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Don and Neutrinos Pre-1994

Don worked on proton decay 
experiments: Soudan 1 and 
Soudan 2

He championed the importance of atmospheric 
neutrinos and pioneered calculations of
atmospheric neutrino fluxes
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From “Proton Decay Experiments”
D. H. Perkins, Ann. Rev. Nucl. Part. Sci. 34 (1984) 1 – 32

Don and Neutrinos Pre-1994

Don worked on proton decay 
experiments: Soudan 1 and 
Soudan 2

He championed the importance of atmospheric 
neutrinos and pioneered calculations of
atmospheric neutrino fluxes

“Dominant background to proton decay 
experiments is due to atmospheric neutrinos, 
which are the ultimate limiting factor determining 
the sensitivity to proton lifetimes.
It has become abundantly clear … that a proper 
understanding of this background is at least 90% 
of the battle to discover a proton decay signal.”
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Homestake solar 
neutrino data:   

=> Data/ SSM = 0.30 + 0.04 + 0.09

Context of ~1993: Solar Neutrinos

Deficits in Gallium experiments: SAGE and GALLEX, as well as Kamiokande

Generally accepted solution was the small angle MSW effect

Also
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KAMIOKA 1988

K. S. Hirata et al 
PLB 205 (1988) 416 

electrons muons

First signs of issues with Atmospheric Neutrinos



1993: Don was still highly sceptical about n oscillations

”Interpretations in terms 
of neutrino oscillations 

are correspondingly 
dubious”!!!
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1994 Timeline

Harrison & Scott (H&S) 
propose Trimaximal 
mixing for quarks

June
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Summer 1994: The Turning Point
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Neutrino ‘94 Conference: 
Updated Solar results from 
Gallium and Kamiokande

H&S realized that 
Trimaximal mixing could 
fit both solar and 
atmospheric n data

June End June 1st July

27th Intl. Conf. on HEP, 
Glasgow: updated 
Atmospheric n results 
from Kamiokande et al. 

Mid July
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Summer 1994: The Turning Point



M. Nakahata, Glasgow ICHEP 
Conference 1994

A clear zenith angle 
dependence!
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Kamiokande Multi-Gev data 

Strongly favoured n 
oscillations with large 
mixing angles

“...I have become 
more convinced!”



P. Darriulat’s Conference Summary talk:

Glasgow ICHEP Conference 1994

“...the gallium 
experiments are 

shouting five/ninths”
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collaboration on trimaximal 
mixing and n oscillations
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1994 Timeline

Harrison & Scott (H&S) 
propose Trimaximal 
mixing for quarks

Neutrino ‘94 Conference: 
Updated Solar results from 
Gallium and Kamiokande

H&S realized that 
Trimaximal mixing could 
fit both solar and 
atmospheric n data

June End June 1st July

27th Intl. Conf. on HEP, 
Glasgow: updated 
Atmospheric n results 
from Kamiokande et al. 

Mid July Rest of year

Don brings to HPS a deep 
knowledge of atmospheric 
n fluxes and a healthy 
scepticism.
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Summer 1994: The Turning Point

H&S and Don realise the 
opportunity, and form HPS 
collaboration on trimaximal 
mixing and n oscillations

Mid July



HPS Goals

To fully embrace 
3 flavours of neutrinos

To understand all the 
n data in a single unified 

framework
To keep it as simple as 

possible (but not simpler)

3x3 mixing matrix
2 mass-squared differences

To interpret the theory visually To highlight apparent symmetries,
 where plausible => Mass Matrix origins

P(νi->νi)
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Threefold maximal lepton mixing and the solar and 
atmospheric neutrino deficits PLB 349 (1995) 137

w1

w2

w3
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Basic idea:

“HPS1”
(153 citations)



Threefold maximal lepton mixing and the solar and 
atmospheric neutrino deficits PLB 349 (1995) 137

w1

w2

w3
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Basic idea:

Trimaximal mixing => universal survival probabilities – eminently 
testable

“HPS1”
(153 citations)



HPS1: The Plot

Survival probability: P(ni->ni) vs. L/E

P(νi->νi)
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HPS1: The Plot

The Plot: survival probability vs. n L/E – on a log scale

P(νi->νi)
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HPS1: The Plot

The Plot: survival probability vs. n L/E – resolution functions superposed

P(νi->νi)
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HPS1: The Plot

The Plot: universal survival probability vs. L/E – including resolution smearing

P(νi->νi)
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Read-off Dm2 here
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Measures mixing angles



HPS1: The Plot

The Plot: universal survival probability vs. L/E – including resolution smearing

P(νi->νi)
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Read-off Dm2 here

10

Measures mixing angles

P(plateau) = 1/3



HPS1: The Plot with Data
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c2/dof=20.5/28
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HPS1: The Plot with Data

Acc.
Reactor

Atm.

Solar

Acc.
Reactor

Atm. Solar

c2/dof=20.5/28
Dm2=7.2±𝟏. 𝟖×𝟏𝟎 -3 eV2

Dm’2 unresolved
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HPS1: The Plot with Data

Acc.
Reactor

Atm.

Solar

Acc.
Reactor

Atm. Solar

c2/dof=20.5/28
Dm2=7.2±𝟏. 𝟖×𝟏𝟎 -3 eV2

“…this 
wonderful plot”

L. Maiani
XVIth WIN 

Workshop 1997
(re. L/E Plot

In HPS1)

Dm’2 unresolved
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More Nice Feedback

“Your preprint…with 
Perkins and Scott is 

extremely interesting to 
me. It is a very nice 

idea, well argued and 
presented”

John Bahcall:
Letter 15/2/95
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Working with Don
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“You stand an 
excellent chance 

of being sued!”

Working with Don



No MSW Effect in Maximal Mixing, 
PLB 374 (1996) 111

Full numerical integration of the n 
propagation equations in sun, plus energy 
resolution.
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“HPS2” (42 citations)



No MSW Effect in Maximal Mixing, 
PLB 374 (1996) 111

“HPS2” (42 citations)

Full numerical integration of the n 
propagation equations in sun, plus energy 
resolution.

Naive vacuum predictions are left 
completely undisturbed [only] in maximal 
mixing.

Conclusion:
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Also explained MSW effect via analogy of 
adiabatic reversal of the spin of a dipole.



No MSW Effect in Maximal Mixing, 
PLB 374 (1996) 111

John Bahcall:
Email 19/2/96
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“I was very surprised by the 
result, initially wondering if 

your computer program 
could possibly have been in 
error. But, the analogy with 

the spin ½ dipole in the 
magnetic field is very 

convincing. Quite a 
remarkable result ’’



HPS2 (cont.)

A prediction:

Also included
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The HPS “5/9-1/3-5/9” Bathtub



HPS2 (cont.)

SNO+SK
HOMESTAKE

GALLIUM
BOREXINO pp

In fact, it is the case as understood 
today for Large Mixing Angle MSW 
effect in TriBimaximal mixing (see 
later).

Also included
Modern data points added:
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A prediction:

The HPS “5/9-1/3-5/9” Bathtub
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Further evidence for threefold maximal mixing 
and a hierarchical spectrum of neutrino mass-
squared differences PLB 396 (1997) 186.

“HPS3” (72 citations)

Preferred trimaximal: other options “fine-tuned”

A redetermination of the neutrino mass-
squared difference in trimaximal mixing with 
terrestrial matter effects PLB 458 (1999) 79. 

“HPS4” (225 citations)

17
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Further evidence for threefold maximal mixing 
and a hierarchical spectrum of neutrino mass-
squared differences PLB 396 (1997) 186.

“HPS3” (72 citations)

Preferred trimaximal: other options “fine-tuned”

“Spectacular effects expected in long-baseline reactor 
and accelerator experiments” viz. CHOOZ, PALO VERDE, 
MINOS etc.

Prediction:

A redetermination of the neutrino mass-
squared difference in trimaximal mixing with 
terrestrial matter effects PLB 458 (1999) 79. 

“HPS4” (225 citations)
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R= 1.01 ± 0.03 (stat) ± 0.03 (sys)
(L ~ 1 km,   E ~ 3 MeV)
No Spectacular Effect!

BUT… The CHOOZ
Reactor result 1999

|Ue3|2 small if ∆m2 > 10-3 eV2Conclude:
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R= 1.01 ± 0.03 (stat) ± 0.03 (sys)
(L ~ 1 km,   E ~ 3 MeV)
No Spectacular Effect!

BUT… The CHOOZ
Reactor result 1999:

|Ue3|2 small if ∆m2 > 10-3 eV2

Trimaximal Mixing is Excluded!

Conclude:

The SNO NC result 2002:

φCC / φNC = 0.35 ± 0.04 ~ 1/3 !

And…

So…
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Tri-bimaximal mixing and the neutrino 
oscillation data PLB 530 (2002) 167

“HPS5”
(1651 citations)

Long live
Tri(Bi)Maximal Mixing!
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Return of the HPS “5/9-1/3-5/9” Bathtub! 
(this time at the second threshold)

Conclude: |Ue2|^2 ~ 1/3

Tri-bimaximal mixing and the neutrino 
oscillation data PLB 530 (2002) 167

“HPS5”
(1651 citations)

Long live
Tri(Bi)Maximal Mixing!
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Return of the HPS “5/9-1/3-5/9” Bathtub! 
(this time at the second threshold)

Conclude: |Ue2|^2 ~ 1/3

Tri-bimaximal mixing and the neutrino 
oscillation data PLB 530 (2002) 167

“HPS5”
(1651 citations)

Long live
Tri(Bi)Maximal Mixing!

Also… SUPERK Atmospheric neutrino 
results pointing strongly to 
twofold maximal νμ − ντ mixing”

Conclude: |Uμ3|2 ~ |Ut3|2 ~ 1/2
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HPS5 (cond.)

Atmospheric
Scale
Dm2

32

Reactor 
Mixing Angle
Atmospheric
Mixing Angle

The trend of the data now pointing strongly towards another specific form for the lepton 
mixing matrix:
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HPS5 (cond.)

Solar
Scale
Dm2

12

Atmospheric
Scale
Dm2

32

Solar 
Mixing Angle

Reactor 
Mixing Angle
Atmospheric
Mixing Angle

“Small non-zero values of Ue3, 
and/or somewhat different values of 
|Uμ3|2… are more-or-less equally 
acceptable experimentally.”

The trend of the data now pointing strongly towards another specific form for the lepton 
mixing matrix:
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Symmetries of TBM

As is well-known, mixing matrix arises as a result of different forms for the two mass matrices

Here

and

=>
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As is well-known, mixing matrix arises as a result of different forms for the two mass matrices

T.D. Lee
CERN Colloquium

30th Aug 2007
(re. TBM In HPS5)

“It’s a 
tremendous 

achievement”

Here

and

=>

Symmetries of TBM
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JUNO 2024 - …..

“solar” 
mass scale

“atmospheric” 
   mass scale

L JUNO  ~ 50  km   
c.f.  LCHOOZ ~ 1.5 km  

The Future

Plan to measure Ue2, Dm2
21 and 

Dm2
32, with resolutions ⇠ ±1% by 

2030.

Could resolve the question of the 
neutrino mass ordering at 3s.
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Leptonic CP Violation?

HyperK (~2027)

L DUNE  ~ 1300  km     

Plan to confirm at the 5σ level if 
CP is violated in oscillations for 
57% of possible δCP values  
with ~10 years’ running.

DUNE (~2030)

Similarly expect 5 s sensitivity 
to non-zero CPV over ~57% of 
possible range after ~10 yrs  



Legacy

24

Don decided to leave HPS on a high, making HPS5 his last paper with us.

TBM was finally excluded 10 years later since (as anticipated) Ue3 = 0 was 
incompatible with new results from the Daya Bay and RENO reactor experiments 
(2012) and later the T2K accelerator experiment (2013).



Legacy

24

Don decided to leave HPS on a high, making HPS5 his last paper with us.

Over 1500 phenomenology papers 
have cited HPS5.

Cites per year from INSPIRE

Our proposed symmetric forms of 
the mass matrices are suggestive 
of deeper symmetries, and are 
exploited in building BSM models 
of lepton masses and mixing.

TBM was finally excluded 10 years later since (as anticipated) Ue3 = 0 was 
incompatible with new results from the Daya Bay and RENO reactor experiments 
(2012) and later the T2K accelerator experiment (2013).



Legacy (Cont.)

25

The smeared P(L/E) plot and its variants had a significant impact on the 
community’s appreciation of the phenomenology of neutrino oscillations.

120 experimental publications have cited HPS5



Legacy (Cont.)

25

The smeared P(L/E) plot and its variants had a significant impact on the 
community’s appreciation of the phenomenology of neutrino oscillations.

Currently, |Ue3|2 ~ 0.02. Thus TBM remains a useful zeroth-order approximation to 
UPMNS, while allowing the exciting prospect that CP violation may be accessible in 
the future.

120 experimental publications have cited HPS5

H&S published 25 further papers together on topics descended from the work with 
Don, several highly-cited.


