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D A N I E L  D O M I N G U E Z / C E R N

W H AT  W E  K N O W  A B O U T  N AT U R E

T H R E E  C O P I E S  ( F L AV O R S )
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W H AT  W E  K N O W  A B O U T  N AT U R E

1019 GeV

100 GeV

1 GeV

1 MeV

Higgs mass

Proton mass

Electron mass

Planck Scale
(Qu. Grav.)
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Why is the Higgs light
Why are there 3 flavors with 
identical quantum numbers?

W H AT  W E  K N O W  B U T  F I N D  P U Z Z L I N G

A P S / A L A N  S T O N E B R E A K E R

C E R N / J I M  P I VA R S K I
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W H AT  W E  K N O W  W E  D O N ’ T  K N O W .  

Dark matter
Baryon asymmetry

Neutrino mass origin 
K AT R I N  E X P E R I M E N T

N .  J E F F R E Y  /  D A R K  E N E R G Y  
S U RV E Y  C O L L A B O R AT I O N



Dark Matter
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• Gravitating mass but 
unknown particle. 


• Evidence from astrophysics 
and cosmology.


• Many open questions! 

E S A / P L A N C K  C O L L A B O R AT I O N

M A R I O  D E L E O /  W I K I P E D I A  



A Thermal  Paradigm
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• Thermally produced 
dark matter. 


• A compelling 
mechanism.


• Below 1 GeV requires a 
mediator. 


• Options include dark 
photon. 



A Thermal  Paradigm
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• Thermally produced 
dark matter. 


• A compelling 
mechanism.


• Below 1 GeV requires 
a mediator. 

Strong   
Motivation  

Below  1 Ge V
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T H I S  M A K E S  
N E U T R I N O S  S P E C I A L

F E R M I O N  M A S S E S  I N  N AT U R E
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Neutrino Masses &  Oscillations

N E U T R I N O S  C H A N G E  F L AV O R   

T H E R E F O R E  

N E U T R I N O S  H AV E  M A S S

• Speed of light  clocks don't tick.


• Neutrinos change flavor  massive.

→
→
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• If SM were to hold up to the 
Planck scale then we predict 
         


• But SNO & Super-K 
measured.

m2
ν ≲ 10−8 eV2 m2

1 − m2
2 ∼ 10−5 eV2

m2
1 − m2

3 ∼ 10−3 eV2

F I R S T  L A B O R AT O RY  

E V I D E N C E  O F  P H Y S I C S  

B E Y O N D  T H E  

S TA N D A R D  M O D E L

S N O - 2 0 0 1

S I M P L E  E F F E C T I V E  F I E L D  T H E O RY  A R G U M E N T
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F L U X  O F  E L E C T R O N  N E U T R I N O S
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• If SM were to hold up to the 
Planck scale then we predict 
         


• But SNO & Super-K 
measured.

m2
ν ≲ 10−8 eV2 m2

1 − m2
2 ∼ 10−5 eV2

m2
1 − m2

3 ∼ 10−3 eV2

F I R S T  L A B O R AT O RY  

E V I D E N C E  O F  P H Y S I C S  

B E Y O N D  T H E  

S TA N D A R D  M O D E L

S N O - 2 0 0 1

S I M P L E  E F F E C T I V E  F I E L D  T H E O RY  A R G U M E N T

N E U T R I N O S  A R E  " H E AV Y "  

T H E R E F O R E  

T H E  S C A L E  O F  N E W  P H Y S I C S  I S  " L O W "  
( B E L O W  P L A N C K  S C A L E )



T H E O R I E S  O F  N E U T R I N O  M A S S
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• The SM does not have 
right-handed neutrinos.  
 ⟹ no* neutrino mass

Majorons

mν ≠ 0 Dirac 
neutrinos

Majorana 
neutrinos

• Neutrinos are their 
own anti-particle.

• A right-handed 
"partner" exists. 

SO(10) 
GUT

Inverse 
See-Saw

Type-I, II, III  
See-Saw

Zee-Babu

• Unambiguous 
evidence of 
new physics.  

• All have new 
particles.


• Can search for 
visible decays. 
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W H E R E  S H O U L D  W E  L O O K ?

M A N Y  T O O L S  AT  
" M E D I U M "  E N E R G Y

Energy Scales in the Standard Model 

A L L O W S  F O R  V E RY  
H I G H  L U M I N O S I T Y
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100 GeV

1 GeV

1 MeV

Higgs mass

Proton mass

Electron mass

(Qu. Grav.)

A  U V- A G N O S T I C  S T R AT E G Y  

Majorons

mν ≠ 0 Dirac 
neutrinos

Majorana 
neutrinos

• Neutrinos are their 
own anti-particle.

• A right-handed 
"partner" exists. 

SO(10) 
GUT

Inverse 
See-Saw

Type-I, II, III  
See-Saw

Zee-Babu

• Many possible UV completions. 


• Focus: low-energy observables.


• Includes on-shell production!
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N AT U R E ' S  R U L E  B O O K



• Quantum mechanics.


• Special relativity. 


• Acausal observations 
are independent.

Assume

17

N AT U R E ' S  R U L E  B O O K



• Quantum mechanics.


• Special relativity. 


• Acausal observations 
are independent.

Assume

Unique Solution

• Local quantum field theory. 


• Restrictive ruleset. 
17

N AT U R E ' S  R U L E  B O O K



• Quantum mechanics.


• Special relativity. 


• Acausal observations 
are independent.

Assume

Unique Solution

• Local quantum field theory. 


• Restrictive ruleset. 
17

N AT U R E ' S  R U L E  B O O K
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D A R K  S E C T O R S  |   S TA N D A R D  M O D E L ,   P O RTA L S ,  &  D A R K  S E C T O R S

• If light new physics exists 
it can't feel known forces.  

• Possibly complex dark 
sector (e.g. SM-like).  

• Few interactions 
available. 

• Focus on "portals".

SM

Dark 

Sector

Portal

" M I X I N G "
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V E C T O R  
P O RTA L

N E U T R I N O  
P O RTA L

A X I O N  
P O RTA L

• Neutrinos 
(weak). 

• Pions, kaons. 
(strong). 

• Electrons/Photons 
(electric & magnetic).

D A R K  S E C T O R S  |   S TA N D A R D  M O D E L ,   P O RTA L S ,  &  D A R K  S E C T O R S

SM

Dark 

Sector

Portal LHN

F′￼μνBμν

H†H |S |2

(∂μa)Jμ

V E C T O R  P O RTA L

H I G G S  P O RTA L

N E U T R I N O  P O RTA L

A X I O N  P O RTA L
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I L L U S T R AT I V E  E X A M P L E S

Li − Lj

B − L
• Anomaly free . 
 

• pNGB == ALP  
 

• Heavy Majorana 
neutrino. 

U(1)

1
fa

∂μaJμ

LHN N → e+e−ν

V → e+e−

a → γγ
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B E N C H M A R K  M O D E L S

• Representative. 
• Non-exhaustive.  
• Overlapping 
coverage.  

•  Simplified  
models.  
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B E N C H M A R K :  D A R K  P H O T O N
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D A R K  M AT E R  TA R G E T S

R E L .  K I N E M AT I C SN R  K I N E M AT I C S

N E C E S S A RY  F O R  
T H E R M A L  D M



D A R K  M AT T E R   
TA R G E T S  AT   

A C C E L E R AT O R S

• Relic abundance 
is predictive.


• Well defined 
targets. 


• Can search for 
dark matter  
"in the lab". 

C
O

U
P

L
IN

G

M A S S  I N  M E V

 A R X I V: 1 7 0 7 . 0 4 5 9 1

N E W  I D E A S  I N  D A R K  M AT T E R  ( 2 0 1 7 )  

R IGHT  AMOUNT  OF  DM



PA RT  2
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PA RT  1 I N T E N S I T Y  F R O N T I E R

PA RT  3 A C C E L E R AT O R S

N AT U R E ' S  FA C T O R I E ST H E  I N T E N S I T Y  F R O N T I E R

 A  ( D A R K )  M O T I VAT I O N  

S O M E  R E C E N T  W O R K
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PA RT  1 I N T E N S I T Y  F R O N T I E R

PA RT  3 A C C E L E R AT O R S

N AT U R E ' S  FA C T O R I E ST H E  I N T E N S I T Y  F R O N T I E R

 A  ( D A R K )  M O T I VAT I O N  

S O M E  R E C E N T  W O R K
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H I G H  I N T E N S I T Y  B E A M S  
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• Use high energy beams 
to make dark particles. 


• Detect the dark particles 
that are produced. 

H I G H  I N T E N S I T Y  B E A M S  
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E X A M P L E :  N E U T R I N O  B E A M S  

• Neutrino beams. 


• High intensity proton source.


• Smashed into thick target. 


• Produced in meson decays.

π+ → μ+νμ

pA → πX
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R E U S I N G  N E U T R I N O  B E A M S  F O R  B S M

• Turn off horns: suppress background rate


• Collide with "dump" instead of target. 


• Very successful run at MiniBooNE. 



30Beam pipe (optional) detectortarget

B E A M  D U M P S !

S H I P

dirt

C O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P S



31Beam target

D A R K  V E C T O R S

S H I P

C O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P S

π0 → γV
pA → VX
pA → VX detector

V → e+e−

Vn → pπ−

Ve → Ve

C O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P S



32Beam target

R I G H T- H A N D E D  N E U T R I N O S

S H I P

K+ → Nℓ
π+ → Nℓ

B̄+ → Nℓ detector

N → e+e−ν
N → νγ

C O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P SC O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P S



33Beam target

A X I O N  L I K E  PA RT I C L E S

S H I P

γγ* → a
K → πa

eA → eAa
detector

a → γγ

a → e+e−

C O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P SC O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P S



34Beam target

S H I P

detector

P R O D U C T I O N D E T E C T I O N

C O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P SC O N C E P T U A L  O V E RV I E W  O F  B E A M  D U M P S



 L E V E R A G E  N AT U R A L  S O U R C E S
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Cosmic rays
• Scattering with 

dark matter. 

• Make dark particles in 
atmosphere.  

• Novel search strategies. 

H A R N I K ,  R P,  P O S P E L O V,  
R A M A N I  ( 2 0 2 0 )

R P,  TA K H I S T O V,  T S A I ,  B R I N G M A N N ,  
K U S E N K O ,  P O S P E L O V  ( 2 0 2 0 )



M U LT I P L E  A D VA N TA G E S
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Big volumes

Long length scales

Long exposures

S U P E R - K A M I O K A N D E
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• Beam dumps fail if 
particle decays quickly. 


• Can build detector 
closer to interaction. 


• Smaller luminosity and 
so bigger couplings. 

P R O M P T  S E A R C H E S  

e+e− → a → γγ
B U M P  H U N T  I N  (q1 + q2)2
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• Huge statistical sample 
of SM particles. 


• Look for controlled rare 
decay modes.


• Can also look for exotic 
neutrino scattering.

R A R E  E V E N T S  μ+ → e+e+e−

K+ → π+a
π+ → e+N
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• Lepton flavor is not conserved.

μ → eγ μ → eee μp → ep
S E A R C H  F O R  T H E S E  P R O C E S S E S

A N Y  S I G N A L  I S  P R O O F  O F  N E W  P H Y S I C S

S P E C I A L  F E AT U R E :  C L F V



F I V E  O R D E R S  O F  
M A G N I T U D E  J U M P !
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• There will be an 
enormous jump in 
sensitivity. 

S P E C I A L  F E AT U R E :  C L F V
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• Search for anomalous 
missing energy. 


• Requires excellent 
background rejection.


• Examples: NA64, LDMX,  
FASER . ν

M I S S I N G  E N E R G Y / M O M E N T U M

eA → eA + E

eA → eA + pT
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B E N C H M A R K :  D A R K  P H O T O N

BEAM DUMPS

P R O M P T  S E A R C H E S

R A R E - D E C AY



PA RT  2
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PA RT  1 I N T E N S I T Y  F R O N T I E R

PA RT  3 A C C E L E R AT O R S

N AT U R E ' S  FA C T O R I E ST H E  I N T E N S I T Y  F R O N T I E R

S O M E  R E C E N T  W O R K

 A  ( D A R K )  M O T I VAT I O N  



PA RT  2
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PA RT  1 I N T E N S I T Y  F R O N T I E R

PA RT  3 A C C E L E R AT O R S

N AT U R E ' S  FA C T O R I E ST H E  I N T E N S I T Y  F R O N T I E R

S O M E  R E C E N T  W O R K

 A  ( D A R K )  M O T I VAT I O N  
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Old  Idea  In   New  Places 
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K N A P E N ,  L I N ,  L O U ,  M E L I A  P R L  ( 2 0 1 6 )

๏Compromise between 
energy and intensity. 

Ultra-Peripheral   Collisions
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Same  Idea : But   Electron-Ion  Collider
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Using   A  Test   Facility
P I L A R  C O L O M A ,  J A C O B O  L O P E Z - PAV O N ,  L A U R A  
M O L I N A - B U E N O ,  A N D  S A LVA D O R  U R R E A  ( 2 0 2 3 )

P R O T O  D U N E   = = =   D E M O N S T R AT O R
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New  Ideas   In   Old   Places
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p1 + p2 ≠ p3 + p4

Missing momentum

A C A N F O R A ,  F R A N C E S C H I N I ,  M A S T R O D D I ,  R E D I G O L O  J H E P  ( 2 0 2 4 )

๏New ideas for signals in very well 
established settings

Axions  At   B-Factories 
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Using   Cosmic   Rays 

P L E S T I D ,  TA K H I S T O V,  T S A I , ,  B R I N G M A N N ,  K U S E N K O ,  P O S P E L O V  ( 2 0 2 0 )  

M I L L I C H A R G E D   PA RT I C L E S  



S E E  A L S O :  E M A ,  H A M A G U C H I ,  M O R O I ,  N A K AYA M A  J H E P ( 2 0 1 7 ) 51

yff′￼
∼ ( ⟨Φ⟩

Λ )
[ f ]+[ f′￼] αs

8π
a
fa

GG̃ +
E
N

α
8π

a
fa

FF̃

๏Choose Froggatt-Nielsen charges to 
explain flavor. 

A N O M A LY  C O E F F I C I E N T S

๏Froggatt-Nielsen charges fix the 
anomaly coefficients. 

๏Natural choices give a "cannonical" 
QCD-axion!

C A L I B B I ,  G O E RT Z ,  R E D I G O L O ,  Z I E G L E R ,  Z U PA N  P R D  ( 2 0 1 7 )

Connections   To   Flavour



S E E  A L S O :  E M A ,  H A M A G U C H I ,  M O R O I ,  N A K AYA M A  J H E P ( 2 0 1 7 ) 52

yff′￼
∼ ( ⟨Φ⟩

Λ )
[ f ]+[ f′￼] αs

8π
a
fa

GG̃ +
E
N

α
8π

a
fa

FF̃

๏Choose Froggatt-Nielsen charges to 
explain flavor. 

๏Froggatt-Nielsen charges fix the 
anomaly coefficients. 

๏Natural choices give a "cannonical" 
QCD-axion!

C A L I B B I ,  G O E RT Z ,  R E D I G O L O ,  Z I E G L E R ,  Z U PA N  P R D  ( 2 0 1 7 )

Connections   To   Flavour

C A M A L I C H ,  P O S P E L O V,  V U O N G ,  Z I E G L E R ,  Z U PA N  P R D  ( 2 0 2 0 )  
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High  Statistics  Decays  At   Rest
Bump   Hunts  At   Low   Energies

E M A ,  L I U ,  R P,   
P H Y S  R E V  D .  1 0 9

H I L L ,  R P,  Z U PA N  
P H Y S  R E V  D .  1 0 9



R A R E  B U T  K I N E M AT I C A L LY  D I S T I N C T I V E

L I G H T  N E W  P H Y S I C S
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• Strategy 1:  Measure energy of 
electron very precisely.


• Strategy 2: Look for decay of X

T W O  B O D Y  D E C AY S  AT  R E S T

μ → eX
π → eX
K → πX

PA RT I C L E - X  H A S  F I X E D  
E N E R G Y

X → γγ



E X A M P L E :  M U 2 E  AT  F E R M I L A B

56

S I G N A L

S E A R C H  F O R  B U M P  AT  E N D P O I N T

μ−

F R O N T.  P H Y S .  ( 2 0 1 9 )

μ− + 27Al → e− + 27Al



E X A M P L E :  M U 2 E

57

S I G N A L

H I G H  E N E R G Y  e− S E A R C H  F O R  B U M P  AT  E N D P O I N T

e−

E X A M P L E :  M U 2 E  AT  F E R M I L A B
F R O N T.  P H Y S .  ( 2 0 1 9 )

μ− + 27Al → e− + 27Al



R A R E  B U T  K I N E M AT I C A L LY  D I S T I N C T I V E

L I G H T  N E W  P H Y S I C S
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• Detector lets low energy 
positrons through.  

• Lower magnetic-field enables 
low-energy positron detection. 

μ+ → e+X

F R O N T.  P H Y S .  ( 2 0 1 9 )

P L A N N E D   C A L L I B R AT I O Nμ+
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• Data driven background.  

• Search is statistics driven.   
 
                 S/ B

0.0 0.2 0.4 0.6 0.8 1.0 1.2
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N
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S
S = signal B = background
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P R O B L E M :  L O W  M A S S   B U M P  I S  O N  E D G E  →

K N A P E N ,  L A N G H O F F,  O P F E R K U C H ,  R E D I G O L O  A R X I V  ( 2 0 2 3 )

• Change the signal! 

• Use Mu3e.  

• Suppresses QED  
backgrounds.  

• Take advantage  
of excellent vertex 
resolution. 
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• The  comes from .  

• There are still  

• Can do a search for 

μ+ π+

∼ 1010 π+
B E R N S T E I N .  ( 2 0 1 9 )  

π+ → e+X

F R O N T.  P H Y S .  ( 2 0 1 9 )

 D E C AY S  T O   I N  P I P Eπ+ μ+

P O T E N T I A L   C A L L I B R AT I O Nπ+
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W O R L D  L E A D I N G  R E A C H  
π+

H I L L ,  R P,  Z U PA N  
P H Y S  R E V  D .  1 0 9

M A S S  O F  N E W  PA RT I C L E     [ M E V ]

C
O

U
P

L
IN

G
 T

O
 N

E
U

T
R

IN
O

S

M I X I N G  W I T H  E L E C T R O N  N E U T R I N O S
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O T H E R  F U T U R E  FA C I L I T I E S E X I S T I N G  B O U N D S

N E W  R E A C H
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 @  J - PA R CJSNS2

P R O P O S E D  T O  T E S T   
L S N D  A N O M A LY

TA K I N G  D ATA  N O W
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protons

3 GeV

pp → pp π+ scatter

Neutrino

S C I N T I L L AT O R / D E T E C T O R

π+ → μ+νμ

J S N S  :  A  N E U T R I N O  E X P E R I M E N T2

P R O T O N  C O L L I S I O N S  M A K E  P I O N S
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protons

3 GeV

pp → pp K+ decay

Long lived particle

S C I N T I L L AT O R / D E T E C T O R

K → πa

a → γγ

J S N S  H A S  A  H I G H  E N O U G H  B E A M  E N E R G Y.   

C A N  U S E  K A O N  D E C AY  AT  R E S T   S I G N A L .∼ 240 MeV

J S N S  :  K A O N  D E C AY S2 A X I O N  
P O RTA L
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S E N S I T I V I T Y  :   G L U O N - D O M I N A N C E

• Axion that couples to 
gluons (strong force).  

• KDAR projections for 
JSNS-2 are world 
leading.  

• New use for high 
energy data region.

A X I O N  
P O RTA L

E M A ,  L I U ,  R P,   
P H Y S  R E V  D .  1 0 9

C
O

U
P

L
IN

G
 T

O
  

S
T

R
O

N
G

 F
O

R
C

E

N E W  PA RT I C L E  M A S S   [ G E V ]
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R E L AT E D  I D E A S  E X P L O R E D  I N  PA S T

• Previously considered at 
MicroBooNE.  

• See also: 



70

Cascade  Production  In  Beam   Dumps
Getting  More  Juice  Out   Of   The   Orange 

V E C T O R  
P O RTA L

B L I N O V,  F O X ,  K E L LY,  M A C H A D O ,  R P   
J H E P  0 7  ( 2 0 2 4 )
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Secondary   Production

protons

γ

e±

(10 − 100) GeV

pp → ppπ0

π0 → γγ
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S M   Event     B S M   Event→
e± e±

γ

nucleus

• Consider an event in a 
MC event record.

e± e±

V

nucleus

• How do we use this to 
generate BSM events?

V E C T O R  
P O RTA L
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S M   Event   Record     B S M   Event  Record→
γ

e+
e−

γ e− γ γ

γ e−
e+

C O M P T O N

A N N I H I L AT I O N

PA I R  P R O D U C T I O N

B R E M S S T R A H L U N G

D A R K  
P R O D U C T I O N

e+

e+ V
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Implemented    In   P E T I T E   

H T T P S : / / G I T H U B . C O M / K J K E L LY P H Y S / P E T I T E

B L I N O V,  F O X ,  K E L LY,  M A C H A D O ,  R P   
J H E P  0 7  ( 2 0 2 4 )
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Quick  Intro   To   S Hi P

400 GeV
P R O T O N  B E A M  

P R O T O N S  O N  TA R G E T

6 × 1020

D E C AY  P I P E  

∼ 30 − 80 m

• To be located at CERN.  

• Excellent sensitivity to long-lived particles.  

• Frontier experiment in this field. 

S H I P  C O L L A B O R AT I O N
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 Vector  That   Talks  Mostly  With  Electrons

{
Huge   Shift    In   Flux 
• There are more chances to 

produce a dark photon.  

• Later in the cascade have 
lower energy  short-lived. 

• Coupling to mesons is weaker 
than electrons.
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Beam pipe detectortarget

Application  To   Axion-Like   Particles
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J E R H O T,  D O B R I C H ,  E RTA S ,  K A H L H O E F E R ,  S PA D A R O  J H E P  ( 2 0 2 2 )

๏Only includes 
primary photons.  

๏  Secondary 
production in the 
dump can by 
substantial. 

Past  Work  On  A L Ps  Coupled  To  γγ
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W I T H  S .  PAT R O N E  &  N .  B L I N O V  |  2 5 0 9 . 1 4 3 1 0

Including   An  E M  Cascade
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Related  Work:  Atomic  Binding   Effects
e+e− → X(nγ)

๏  Positron annihilation on   
 atomic electrons.  

๏  Velocity distribution of  
 electrons sculpts cross-section. 

๏  Can enhance reach by 
increasing eff. c.o.m. energy
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Re-Visiting   Gauged   Lμ − Lτ

๏  Revisited limits on a notoriously  
 difficult model to test.  

๏  New supernova analysis.  

๏  Found reach had been  
 previously overestimated. 

TA O  Z H O U
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Summary   &   Conclusions
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The  Intensity  Frontier  Today
• All data is good data.  

• Exciting portfolio of high intensity 
beams below the weak scale.  

• A model-agnostic framework for: 
i) dark sectors, ii) precision, and  
iii) rare decays.  

• Exciting complimentarity with 
neutrino & flavour physics. 
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For  The  Students  In  The   Crowd
1. Theory makes a real impact!  

Can change interpretation by 
orders of magnitude.  

2. Many energy and length scales:  
A rich opportunity to learn about 
physics both old and new.  

3. Every experimental talk ask:  
what else can that thing do? 
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 Backup   Slides



D A R K  M AT T E R   
TA R G E T S  AT   

A C C E L E R AT O R S

• Relic abundance 
is predictive.


• Well defined 
targets. 


• Can search for 
dark matter  
"in the lab". 

C
O

U
P

L
IN

G

M A S S  I N  M E V

 A R X I V: 1 7 0 7 . 0 4 5 9 1

N E W  I D E A S  I N  D A R K  M AT T E R  ( 2 0 1 7 )  

R IGHT  AMOUNT  OF  DM



  For the hierarchy    REarth ≫ Ldecay ≫ Ldetector

87

• Column density scales with decay length.   
 
Conclusion: You make more particles 

• Long decay lengths make decays inside your detector less likely.  
 
Conclusion: Fewer decays per particle. 

R P  ,   P H Y S  R E V  D .  1 0 4



  For the hierarchy    REarth ≫ Ldecay ≫ Ldetector

87

• Column density scales with decay length.   
 
Conclusion: You make more particles 

• Long decay lengths make decays inside your detector less likely.  
 
Conclusion: Fewer decays per particle. 

THESE PERFECTLY CANCEL!

R P  ,   P H Y S  R E V  D .  1 0 4
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Oscillation   Experiments
Ghost -Particles    &   Fundamental  Physics 



N E U T R I N O  O S C I L L AT I O N S

89

|νe(t)⟩

e ℓ

Pee = probability νe → νe

Peμ = probability νe → νμ

Pμe = probability νμ → νe

S O U R C E D E T E C T O R

e±

νe

W±

e+

νe

W+
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M A S S  V S  F L AV O U R  S TAT E S

(νe
νμ) = ( cos θ12 sin θ12

−sin θ12 cos θ12) (ν1
ν2)

|νe(t)⟩ = c12 |ν1⟩ − s12 |ν2⟩
e ℓ

S O U R C E D E T E C T O R

|ν1(t)⟩ = eiE1t |ν1⟩ |ν2(t)⟩ = eiE1t |ν2⟩

F L AV O U R M A S S
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Pee = 1 − 1
2 sin2 2θ + 1

2 sin2 2θ cos(Δω t)

0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0

Pee

Δω t

sin2 2θ

Δω

T W O  F L AV O U R  S C E N A R I O  
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Pee = 1 − 1
2 sin2 2θ + 1

2 sin2 2θ cos(Δω t)

0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0

Pee

Δω t

sin2 2θ

Δω

oscillation frequency ∝
Δm2

E

T W O  F L AV O U R  S C E N A R I O  

Δm2 = m2
1 − m2

2
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Pee = 1 − 1
2 sin2 2θ + 1

2 sin2 2θ cos (Δm2 ×
L
E )

0 5 10 15
0.0

0.2

0.4

0.6

0.8

1.0

Pee

L

sin2 2θ
Δm2

E

T W O  F L AV O U R  S C E N A R I O  

Δm2 = m2
1 − m2

2

ℏ = c = 1
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T H R E E  F L AV O U R  O S C I L L AT I O N S

1 0 0
0 c23 s23

0 −s23 c23

c13 0 s13eiδ

0 1 0
−s13e−iδ 0 c13

c12 s12 0
−s12 c12 0

0 0 1
U =

m2
1 − m2

2

m2
2 − m2

3 ≈ m2
1 − m2

3
J U N O  C O L L A B O R AT I O N



D U N E  :  M E A S U R E  δCP

95

J U N O :  M E A S U R E  H I E R A R C H Y

D U N E  C D R

C A B R E R A  E T  A L  
S C I  R E P  ( 2 0 2 2 )
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T H R E E  F L AV O U R  O S C I L L AT I O N S
P E T E R  D E N T O N
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P E T E R  D E N T O N

T H R E E  F L AV O U R  O S C I L L AT I O N S
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M . V.  D I WA N , 1 V.  G A LY M O V, 2 X .  Q I A N , 1 A N D  A .  R U B B I A  ( 2 0 1 6 )
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J U N O

H Y P E R  
K A M I O K A N D E

T 2 H K   &   D U N E

M.V. Diwan,1 V. Galymov,2 X. Qian,1 and A. Rubbia

M . V.  D I WA N , 1 V.  G A LY M O V, 2 X .  Q I A N , 1 A N D  A .  R U B B I A  ( 2 0 1 6 )
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A C C E L E R AT O R  B A S E D  N E U T R I N O S

T 2 H K   &   D U N E
M . V.  D I WA N , 1 V.  G A LY M O V, 2 X .  Q I A N , 1 A N D  A .  R U B B I A  ( 2 0 1 6 )

Z A M B E L L I  ( 2 0 1 7 )
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A C C E L E R AT O R  B A S E D  N E U T R I N O S

M E A S U R E  N E U T R I N O S  H E R E

M E A S U R E  N E U T R I N O S  H E R E

νμ

νe νμ ντExtract Pμ→e(Eν)

Eν ∼ 1 GeV
M . V.  D I WA N , 1 V.  G A LY M O V, 2 X .  Q I A N , 1 A N D  A .  R U B B I A  ( 2 0 1 6 )



102

C R O S S  S E C T I O N  T H E O RY  

R ∼ NT × Φ × σ
N U M B E R  O F  

TA R G E T S

F L U X   ( )cm−2 s−1

C R O S S  S E C T I O N   ( )cm2

E V E N T  R AT E   ( )s−1
Theory   Input

• Good theory for neutrino cross sections is a crucial 
input for future oscillation experiments. 

• Next generation experiments 
require percent level precision. ∼ 1 %



E X A M P L E :   D U N E  

103

• State of the art liquid argon time 
projection chambers. 


• Unprecedented power & statistics. 
 @ Near Detector.∼ 108 events/yr

S TAT I S T I C S  R I C H ! M I C R O B O O N E

D U N E  C O L L A B O R AT I O N
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N E W  T E C H N O L O G Y  
M E A N S  N E W  S I G N A L S

• Ability to measure 
exclusive final states  
(digitial bubble chamber).


•  Reaction cross sections 
are poorly understood for 
many exclusive channels. 

R E Q U I R E S  N E W  A N D  
B E T T E R  T H E O RY

M I C R O B O O N E
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E X P E R I M E N T S  U S E  N U C L E I

PA RT I C L E  
T H E O RY

D E T E C T O R  
P H Y S I C S

N U C L E A R  
P H Y S I C S

• Need nuclear matrix 
elements.  (Nucl. Th.) 

• Need to understand 
quantum field theory 
foundation. (Particle Th.) 

• Need to understand how 
the detector works! 

I N T E R D I S C I P L I N A RY  F I E L D
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Neutrino  Mass   Measurements



D I R E C T  M A S S  M E A S U R E M E N T S  ( K AT R I N )

107

• Study tritium beta 
decay.  
 

  

• End point energy 
shifts due to rest 
mass of neutrino. 

3H → 3He + e− + ν̄

mν ≤ 0.8 eV



C O S M O L O G I C A L  I N F E R E N C E  ( P L A N C K )

108

D E C O M P O S E  I N T O  
S P H E R I C A L  H A R M O N I C S

mν ≤ 0.12 eV
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Lepton  Number  Violation



N E U T R I N O L E S S  D O U B L E  B E TA  D E C AY

110

[A, Z] → [A, Z − 2] + 2e+

• Virtual neutrinos self-annihilate if they are Majorana.



T O N N E - S C A L E  E X P E R I M E N T S

111

K A M L A N D - Z E N N E X O

• Will cover inverted 
hierarchy prediction. 



T O N N E - S C A L E  E X P E R I M E N T S

112

• Will cover inverted 
hierarchy prediction. D I R E C T  P R O B E  O F  N E U T R I N O  M A S S
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Symmetries  &  Neutrino  Masses
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(Charged)  Lepton  Flavour  Violation 



T H E   S TA N D A R D  M O D E L

115

• Three types of vector 
(spin-1) bosons


• Mediate strong, weak, & 
electromagnetic forces.

• Quarks & Leptons

( e
νe)(u

d)
D O U B L E T S  R E L AT E D  B Y  

T H E  W E A K  I N T E R A C T I O N .



F I V E  O R D E R S  O F  
M A G N I T U D E  J U M P !

M U O N S  T U R N I N G  I N T O  E L E C T R O N S

116

• New experiments 
will offer huge 
jumps in 
sensitivity.  

• Additional probe 
of lepton flavor 
violation. 



E X A M P L E :  M U 2 E  AT  F E R M I L A B

117

S I G N A L

μ− + 27Al → e− +27 Al

μ− + 27Al → e− + 27Al + ν + ν̄

B A C K G R O U N D

S E A R C H  F O R  B U M P  AT  E N D P O I N T

μ−



E X A M P L E :  M U 2 E

118

S I G N A L

μ− + 27Al → e− +27 Al

B A C K G R O U N D

S E A R C H  F O R  B U M P  AT  E N D P O I N T

e+

E X A M P L E :  M U 2 E  AT  F E R M I L A B

μ− + 27Al → e− + 27Al + ν + ν̄


