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1. Status of particle physics
2. U(1)z extension of SM
3. Constraints on the parameter space

4. Particle physics model of cosmic inflation






Status of particle physics:
energy frontier

LEP, LHC: SM describes final states of particle
collisions precisely



SM@LHC: theory vs. 36 measurements at CMS

July 2019 CMS Preliminary
e}
(o) B ] @ 7 TeV CMS measurement (L<5.0 fb™)
— 1 O % @ 8 TeV CMS measurement (L<19.6 fb™)
@) - 0 13 TeV CMS measurement (L < 137 fb™)
S jeﬁg — _Theory prediction
- @ Z Z 2 CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pN;7




Status of particle physics:
energy frontier

LEP, LHC: SM describes final states of particle
collisions precisely

SM is unstable



Higgs quartic coupling A
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Status of particle physics:
energy frontier

LEP, LHC: SM describes final states of particle collisions
precisely

SM is unstable

No proven sign of new physics beyond SM at colliders*

*There are some indications below discovery significance (such as lepton
flavor non-universality in meson decays)



Status of particle physics:
cosmic and intensity frontiers

Universe at large scale described precisely by
cosmological SM: ACDM (R, =0.3)

Neutrino flavours oscillate

Existing baryon asymmetry cannot be explained
by CP asymmetry in SM

Inflation of the early, accelerated expansion of the

present Universe :






Extension of SM

There are many extensions proposed, mostly
with the aim of predicting some observable
effect at the LHC — but there are none so far,
so we may look elsewhere

SM is highly efficient — let us stick to efficiency
the only exception of economical description is the
relatively large number of Yukawa couplings
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Extension of SM

Neutrinos must play a key role
with non-zero masses they must feel another force apart from the weak

one, such as Yukawa coupling to a scalar, which requires the existence of
right-handed neutrinos

Simplest extension of Gg,=SU(3).xSU(2),xU(1)y is to
G=GguxU(1);

renormalizable gauge theory without any other symmetry

Fix Z-charges by requirement of

gauge and gravity anomaly cancellation and

gauge invariant Yukawa terms for neutrino mass generation
12



Focus only on addition to the SM,

find SM in this new book:

Introduction to
Particle Physics

Dezs6 Horvath and Zoltan Trocsanyi
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Fermions
(with new highlighted)

fermion fields:

Ut
W= () Wa-Ul -0k
L

f
A=) R -4
L - _
1
YR =ve =5 (1F 1) ¥ = Puyrd

(v, can vg can also be Majorana neutrinos: Weyl-spinors

embedded into different Dirac spinors)
covariant derivative (includes kinetic mixing):
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Lagrangian (not considering QCD)

Dirac: . |
ey (T2 @DV (@) + B, () BV ()
Tl
Dl(j) = (% +1g,. T - W, + 1gy iju“
Gauge fields:
1 1 1 - sinf
o s il
- BB I W, W
i s TN v R v R 1%
v 4 - 4 M 4 ngrJ_F(gZ —9y)Y;
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Scalars

Standard @ complex SU(2). doublet and new
vy complex singlet:
Lo - [D(¢)¢]*D(¢)“¢—|— [D(X)X]*D(X)MX V(g,x)
with scalar potential
s [ (19
V(o) = o - w2io Sl + (o2 ) (32 ) ({2 )

N’
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Scalars

Standard @ complex SU(2). doublet and new
vy complex singlet:

Lox = [DYo]* D4 + [DRPX]*DXFx — V (9, x)
with scalar potential

21 412 2 > @R [ Mo % oIk
V(o) = o - w2io Sl + (o2 ) (32 ) ({2 )

N’

After SSB, G = SU(3).xU(1)oeD:
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Fermion-scalar interactions

Standard Yukawa terms:

e (+) _ (0) * (+)
Lv=—eo (@ D), (%0 ) D+ ©.0), (. ) Utea (o0, (0 ) ]

+ h.c.
lead to fermion masses|after SSB:

h . i =
£Y:—<1 | ij)> [DLMDDR+ULMUUR+€LMg€R]—I-h.C.

Neutrino Yukawa terms| (z, = —2z,;):

_ ~ 1
by o Z (¢v)ijLiv - dvjr + §(CR)ij Vi V)R X> +h.c.
18
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Anomaly free charge assignment

field SUBL. 8L BT 2 =2 /25 — o7
e 1 5 2 . Zy | = 0
2 7 1
DR 3 1 —% 221 — ZQ —% —%
UEs L 2 —2 -37, | -1 0
VR 0 ZQ — 421 % %
ER —1 —221 — ZQ —% —%
1 1
¢ 1 2 ) 20 1 5
1 1 0 z | —1 .

o

(a) anomaly free charges (b) from neutrino-scalar interactions (c) from re-parametrization of couplings
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Anomaly free charge assignment
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After SSB neutrino mass terms appear

where
M(h, 8)7;' ==
J (mD(l—I—g) MM(l_I_;))
6x6 symmetric matrix (mp complex, My real)
in diagonal: Majorana mass terms (so vp massless!)

but vL and vg have the same g-numbers,
can mix, leading to type-l see-saw
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Neutrino masses

First diagonalize mp and Mv by defining
b= (U and g, = N (O )in

SO 7 z
L — —% Z (V_L, VR) M'(h, s)i; (Zi) = h.c.
5, L J A
where e 0 mV(1+b)
o Vim (1+2%) M1+ 2)

with m and M diagonal,V = U{ Og unitary matrix
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Effective light neutrino masses

If m; << M;, can integrate out the heavy neutrinos

where my; are Majorana masses, elgenvalues of

ml M mp, suppressed by m;/M,
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Effective light neutrino masses

If m; << M;, can integrate out the heavy neutrinos

1 A

where mu;; are Majorana masses, eigenvalues of

ml M mp, suppressed by m;/M,
if mi ~ O(100keV) and M, ~ O(100GeV), then

Mmmri ~ 0(01 eV)
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Mixing in the neutral gauge sector

W i
B, | = O(sinbw,sinfr) | T,
Z A,

QED current remains unchanged:
‘C’QED o _eAMJéLm

ii ( f e )—I_@‘lfj(x>,yu¢if](x))
g
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Neutral current interactions

current with Z° remains unchanged, but mixes
with new current Jr of new couplings:
L7 = —eZM(cos OrJ,, + sin HTJéf) = —eZ,J, + O(6T)
= —eTM( — sin HTJg + cos HTJéf)

both can be written as v-a interactions for non-chiral

fields:

T = Pp@(v5) — af ) ()
i

with X = Z or T and summation over g and | flavors .



Possible choice for free parameters

The unknown scalar mass Mj or Mz and mixing
angles, VEV ratio, new gauge coupling:

sinflg, sinfr, tanf3, 7

V7 tan 3

V1t

MZ’ 0 MT
= COS s
Mo o AL

Pns gi/gL

w
tan 8 = — T =2
v
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Possible consequences with 5 new parameters

The lightest stable new particle is a natural candidate for WIMP
dark matter if it is sufficiently stable.

Majorana neutrino mass terms are generated by the SSB of the
scalar fields, providing the origin of neutrino masses and
oscillations.

Diagonalization of neutrino mass terms leads to the PMNS matrix,
which in turn can be the source of lepto-baryogenesis.

The vacuum of the y scalar is charged (z; = —1) that may be a source
of accelerated expansion of the universe as seen now.

The second scalar together with the established BEH field may be

the source of inflation in the curvaton scenario.
29



Credibility requirement

Is there any region of the parameter space of the
model that is not excluded by experimental
results, both established in standard model
phenomenology and elsewhere?

Answer is not immediate, extensive studies are
needed

In order not to violate ew constraints, we need
vz, sinfr < 10
super-weak force

30
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Perturbative RG flows

New couplings are small, hence can use PT

All B-functions derived at one loop

Constrain scalar couplings by assuming that the new
model remains perturbative and stable up to Mp;:

)\¢ > 0,
Ay > 0,
AN — A > 0, if A<0

Among new couplings the flow is most sensitive to
the largest neutrino Yukawa cy

Require correct Higgs mass and VEV and w(m,)>0

U(Mz) = 246 GeV and Mh(Mz) = 125 GeV 32



CONSTRAINING THE PARAMETER SPACE OF
THE SCALAR COUPLINGS

unknown initial values: As(my),

Dirac neutrino




CONSTRAINING THE PARAMETER SPACE OF
THE SCALAR COUPLINGS

unknown initial values: As(my),

Dirac neutrino Dirac neutrino, ¢, (my) = 1.0
0-3:|||||||||||||||||||: 2-0:III|III|III|III|III|III|III|III|I,’III:
0.95 = ¢, i 0.0 = 1.8 E_ e )\ )\(mt) — 0.0 ] _E
20 2 [(Jec,=1.01 16 E N _ =
- [(Je, =15 = S E T X X(mt) =0.18 =
/SE — 7] 1.2 :_ — _:
e 015 = = LU SRR to/TeV pg(my) = 132GeV E
= 0.1 = = 82 = o/ TeV iy (my) = 166GeV , =
0.05 & = 04 =
- - 0.2 Beewrss T s s e =
0.0_'l'l""""'l'l'l'_ O.O:IIIIIII|III|III|III|III|III|III|III:
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 2 4 6 8 10 12 14 16 18 20

Ao(my) In(p/GeV)
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COSMIC INFLATION IN A NUTSHELL

Inflation could explain the
flatness problem: the case of flat universe is an unstable
fix point — how can we observe a flat Universe now?
horizon problem: on our horizon ( dy(t) = fot/ dt'/a(t"))
we see causally disconnected patches of the Universe —
how can those be in almost perfect thermal
equilibrium?
almost perfect thermal equilibrium: can we explain
primordial fluctuations?



COSMIC INFLATION IN A NUTSHELL

Inflation could explain the scale of anisotropy in the CMB:
during inflation the horizon of the observable universe
decreases (dt/a = e 'dt)

the wavelengths of fluctuations can become larger than the
observable universe: causally connected patches become
disconnected

after inflation ends, these fluctuations become observable
again with the increasing size of the horizon in a radiation
and matter dominated universe

the power spectra of scalar fluctuations of the metric and
tensor fluctuations of gravity can be related to measurable

quantities (0]6(r, )6(r, 4)[0) :/%P(k)eik.@_y), ir = &




COSMIC INFLATION IN A NUTSHELL

One such quantity is the tensor
to scalar ratio » = P7/Ps (ratio of

0.25 A Planck TT,TE,EE+|0\-NE
t h e CO r res p O n d I n g p Owe r' ¢ %\ Planck TT'TE,EEJF_LT;N;; I—le_részog
3 ; 0.20 A W ©
spectra, compatible with zero)
0.15 - ¢2
§. CO/;VQ\,
The other one is the scalartilt ~ | ™S A0
: B dln Pg . | Zp
ns: n—1 = ——" isthe .
exponent in the power function -
that describes the power 0.00 +—r—H —
0.95 0.96 0.97 0.98 0.99 1.00
spectrum of scalar fluctuations "

(ns T 0966)



SLOW-ROLL Mo

)

=L INCA NUTSH

ol

One or more scalar field(s) coupled to gravity can cause inflation as the
equation of state (p = - €) implies negative pressure, leading to
exponential increase of the scale factor:-N(Nis the e-fold number)

The minimum has to be

e V) from W.H. Kinney: TASI lectures on inflation
sufficiently far for N > 60 A
(observables are const-

O——
" | R :
ructed from the slow-roll | | [;
g 4

parameters taken 50-60 \ % reveAmive Y.
e-folds before the end of INFERT Fow % /
; ; e~V = const %, &
inflation) % £
How can such a potential | %%Uﬁ
energy emerge? | T



SLOW ROLL WITH TWO FIELDS

1 2
V(o) = Vo= i2lof? = il + 510 ) ( (2] )
e

Lo
A2k
VEVs are proportional towﬂ2

2Ax 115 — Ap2 22002 — Mg

The couplings run according to the RGEs

A==



SLOW ROLL WITH TWO FIELDS

The determinant of the Dirac neutrino, ¢,(my) = 0.0
EEE R Pl B B R IR D LT
° ° ° 1 | e A
coupling matrixinthe |, - S o 0 o -
denominator becomes e
; : 0
very small in a certain S
. 10—3 |
region of the parameter A(me) = —0.0878 A(my, ) =~ —0.1908
1072 |} Asl(me) =0.151 - Ay(m,, ) =~ 0.0091
Space A (me) = 0192 Ay (my,,) ~ 1.001
10=5 Liit O R o T B ey o 2 10 ) S

2 4 6 b 1§ St [t b SRS Seaea R

As a result, the VEVs f 0810lk/GeV)  Hinf
become large, O(10°GeV)
at the scale of inflation i,y

is this wedge real?



RUNNING OF THE DETERMINANT OF THE
SCALAR COUPLINGS

Dirac neutrino, ¢,(m¢) = 0.0 Dirac neutrino, ¢,(m¢) = 0.0
T[T T[T T[T T[T T [T T[T I T[T I T TrT 0.1 1 9 Y A
Bk i _ .-
. _ 101646
005 | :ulnf ].O Gev
hn e el
e e
-0.05
|7 M) = —0.0873
107 I —— A(my) = —0.087853 ol
10-5 LiL e v e e S v P A e B Ee e s e R e
2 4 6 8 10 2 T w516 18 20 2 4 6 8 10 6 14 T abon Lo et )

logyo(p/GeV) logyo(1t/GeV)

————e .. — :




RUNNING OF THE D

SCALAR COUPLINGS

Dirac neutrino, ¢,(my) = 0.75

8 5 L 5 B A 1 B 1 o B A LB
1 F g A
10_1 i —~:~~~:~:;‘_-- ................................................... g
e T R s S ]
- 10
10_3 S, )\(mt) = —0.108 _
""" >\¢ )\¢(mt) =t o5
T Ay Ay(mg) = 0.156 :
2N HOR, >\det
10-5 LLLd e N R e D R R R
2 4 6 8 10 12 14 16 S w20

In(u/GeV)

=)

- TERMINANT OF THE

Dirac neutrino, ¢, (my) = 1.0

1 F i
10_1 | m=re '—L'___:::'::-:H‘ :_:-———"'— .............................. 1
1072k ]
10_3 PR RAR, )\(mt) = —0.103 u

------ Ao Ag(my) = 0.161
T Ay Ay(mg) = 0.118 !
TR )\det
10-5 LLL] s S R e e s N e e e
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SLOW ROLL WITH ONE FIELD

Traditional normalization of V
with one field is

025 4 - -

Planck TT,TE,EE+lowE
., Planck TT,TE,EE+lowE-+lensing
~% +BK14+BAO

Vo =1 (1 6-10"° GeV) - o ¢
— r has to be sizable, somewhat °
in contradiction with current . ¢
trend of measurements 005 1
(compatible with » = 0) P N
05 o0 097 008 069

with multiple fields we can
separate the value of » and 1%

1.00



SLOW ROLL WITH TWO FIELDS

Introduce local rotation: Simieseui e ms L J0ne
(¢, X) S (O‘, S) 10° o < 1 for VH=4.6><1042 B —
to adiabatic and entropy fields /][
102 |
Slow-roll parameters with 5
o -
multiple fields: S wh i
2
P ) 1 0,V
€ = 1 -
(P i gk ( % " .
0;:V
Nij = My, Z‘J/ (77qbqb s oo o Mss) | | | |
1 10 102 103
trajectory at ujns, stops at ¢(GeV)

r = 16¢(sin A)% assume that A" =0
Ti; — 1 (6 = O) — V, obtained from ns — 1 =1,
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CONSTRAINING THE PARAMETER SPACE OF
THE SCALAR COUPLINGS FROM INFLATION

~ Dirac neutrino

~ Dirac neutrino, ¢,(my) = 0.0

=
w
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= W =00 7 = [] Stable vacuum £i

(2 =g B =107 0.25 = W i = 105505 GeV 3
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CONSTRAINING THE PARAMETER SPACE OF

HE SCALAR COUPLINGS

Dirac neutrino
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FROM INFLA

ION
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Conclusions

Established observations require physics beyond SM, but
do not suggest a rich BSM physics

U(1), extension may explain all known results

Anomaly cancellation and neutrino mass generation
mechanism are used to fix the supercharges (Z-charges)
up to reasonable assumptions

May explain the origin of inflationary potential for
curvaton model

Parameter space can and need be constrained from
existing experimental results (e.g. searches in missing
energy events) 49






