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Outline

« Construct EFT with RHN assuming neutrinos are Dirac:

Impose B-L invariance
Phenomenological studies on D < 6 operators

« Collider limits

* Neutrino mass & magnetic moment

» Stellar cooling

» Contribution to AN

 Proton decays
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Defining Lagrangian
* Introduce N = N, with B-L charge —1.
L= Lsy +iNY*0, N — (Y,,fiﬁN + h.c.) + % zn:ci@o?)

* Assume B-L Is a good quantum number and thus N has no
Majorana mass.

* Dirac neutrino mass either from small Yukawa, or EFT
operators.
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B = 0 operators

Qf)QHX OLNB(—H].C.) ZZU'{"UNFIBHU OLNW'(—l—h.C.) Lo No H[V;{U

‘ — <=
V2H?D| Opyny = Ny“N(H'iD ,H) Ognec(+h.c.) = Nyterp(H'iD, H)
V2 H? Orng = LHN(HTH)

1612.04527

Onn = (ﬁ’}"‘“ N) (W’}““ N)
Ocenn = (€rYuer)(NY*N) OuwunN = (UrY, ur)(NY*N)
Ouann = (drY,dr)(NYV'N) Ogune(+h.c.) = (dry,ur)(Nvy er)
LLRR| Orrny = (L7, L)(Ny"N) Oqony = (Q7,Q)(N¥"N)

RRRR

E Ornre(+h.c.) = (LN) (L(j ) OLNQJ(—I—ILC:.) = (Eﬁ-’_)f(adg)
o _ —
— OLQ{QN(-HLC.) = (LdR)E(QN')

LRRL OQ.“,NL(—HLC.) = (@TLR)(WL)
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B + 0 operators (B —L = 0)

18/12/2024 UNSW

On1 = Q«zaLCQjﬁL) (d»yRCNR) €aBEij

On2 = (uar®dsRr) (d«,RCNR) €a By -
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EWPT [imits

A =1—-3TeV

NP : mgzv2 2 2
I (Z—>1HV): 87TA4 (OHN+20LNZ)7

3mpv?
FNP(h—>llflV) — 12:[?\)4 C%NH’

M v
AT(W — (v) = 48‘;"; X C3rne

2

C=1
I'(Z »inv) <2MeV = Agyinz > 1TeV
BR(h - inv) < 10% = A yy > 2.8TeV
AT(W - v) <2 x 1073T(W > v) = Apyp, > 0.58 TeV
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Top decay

A =0.1TeV

Top decays Relevant Coeflicients Apmin [TeV]
t — Lob+Tnv |Ciine, ChuNe Craon Cinoa Connr |0-139, 0.139, 0.137

b
N N
/ % t
ot 0y
Oune + OrLnw Oounr + OraonN + Oagune + OLNQd
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Meson decay: M* - [EN

*A 205—-25TeV

Meson decay Decay width [GeV] Relevant Coefficients Apin [TeV]
Tt =ty [ (25281 £0.0005) x 1017\ Co i Clives Couvr: Crvoa| 245
Tt = ety (3.110 £0.010) x 10~ (él{l\ Cline: (ggl\L (L\HQd 1.23
K™ — v, | (3.379£0.008) x 10~ (ji{ Cilines )élif\“m, (E\lg S 132
K+ = etuy, (8.41 £0.04) x 10=22 (ji\ Cion s (51\ s (L\MQ g 112

;o | O8O X 10 |Caule Ciive Coubir CiNgal 017
BT = 1Fu, (@A£10) x 1077 JCAR.. Cline: Chuny CiNga| 044
DY — 'y, (238£0.11) x 10719 1C K. Chile. Couir: Cinoa| 063
DY =1y, (7:6+£1.7) x 107 |CiNe: Ciine: Crung: CiRpa|  0-72
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Tau decay
*A=Z1—-16TeV

Tau decays Relevant Coefficients Apmin [TeV]
_ — vl o /T Tl(T /) AT (T /0) gl /T)  ~ljiT yT 3l T -
T = + E CHI\& CLJ\ W CLJ\ [ Le CLJ\ [ Le LN Le CLJ\' [Le? CLJ\' [Le? Ceu IN/LLNN 1.5 (149)
o . —
Z; . || Tau decays| Decay width [GeV] | Relevant Coefficients [A,,i, [TeV]||
; - i
: T v (2453 £0.012) x 10 B CI. O, Ol | 104
T K +inv |(1578 £0.023) x 10 7| 02700, O, T 1.65
7 N - Oune +OLnw N e~ J
Onne + OLnw OLNLe
(=
W f
N
Odune + Ogunt + Orngd
q q +Orign

OLNLe Ocenn +OLLNN
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Collider searches: pp —» 1/j + MET

A =1—-3TeV

3.5 T T T T T

2 e N
/ z
q _ B
N q’ < 1.5 b o I - . e . o
Ogune + Ogunt + Ornod N N
+O0raon Onne + OLnw OQuunnN + Oaann + OgonnN 1. A 2 BB BB B B BB BB i
0.5 Lot N W W W . N W RN e . _
0
of of 555 3 F 59 55 8 o 8P 8
Vogy 080 & EO‘O YOOy &Y &Y &© e ge

QD

vector scalar

18/12/2024 UNSW "Dirac NEFT"  EJChun@KIAS 10



Neutrino masses

¢ FI’Om OLNH
3 C=1

om, = Crnpg(v)

* From Opnga & Ogunt

QJJM = Avy =2 %108 GeV

CLNQd 5 CounNt -
Sy = — Af (dd) — %\2 (@)
Adep

= (Crnod + Count) A2
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Neutrino mass & magnetic moment

* From Ong/w 0504134

\

\ H\\ /f}_l
\\\H /
S B/W% o= Awsyw 2 107GeV

CLNH ~ 0.02 CLNB/W

e Stellar cooling bound

N 2v2m, )
IL;V - \/e_[;q;U(CwCLNB(U)+3wCLNW(U)) < 10712

= Apnpw = 10° GeV
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Stellar cooling
A= (2—-700) x 103 GeV

Process Relevant Coefficients | Ay [TeV]

Y — Vg + Np Cing, Conw 630 Raffelt
e p—n + i?\"TR Cﬁd.uf\re 55

NN — NN + NrNg| Cuunn,daann. Coonn 5.3
v, N — NrpN Craon.iNod, Count 24

ete” = Np+ Np CeeNN.LLNN 1.8 Barbieri, Mohapatra, 89
2
. , E? \/E C’g N e \ﬁ i 9 :
ole™p — Npn) ~ 4e2. G2 =%, with ece = L = — ( Cuunn + Caann )~ + 4C? ,,,,) .
( f R ) CC F - CC _11_\2 (;F NC _1 (;F 1\2 ( uulN N ddN N ) (QQ.'\' N

A m>, ‘ i r
- N 2 . ) N f I3 il oy N
E>. with A=my,f; (Crion —2CLNgd) — 2maf, Counr).

a .ULL'?\"T — :\TR:\T ~ — - -
( ) 321 A*m2m?

d ; ‘
T £ = my (NlgglN) /23, |
o(ete™ - NpNp) = Coanv 2O 2007.03319
TO
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Contribution to AN

* Tracking thermalization down to the BBN era.

PNp T 3H (:ONR T PNR) — CNR:

dén :
_ P)SNgr 3 74 “Nr>
AT i€, HT
‘ T d
gNR — ?’VR k=92 % g@ 5= G (g )(T)gp( ) g /G, 3ge dl
UL s

4
| (.lT . T

ANy = 2an _ g PV _ g ( N“)
Pur Pur 1,

Vi,
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Thermalization processes

Involved Operators Vertices
ArNB f,\ v,oc"" NrDB,,,
.l' NEB
) JTE% 3
ALN\J\, ‘/_\me VI a \ ” piv
| AT 1 TN 2
*’\L:\T‘W’ \/—\1 o & ;"Jrjr'rL N R (IT iy + iN ,u.i.;)
- [2(}‘[‘ T
AHNe Npy'epWr
\/_\HJVE
j v UL -~
AIIN QC-WA?LI \ R yH \HZ
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ANeff limits

b T l‘v‘ I"!‘Illl T I\I‘ I!ll'l | | I'l'lllll A 1 1 i F IIII_
R ] A=8-80TeV
5 b .‘.‘. % \\ \ 3
XX o30%8, Tetelet : . PLANCK 2018 (2 - "
Sastassis. S BRI, CANRREREO Y [[Cut-off scale[Constraint from Nog
B ~~':':'::':'-'-h.-.. ‘\*\ =— -
A (TeV)
1 S S AN 80
- 01 SPT 3G (10) 3 LNB _
- ) A nw 50
- - AHNe 15
e Y Agn 8
| mmm—— Aing e Ay = Ay reemeees Anine |
0.01 L Ly ool 1 L v o aul 1 L ol L L L1111 Y
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2 27712 + s) lo A re —4s _ .2 —_ € T
a(eN—> GV)OC(( A ) g( m2 m 6
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Nucleon decay from B + 0 operators

» Nucleon transition to meson+lepton N — P [

TH7e) (P O IN(E.9)) = T ) P W (@) = oW Q) ()

my

Q* = —¢* = —(Ex — Ep)* + (k — p)?

_ 1 - m2 m? . 2 ; .
I‘U\T — P () = - )\% (L Tnlf , 77?5 ) ((;rng +m %\. —m P) ( H 0 ‘ 2 :T? é ‘[’[rl 2) — 4'?71?1111 (U?U W l*))
'N

32Tmy m3 My

~_ C I ) )
Wy =3 Wi (N = P)
I
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Form factors p111.01608]

On1 = (QéaLcQjﬁL) (dchNR> €aBryEij

On2 = (Uar®dsR) (dfyRCNR) €y

18/12/2024 UNSW

| Matrix element| Wy | W ||
7| (ud)pdy |py | 0.1032 | —0.130
0.105 | —0.132
(m* ] (ud)pdy |p) |—0.1125 0.116
—0.1139] 0.118
(K" (us)pur |p) | 0.0395 | 0.0256
0.0397 | 0.0254
(K°| (us)gur, |p) | 0.0688 [—0.0250
0.0693 |—0.0254
(K| (us)pdy |p) | 0.0263 |—0.0448
0.0266 |—0.0453
(K (us)rdy |p) |—0.0301] 0.0452
—0.0307| 0.0458
(K| (ud) sy, |p) | 0.0923 |—0.0638
0.0932 |—0.0653
(K [(ud) st 1p) |—0.0835] 0.0588
—0.0846] 0.0605
(K| (ds)pur, |p) [—0.0651] 0.0192
—0.0658] 0.0201
(K™| (ds)ruy |p) [—0.0394]—0.0203
—0.0393[—0.0204
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Nucleon decay limits

* A= (1—3.5) % 10 GeV

Process 7 (10°° years) operators Apin [10" GeV]

p— et (7uT) | 24 (16) [58] Cis54 3.88 (3.52)
n—a e (77 put)| 5.3(3.5) [H9] 2.66 (2.41)
p—nlet (n"ut) | 10 (4.7) [59] Cl55 4 2.56 (2.12)

n — n'v 0.158 [60] CiY%, CNting 0.9

p— Kt 6.61 [61] Cf,lzal,f?\fla 11,132,%1,N29 3,N1,N2 3.46

n— K% 0.13 [62] 1.3
p— K% (K°u™)| 1 (1.6) [63, 64] CTos 4. O3 1.1 (1.23)

p— 7Y 0.39 [62] Cl3N1N2 1.64

n — mlv 1.1 [62] 2.14
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Conclusion

e Study of Dirac neutrino EFT

* RHN appears as MET in collider searches—
Z/W/h/top/tau/meson decays: A = O(TeV).

* Neutrino mass and magnetic moment:
Ay = 108GeV, Apnw = 107 GeV.
» Stellar cooling: Apyp,w = 10°GeV

* ANggr limits: Apyye uy = 10*GeV, Apypuw) = 10°GeV.

* Nucleon decays via BNV operators: Agff;) = 101°GeV

(extendable to general flavor indices via loops).
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