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. » Super-Kamiokande: atmospheric v, disappearance.
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Neutrinos have non-zero mass, 2015 Nobel Prize




Introduction CLF utrino Trident Scattering

[ofe] J

(73 3

fermion masses
dese be

U re Ce te
V) —eieV, eV, ce Ue Te
I O O O O O I A B
ueV meV eV keV MeV GeV Tev

<H>>E< >E< (H) (H) x\\T/,x (H) (H) >i< >i< (H) o M., — MDMﬁleD“
| i Al i i 2
LN = LY @ M, =¥y =120
v v v 14 14 v A
Type-| Type-ll Type-lli e MV _ MDME_IMg

mber 4,



Introduction CLF ino Trident S

(73 3

In type-II seesaw model, one heavy triplet Higgs boson A is added!,

SU(2)L U(ly
o R
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s (SR A s

1Konetsclrmy and Kummer, 1977; Magg and Wetterich,1980; Schechter and Valle, 1980; Cheng and Li, 1980; Lazarides et
al., 1981; Mohapatra and Senjanovic, 1981.
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Covariant derivative,

D@ =0, — i2Weeod — L Bo
] M 9 0 2 H
9 tra_a .
D,A =0,A — i [W#U ,A] —ig' B,A.
The Higgs sector is extended
Litigs = (D"®)1 (D, ®) + Tr [(D*A)! (D,A)] - V(@,A).

where

V(@A) == m3dTe + M2 Tr ATA + (u@7ic*Al® + he. )
2 2
+ 2 (27@) + n@feTraTA + x4 (Trafa)

2
4 A3 Tr (ATA) +nofante.
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SSB 0 SSB 0 0
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ma = 21}2 + al ; >\41}2A —V2uva

At + A o 2 v} 2 v
M? = — v — (Ao + A3) vA + d~ mi = d_
d ( 2 3) A \/iUA A \/§UA

2

we can generate the mass of gauge bosons and Higgs bosons

o _ gP(vg +203) (9% + 9°)(vg + 43)

2
m = m = .
W 4 Z 4
so we can easily acquire

2 2

miy AN
=—> —=14+Ap=1—- 5=~
P m? cos? Oy P v + i

September 4, 2024 Ming-wei Li



Neutrino Trident Scattering

= :
puiges

G 2
Considering \/5 =3 gl > = ”7 we derive that
20% 20% 1
p:1_02+4v2:1_02+2v2: VA 2
a+AvA A 1+2(2)
v

which is evidently smaller than 1, and significant effect on p needs va ~ O(1)GeV.

In 2022, CDF Collaboration announced the W mass measurement results
m&PY = 80,433.5 + 9.4MeV,
which is 7o level above the SM prediction 771‘8,[1,\/I = 80, 357 + 6MeV, implies

p=— W — 1,0010.

Type-1I seesaw modification is in the wrong direction, so va should be little small.
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To make the model in right direction,
@ Introduce some new scalar Higgs bosons.

® Consider the loop level contribution.?

2y. Cheng, X. G. He, F. Huang, J. Sun and Z.P. Xing, Nucl.Phys.B 989 (2023) 116118, arXiv: 2208.06760.
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To make the model in right direction,
@ Introduce some new scalar Higgs bosons.
® Consider the loop level contribution.?

Consider the multi-scalars H;with vevs v;, the mass of W and Z are changed as

mw = g° Z Li+1)=Y?), mz=(g"+g")) (V7))
i
2 v (LT +1) = Y7)
:>p = mW = t
m?, cos? Oy 25 (Y20?)
i

If new scalar Higgs bosons Y is 0, they would give a positive contribution to p.

2y. Cheng, X. G. He, F. Huang, J. Sun and Z.P. Xing, Nucl.Phys.B 989 (2023) 116118, arXiv: 2208.06760.
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For example?, we can introduce a triplet £ whose Y = 0, then

2
7 %d + ’UZA + 21)? B 2212A 4v§

2(% +03) vit4vR g+ e}

If the contribution of va is small enough to neglect, with Ap = 0.0019 we can
estimate that
vg ~ 5.36GeV.

37.-Y. Cen, J.-H. Chen, X.-G. He, and J.-Y. Su, 2018. (arXiv:1803.05254)
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Meanwhile, the extra Yukawa coupling term could generate the Majorana neutrino
mass after SSB.

v v
—Ly, = > YagLlCioc®APpLg+hec.
a,B=e,pu,T
= — QBEEPL@A** — ﬁYaﬁigPL€5A+ + YaﬁJgPLV/gAO + h.c.
where the last term would induce a Majorana-type mass matrix, ie.
NYaﬁvc%
2

Map = (MV)()[,B = \/QYQBVA =
LN

i
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Majorana mass matrix could be diagonalized by a similarity transformation

mee

UTM,U = M, = diag{mi, mg,ms} = M, =U*M,U" = [ my.

mTe

Mey,  Mer
My Mpyr
My Mrr

Fud 4 n T
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)

where U is PMNS matrix and m,g = mg,. With the oscillation parameter data,
we can reconstruct the Majorana neutrino mass matrix (Z. Z. Xing, 1909.0961)

"

H

107 10°7]
NH NH NH
0 109
| (@) b () ol ()
107 107 1 00 107 107 1 10507 107 107
10 10
NH
107 10
M " &
10} 109
[(m] () Lol @) J(h] (@)
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Due to the Majorana feature, Ovf33 process
constrain the model with m.. < 61 —165meV.

4 the effective Majorana mass of ve
10

Besides, there’re also other mass constraints

» Tritium neutrino mass from KATRIN:
m, < 0.8eV.

» Cosmic constraint from Planck:
> m; < 0.12eV, which means
NO: Miight < 0.03eV,

10: Mlight < 0.016eV.

Mee(eV)

-
1074 103 1072 1071 10°
MigndeV)

which means my;gns < 180 — 480meV.
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In SM, Charged Lepton Flavor Violation process is mediated by massive neutrinos.
gt
w w
: u, Vi Uy ¢

The predicted rates for CLFV are typically GIM suppressed,
2

=10 —10"

2

Z U;kz U/” M2

Due to the tiny neutrino mass, this decay width is beyond current experimental
reach.

3o,
327

Brom(p — e7) =

Brexp(p — ey) < 4.2 x 10713
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0o/ — E;’Elzﬁl—, mediated by ATT.
® (; — (;v, mediated by A** or AT,
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Figure 2: {7 — {74, 4.
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The decay rate of £;” — E;rﬂ,zﬁf

(6> 60) = !

puiges
is found to be
mp, | Yy Y |? _ 1 mp, | migm |
2 (1 + 5kl) 19273 mQA 8 (1 + 5kl) 19273 mQAvA

With the upper bound of branching ratio, we can give the lower bound of minA.

Process Branching Constraint

pm —etemem  1O0X10712  mava > ‘(My) M), x 145Tev
T~ sutemem  15x107®  mava > ‘(MV)T 1), x 8.6Tev
T s utpem  27x107%  mava > ‘(MV)T (M), x 8.8Tev
7~ = ptupm 21x107%  mava > ‘(MV)T/,L( )MLI ? X 7.9TeV
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Due to the mass matrix element could be very small, these three body decay

constraints are weak.

Eg, for p= — ete~e™, the constraint is
MAVA > |m“emee|1/2 x 145TeV .

So the lower bound of m3v3 is signif-
icant only when lightest neutrino mass
mo is smaller that 1073eV for normal
ordering case.

ber 4, 2024

107* 1072 1072 107! 10°
mo (eV)

Figure 4: The range of |m“emee|1/2.



Neglected all internal lepton masses, we can get decay rate of £;” — Ej_’y,

)

5
N M Qem |

;
2 ( 1 + . >2 m?z‘aem Q‘MVMV
. = 3.2
i \mi,  mAi, (19272)? \ 2mava

Lower bound of mQAvi could be

Process Branching Constraint

p ey 42x10718  mava > \/9 ‘MJMU x 15.3TeV
pe

T ey 33x1078  mava > /9 ’MJMU x 0.6TeV
pe

T = uy 4.4 x 1078 mava > 4/9 ’MJMV x 0.56TeV
pe
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These constrains are much stronger, as the ‘MiMV _has lower bound
7t
‘MJMV = |UppUsAm3, + UssUsAm3, |, eg: 0.041¢V < 3 ’MJMV < 0.054eV.
7 e

With experimental lower limit of a few hundred GeV of ma, we can estimate the
range of va

mava > 19 ‘MJMV

1 V
x 15.3TeV = wva > (6.25 — 8.39)eV <00Ge> ,

p ma

So va could be very small, which means the Type-II seesaw contribution to my
could be negligible.
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Neutrino Trident Scattering (NTS) is a weak process:
A neutrino, scattering off a heavy nucleus, generates a pair of charged leptons.

Vi

K
42

Vi

P 1)!
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1964 Trident scattering to examine the V-A theory.
(Czyz, Sheppey, and Walecka)

1971 Momentum and angular distribution of the NT'S.
(Lovseth and Radomiski, Koike et al, Fujikawa)

1972 Trident scattering to examine the W-S theory.
(Brown, Hobbs, Smith and Stanko)

Measurements of v, — v,up~
1990 Zee — 1, 58+8 gi CHARM-II. (Geiregat et al., 1990.)

OSM
1991 ‘;‘SXP =0. 82+8 %g CCFR. (S. R. Mishra et al., 1991.)
SM
1999 222 — 0.724;78  NuTeV. (T. Adams et al., 2000)
The weighted average value = 0. 95+8 gg

Revival
2014 Trident scattering to constrain new physics.
(Altmannshofer, Gori, Pospelov, and Yavin)
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Figure 6: W contribution. Figure 7: Z contribution.

In SM, a p*pu~ pair can be generated by W and Z exchange from the operator
2

ez " (1 =9°) vufiva (L = + 4sin® Oy ) p
w
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Figure 8: Type-II Seesaw contribution to NTS.

The effective operator would be
VePLU T PRt = -

*

2Y” XXy My
2
A 2mA A

ey Prvilyy, Prt;
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Notice that we should sum over all flavor neutrinos in final states. Then we get the
final modification

1 2m2 2\ 2 9m2 2\ 2

9 _ 2 myy Myl myy [Muul
= 5 1+4dsy, — — > 5 +{1-— "

osM (14+4s2)°+1 g% mivx g% m3vi

2\ 2 2 2
Ty 2my [mypp| [mep]” + [mrpul
2.2 2 )
gPMmAvA Impunl

. . . 1 2 2

Treat the ratio as a quadratic function of LR (MAVR — 00 = JSLM — 1)
2
o 1 1
OSM MAVA MAVR
where
2 2 2
2 2 [mep]”+mrpul )
v |m 14— e 2 2 2
( ’ ,u,u| ) ( + ‘muu|2 _U |muu| (2+45w)‘

a = ’b: 2
(14+4s2)"+1
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With the property of quadratic function, we can draw the figure,
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Figure 9: The rough lower bound of the ratio 7.
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Use upper bound of ——5- from CLFV, we can constrain —— better.
TMAUVA OSM

o
Figure 10: The lower bound of the ratio —— with the constraint from u~ — eTe~e™.
OsM

— no
— 0

1o

Mighe eV

As the constraint from u~ — ete~e™ is weak, the range of ratio is still very large.
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@® Combining constraints from Ov33,
== >0.977.
SM .
Close to the current experimental

0/asm

-Zen |

central value.
' % ® From cosmic constraint (based on
" cosmic 5 ACDM), the effect of A on =% is
X OSM

constraipts

>t i L 107 toe limited to be less than 0.1%.
A challenge to experimental test.

Figure 11: Combined with the
constrain from pu~ — e 7.
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In, future DUNE Near Detector precision,*

5o ) 5o 8(a+" )

- =1. 1. ———= = 3.4%(3. ——~ =5, 1%).
<0'€iM:F> 8%(1.6%), (o) 3.4%(3.3%) and (o 5.5%(5.1%)

4JHEP 01 (2019) 119, arXiv:1807.10973
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