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Frontier	for	Rare	Processes	and	Precision	Measurements

“Table-top”	experiments

26

(Tom Blum/Peter Winter)

(Angelo Di Canto/Stefan Meinel)

(Evgueni Goudzovski/Emilie Passemar)

(Pavel Fileviez Perez/Andrea Pocar)

(Bertrand Echenard/Sacha Davidson)

(Mike Williams/Stefania Gori)

(Tomasz Skwarnicki/Richard Lebed)

Accelerator-based	experiments

Frontier	summary:	searches	for	new	(rare)	phenomena	with	precision	measurements



Alexey A Petrov (WSU) 2022 June FNAL PAC Meeting

RP	Frontier	goals

• Key	phenomena	addressed	by	the	Frontier:	

– what	is	the	nature	of	New	Physics?	

– what	is	the	nature	of	flavor?	

– what	is	the	nature	of	Dark	Matter?

– what	is	the	origin	of	matter-antimatter	imbalance?

– are	there	new	symmetries	of	Nature?	

– are	space-time	symmetries	of	Nature	broken?


• The	experimental	information	can	be	obtained	

– from	precision	studies	of	low-energy	observables

– from	transitions	into	invisible	final	states


• What	theoretical	precision	is	needed	to	reach	conclusions?

Theoretical	tools:	perturbative	QCD,	EFTs,	lattice,	models

25
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Reach	of	precision	physics

24

A.	Di	Canto,	S.	Meinel
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Flavor	anomalies	and	B-decays	(RF1)	

• Recent	anomalies	in	electroweak	rare	B-decays	(LHCb:	CERN	expts)

– most	mediated	by	quark-level	 	transitions,	also	b → sℓ+ℓ− b → cℓνℓ
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– anomalies	related	to	lepton-flavor	universality	(LFU)	violations	
are	not	easy	to	explain	by	SM	hadronic	effects

Need	independent	checks!
,
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Flavor	anomalies	and	B-decays	(RF1/RF6)	

• Recent	anomalies	in	electroweak	rare	B-decays	(CERN	expts)

– most	mediated	quark-level	 	transitions,	also	 


– …	if	New	Physics:	can	affect	other	transitions,	like	 ?


– …	see	in	exclusive	 	mode	(Belle	II)

b → sℓ+ℓ− b → cℓνℓ

b → sνν̄
B → K(*)νν̄

Belle	II	(Moriond	21)

Crivellin	et	al

– 	final	state	is	detected	as	missing	energy:	dark	sector?	νν̄ B+ → K+a?
Maybe	a	1 	excess?	σ

These	measurements	show	complementarity	of	different	flavor	experiments

ν

ν̄
or

22
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Complementarity	of	different	heavy	flavor	experiments	

21

A.	Di	Canto,	S.	Meinel
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Timeline	of	heavy-flavor	experiments	(RF1)	

20

A.	Di	Canto,	S.	Meinel
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CKM	first	row	unitarity	problem	(RF2)	

19

E.	Goudzovski,	E.	Passemar

How	robust	are	theoretical	extractions	of	 	and	 ?Vud Vus
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Physics	of	light	quark	activities	(RF2)	

18

E.	Goudzovski,	E.	Passemar
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Anomalies	and	precision	muon	physics	(RF3)

P.	Winter	(ANL)

arXiv: 2006.04822
https://muon-gm2- theory.illinois.edu/white-paper/ 

• Muon	g-2:	look	for	radiative	corrections	due	to	New	Physics

– magnetic	moment:	 	with	 


– in	terms	of	form-factors:	

ℋM = − ⃗μ ⋅ ⃗B ⃗μ = g
e

2m
⃗s

aμ =
g − 2

2
= F2(0)

17

Pre-4/8/2021
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Anomalies	and	precision	muon	physics	(RF3)

FNAL (g-2):

• Muon	g-2:	look	for	radiative	corrections	due	to	New	Physics

– magnetic	moment:	 	with	 


– in	terms	of	form-factors:	

ℋM = − ⃗μ ⋅ ⃗B ⃗μ = g
e

2m
⃗s

aμ =
g − 2

2
= F2(0)
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Outlook	for	muon	g-2	experiments

P.	Winter	(ANL)

15
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Theoretical	issues…

• Independent	lattice	computations	of	HVP

• Data-driven	estimates	of	hadronic	vacuum	polarization	(HVP)


– discrepancy	between	KLOE	and	BaBar	data	used	in	HVP

Leading	order Vacuum	polarization Light-by-light	scattering

– need	radiative	return	Belle	II	data	to	eliminate	the	discrepancy


– -decay	data	is	not	currently	used:	Belle	II	+	lattice?τ
14
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Discrete	symmetries:	Electric	Dipole	Moments	(RF3)
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magnetometer, the statistical uncertainty of a single frequency
measurement for constant signal and SNR is given by σω ¼ffiffiffiffiffi
12

p
=ðτ½SNR$Þ (Chupp et al., 1994; Chibane et al., 1995),

where SNR generally increases as
ffiffiffi
τ

p
. The EDM sensitivity

for a pair of frequency measurements with opposite electric
field each lasting a time τ therefore scales as

σd ≳ ℏJ
E

1ffiffiffiffiffiffiffi
2N

p τ−1 ðcountingÞ;

σd ≳ ℏJ
E

ffiffiffi
3

π

r
vn
V0

τ−3=2 ðphase noiseÞ: ð6Þ

Here V0 is the signal size and vn
ffiffiffiffi
B

p
is the noise in a

bandwidth B ¼ 1=ð2πτÞ, with B in Hz.
The experimental challenges are to have the largest possible

electric field magnitude E, the longest possible τ, and the
highest possible N or V0=vn. Additionally an ideally small,

stable, andwell-characterized appliedmagnetic field is required
to suppress frequency fluctuations due to changes in the
magnetic-moment interaction μ⃗ · B⃗. Experimenters also strive
to find systems in which the EDM is in some way enhanced,
basically due to a large intrinsic (P-even,T-even) electric dipole
moment and/or increased electric polarizability of the system,
which is the case for a molecule or an atomic nucleus with
octupole collectivity. To date all EDM searches (see Table I),
including the neutron, atoms (Cs, Tl, Xe, Hg, and Ra) and
molecules (TlF, YbF, ThO, and HfFþ), have results consistent
with zero but also consistent with the standard model.
Figure 1 shows the connections from fundamental

theory, including standard-model and beyond-standard-model
physics, through a series of theory levels at different energy
scales to the experimentally accessible P-odd and T-odd
observables in a variety of systems. SM CP violation arises
from a complex phase in the Cabibbo-Kobayashi-Maskawa

FIG. 1. The connections from a fundamental theory at a high-energy scale to an EDM in a measurable low-energy system. The dashed
boxes indicate levels dominated by theory, and the solid boxes identify systems that are the object of current and future experiments. The
fundamental CP-violating Lagrangian at the top, a combination of SM and BSM physics, is reduced to the set of effective-field-theory
Wilson coefficients that characterize interactions at the electroweak energy scale of ≈300 GeV, the vacuum expectation value of the
Higgs. The set of low-energy parameters defined in Sec. II enters calculations that connect the electroweak-scale Wilson coefficients
directly to electrons and nuclei. Finally atomic, molecular, and condensed-matter structure calculations connect the low-energy
parameters to the observables in experimentally accessible systems.

Chupp et al.: Electric dipole moments of atoms, molecules, …

Rev. Mod. Phys., Vol. 91, No. 1, January–March 2019 015001-3

M.	Pospelov	and	A.	Ritz,		Ann.	Phys.	318	(2005)	119. T.	Chupp,	et	al,	RMP	91(2019)

• Studies	of	discrete	symmetry	breaking	(C/P/CP/CPT)

– probe	BSM	physics	(a	single	source	of	CPV	in	the	SM)

– EDMs	probe	CP-violation

– different	systems	sensitive	to	EDMs	of	different	particles


• paramagnetic	atoms	sensitive	to	(unpaired)	electron	edm

• diamagnetic	atoms	sensitive	to	nucleus	edm	and	less	to	e-edm

13
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Discrete	symmetries:	EDM	experiments	(RF3)

• EDM	measurements	are	done	around	the	world

– good	prospects	for	improvement	of	current	limits

12

T.	Blum	(UConn)
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Lorentz	and	CPT-symmetry	tests	(RF3)	

11

T.	Blum,	P.	Winter
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Baryon	and	lepton	number	violation	(RF4)

10
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Precision	lepton	physics	(RF5)

★	Why	study	flavor-changing	neutral	currents	(FCNC)?	
★	No	basic	FCNC	vertices	in	the	Standard	Model:	sensitive	NP	tests

★	Resurgence	of	experimental	studies	in	a	lepton	sector


-		lepton-flavor	violating	processes

-	μ	→	eγ,	τ	→eγ,	etc.

-	μ	→	eee,	τ	→	μee,	etc.

-	μ+e-	→	e-μ+	

-	Z0	→	μe,	τe,	etc.

-	H	→	μe,	τe,	etc.

-	K0	(B0,	D0,	...)	→	μe,	τe,	etc.	

-	K+	(B+,	D+,	...)	→	π+μe,	π+τe,	etc.	

-	μ-	+	(A,	Z)	→	e-	+	(A,	Z)

-	e-	+	(A,	Z)	→	μ-/τ-	+	(A,	Z)


-	lepton	number	and	lepton-flavor	violating	processes

-	(A,	Z)	→	(A,	Z±2)	+	e∓e∓

-	μ-	+	(A,	Z)	→	e+	+	(A,	Z-2)

★	Highly	suppressed	in	the	Standard	Model,	e.g. Br(µ! e�) =
3↵

32⇡

�����
X

i

U⇤
µiUei

m2
⌫i

M2
W

�����

2

< 10�54

Exp:	new	muon	facilities.	Theo:	EFT	computations	of	nuclear	effects
9
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Charged	lepton	flavor	violation	(RF5)	

8

B.	Echenard,	S.	Davidson
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Possibilities	for	future	muon	experiments	at	FNAL	(RF5)	

7
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Advanced	muon	facility	at	FNAL	(RF5)	

6
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Other	topics:	QCD	vs	New	Physics

• Proton’s	radius	from	muonic	hydrogen:	any	New	Physics?

Remove	proton	radius	issue	from	the	problem:	atomic	physics	with	muonium?

★ They	are	also	sensitive	to	QED	radiative	corrections

★ Are	there	possible	light	New	Physics	particles	that	are	

responsible	for	this	difference?	

★ Level	splittings	(e.g.	Lamb	shift)	are	sensitive	to	the	
charge	radius	of	the	proton

Barger	et	al,	PRL	106	(2011)	153001
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Dark	Sector	studies	(RF6)

S.	Gori

4
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New	phenomena	in	QCD	(RF7)

• Recent	experiments:	multitude	of	new	states

– many	cannot	be	explained	as	 	states

– most	in	the	heavy	quark	sector	(e.g.,	X(3872))


– 54	observed	exotics	(incl	pentaquarks)

– 44	charmonium-like

– 5	containing	b-quark

– 1	with	a	signle	b-quark	(bsud)


– 15	states	confirmed	at	included	in	the	PDG

– many	more	to	be	discovered!


• What	are	they?	Molecules?	Hybrids?	…

– Quantum	Mechanics:	mixed	

– theoretical	description:	models,	lattice?	

– relation	to	fundamental	QCD	phenomena

qq̄

S.	Godfrey	and	S.	Olsen,	

Ann.	Rev.	Nucl.	Part.	Sci.	58	(2008)	51

T.	Skwarnicki,	R.	Lebed

or

3
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New	phenomena	in	QCD	(RF7)

R.	Lebed

2
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Things	to	take	home
• Flavor	physics	is	a	very	exciting	field	at	the	moment


– B-physics:	CKM	measurements	and	B-mixing	to	constrain	NP

– B-physics	anomalies:	first	glimpse	of	New	Physics	or	not?

– Charm	physics:	CP-violation	with	up-type	quarks	(LHCb/Belle	II)

– Lepton	flavor	physics:	bright	future	(Mu2e/COMET	 	muon	collider)?

– The	most	promising	hints	of	new	physics	from	the	LHC	are	from	flavor


• EDMs	provide	powerful	probes	of	New	Physics	with	more	reach	than	
direct	searches	and	provide	complimentary	information

– electron	EDM	down	to	10-31	e-cm	in	10	years


• Magnetic	dipole	moments	(electron,	muon)	have	research	timelines	
that	span	the	next	decade

– muon	g-2	results	might	help	to	clarify	the	path	forward


• Precise	tests	of	SM	in	parity	violation	ongoing	(JLab,	Mainz)

• AMO	techniques	help	probe	the	whole	spectrum	of	BSM	physics

• Precision	hadron	spectroscopy:	new	phenomena	in	QCD

→

1
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Effective	Lagrangians	and	CP-violation

B.	Yoon

-1
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R.	Bernstein	(FNAL)

-2
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Muons:	examples	of	current	puzzles	

• Muon’s	magnetic	properties:	a	=	(g-2)/2:
<latexit sha1_base64="kFHZhvlD/fzL/Sr97XPuBDojq8A=">AAACCXicbVBNS8NAEN34WetX1KOXxSJ4KklR9CIUvXisYD+gCWWznbRLd5OwuymUkKsX/4oXD4p49R9489+4bXPQ1gcDj/dmmJkXJJwp7Tjf1srq2vrGZmmrvL2zu7dvHxy2VJxKCk0a81h2AqKAswiammkOnUQCEQGHdjC6nfrtMUjF4uhBTxLwBRlELGSUaCP1bOyNgWJPpPgaD7AXSkIzyLOayOeO6tkVp+rMgJeJW5AKKtDo2V9eP6apgEhTTpTquk6i/YxIzSiHvOylChJCR2QAXUMjIkD52eyTHJ8apY/DWJqKNJ6pvycyIpSaiMB0CqKHatGbiv953VSHV37GoiTVENH5ojDlWMd4GgvuMwlU84khhEpmbsV0SEwa2oRXNiG4iy8vk1at6l5UnfvzSv2miKOEjtEJOkMuukR1dIcaqIkoekTP6BW9WU/Wi/VufcxbV6xi5gj9gfX5A860mSQ=</latexit>

~µ = g
e

2m
~s

- there	is	a	>3	sigma	discrepancy	between	the	
theoretical	prediction	and	exp.	measurement

Are	there	possible	heavy	New	Physics	particles	that	are	responsible	for	this	difference?	

Lindner	et	al
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Other	BSM	searches	with	AMO

Marianna	Safronova	(UDel)

-4
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Letters	of	Interest	(LOIs)	

• 214	LOIs	submitted	to	RPF

– physics,	devices/experiments,	facilities

– example	distribution	for	RF3-5	and	RF1:

-5

– exploration	of	recent	experimental	(flavor)	anomalies:	New	Physics	nearby?
– LOIs:	RF1:	28	RF2:	8,	RF4:	31,	RF5:	9	
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Community	input

Letters	of	Interest	(submission	period:	April	1,	2020	–	August	31,	2020) 
Letters	of	interest	allow	Snowmass	conveners	to	see	what	proposals	to	expect	and	to	encourage	the	
community	to	begin	studying	them.	They	helped	conveners	to	prepare	the	Snowmass	Planning	
Meeting	that	took	place	on	October	5	-	8,	2020	at	Fermilab	on	Zoom.	Letters	should	give	brief	
descriptions	of	the	proposal	and	cite	the	relevant	papers	to	study.	Instructions	for	submitting	letters	
are	available	at	https://snowmass21.org/loi.	Authors	of	the	letters	are	encouraged	to	submit	a	full	
writeup	for	their	work	as	a	contributed	paper.


Contributed	Papers	(submission	period:	April	1,	2020	–	March	15,	2022) 
Contributed	papers	will	be	part	of	the	Snowmass	proceedings.	They	may	include	white	papers	on	
specific	scientific	areas,	technical	articles	presenting	new	results	on	relevant	physics	topics,	and	
reasoned	expressions	of	physics	priorities,	including	those	related	to	community	involvement.	
These	papers	and	discussions	throughout	the	Snowmass	process	will	help	shape	the	long-term	
strategy	of	particle	physics	in	the	U.S.	Contributed	papers	will	remain	part	of	the	permanent	record	
of	Snowmass	2021.	Instructions	for	submitting	contributed	papers	are	available	at	https://
snowmass21.org/submissions/			(both	solicited	and	non-solicited)


Final	Product:	Snowmass	Report	(submission:	30	September	2022)

The	Town	Hall	meeting	was	held	in	response	to	Letters	of	Interest	(LOIs)	submitted	to	our	Frontier.	
It	offered	the	submitters	of	LOIs	a	chance	to	make	presentations	on	the	topic	of	their	LOIs.

-6

https://snowmass21.org/loi
https://snowmass21.org/submissions/
https://snowmass21.org/submissions/

