vs. 1Cs w/odd proton) G Final Error Budget with '*8Ba'°F
« Heavy — large effect, anapole term dominates Crosing Wi/ (Hz) C_ d(Hy/(V/em)) Wio = ~'Wp/(2m) (Hz)
\ A 0.28 % 0.495¢a¢ & 0.385ys  -0.41 3360 —0.68 + 1.2040 & 0.93ys
* Large enough natural abundance 11% F 0.01 4 0514100 % 0.3845  +0.39 3530 0,03+ 13000 & 0970
» Required lasers = simple, cheap diodes Weighted Average - - - |—0.36 + 0.884tat £ 0.95ys
~170 h data
~6x107 molecules total Wnol - 27Z.X (_036 ] 29) Hz

Completed: proof of principle using 38Ba’°F
« Larger natural abundance (~75% vs ~11% for 137Ba)
« Uses same beam source, lasers, magnet, etc. as '3’BaF

« W(138Ba) = 0 Hz (no unpaired nucleons = no NSD-PV)
W('°F) = 0.002 Hz = 0 (light, small electron spin density in BaF)

* Test for practical sensitivity & systematics with known answer

ZOMBIES: Summary & Outlook

Proof of principle experiment in 1388819F saw --New era in NSD-PV: anapole + VA, measurements beginning

expected null result --Sensitivity & accuracy of molecular systems likely to

Achieved precision adequate for anapole enable measurements on many nuclei, including lighter isotopes, with <10% uncertainty
measurements on many nuclei, including --Complementary to other hadronic PV experiments & SoLID/PVDIS @ JLab

. . . o .

lighter isotopes, with <10% uncertainty _NSD-PV poised to open new window to

unified understanding of hadronic PV & semileptonic neutral-current PV,
in strongly-interacting environment, across wide range of scales
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MUSE and the Proton Radius Puzzle

CODATA 06 (2008) —eo—
Bernauer (2010) H—a—H
Pohl (2010) el

Zhan (2011) H—a—H -
i::):?ml?z(jf;) W i qul Scherr_er Institute
S GOTT] y Villigen, Switzerland
Fleurbaey (2018) A
Sick (2018) P = MUSE in mixed p/e/m PiM1 beamline of Paul Scherrer Institute
Alarcon (2019) ——

Bezignov (2019) ———
CODATA 18 (2019) 2 gl
Xiong (2019) ——a— "
el ey = Comparison of charge states, pi+/p1-, e+/e-, two photon effects

Mihovilovivic (2021) I t = t {

s = Extraction of radii using e and p in same experiment

= Allows direct comparison of pL and e, cross sections, form factors

THE GEORGE
WASHINGTON
UNIVERSITY

WASHINGTON, DC

il

\ THE GEORGE
WASHINGTON
/// UNIVERSITY

The PRad Experiment and the Proton Radius Puzzie

Lattice calculation of the proton charge radius

u—d u—d HEE
1.000 —— PRad it 1, = 0.831(7) 4 (12), 5 fm GE ) GM and Kel Iy parametrization
0.975 === Alarcon2013,irp’=0.844(1) tm That's only one measurement and many others disagree
----- .
Bernauer 2014, "o 0.883(8) fm It also doesn't explain the disagreeing atomic spectroscopy results 1.0 = = 5 . : : 5.0 . . m
0.950 Ny al27m285 «+ a073m270 v+ al27m285 &+ a073m270 won
L a094m?270 == a072m220 = * a094m?270 w+  a072m220 =
- Antognini 2013 (uH spect.) — CODATA-2014 08 % aO%ggnZéglé Z ag;(l)mgg Lol 40 F a094m270L ~» a071m170 =k
wo. a093m: a070m Sl 093m220 w4+ a070m130
n.o Poh 2010 (4H spect) b ———4—— CODATA-2014 (ep scatt) 2003mD20X 1a: 2056m280 . 30‘393,”’2"20)( 7 :056rr‘rn7280 f
Beyer 2017 (Hspect)  ——e—h L CODATA201 (H spect) ; 0.6 a091m170 ven a056m220 w&] 5 3.0 F 3091m170 r&n  a056m220 w<: ]
0.900 g a091m170L re Kelly, 2004 = | 2 2091m170L e+ Kelly, 2004 -
CODATA-2018 > +———a———— Fleurbaey 2018 (H spect.) m s
Bezginov 2019 (H spect.) +——e—r —— Bernauer 2010 (ep scatt.) 104 ] © 20F ]
0.875 Mihoviou
Pt ) g 02fe,, $o.q Lot 00z ]
N e i g
0.850 RN . R L {4"7,3) {atm 37}
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0.01 002 003 004 005 0.06 i QM3 QM3
2
Q [(GeVic) ] * Lattice data agree with the Kelly parametrization of the experimental data
.. s f : u—d u—d :
Nearl 4x preCISIO n! Errors in lattice data for G, G © much (>10X) larger than experimental data
P Ra d I I y . [J.J.Kelly, PRC 70, 068202 (2004)]
. -
Next: 13 gauge ensembles generated by the Jlab/W&M/LANL/MIT collaborations

2
Lowest Q° ever reco rded! with a range of the parameters



Thanks!

e We would like to thank all our speakers for accepting our invites!

e |t has been a pleasure to help organize and convene the PPHI sessions and
we thank the organizers for asking us to do that and for organizing the
conference despite so much uncertainty, it has been a great success!



/ No calorimeter is perfect .
|

@ Finite resolution 3 ]
© Tail due to energy leakmh |
® Photonuclear effects o

@ Interaction details matter

Sl Need to reveal and characterise the |

< ;
© 10 20 30 40 50 60 i i ision!
X o 80 tail to reach the desired precisio I8 ]
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08/30/2022 13:08

Patrick Schwendimann (University of Washington) - PIONEER: Precision measurements of rare pion decays
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Evan Rule (UC Berkeley) - Nuclear Effectiv Theory of Muon-to-Electron Conversion
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o Experimen;a| Setup:
- -__Proton beam
ety

© Conversion process:

[N

e N
,\. =

o Experimental signature: e~ with g ~ my
© Only background: decay in orbit K~ = vuTee (spectrum)
o Normalisation: muon capture KA Z) v (AZ-1)
o Distinction between:
o Spin-independent (SI) — coherent enhancement (~ #N)
o Spin-dependent (SD) — non-coherent (only Jyuci. # 0)

@000
SHOT ON MI 10S 08/30/2022 14:05

Frederic Noél (University of Bern) - Improved limits on lepton-violating decays of light pseudoscalars via
spin-dependent mu -> e conversion in nuclei




AlCy,
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I Mportant photons
347 kev X-rays (A): 79.8 + 0 g %
1809 key gammas (Al): 53.8 + 2.6 ¢
* 932 kev X-rays (Ti): 67.3 £ 2.2 ¢

Interferences:
* 847 keV X-rays (Al) has interferences from W and Pb
* 932 keV X-rays (Ti) has interferences from Pb, and stainless steel

= 1809 keV gammas (Al) is clean

08/30/2022 14:43

@000

SHOT ON MI 10S =
- Measurements of muonic X-rays and gammas from Al and Ti

Nam Tran (Boston Univeity)
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Alexey Petrov (University of South Carolina) - Muonium-antimuonium oscillations




Calibration T
* Automatic script implemented Al caleatcn

* Better shimming measurements, T

l| ° Better temperature controls
* Better alignment

NMR Technique e

* New Fit Window Optimization method
B it b o prodicion Systematc comection and uncerainty from Run 1[I
+ Improved bad probes (short FID probes) resolutions

* Upgrade Data Quality Cut (DQC) / Production campaign

Interpolation
* Two separate interpolation team (blinded study)
* Improve and upgrade their framework for better precision

®©000 ; ,
SHOT ON MI 10S { . 08/30/2022 15:57

Kyun Woo (Chris) Hong (University of Virginia) - E989 muon g-2; The Magnetic Field Measurement and
Systematics
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Yutaro Sato (Nigata 'University) - presented remotely - J-PARC muon g-2/EDM experiment
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Kalman Szabo (Forschungszentrum Julich & University of Wuppertal) - Hadron Vacuum Polarizaton from
lattice QCD
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Michael Doser (CERN) - Pulsed prduction of antihydrogen AEQIS experiment



What's the matter with Antimatter?

®000 —
SHOT ON MI 10S ———— ey 08/31/2022 13:37

Will Bertsche (U. Manchester) - Precision Studies with Trapped Antihydrogen



‘Searchesjfor/neutronloscillations
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SHOT ON MI 10S T e 08/31/2022 14:09

Leah Broussard (ORNL) - Searches for neutron oscillations with HIBEAM and NNBAR
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Sergey Syritsyn (Stony Brook U.) - Baryon number-violating amplitudes on a lattice




Yu-Dai Tsai (UC Irvine) - presented remotely - Dark Sector at the High Intensity Frontier: Theory Overview
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Matt Citron (UC Santa Barbara) - Future LHC Based Dark Sector Searches




@000
SHOT ON MI 10S 08/31/2022 16:20

Matthew Solt (University of Virginia) - Dark Matter at Accelerators - The Heavy Photon Search and the Light
Dark Matter eXperiment
e
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Bertrand Echenard (Caltech) - Dark Sector Searches at BaBar
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Oliver Jevons (University of Glasgow) - APEX: A Dark Matter Search at Jefferson Lab Hall

—



Allison Zec (University of New Hampshire) - Neutral Weak F.brmFactor Me-ésurements from the PREX-Il and
CREX Experiments
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Devi Adhikari (Virginia Tech) - Parity-Violating Electron Scattering as a Test of the Standard Model




Murad Sarsour (Georgia State University) - Neutron Measurements to Probe the Hadronic Weak Interaction
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Dave DeMille (University of Chicago and Argonne National Lab) - ZOMBIES: an experiment to measure
nuclear anapole moments
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1 problem!

Many recent results on hydrogen

| Status of the Proton Radius Puzzle = J

|
s

Evie Downie (George Washington University) - presented remotely - The MUSE Experiment and the Proton
Radius Puzzle




Tyler Hague (Berkeley Lab) - The PRad experiment and the Proton Radius Puzzle



Sungwoo Park (Jefferson Lab) - Lattice calculation of the proton charge radius



