Renormalization Group Evolution of Neutrino
Angles and Masses

Ankur Panchal
PhD, High Energy Physics

Indian Institute of Science Education and Research, Bhopal

December, 2022

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of Neutrino Angles and Masses 1/ 36



@ Background
@® The HSMU hypothesis
© Wolfenstein Ansatz

O Conclusion

@ Appendix

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of Ne o Angles and Masses 2 /36



Background
00000

@ Background

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of N ino Angles and Masses 3/36



Background
0e0000

Neutrinos and Standard Model

Neutrino detection: 3 decay process
n—p+e + e

Three flavours (ve, vy, v7)

In SM: Chargeless, massless leptons

Interact weakly
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Neutrino Oscillations

® Flavours mix

® Mathematically, mixing means rotations among flavour
eigenstates

e Standard Parameterization
Upmns =
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PMNS matrix

e Standard Parameterization

Upmns =
c12€13 513C13 sp3ei0cp
i i
—512023 — C12523513€'°P C12023 — S12523513€'°F $23C13
i5 i5
512523 — C12C23513€'°P —C12523 — S12C23513€'°F €513

® where ¢j and sj; are cosf;; and sin 0;; respectively
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PMNS matrix

e Standard Parameterization

Upmns =
c12€13 513C13 sp3ei0cp
i i
—512023 — C12523513€'°P C12023 — S12523513€'°F $23C13
i5 i5
512523 — C12C23513€'°P —C12523 — S12C23513€'°F €513

® where ¢j; and sj; are cosf;; and sin 0;; respectively

® 0cp is Charge-Parity (CP) violations shown by leptons
® Thus mixing implies m, # 0
e Contradicts with SM's prediction that neutrinos are massless
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Open questions about neutrinos

® Dirac nature or Majorana nature?

e Why are mixing angles so different from that of quarks?
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CKM and PMNS matrices

Uckm
0.97366 — 0.97384 0.2237 — 0.2253 0.00358 — 0.00406
= 0.217 — 0.225 0.976 — 0.998 0.0396 — 0.0424
0.0077 — 0.0083 0.0377 — 0.399 0.983 — 1.043
Upmns

0.802 — 0.845 0.513 — 0.579 0.143 — 0.156
= | 0.233 — 0.507 0.461 — 0.694 0.631 —0.778
0.261 — 0.526 0.471 —0.701 0.611 — 0.761
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@® The HSMU hypothesis
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The HSMU hypothesis
0e0000000000

The idea

New idea = Unification of mixing angles at some high
energy scale [2]

4 and 0 are equal at high scale

In past, Electromagnetism, EW force
Present research, Grand Unification Theory (GUT)
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The HSMU hypothesis
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RG equations

® How to calculate high scale values?

. Cy? . 5 |m1e"@03l + mge"ﬂ"2|2
010 = ——Z 20 o0
12 3072 sin (2612)s33 AnZ, + O(613)
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The HSMU hypothesis
00e000000000

RG equations

® How to calculate high scale values?

® Renormalization Group Equations

. Cy? . 5 |m1e"@03l + mge"ﬂ"2|2
010 = ——Z 20 o0
12 3072 sin (2612)s33 AnZ, + O(613)
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The HSMU hypothesis
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The execution

e Start with low scale quarks parameters (masses, mixing angles)

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of Neutrino Angles and Masses 12 / 36
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The execution

e Start with low scale quarks parameters (masses, mixing angles)
® Use RG eqns to run them to GUT scale
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The execution

e Start with low scale quarks parameters (masses, mixing angles)
® Use RG eqgns to run them to GUT scale

e HSMU: Equate them to neutrino mixing angles
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The HSMU hypothesis
000800000000

The execution

Start with low scale quarks parameters (masses, mixing angles)
Use RG egns to run them to GUT scale

HSMU: Equate them to neutrino mixing angles

Run these neutrino angles down to M7 scale (include masses
at high scale)
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The HSMU hypothesis
000800000000

The execution

e Start with low scale quarks parameters (masses, mixing angles)
® Use RG eqgns to run them to GUT scale
® HSMU: Equate them to neutrino mixing angles

® Run these neutrino angles down to Mz scale (include masses
at high scale)

® Match the low scale parameters with experimentally measured
values(at Mz scale)

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of Neutrino Angles and Masses 12 / 36



The HSMU hypothesis
0000e0000000

RG running of mixing angles and masses

0215F o215
0.205 Jo20s
3
@ 0195 H0.195
=
= 0185 Ho.185
0175 Ho.175
O e — sl kol sl sl sl sl ad sl ol sl ol 3
ol ol kool ko) et yulutpd bl e
HiGeV] HIGeV]

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of N ino Angles and Masses 13 / 36



The HSMU hypothesis
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Experimental values

® Exeperimental values, precise upto 3 — o range [1]

Oscillation parameters 3-0 range Best fit values
012 31.37° - 37.46° 34.33°
013 8.16° - 8.94° 8.58°
023 41.61° - 51.30° 48.79°

Am2,, 2.39 x 1073-2.57 x 107 3eV? | 2.49 x 10 3eV?

Am?, 6.94 x 107°-8.14 x 10~ °eV? | 7.50 x 10 eV/?
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The HSMU hypothesis
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Dirac Case

® Aim: To check whether all angles are inside
® Two subcases

® First: § =0°

[ )

Second: 0 # 0° (= dq)
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The HSMU hypothesis
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Graph and conclusion

B23[°]

45—

40

8.0 8.5 9.0
B13[°]

e Plot of 03 vs 013 correlation
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The HSMU hypothesis
000000080000

Graph and conclusion

B23[°]

45—

40

8.0 8.5 9.0
B13[°]

® Plot of 623 vs 013 correlation

e Conclusion for Dirac case: All angles can't be brought inside
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The HSMU hypothesis
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Majorana case

® Two more free parameters: 1 and o
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The HSMU hypothesis
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Majorana case

e Two more free parameters: ¢1 and 2

® Extra parameter to check: Effective Majorana Mass (mgg)
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The HSMU hypothesis
00000000 e000

Majorana case

® Two more free parameters: 1 and 2
® Extra parameter to check: Effective Majorana Mass (mgg)

® Experimental range: <0.165 eV
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The HSMU hypothesis
00000000 e000

Majorana case

Two more free parameters: 1 and 2

® Extra parameter to check: Effective Majorana Mass (mgg)

Experimental range: <0.165 eV

First subcase:p; = = (0° == same result as Dirac case
Y1 = P2
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The HSMU hypothesis
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Majorana case: 1, s # 0°

® Second subcase:p; = 120°, oo = 30°

55

50

023[°]

45

40
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The HSMU hypothesis
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Majorana case: 1, s # 0°

® Second subcase:p; = 120°, o = 30°

® Plot of 613 vs 013 correlation
55
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023[°]
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The HSMU hypothesis
000000000080

Majorana case: 1, s # 0° Conclusion

e Conclusion: All angles are inside

2
atm:

e Can we bring in Am Am?,; and mgg ?

® Have to vary ¢1 and ¢»
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The HSMU hypothesis
00000000000 e

Majorana case: Vary ©1, ¢

o1 C)] @20)] 81 613] 623] Al [ Amg,,] [ @10C)] @2(O) 61 613 B3 [ Amy T Anig]
50 |0 VIV - 50 |0 VI v|Vv Only one
100 |0 VIV - 100 [0 VIiv|v Only one
200 |0 VIVIV]- - 200 |0 VIiv|v Only one
300 |0 V- | VY - 300 |0 v | Only one | Only one
0 50 vVi- [V [V - 0 50 v | Only one | Only one
50 |50 V- |V |V - 50 50 v | Only one | Only one
100 [50 [v[v[v]- - 100 [50 [V [V][V Only one
200 | 50 V- V|- - 200 | 50 v | Only one | Only one
300 | 50 VIV - 300 |50 VIVIY Only one
0 100 |V |- |V |V - 0 100 | v | Only one | Only one
50 100 | v |- |V |V - 50 100 | v | Only one | Only one
100 1100 | v v - 100 J100 [V [V ]V Only one
200 | 100 | v |- |V |- - 200 | 100 | v | Onlyone | Only one
300 100 [V [- |V |V - 300 | 100 | v | Onlyone | Only one
0 200 | v |- |- |- - 0 200 | v | Only one | Only one
50 200 |V |- [V [V - 50 200 | v [ Only one | Only one
100|200 [v |- |V |- - 100 | 200 | v | Only one | Only one
200 200 |V [- |V - 200 | 200 |+ | Onlyone | Onlyone
300 [ 200 [ |V |- |- v 300 | 200 | v | Onlyone | Onlyone
0 300 |V |- [V |V - 0 300 | v | Only one | Only one
50 300 |V |V |V ]|V - 50 300 |V |V |V Only one
100 300 | v [V |V |- - 100 (300 | v |V [V Only one
200 1300 |V [V [V |V - 200 1300 [V |V [V Only one
300 [300 (v |- |V |V - 300 | 300 | v | Onlyone | Only one

e Conclusion: At best, 4 parameters are brought in
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Wolfenstein Ansatz
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© Wolfenstein Ansatz

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of N ino Angles and Masses 21 / 36



Wolfenstein Ansatz
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Wolfenstein Parameterization

® |ntroduce Wolfenstein parameter A
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Wolfenstein Ansatz
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Wolfenstein Parameterization

® |ntroduce Wolfenstein parameter A

® )\ =sinfo
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Wolfenstein Ansatz
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Wolfenstein Parameterization

® |ntroduce Wolfenstein parameter A
® )\ =sinfqo

012 = arcsin(\)
023 = ararcsin(\?)
013 = [arcsin(A\3)
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Wolfenstein Ansatz
(o] lele]e]le]e]

Wolfenstein Parameterization

® |ntroduce Wolfenstein parameter A
® )\ =sinfqo

012 = arcsin(\)
623 = avarcsin(\?)
613 = Barcsin(\3)

® «, f3 are linear coefficients
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Wolfenstein Ansatz
[e]e] le]ele]e]

Effect of \

— B=02 — P=0.4 — P=06 = p=0.8 — f=1.0 — =02 — B=04 —— B=0.6 = P=0.8 = P=1.0
9
5 8 8
i S 7k 7
= E
wob: 3 6F Dotted line: Am?q, (x10)[ 36
" E —
~ 5 SE- Solid line: Am?g (x107%) 57
= E : -1 2
£ aof- Fao _ 4 Dashed line: mgg (x10~") e
Dotted line: 8,3 % sf 3 éﬁ
20E- Solid line: 6, o %, b
Dashed line: 63 E
& TE 1
O] e s et o o o et ot e e e = L £ E E
el 4
Eoo o b b b b b b b b Li 6 TEER FREE FRUR FRTEE SRTR FRTY FRTRA ATT] FRURE ARTTY AATEY
0.6 018 020 022 024 026 0.28 030 032 034 036 038 016 0.18 020 022 024 026 028 030 032 034 036 038
A A

® ) varies in inverse correlation with Am?2,,,, Am?2, and mgg
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Wolfenstein Ansatz
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V1, Yo variations

® Select the best @1, o pairs from HSMU case
w1 =50 ; ¢ =0°
1 =507 ; 2 = 300°
01 = 200° ; o = 300°
1 = 300° ; o = 50°
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Wolfenstein Ansatz
[ee]ele] Tele]

«, B variations

® For already chosen @1, @2, vary a, 8
® Ready for \ variations at the end
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Wolfenstein Ansatz
0O0000e0

w1 = 300°, pp = 50° with «, 8 variations

o | B | 6| Amyy
1.0[1.0] »
10|08
1.0[0.6
1.0 [ 0.4
1.0[02] »
0810 *
08]0.8]| »
0.8]0.6
08 (04
08102
06(1.0
0.6 (0.8
0.6 |0.6
0604
0.6]0.2
0410
0408
0406
0404
04102
0210
0208
02]0.6
02]04
[02]02]

3
=
=

] *
olefefe]e

o|lelo|t||e|ofo e|efo/o|e/o/olfo oo/ ofe|e o fe/e|e

| [ % [ | %

*
0
0

® We can rule out invalid set of values from this easily
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Wolfenstein Ansatz
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Threshold corrections

] 20—
0,=100°; @,=50°| o 1
< g -3 s Mitno = 9114 6V | Msocron = 5550 0V ; May = 30000V | |
© 43 = 15 153
o 3 3 3
2 173 T 1 =
T F ___-__———“’___ 2 = 1 =
s - © 3 ]
o o St < o 2
E |-~ 4 = £ 10 —1o =
3 1 5 ]
o — 1
i 5 —s
[t = 9114 0V ; Mstren =550 0V s mins = 30000V 1
TSI SSSEm— - T R | I ol 1 1 1. T
0.425 0.430 0.435 0.440 0.445 0.450 0425 0.430 0.435 0.440 0.445 0.450
my [eV] mp [eV]
2 Rejocted values A Rejected values
=== Am?,, (w/o correction) of A === Amy, (w/o correction) of Arun
—— Am?yy, (With correction) —— mygg Hlowed vales —— DmP (with correction) —— mgs Hlousd valves
of mgs of mp
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Conclusion

¢ HSMU = Leaning towards Majorana nature of neutrinos;
but too stringent constraints

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of Ne o Angles and Masses 29 / 36



Conclusion
oce

Conclusion

e HSMU — Leaning towards Majorana nature of neutrinos;
but too stringent constraints

e Wolfenstein ansatz — Better; but still can't get all
parameters in

Ankur Panchal PhD, High Energy Physics IISER Bhopal

Renormalization Group Evolution of Neutrino Angles and Masses 29 / 36



Conclusion
oce

Conclusion

e HSMU — Leaning towards Majorana nature of neutrinos;
but too stringent constraints

e Wolfenstein ansatz = Better; but still can't get all
parameters in

® Threshold corrections = 5 out of 6 low scale parameters
are successfully brought in (Only one Am? remains)
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Conclusion
oce

Conclusion

e HSMU — Leaning towards Majorana nature of neutrinos;
but too stringent constraints

e Wolfenstein ansatz = Better; but still can't get all
parameters in

® Threshold corrections = 5 out of 6 low scale parameters
are successfully brought in (Only one Am? remains)

® Time to put a full stop on SUSY high scale unification models
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Appendix
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RG equations: Angles

. Cy? | 5 |m1et 4+ myei¥2|?
010 = —327:_—2 sin (2012)523 Amgo/ + O(6013)
9 0% sin (26012) sin (2623) s
= i i —_—
B 302 12 2 Am2,, (1+C)

X [ml cos(p1 —0) — (1 4+ ¢)mycos (p2 — &) — (m3 cos (5)} + O(613)

, Cy? 1
O3 = — -7 Sin20p3———
BT Ty BN

2 mze“P2 + m3

(Blmaei® + maf? + 5525+ 0(0)
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Appendix
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RG equations: Masses

16721 = [0 + Cy2 (2570533 + F1)]m
167712 = [+ Cy?(2cty533 + F2)|ma

167° 3 = [ + 2Cy2ciscas] m3

8W2(Arh§ol) = O‘Amgol + Cy,% [25223(m§C122 - m%S%2) + Fsol]

8 (AmZyy) = alm3y, + Cy? [2"7%5123@%3 — 2m3ciyshs + Fatm)
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Appendix
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RG equations: Variables defined

) 2 do  dm dm? -
where 6, m and m? represent , T and “- respectively

t=1In ﬁ , where 1 is the variable energy scale and pq is the

initial energy scale from where RG running starts.

AmZy = (m3 — mi) & AmZy, = (m3 — m3)

sij and ¢ are sinf;; and cos 0;; respectively.

C = —3/2 for MSSM and C =1 for SM.
Am?

C - Amzsd

atm

y, is 3™ generation element of Yukawa coupling matrix Y.
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Appendix
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RG equations: Variables defined

F1 = —s13sin 2012 sin 263 cos § + 25123C122C223
F> = s13sin 20715 sin 2053 cos § + 251235122c223

Fsor = (m?+ m3)s13 sin 2012 sin 203 cos § +2s%,¢c3, (m%slz2 —m? c122)

Fotm = —m%Sl3 sin 2015 sin 2053 cos § — 2m351225123c223
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Initial values

® Mz scale = 91.1876 GeV
e GUT scale = 2 x 1016 GeV

® tanf = 55 ([ is the ratio of expectation values of Higgs
doublets in 2HDM)

® SUSY cutoff scale = 2000 GeV
® Values of gauge coupling constants
o Higgs coupling = 0.4615 (at M7 scale) & 0.7013 (at GUT

scale)

o Weak coupling = 0.6519 (at M7 scale) & 0.6904 (at GUT
scale)

o Strong coupling = 1.2198 (at My scale) & 0.6928 (at GUT
scale)
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Appendix
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Majorana case sector

¢ “Effective Majorana mass” mgg = [Z, U? m,}
® PMNS matrix

. —ipy
c12€13 s13€13 size”icp e2 0 0
s s Y
Upmns = | —S12¢23 — C12523513€'°% C12C23 — S12523513€"°F s3c13 | X 0 e32 0
o s

512523 — C12023513€"°F —C12523 — S12C23513€'°F 2513

® | agrangians used
Below SUSY breaking scale:
L= Lsy+ Ls
Above SUSY breaking scale,
but below seesaw scale:
L = Lyssm + L3
Above seesaw scale:
L = Lyssm + Lseesaw
= Lyssv — YILHY, — %f»M‘izﬂ +H.c.
fi i K
Ls=— A7§b (GabLaHb) (chLc Hd) + H.c.
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