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Outline

« Construct EFT with RHN assuming neutrinos are Dirac:
Impose B-L invariance

Phenomenological studies on D < 6 BNC & BNV operators
« EWPT; LHC limits from pp — l/j + MET; Decays of t,7,M —» X + MET
« Neutrino masses from effective operators
» Stellar cooling by emitting N
» Contribution to AN
 Proton decay from BNV operators
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Defining Lagrangian
* Introduce N = Ny with B-L charge —1.
L= Lsy +iNY*0, N — (Y,,fiﬁN + h.o.) + % iq@o@

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

\4

» Tiny Dirac neutrino Yukawa Y, = %) ~ 10713 may be a
consequence of Dirac Seesaw.
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BNC operators

V?HX |Opnp(+h.c.) = Lo" NHB,, Opnw(+h.c.)=Lo" NofHW/,
V2H?D| Opn = ny“N(HT?Lﬁ“H) Opne(+h.c.) = Nyter(HY D, H)
V2 H? Orng = LHN(HTH)

. ONN = (N7 N)(NY*N)

% Ocenn = (€R mf R)INYN)  Ouunn = (@RYuur)(NY*N)

Ouann = (drYudr) (N N) Ogune(+h.c.) = (dpy,ur)(Ny*er)

LLRR| Orinn = (f L)(N¥*N) Oqonn = (Q7,Q) (N7 N)

E Opnre(+h.c.) = (LN)e(Ler)  Opnga(+h.c.) = (LN)e(Qdg)

3 Oraon (+h.c.) = (Tdp)e(@N)
LRRL Oounr(+h.c.) = (Qug)(NL)
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BNV operators (B — L = 0)

CAU 250217

(—/)3 — Q’iaLCQjﬁL) (QAWL LFL) Cap~Eij€Le,

On1 = Q«zaLCQjﬁL) (d»yRCNR) €~ Eijs

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

NP : m%UQ 2 2
I (Z%lﬂV): 7TA4 (CHN+20LNZ)7

. Smh
FNP(h — 1I1V) — 167]'A4 OLNH7
mav?
AT e
(W — (v) 487TA4CHN6

C=1
['(Z »inv) <2MeV = Ayynz > 1TeV
BR(h - inv) <10% = A yy > 2.8TeV
AT(W - lv) <2 x1073T(W - lv) > Aypy, > 0.58 TeV
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Collider searches: pp —» 1/j + MET

3'5 T T T T T T T T T T T T
3+
q g&
q N 2.5 |
2 e
/ z
q _ =)
N q’ < 1.5 b o WO W e .
Odgune + Ogunt + Ornga N
+O0raon Onne + OLnw OQuunnN + Oaann + OgonnN 1. A 2 BB BB B B BB BB
0.5 Lot . N . . . . N O O e .
0
85 25 3 SY I o8 55 56 56 oF of oF oF
ooy O oY Y Eg NOO&Y BY &Y e e g
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Top decay

b
N
8
ey
Onune + Ornw Oqunt +Oraon + Oaune + OLNGd
Top decays Relevant Coefficients Amin [TeV]

20x 332¢x w3312 133 3310y
t — Eab _|_ IIlV CHNG’ Cd'u,Ne‘- CLdQN' CLNQd' CQ’ILNL 01397 0139, 0137
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Meson decay: M* - [EN

| Meson decay|  Decay width [GeV] | Relevant Coefficients | Anin [TeV]]|
Tt =t (25281 £0.0005) x 10717 Cp N Ol Coivp Clivoa| 2445
T = ety (3110 £0.010) x 10721 (Ol Clin.. O L. Civba| 123
KT =ty | (3379£0.008) x 10717 [C200 O, C3 g | 132
Oune + OLnw Kt —ety, (8.41£0.04) x 10722 |3l Cigy,, CElig . CFi,| 112
DT — utu, (7.09£0.20) x 107 O Oy, Colve. Chivoa|  0.73
Df = 1tty, (6.95+£0.15) x 10~ |C25  Cify, C2%,. CTe2 | 077
B =17y, (444£1.0) x 107" €4 Ne: Chines Counp: Cinga| 044
D: — uiyﬂ_ (2.38 £0.11) x 191;6 (%{ TN e CE*\ . (E\;%, S 063
D* = 1ty (7.6 £1.7) x 10716 iz ciry ol opeh | 072

OQuune + Oount + OLNod
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Tau decay

Z

Oune + OLnw
(-

Oune +Onw

OLneL

o o - J
o UHNe + P Nw N e
W q
N
Odune + Ogunt + OLNga
q q +O0ragn

Tau decays|

Decay width [GeV]

| Relevant Coefficients [Ap,i, [TeV]]|

T m+inv (2453 £0.012) x 10 P CNT CF Ciab, ] 104
T — K +inv [(1.578 £0.023) x 10" CTN,. COIN L. ClNGa | 1.65
OLNLe Ocenn +OLLNN
Tau decays Relevant Coefficients Anmin [TeV]
_ . al/it  ~li/T1 Til(T/0)  ~liT(T/0) o~ /7)) ~ljiT vTj il WTig -
T =L + E CHJ\TE? CJLJT\'TVL” Cle\rLt? TCLJ\«‘TLG "LNLe »~“LNLe» ~LNLe> “eeNN/LLNN 1.5 (149)
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Neutrino mass & magnetic moment

* After EWSB, O vy and Opyp,w contribute to neutrino mass
and magnetic moment, respectively:

3 C=1
om,, = CLNH(U)QﬁAQ- =  Apyg = 2 X 108 GeV

N 2v2mev

"B B e\?

(cwCrLnB (V) + 5,Crnw(v)) < 10712 (for v, from stellar cooling)

Cc=1
>  Apvpw = 10° GeV
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Neutrino mass & magnetic moment

* RG running with C;yy(A) = 0 [0504134]: m o
S — v2e Crnu(v) HyN \\\ B/W
Y 8me cowCrnp (V) + 5,Crovw (V) 1n ] - -
N L L
Uy N . Om .
JB ~ 10~15 0_191{/ & Coyy ~ 0.02 CLNB/W (taking the same cut-off A)
Cc=1

= Avgw = 107GeV
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Neutrino mass from quark condensate

» (uu) = (dd) = (5s) = Aycp ~ (300MeV)?

3
e Dirac neutrino mass: m.,, = Aacp = A = 10TeV
- My = =5 LNQd,QuNL = c
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Stellar cooling

* Neutral current processes: f - fNN(v) from the
LNLe & ffNN (f =e,u,d,LL,QQ) operators

limiting A = 4 TeV. Raffelt, 9903472

« Charged current processes: eq — q'N from the
duNe, LNQd,LdQN, QuNL operators

limiting A = 70 TeV.
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Contribution to AN

« |
ANesr = 20 PR —3x PNr _ 3 (TNR)
Pur, Pur Cr.vL

* Tracking thermalization of N down to the BBN era.

fl)i\'TR + 3H (PNR + PNR) — CJVRJ

A o —2
/ Cn, = / H dll, (27)* 6 (p1 + p2 — P3 — Pa) ¥ MlNpixoyiz
dgj\fR 3 a=1

T dT + (1 o d) gNR - 4 Kk 3. H T4 CNRJ Es+ Ey N\ ny ng B B E, B E>\ nng nx
| k&R exp | — egeq XD\ 7 — 7 ) e &g
CIVR T ny' Ny, Ing T ) ngg ny

. TNR 7 73'2

gf\rg — TUL K =2X g—go

B (D) NGRS 3gs dT

_ Qi/Z(T) 90(T) gi/z _ 9s (1 4 1T dgs)
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Thermalization processes

| Involved Operators| Vertices |
U — AT
AL.\IB —\/342 .{/L(J'Hu N ]?Bgux
“PLNE
/ v — NN T i)
AL\'.\.\..-' \/37 vyo A H”
L :_‘,.\'2 o ¥ e
LNW
At v v _Ji otV N (U'l + .-H'Q )
ALNW \/ﬁf\% o cr, VR v ! pv
i d, 2 —
U 4L [N 4
i\HNQ - \/3\2 ,;\ R le (’I{I‘I ;j_
" "HNe
2] —
;\ .I. 9L i?\:‘ 'hr'“;:\r Z
HN 2(-'””\?—11\' R R iz
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ANeff limits

: REREBREE \‘f'f';‘.,"’i";,}'i 1 ;': '\" v\'”'l % O R R BRI .'E
BRI ;\_\_:',._.;.; X \‘\\\ RBRssRssssssss PLANCK 2018 20) X4 Cut-off scale|Constraint from N.g
" S NS —_ - (TG'V)
. =
5 L e e e e e e e e e e ] ALNB 80
Z 0k SPT3G (10) 3 ALNw 50
N ] AgNe 15
e e e e e e e e - AN 8
CMB - $4 (10)
| mmm—— Aing e Ay = Ay reemeees Anine |
oot vl il il i N
10° 10* 10° 10° 10
A [GeV]

Orvw +OrLNB

m? + s 22
O'(QN RN 61/) 06 (2 (Qmi + s) log (‘4—2) —48) -TR-ZA = %

my
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BNV operators (B — L = 0)

CAU 250217

(—/)3 — Q’iaLCQjﬁL) (QAWL LFL) Cap~Eij€Le,

On1 = Q«zaLCQjﬁL) (d»yRCNR) €~ Eijs

On2 = (uar®dsRr) (d«,RCNR) €a By -
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Proton decay

* Nucleon transition to meson+lepton induced by BNV
operators: JLQCD, 9911026

T (d.5) (P(R)| O¥F N (F.)) = 77(q. ) PL [ Wi (@) — 2w (@) un (k. 5

my

Q? = —¢° = —(En — EP)2 4 (Z_ﬁ)z

_ 1 m2  m3
I'(N — Pl) = - % (1, mf ,2) ((mg +my — mp) (1102 ;nf W, 2) — 4m?2Im (IIOU ))

32Tmy my My ‘N

< o
Wo1 = Z ng 1N = P)
T
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Form factors p111.01608]

O3 = (QiaLCQjBL) (QFWLCLEL) €ap~Eij €Ll
(daRCuﬁR) (UyREER) €apn -
On1 = (QmL QJJL) ( ~R NR) €afB~yEij

On2 = (Uar®dsR) (dfyRCNR) €y

Matrix element| Wy Wi
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) 5. 1p) | 0.0923 [—0.063%
0.0932 |—0.0653
(K7 | (ud)psy |p) |—0.0835] 0.0588
—0.0846| 0.0605
(K| (ds)pur, |p) [—0.0651] 0.0192
—0.0658] 0.0201
(K™ (ds)gpuy |p) |—0.0394|—0.0203
—0.0393(—-0.0204
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Nucleon decay limits: p - nt/k* + N

p— Kty

p— Kty
p— Ktu
p— aty

| Process | 7 (1077 years) | operators [Amin [107° GeV]]|
p— mlet (7ut) 24 (16) [58] crie 3.88 (3.52)
n—7n et (7 pt)| 5.3 (3.5) [H9] 2 66 (2.41)
p— nle” (r;“,u*) 10 (4.7) [59] Ciyh 6 (2.12) I .
n — n'v 0.158 [60] CHY O s 0.3 .
p— Kv 6.61 [61] |C7H%., C]] T2 N OO 3.46 B0 o
n— K% 0.13 [62] 1.3 i n
p— K¢t (K°uM)[ 1 (1.6) [63, 64] (*2'” .021%;-‘-' 1.1 (1.23) ::
n— 7' 1.1 [62] 2.14 =
L
=
21015 p
a0
1.101% . .
03' o:l' f‘ +:‘
o B 8 =
I B BB
1.1014 H B = =
Cf) Flavor dependent limits, e.g., t°b°s°N (?) FOF T Wi e
N ) o
S
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Conclusion

e Study of Dirac neutrino EFT (B-L invariance with RHN N).
 RHN appears as MET In collider searches: Ay gjevant = 0(TeV).
* Neutrino mass generation:

Apng 2 108GeV, Apygw 2 107GeV, Apygaquve = 10* GeV.
» Stellar cooling: Asrnn inre; dune tvodraon,ouney = (4570)TeV
* ANege limits: Apnenn = TeV, Apypay = 8(5) TeV.

* Proton decays to RHN: A%"fz’s) = 10*°GeV (extendable to

general flavor structure).

CAU 250217 "Dirac NEFT"  EJChun@KIAS 22



	슬라이드 1: Phenomenology  of Dirac neutrino EFT
	슬라이드 2: Outline
	슬라이드 3: Defining Lagrangian
	슬라이드 4: BNC operators
	슬라이드 5: BNV operators (대문자 B 빼기 대문자 L 등호 0)
	슬라이드 6: EWPT limits
	슬라이드 7: Collider searches: p p 오른쪽 화살표 l 슬래시 j 더하기 MET
	슬라이드 8: Top decay
	슬라이드 9: Meson decay: 대문자 M 까지 플러스마이너스 오른쪽 화살표 l 까지 플러스마이너스 , 대문자 N 
	슬라이드 10: Tau decay
	슬라이드 11: Neutrino mass & magnetic moment
	슬라이드 12: Neutrino mass & magnetic moment
	슬라이드 13: Neutrino mass from quark condensate
	슬라이드 14: Stellar cooling
	슬라이드 15: Contribution to 대문자 델타 대문자 N 하위 eff 
	슬라이드 16: Thermalization processes
	슬라이드 17: 대문자 델타 대문자 N 하위 eff limits
	슬라이드 18: BNV operators (대문자 B 빼기 대문자 L 등호 0)
	슬라이드 19: Proton decay
	슬라이드 20: Form factors [2111.01608]
	슬라이드 21: Nucleon decay limits: p 오른쪽 화살표 파이 까지 더하기 슬래시 대문자 K 까지 더하기 더하기 대문자 N 
	슬라이드 22: Conclusion

