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Problems in the Standard Model

> Why neutrinos are massive?

> What is dark matter?

> Why is the electroweak vacuum metastable?
> What is the origin of cosmic inflation?

> Why is the matter-antimatter asymmetry larger than
expected?
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Problems in the Standard Model

> Why neutrinos are massive?
= seesaw mechanism

> What is dark matter?
= keV scale sterile neutrinos

> Why is the electroweak vacuum metastable?
= it is stabilized by an extra scalar field

> What is the origin of cosmic inflation?
= two-field curvaton inflation

> Why is the matter-antimatter asymmetry larger than
expected?
= resonant leptogenesis mechanism
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Super-weak model answers these

Main paper: Trécsanyi, 1812.11189
> Why neutrinos are massive?

= seesaw mechanism
Iwamoto, Karkkainen, Péli, Trocsanyi, 2104.14571,

Kéarkkainen, Trécsanyi, 2105.13360 =- This talk
> What is dark matter?
= keV/MeV scale sterile neutrinos
Iwamoto, Seller, Trocsanyi, 2104.11248 = Karoly Seller's talk
> Why is the electroweak vacuum metastable?
= it is stabilized by an extra scalar field
Péli, Trocsanyi, 1902.02791
> What is the origin of cosmic inflation?
= two-field curvaton inflation
Nandori, Péli, Trécsanyi, 1911.07082
> Why is the matter-antimatter asymmetry larger than
expected?
= resonant leptogenesis mechanism
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How to access physics beyond the SM?

Existence of dark matter, baryonic asymmetry of the universe,
metastability of vacuum et cetera suggests that SM is incomplete.

Standard

model

New interactions should exist! Possible new particles must be
either very heavy or must interact super-weakly, otherwise we
would have seen notable deviations from SM predictions.
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Pick your favourite?

;
1/ v \'/ 0 mp (vp)e

AL =— h.c.

£ 2(<NR)C) (mg mR)(NR e

A Higgs portal e

Standard

model

AL = |Dux* = i [x]* = Al = A(@T o) [x [

e Gauge portal

1 £
AL=—-7ZMZ,., — —
£ 4 a 2

Y

B, 2"

4/33



bosons

fermions

Ve

weak nuclear force
h “ electromagnetic force )

" ctrons niuclear force
strong nuclear force

~

B\
> || e )
=

S = B N

J

Vs
-

quarks leptons

5/33




bosons

fermions

super-weak force

Ve

weak nuclear force

h “ electromagnetic force )

" ctrons niuclear force
strong nuclear force

=) -

~

N
=

J/

=~ (3¢]
- N} =~ A N
3 Q)
Q ®» 3 N 2,
) —
S s N A 2
N———
/// . - J
quarks leptons

5/33



choose all three simple portal extensions

SU(3)c ® SU(2), ® U(1)y @ U(1)

Field | SU(2), U(1)y U(1)z
Q | 2 5 ; SM
P -
d 1 1 5 three sterile right-handed
R 3 6 Majorana neutrinos
bl 2 3 i
IR 1 1 7% complex scalar singlet,
. which breaks the U(1),
¢ 2 2 1 symmetry and produces a
Ng 1 0 % massive gauge boson, Z’.
X 1 0 -1
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Chosen mass scales for the new particles

SUB)c ®SU(2), ® U(1)y ® U(1)7

New -+ New scalar s.
O(1) GeV -----. Neutrinos N, and Ns.
O(10) MeV - - - - .- Z" and Nj.
O(10) keV -+ - - - Ny
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Gauge sector

SU3)c ®SU(2), ® U(1)y ® U(1)~

1

1 € 1
['gauge = _ZB},U/ B _ZZ;WZMV - EB;U/ZHV - ZWMVWNV -
—_———

—_—
u(1), u(1), kinetic mixing
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Gauge sector

1 1 )
Egauge = _ZB}LVBMV - ZZ/U/ZM

€ , 1
- EB’“’Z# - ZWWWW —...

The model exhibits kinetic mixing between the U(1) gauge fields:
AL = —%BWZ‘“’,
D" =0t + igiT - WH + i(ygy By, + zngZL)
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Gauge sector

1 1 1
EgBUge = _ZBILVBMV - ZZ/“/Z/“/ - gB/“/Z'“V — ZW;LVWMV -

The model exhibits kinetic mixing between the U(1) gauge fields:

6 v
AL=-BuZ",
D" =0t + igiT - WH + i(ygy By, + zngL)

We can choose a basis where the mixing is absent, corresponding
to covariant derivative

D' =0 + igim - W + i (yg, (2= yn)gs) x ()
€8y o 8z

gz7 z \/1—62
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The neutral gauge bosons Z and Z’ mix weakly

B AH
W3k | =R(Ow,0z2) | Z* |,
B'r z'n

where the Z — Z' mixing angle is

07 =0z (gy,gé, %) <1,

suppressed due to small couplings.
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Scalar sector

SU(3)c ® SU(2)L ® U(L)y ® U(1)z

New -+ -+ New scalar s.

O(10) MeV - - .- -
O(10) keV - - - --

Lscalar = |D/L¢|2_HD;IX‘2_/L3$|¢’2_:U§<‘X‘z_)‘¢|¢|4_/\X’X|4 o /\‘(/5|2‘X‘27
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Scalar sector peli, Trécsanyi, 1902.07082

Lagrangian:

Licatar = | D[P+ Dy P = |02 =43 I = Ao lo[* =M Ix[* =Nl x 2,

(8) ;0

Vacuum expectation values:

(9)

Sl

w
\/57
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Scalar sector peli, Trécsanyi, 1902.07082

Lagrangian:

Lscalar = |Du¢|2+‘D/LX|2_N%¢>|¢’2_N§<’X’2_)\¢|¢’4_)\x|X|4—>\|¢|2|X|2,

Vacuum expectation values:

1 /0 w
<¢> = \/§<V>’ <X> ﬁ?

Eigenvalues of the scalar mass matrix are given by

Mo = ApV? + Mw? 1/ (AgV2 = A w2)2 4 N2v2w2

RGE analysis and vacuum stability constrain ms € [144,598] GeV.
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Goldstone and scalar mixing

After spontaneous symmetry breaking, in R gauge

6= 1 ( —/'\@0Jr >7 Y=

(w+s +ioy)

Sl

V2 \v 4+ +io,

Mass eigenstates are h, s, o, and os:

()£ ()<L

Goldstone mixing between oz and oz is given by a particularly
simple form,

MZ/

tanf¢g = tanfyz |,

double-suppressed by Z — Z’ mass ratio and mixing.
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Neutrino sector

SU(3)c ® SU(2), ® U(1)y @ U(1)z

Agw -« -
O(1) GeV ------ Neutrinos N, and Nj.
O(10) MeV - - -- - Ny
O(10) keV -+ - - Ny
—Ly = %WYN(VR)CX + TrRY eaplia®s +h.c

—_—

. . = Dirac mass matrix
= Majorana mass matrix
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Neutrino sector - seesaw mechanism

Yukawa terms:

1
—Ly = §WYN(VR)CX TVRYveapliads +h.c.

)
v _1 v 03 M v
=3 (me) < e (i)

Vel Ng1
v = - ~ v, My=-Zvyy
t=1| v |, vR=| Nr2 |, Mp=—>2-Y,, N= =
VrL Ng3 V2 V2

M, = —MDMﬁlMTD + (subleading terms),
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Neutrino sector - mixing

LY —

m

N —

T T
vy c 0; M; vy
) <o 32) o)

-
u’ ( Y MD) U = diag(m1, mz, m3, mg, ms, me)

MD MN
( TL‘)

U is unitary, but 3 x 6-matrices U; and Ug are semiunitary:
U Ul =15, URUL =13
Ulu, #1s, ULUR # 16
UTU = ViU, + VLU, = 16
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The new fields may enlarge the radiative corrections to M,

Neutrino self-energy is a 6 x 6 matrix,

iZ(p) = AL(p*)pPL + Ar(p*)pPr + BL(p*)PL + Br(p®)Pr

UL,ia Oz,07 UL,aj UL,m h,s UL,aj

Ulia 27 UL, ULia  w*  Upg

v Vil|vi vy

Vq ga:F

y=U/E?+=f 244 E v 2V,
sM, = U;B.(0)U}
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We generated neutrino interaction vertices via SARAH

Model file available online at arXiv and on PRD!

Model Name = "U1XSM";

Model NameLaTeX ="U(1)X extended Standard Model";

Model Authors = "Sho Iwamoto, T. J. K\[ADoubleDot]rkk\ [ADoubleDot]inen";
Model'Date = "2021-03-02";

Gauge[[1]] = {B, UI1l, hypercharge, gYY,
Gauge[[2]] = {wB, SU[2], left,

Gauge[[3]] = {G, SUI3], color,

Gauge[[4]] = {Bp, UI[1l, superweak,

Mathematica extension SARAH generates Feynman rules, beta
functions, mass matrices et cetera.
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We generated neutrino interaction vertices via SARAH

M, = —ier (T, P+ "5WPR)U
R *
VI/l/ = CVVI/UTUL CVVVU:‘-QUR

%, =—Cb, U/ Ui + C§, UUg = —(rvw)*

_ L R R __ Lyx
rsk/o'k vivp = (rsk/akuupl— + rSk/O'k VVPR)U’ "= _(r )

rL v — MUTUL—FUTU M (Z ) +UTM U* (Z )k2
Sk >

(Zg)k

rt —— [(MU{UL + ULTU’[M)

2%

L ulmy u*( )kz]
w
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= _iefyu(rl\_/w/PL + r@ul/'DR>ij7 V= Z’ z

Vi

S = (r§,,PL+T8,,Pr) , S=hs

i

........... = (I'éwPL + I'fWPR)U, o=0z,0z7

Vi
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Final result for one-loop correction

log, 0 |A m3|lm3, Ms =250 GeV, sin(ez) = 0.0001
e —

N Wk OO N 0O ©

log, 0 M, /GeV

—

-3 -2 -1 0 1 2 3 4
log,, m./GeV



Final result for one-loop correction

log., |A m3|/m M =250 GeV, sin(0,) = 0.0001
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6 23 In et
Fi(M?) =3 (UD)ia(U])s (V ) o
> mel 1 23/33




Relative correction to m,, with M = 50 MeV

0 0.2 0.4 0.6 0.8 1
Isin 6|
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Parameterization

We use the Casas-lbarra parameterization, which allows us to input
neutrino masses and PMNS matrix consistently

2 I
Yl/ — {U;MNS mg'ag(—iRT)\/m y R S 0(3)
Uyosn = Upnns\ mo28iRT\/ mg?
The standard case R = 13 produces the expected active-sterile

mixing, |U3;N| ~ \/m,/mg.

However since R is a general orthogonal matrix, benchmarks
corresponding to large mixing can be generated by parameterizing
R as Euler rotation matrix and scanning over the possible values.
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Experimental constraints for GeV-scale sterile neutrinos
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Experimental constraints for GeV-scale sterile neutrinos
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Z' interactions

z = —iey"(CS PR+ CoerPr)

p

The couplings have the form

sin 92

eCéi’;f = (Qugy + Qugy)cosbfz + (Qz + Qu sin® Ow)gL cos Oy

where Q1, @2, Q3, Q4 € Q are different for different fermions and
chiralities.
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Nonstandard interactions

e, u,d e,u,d \We integrate out the Z’ boson to obtain
effective nonrenormalizable dimension-6
operator.

) £NSI = —2\/§GF5Z/(W’Y“PLVK)(?’YHPL”

7.7 )
mX v X
Eﬂf = eCZ/ eCZ/ff
I\/I%,
N,
e =ci+ 2l +ef+ N " (el + 2¢5)
—_———

e

Ve Ve =0
Sum over the fermions f = e, u, d and chiralities X = L, R.
v N, grsinfz grsinfz
m — 'n 0 ! 0 _ )
“u 8I\/I%, N, (gy cosvz = cos Oy ) ((gy 8;) cosz cos Oy
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NSI constraints for the gauge sector

log,, [€™], with M, = 50 MeV, sgn(0,,) = 1

log,, ™|, with M, = 50 MeV, sgn(6,) = -1
25

Effective NSI for neutrino oscillation is suppressed by active-sterile
mixing: || ~ |eU, o n |-
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MeV scale Z’ boson constrains neutral gauge boson mixing

|e$t| < 0.1 region, sgn(0,) = +1

log, 46,

A
[&)]
T

|:| M, = 20 MeV
5.5 |:| M, = 50 MeV

|:| MZ’ =100 MeV
1

0 0.5 1 1.5

tan g
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Conclusions

o Super-weak model is an economical U(1) extension of the
standard model, adding only sterile neutrinos, complex singlet
scalar and a massive neutral vector boson.

o New neutrino interactions are manifested via nonstandard
interactions and active-sterile mixing.

o Higher order corrections to neutrino masses are small.
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Conclusions

o Super-weak model is an economical U(1) extension of the
standard model, adding only sterile neutrinos, complex singlet
scalar and a massive neutral vector boson.

o New neutrino interactions are manifested via nonstandard
interactions and active-sterile mixing.

o Higher order corrections to neutrino masses are small.

fermions bosons

syenb

Thank you!
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Backup slides
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g, g, < 1 translate to light M, < Mz and 07 < 1

B cosOy —cosblzsinfy —sinfzsinfyy AH
W3k | = | sinfy  cosfzcosfy cosByy sinfz ZH
Bw 0 —sinfz cos 05 z'm
2K
tan(ZGZ) = m

w=cosOw(y, —27,), T =2cosfy,tanfB < 1

/ €8y / g;
=B =B
Y 8L 1—¢e2 ‘ 8L

Mz = (1+0(:2) Mg = s (1+0(:2)) < Mz

:T%MZ’/MZ
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Goldstone and scalar mixing

After spontaneous symmetry breaking, in R gauge

1 —iv20t
¢:7 / . ) X =
V2 \v+H +ioy

Mass eigenstates are h, s, o, and os:

h\ 2 h'\ _ [cosfs —sinfs) (K
s)  “\s) 7 \sinfs cosbs) \ s
oz 04\ _ [cosOg —sinfg) (04
=2Z; =
oz Oy sinfg cosbg | \ oy

Goldstone mixing between oz and o is given by

(w+s" +ioy)

Sl

T sin 02
\/(cos 07 — ksinfz)? + (Tsinfz7)?

sinfg =
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