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Introduction to BSM

Standard Model + GR : Major Problems

Gauge and Higgs fields (interactions): y, W*, Z, g, G, and h
Three generations of matter: L= (), eg; Q= (Zﬁ) dr, UR

@ Describes all experiments dealing with
» electroweak and strong interactions (anomalies: g — 2, B-physics, My, ...)

@ Does not describe  (PHENO) (THEORY)

» Neutrino oscillations > Dark energy (€25)

(and anomalies. . .) » Strong CP-problem
» Dark matter (Qppy) » Gauge hierarchy
» Baryon asymmetry (Qp) > Quantum gravity
» Why the Universe is flat and » Quantization of electric
homogeneous? charge/gauge unification?
» Where did the matter » Why 3 generations?

i ?
perturbations come from? - Why Ye< Yy <. < Y,
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Neutrino oscillations

Neutrino oscillations: masses and mixing angles

Solar 2 x 2 “subsector” Atmospheric 2 x 2 “subsector”
3 4.0
10 all solar 95% Eoe T ]
Cl 95% 3.5F S
— (B [KamLAND| [ A
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10 1072 , 10° 10 ri(29)

tan“0

http://hitoshi.berkeley.edu/neutrino/ arXiv:0806.2237
my > 0.008eV mo > 0.05eV

DAYA-BAY, RENO, T2K: sin?26;3 ~ 0.08
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Neutrino oscillations

Description of neutrino oscillations (1)

@ Two bases: gauge |vq), a =e, u, tand mass |v;), i =1,2.3

Vi) = UgilVa) with unitary PMNS 3 x 3 matrix U,;
@ Neutrino mass matrix is then

Mag = (Va|M|vg) = (UMM U)o, where MS™ = m;s; .
@ Free neutrino evolution in time and space

vi(t) = e~ MIvi(0)) —  |vi(t.L)) =e " (EtRL)|v(0))

in ultrarelativistic case

b= B =E-mt[eE (L) =e o).
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Neutrino oscillations

Description of neutrino oscillations (II)

@ Neutrino effective Hamiltonian
2
m M2
— L _
lvi(L))=e i2e vi(0))  — Hesr = 5E
@ Transition amplitude of neutrino vq to neutrino vy is

2

A(aﬁﬁ):Z<Vﬁ\VJ(L)><V/(O)|Va>:Z<VB\V/>G E(vjlva) ZUﬁ e 2ELU*
j j
@ and the transition probability Am/?,. = m/? -m?

P(ve — vg) = |A(a — B)|?

Am2
= 0p — 4ZRe[Ua]Uﬁ/Ua,Uﬁ,]sm AE —y

j>i

Amg
+22Im[ jUpjUaiUpj]sin 5E —

j>i
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Neutrino oscillations

Description of neutrino oscillations (lII)

@ Two-neutrino oscillations: transition probability

: o (AM?
P(Vo = Vg2o) = sin26 -sin® < AE L) ,

@ Two-neutrino oscillations: survival probability

Am?
=1 —sin?26 -sin? L
P(ve — V) sin“26 -sin <4E )

@ Oscillation length

AnE E eV?

Loso = x e = (25 kM) = A2
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Neutrino oscillations

Active neutrinos: normal and inverted hierarchy

Only mass squared are fixed, neutrino masses are

model-dependent to be determined by T2K&Novae

CP??
m m
-V,
-V
-V
10tE
my -y E
solar~8x10%eV
atmospheric S —— 11 3
~4x10%eV ) £ q02k
atmospheric é{ E
my |- e— ~4x107%eV = )
solar~8x107%eV Normal: Am3;> 0
ml — ,,m3
10 E
0 0 [ 99%CL
104l (1dof) ]
H L Lo T Lo L g
normal inverted e w0 100 w00 1
h|erarchy lightest neutrino massin eV

|Mee| = | X UZm;], if Majorana masses  1205.3867
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Neutrino oscillations

Physics behind the neutrino oscillations is still elusive

nature of neutrino mass (Dirac vs Majorana)
neutrino mass hierarchy

relevance for the matter-antimatter asymmetry
neutrino anomalies do not fit to 3v

» LSND — MiniBooNE
» SAGE & GALLEX & BEST(gallium anomaly)
» reactor antineutrinos — DANSS, NEUTRINO-4, etc

)
)
@ CP-violation
)
)
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Neutrino oscillations

Active neutrino masses without new fields

Dimension-5 operator AL=2
© _Pr 7 fyte
2O = FapLaFH'LE +h.c.
Ly are SM leptonic doublets, o = 1,2,3, Ha= eapHj, a,b=1,2; in a unitary gauge

HT = (0,(v+h)/v2) and

2 F,
28 = ﬁix —gﬁ VaVv§+h.c.
hence

2
Amatm

1/2
-3 2
A~3x10™GeV x B, x <3><10e\/)

The model has to be UV-completed at the neutrino scale Ay, < A

What is beyond the neutrino scale A, ?
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Neutrino oscillations

Sterile neutrinos: NEW ingredients

One of the optional physics beyond the SM:

sterile:  new fermions uncharged under the SM gauge group
neutrino: explain observed oscillations by mixing with SM (active)
neutrinos

Attractive features:

@ possible to achieve within renormalizable theory

@ only N =2 Majorana neutrinos needed

@ baryon asymmetry via leptogenesis

@ dark matter (with N > 3 at least)

@ light(?) sterile neutrinos might be responsible for neutrino

anomalies...?
Disappointing feature:

Major part of parameter space is UNTESTABLE

Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022 13/164



Neutrino oscillations

Three Generations
of Matter (Fermions) spin ¥2

mass - 2.4 MeV 1.27 GeV 171.2 GeV
charge - |24 u % C % t
name - up charm top
" 4.8 MeV 104 MeV 4.2 GeV
©
S
o
down strange bottom
—
<0.0001 eV /~10 keY | ~0.01 eV / ~GeV|| ~0.04eV / ~GeV = >114 GeV
o) o}/ V: & 0 H
(v > 0
electipn sterile | | MYOW  sterile | heuing Sterile 3 Higgs
neutrino neutrind neutrifo  Jatitring neutrino 5 boson
L .
" 0.511 MeV 105.7 MeV 1.777 GeV ~ spin 0
%)
c
B o - c
L e |0 T | 8
Q @
() o
— electron muon tau =

Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022 14/164



Neutrino oscillations

Sterile neutrino lagrangian

Most general renormalizable with 2(3...) right-handed neutrinos N,

_ . My —
Sy =NjigN; — fo Lo N, — TN'N;:NH—h.C.

Parameters to be determined from experiments

9(7): active neutrino sector

2 Am,?j: oscillation

experiments

3 0 oscillation experiments
1 CP-phase: oscillation
experiments

2(1) Majorana phases: Ovee,
Ovupu

10)my:  SH—=3He+e+ve,
cosmology, . ..
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11: N = 2 sterile neutrinos
(works if m, =0l

2: Majorana masses My,
9:  New Yukawa couplings fy;
which form

2: Dirac masses MP = f(H)
3+1: mixing angles
2+1: CP-violating phases

4 new parameters in total
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11: N = 2 sterile neutrinos
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3+3: CP-violating phases

9 new parameters in total
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Neutrino oscillations

Sterile neutrino lagrangian

Most general renormalizable with 2(3...) right-handed neutrinos N,

_ . My —
Sy =NjigN; — fo Lo N, — TN'N;:NH—h.C.

Parameters to be determined from experiments

9(7): active neutrino sector

2 Am,?j: oscillation
experiments

3 0 oscillation experiments
1 CP-phase: oscillation
experiments

2(1) Majorana phases: Ovee,
Ovupu

10)my:  SH—=3He+e+ve,

cosmology, . ..

11: N = 2 sterile neutrinos
(works if m, =0l

2: Majorana masses My,
9:  New Yukawa couplings fy;
which form

2: Dirac masses MP = f(H)
3+1: mixing angles
2+1: CP-violating phases

4 new parameters in total
check number!

#

18: N = 3 sterile neutrinos:

3: Majorana masses My,
15:  New Yukawa couplings fy;
which form

3: Dirac masses MP = f(H)

3+3: mixing angles

3+3: CP-violating phases
9 new parameters in total
check number!

Profit: can suggest why neutrinos are so light, m, ~ 0.1 —0.01eV
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Neutrino oscillations

Producing the effective dim-5 operator at My —

i.e., integrating out the Heavy Sterile neutrinos

- Yia
I Bl h
N,
I N,
Yie Yig _
h h h - ls
Yip

thus we obtain

2
y (LH)(LH)
My Ihin A
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Neutrino oscillations

Seesaw mechanism: My > 1eV

With maqive < 1€V we work in the seesaw (type |) regime:

Zn=NipN — fLeHN — @NCNjL h.c.
Higgs gains (H) = v/+/2 and then see Lecture by S.Bilenky and Lectures by A.Smirnov
f
1/ e 0 V5 vV
In=5(Ve,N ( ; \/§>(e)+h_c_
2 ( ) Vﬁ MN N
f

For a hierarchy My > MP = v we have
flavor state ve =Uvy+6 N with U~ 1 and

active-sterile mixing: 0= M—D = Lf<< 1
9 U=y T 2y

and mass eigenvalues

~My and  — Mgetive = 6% My << My
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Neutrino oscillations

Violation of L, C and CP symmetries

SN =NigN—fLoAN — @N°N+ h.c.
@ f=0 — freefermion, no need to call sterile’
@ My=0 —  Nandv form pure Dirac neutrino,
the most boring case, worth than we have with the Higgs boson
one may refuse to call it ‘'new physics’
@ f#0, My#0 — introduces new massive parameter,

violates lepton symmetry L see Lecture by G.Mitselmakher
(and C- and CP-symmetry with several N'’s)
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Neutrino oscillations

Seesaw mechanism: My > 1eV

With mive < 1€V we work in the seesaw (type ) regime:

My
fN NIIﬂN/ a/L HN/—TNIN/-FhC

When Higgs gains (H) = v/v/2 we get in neutrino sector

f

1, _ 0 V=
VN:§<V1,...N1C...> 3T A\/é (V1a'~~N1"')T+h'C'

V\@ MN

Then for My > MP = v % we find the eigenvalues:

~ My and MY =—(MP)T PV My
MN MN
Mixings: flavor state vy = Uy;vi+ 6,/ N, neither Uy; nor 6, is unitary
active-active mixing: UMY U = diag (my ,my, m3)
MDY
active-sterile mixing: 6y = (TI)"" o fTMLN<< 1
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Neutrino oscillations

Seesaw mechanism: sterile neutrino scale

For My > MP =v \;E we found the eigenvalues:

N ~ - 1 4 V2
~ My and M =—(MP) —MP P~ M
v Ul 1 <<y
SEESAW says nothing about the sterile neutrino scale M, !

atm

1/2
Unitarity: <1 = MNgsmo“GevX(@g’%\’z) — Ain (LH)?/A

At given My without fine tuning the scale of Yukawas f and strength of active-sterile mixing

0y = Mg o TV <« 1 are fixed 1203.3825
ol M, My .
02 —

Model B 240
—— Model A
01 220
= 200
=

S 180
= 160

-0.1
140)
" 120)

10° 10" 10" 10* 1
1 [GeV] A [GeV]
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Neutrino oscillations

Seesaw mechanism: sterile neutrino scale

For My > MP =v \;é we found the eigenvalues:

N ~ - 1 4 V2
~ My and M =—(MP) —MP P~ M
v Ul 1 <<y
SEESAW says nothing about the sterile neutrino scale M, !

atm

1/2
Unitarity: <1 = MNgsmo“GevX(@g’%\’z) — Ain (LH)?/A

At given My without fine tuning the scale of Yukawas f and strength of active-sterile mixing

D\T -~
Oy = M)l o T o5 <1 are fixed

, 1203.3825

0.2

With fine tuning in 717 can Mh = 125GeV | =i s 249

have larger f: 0.1 220

=200

and change the Higgs mass S < 100

window = 160

-0.1

di PPN PPN 140|

dlog 1 < A2 Atr(F7F) —tr(F'T1°T) 0
og -0 g 0 5 .

m,% =22 N /‘1?GEV] " 1 A [cl,v']
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Neutrino oscillations

Where is sterile neutrino scale?

. N N N 1 .
eigenvalues: ~My and M'= —WPT — P o f2 <« My
My Mn

SEESAW says nothing about the sterile neutrino scale M), !

1/2
Unitarity: ~ f<1 = MN§3x1o14GevX<M) — Ain (LH)2/A

Amatm
— o~ My, —,
Integrating out sterile neutrinos get dim-5 operator —fy Lo HNy — %NfN, — FP(LH)? /My

SM Higgs without NP at EW-scale favors sterile neutrinos at EW-scale (or below) !

@ Majorana mass violates scale-invarinace = finite corrections ~ §mZ < f°M32,
@ Scale invariance helps to abandon infinite corrections Sm2 o< f2N\2

@ In SM scale invariance is broken by the Higgs mass and running of coupling constants
TH o< B(cr) x O+ (M2 + aA?) x h? = quadratic divergences are irrelevant

Smh < mh then My <107 GeV W.Bardeen (1995)
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Neutrino oscillations

Sterile neutrino mass scale: M, = —v2fTM'f

NB: With fine tuning in My and 7 we can get a hierarchy in sterile
neutrino masses, and 1 keV and even 1 eV sterile neutrinos

Le — Ly — L; or discrete symmetries
Froggatt-Nielsen mechanism

16
0.05eV 1 TeV 10 Gev Extended seesaw

T T T T T

strong coupling

0.1 peutrino masses
are too large

Yukawa coupling

1013F neutrino masses are too small F

L

. . " L
1013 107 0.1 10° 10" 107 Majorana mass, Ge'

LSNDT v MSM TLHC GUT | see—saw Seesaw diagram
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Neutrino oscillations

Sterile neutrino lagrangian

Most general renormalizable with 2(3. . .) right-handed neutrinos N,

_ _ o~ My —
I =NjidN;— fo Lo FIN; — TN’NfN,nL h.c.

Parameters to be determined from experiments

9(7): active neutrino sector 11: N = 2 sterile neutrinos . )
) ks if —0ll 18: N = 3 sterile neutrinos:

2 Am,?j: oscillation (works if my =0 I1!) )

~ experiments 2: Majorana masses My, :135 N ewM\iﬁ;?/\?: gﬁsﬁisslv?v’
3 0 oscillation experiments 9: New Yukawa couplings f,, ’ E hgf ol
1 CP-phase: osclillation which form 3. Dirac masses \,I\V/,[;Cf fcz;_rl'r;

_ experiments  2: Dirac masses M2 = f(H) 343 mixing anales

2(1) Majorana phases:  Ovee,  341: mixing angles 3+3j CP-violatin 9 he?ses

, , OV!_W 2+1: CP-violating phases ’ gp
1(0) my: H—°He+ e+ Ve, . 9 new parameters in total

cosmology, . ... 4 new parameters in total

Profit: can suggest why neutrinos are so light, m, ~ 0.1 —0.01 eV

Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022 23/164



Neutrino oscillations

Bonus: depends on the sterile neutrino mass range

NB: With fine tuning in My and 7 we can get a hierarchy in sterile
neutrino masses, and 1 keV and even 1 eV sterile neutrinos

005 eV 1Tev 10"Gev Le — Ly — L; or discrete symmetries
l ‘L l Froggatt-Nielsen mechanism
Extended seesaw

There are different regions:

e 07 01 T o 07 Majorana mass, Ge'

! SNDT VMSM Tl.H(' GUT T«uc*\m

My ~ 100 GeV-5TeV

My ~ 1eV-100 GeV @ BAU via leptogenesis My ~10'2-10™ GeV
@ keV-scale dark matter . @ BAU via leptogenesis
@ BAU via leptogenesis fr10 > Ye f~0.01-1
@ Neutrino anomalies
(1 eV sterile neutrinos?)  but with fine tuning or new Untestable. .. ?.
global or gauge symmetries or already confirmed?
(e.g. SU(2). x SU(2)r) prefered by many theorists

direct searches!
direct searches at colliders
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Cosmology

Outline

e Cosmology
@ Neutrino sector

@ Dark Matter
@ Matter-antimatter asymmetry
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Cosmology

Standard cosmological model  ds? = di? — a?(t)dx?

2\ 2 3 4
a\ _p_ 2 2 Y
(5) =H"=Hj {QA+(QDM+QB+Qv.m;ﬁO)( a) +(Qy+9v,mzo)< a)

T,=2735K, = Q,~107°

Ny~3, Ymy,<02eV = Q_.0,Qo~107°7?
Qp=45% = ng=ng/ny=6x10"10

Is,rec ~ Iy rec/V3 — Ho=67km/s/Mpc = pg =5GeV/m3
Qp=68% — flat space

adiabatic, gaussian matter perturbations

(SPmasf ()"

with As =3 x 1072 and ng = 0.97
no tensor perturbations, r = Ay /Ag < 0.03
reionization at z,;; = ag/a==8
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Cosmology

27K TODAY 14 by
accelerated expansion
44K matter domination 7.7 by
0.26eV recombination 370ty e+p—H+y
086V ma.tt.er domm.at/o.n 50ty
radiation domination
OkV NFF T AT R T RAAT LA AL T [ Omin 3t + *He - TLi+y
\ primordial nucleosynthesis / 2H1+2H s n+3He
PR/ V2001 N N N s p+p—2Hyy
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD transition 10 us confinement«: free quarks
<
100 GeV Electroweak phase transition 0.1 ns\\

baryogenesis = [T~ -=
N

hot Universe
b b B0 bR R R

, dark matter production
reheating ~ -7

inflation ——7
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Cosmology

New Physics in Cosmology: any energy scales. ..

Cosmology constrains the time-scale, rather than energy-scale

@ Dark energy be presentby T > 5K
@ Dark matter (if particles) be produced by T > 1eV
@ Baryon asymmetry be generated by T > 1 MeV
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Cosmology

o\ 2
a 8n nert
(2) == F ez
pc?g:srﬁz = pradiat\on +P§1§$ry +P:§T{er +p/\
Pradiation 1/a4(t) o< T4(t) » Prmatter 1/83(t)

pa = const

Why do we think it is most probably new particle physics
(new gravity if any is not enough) ?

— BAU requires baryon number violation
— DM evidences at various spatial scales and epochs
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Cosmology

World-wide accepted problems. ..

Origins of...?7

Dark Matter

Matter-antimatter
asymmetry

Dark Energy

matter perturbations
(inflation?)

extragalactic magnetic field

superheavy black holes in
the galaxy centers

Dmitry Gorbunov (INR)

Coincidences

@ Qpy~Qp
Qm ~Qpe
(8p/p)? =~ ng/ny
Tg ~ (mp—mp)

TU&“H61

Beyond the Standard Model

Anomalies
@ BBN: Lithium

@ CMB: multipole
statistics

@ Planck: low and
high multipoles

@ Planck: lensing,
SZ-clusters

@ Hubble
measurements

@ o3y

NCFM, Satis, 27.07.2022 30/164



Cosmology

Microscopic processes in the expanding Universe

A competition between scattering, decays, etc and expansion

for general processes one should solve kinetic equations

an X
at

+3Hny, = Z(production — destruction)

. . . . d 3 _ 3 -
Boltzmann equation in a comoving volume: § (na®) =a° [ ...

production:

G(A+ B— X+ C)nAnB, F(D — E+X)nD : MD/ED, etc
destruction:

G(A—|—X — C+ B)nAnX, I'(X — F+ G)nx . Mx/Ex, etc
Fast processes, I' = H, are in equilibrium, and thermalize particles

Y()=0 no history-dependence
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Cosmology Neutrino sector

Cosmological limits on active neutrino masses

06 [ p

16 = 0.4 i -:

1.4 2. |

% 1.2 E> i :

o 0.2 |! 7

E> 0.8] H i

N 0.6 |

0 o '

0 ‘ 0.’3 Qr:.SS 0.4 0.45 0.5

LRG+BAO+WMAP5+SNe+BAO CMB+Hubble measurements
Yy m, <0.28 eV (95% CL) Yy m, <0.20 eV (95% CL)

0911.5291 0911.0976
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Cosmology Neutrino sector

Combined analysis for sterile and active neutrinos
WMAP7+LRG+HST CMB+SDSS+HST

LSND-+MiniBooNE

T T

T

T

1+3+1

90%, 95%, 99%, 99.73% CL (2 dof)
ol T
bi 1 10

1103.4570
3417
Am3, =1.76eV? ,|Ug| = 0.151
“342"
Am3, =0.46eV? ,|Ugy| =0.108
AmE, =0.89eV?,|Ugs| = 0.124

3 my, =0
flat ACDM 1102.4774 flat ACDM 1006.5276
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Cosmology Neutrino sector

BBN: extra-radiation and lepton asymmetry i ome

0.26—

0.25 s nnu4.0 - |

o
> 0.23

0.22

0.20

Npoce 7, H?e(...AN,)T*
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CMB: 'heavy’ neutrinos with long-range force

Cosmology Neutrino sector

2101.05804

=] LISW ;EISW T7 7T T TSiK ddmping | ]
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Cosmology Neutrino sector

World-wide accepted problems. ..

Origins of...?

Dark Matter

Matter-antimatter
asymmetry

Dark Energy

matter perturbations
(inflation?)

extragalactic magnetic field

superheavy black holes in
the galaxy centers
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Cosmology Neutrino sector
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Cosmology Neutrino sector
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Cosmology Neutrino sector
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Cosmology Neutrino sector
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Cosmology

Constraints on Hy
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Cosmology Neutrino sector

Very large scales: homogeneity and isotropy

2dF Galaxy Redshift Survey
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Cosmology Neutrino sector

Inhomogeneous Universe

Large Scale Structure CMB anisotropy
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Cosmology

Flat ACDM — Growth Tension

Neutrino sector
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Cosmology Neutrino sector
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Cosmology Neutrino sector
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Cosmology Neutrino sector
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Cosmology Dark Matter

World-wide accepted problems. ..

Origins of...?

Dark Matter

Matter-antimatter
asymmetry

Dark Energy

matter perturbations
(inflation?)
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Cosmology Dark Matter

Dark Matter properties from cosmology: p=0

(If) particles:
@ stable on cosmological time-scale
requires new (almost) conserved quantum number

@ produced in the early Universe
some time before RD/MD-transition (T = 0.8 eV)

© nonrelativistic particles long before RD/MD-transition (T = 0.8 eV)

(either Cold or . Vapymp < 1079)
Otherwise no small-size structures, like dwarf galaxies: I =afv(t)dt/a(t)
smoothed out by free streaming
If were in thermal equilibrium: My =1 keV
© (almost) collisionless P =0, Vsound =0
© (almost) electrically neutral CMB distortion

@ all matter inhomogeneities (perturbations) are adiabatic:
() ~2(7) =2 (5) -0
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Cosmology Dark Matter

Decoupling of nonrelativistic Dark Matter

Assumptions:

@ no X — X asymmetry either X = X or ny = n
@ @ T < My in thermal equilibrium with plasma (e.g. neutrons)

M. T 32 —Mx/T

nx_nx_gx< o ) e
XX — light particles
freeze-out temperature T H=T2/M;
My
M (OannV) = H(Tr) — Tr= W ~

(2m)*/?

Bethe formula: s-wave: ognn = X

v
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Cosmology Dark Matter Elﬂ

Weakly Interacting Massive Particles

. . T2
density after freeze-out: . nk(T¢) = M;,fco
present density: nx(To) = (%) n(T7) = (%) ne(Ty) < 1

X + X contribution to critical density:

M, My o

soln (&Mt
Q= QM —76 ( (2m) )
Pc pcooMei\/g:(Tr)

(10 TeV) 2 10 MiMoo\ 1
= 01 0 |n 35 o BY ™)
Go 9.(T) \ (2m)®? ) 2h
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Cosmology Dark Matter

WIMPs: discussion

. (10TeV) 2\ 10 o[ GMaMoo\ 1

@ natural DM: subweak-scale cross section op ~ 0.01 x oy
say, My ~ 1 TeV or X is not a weak gauge eigenstate
4

L

@ naturaly “light” unitarity oo < 91—4 — My <100 TeV

&

@ all stable particles with smaller oy are forbidden !!
@ WIMPs remain in kinetic equilibrium with plasma till T ~ 10 MeV

this is Cold Dark Matter, vp/yp < 1072

WIMPs may form dark halos (clumps) much lighter than dwarf galaxies

Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022 53/164



Cosmology Dark Matter

Weakly IMPs are mostly welcome (e.g. LSP in SUSY)

We can fully explore the model !!
@ Direct searches for Galactic Dark Matter (v ~ 1073) a hit

X +nuclei — X +nuclei+ AE

@ Can search for WIMPs in cosmic rays: products of WIMPs
annihilation (in Galactic center, dwarf galaxies, Sun) o< 1P

X+X—pp, ete, v.y,...
@ Can search for WIMPs in collision experiments (LHC): missing

X+X<+<SM+SM +...
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Cosmology Dark Matter

Prospects in WIMP searches
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Cosmology Dark Matter

First results of next-gen experiments: LUX-ZEPLIN
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Cosmology Dark Matter

Testing neutrino floor with PandaX-4T

I-.-I B16-GS98 prediction
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Cosmology Dark Matter
Indirect limits on DM annihilation (clumps..)

All ID constraints

M.Cirelli (2015)
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Cosmology Dark Matter E
Next genel‘atlon: CTA 2108.09078
10—24 _ _
1 projected mean upper limit — b -
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Cosmology Dark Matter

If thermal CDM but not Weakly IMPs?

We still can study the model if DM annihilates (partly) into SM particles

@ But DM particle X can be light and feebly coupled (t-channel)

4
op~ —=
2

MX

& is not a gauge coupling within GUT !

With small oy one needs entropy production

op may be increased by s-channel resonance, My ~2My

annihilation can be amplified by co-annihilation channels, X + A — SM

With light messangers between Dark and Visible sectors many estimates
change, say oy = op(Vv)

DM interaction at freeze-out and now are not the same
say, Sommerfield enhancement of the annihilation of slow particles v ~ 10~3
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Cosmology Dark Matter

@ In this way we may fully explore the model parameter space of the
Weakly interacting Massive Particles

@ Similar case with another ’light’ and physically well-motivated
candidate: sterile neutrino
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mass -
charge -

name -

Quarks

Leptons

Cosmology Dark Matter
Three Generations
of Matter (Fermions) spin ¥2
| Il 11
2.4 MeV 1.27 GeV 171.2 GeV
“u “c |t
up charm top
4.8 MeV 104 MeV 4.2 GeV
*d s b
down strange bottom
<0.0001 eV /~10 ke ~0.01 eV / ~GeV ~0.04 eV / ~GeV
Ve/N, *Vi/N, [V
(s Nl T
tau i
electrpn sterile | [ MY sterile ing Sterile
neuirino neutring | "UIAO Reutring ['€UMNP neutrino
0.511 MeV 105.7 MeV 1.777 GeV
e | pn T
electron muon tau
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Cosmology Dark Matter

Seesaw mechanism: My > 1eV

With maqive < 1€V we work in the seesaw (type |) regime:
Zn=NipN — fLeHN — @NCNjL h.c.

Higgs gains (H) = v/+/2 and then

”//—1(V N°) 0 V35 (%) e
N72 e f MN N s

V2
For a hierarchy My > MP = v% we have
flavor state ve = Uvy+6 N with U~ 1 and
active-sterile mixing: 6= M—D = V—f<< 1
9: My " 2My

and mass eigenvalues

~My and  — Mgetive = 6% My << My

Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022 63/164



Cosmology Dark Matter

Sterile neutrino: well-motivated keV-mass Dark Matter

@ massive fermions giving mass to active neutrino through mixing (seesaw)
f2 2
mg N%MN ~ 62MN
My
@ unstable, N— vvv is always open
but exceeding the age of the Universe if
(applicable for My < M)

5
92<1.5x10*7(50kev)

Mn
@ with seesaw constraint  m, ~ 62M)y

TNoay ~ 1/ (G,%M,?,eg,\,) ~1/ (G%Mf{,mv) ~ 10" yr (10keV/My)*
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Cosmology Dark Matter

Sterile neutrino: indirect searches

f2y2

My~ —s My ~ 02M,
a MI%I N N

@ unstable, but exceeding the age of the Universe if
62 _ (10keV 5
3x10-3 My

@ DM sterile neutrinos can be searched at X-ray telescopes because of two-body
radiative decay give limits in absence of the feature

anarrow line  (8Ey/Ey~v ~1073)
at photon frequency Ey = Mp/2

6% _ (10keV 4
10-11 ~ " My
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Cosmology Dark Matter

... present searches: NuSTAR
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@ upper limits on

mixing: from X-ray
searches

@ lower limits on mass:

107
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10710

10-1

10712

NCFM, Satis, 27.07.2022

from structure
formation

and BBN predictions

E 1

T
1
BBN Limit (model-dep.)
L L L

6.9 7.0 7.1 7.2 7.3

DM mass m,, [keV]

66/164



Cosmology Dark Matter

eROSITA (0.2-10keV), ART-XC (4-30 keV)
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Cosmology Dark Matter

10'10§ ;
Suzaku Fermi-GBM

and Integral

10-11

|

1012

Si n2(219)

1013 BBN Limit

(I = v/ml

1014 ! . L | | .
m_ [keV]

1908.09037 2007.07969 (V. Barinov, R. Burenin, D.G., R. Krivonos)
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Cosmology Dark Matter

Production in oscillations, px ~ pr, except resonances

) )
8th Hpapfs_ Mo P(Va — vs) fa(t,p).

where I ~ G2 T*E is the weak interaction rate in plasma

_2ogmat 2 1
P(ve — Vs) =sin“20,'* -sin (21‘213“)7

mat t*
Iy & =

I

\/sin2 20, + (c0s20q— Vo - t&ac)z

. gmat 2E
sm29mat fiac -sin20,, tA°= M2

and effective plasma potential for active neutrinos
a~—H#GETE+#GE T,

resonant production in the lepton asymmetric plasma
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Cosmology Dark Matter

@ In this way we may fully explore the model parameter space of the
Weakly interacting Massive Particles

@ Similar case with another ’light’ and physically well-motivated
candidate: sterile neutrino

@ But some DM models, even the simplest ones,
can be incredibly elusive
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Cosmology Dark Matter

lllustration with a simple example of scalar DM

most general renormalizable coupled to SM:
Zy-invariant Higgs (®) portal

1 1 A
AL = 50" 9, 50,S~ Em252+g?s2q>w> - Zs4
Options:

@ freeze-out: sufficiently large g2

g

OphsssXMhZH — 0ss,. =00, €9. ———5 5 =00
(4r...)2m3

@ freeze-in: intermediate g®

94 4 Mpy R

ns+3Hns—th%ssnh - — _#/dTSHT T2 ms

Qg gt — g?~10" still natural...
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Cosmology Dark Matter

Free massive scalar field g°-=0

1 1 55
Z = ég“v8”¢8v¢ - §m¢¢
Homogeneous scalar field in the expanding Universe
¢ +3Hd+m59 =0

Two-stage evolution:

my < H(t) = ¢ = ¢; = const

my > H(t) = p=(E)—(Ep)=0, p~mi¢®ec1/a

1/2

e dust-like substance in the late Universe, Q e m,’“¢7
depends on initial conditions

@ presureless at spatial scales / > M},{z/pV“m;/z fuzzy DM
@ isocurvature mode: dpy < SH, &f;
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Cosmology Dark Matter

HERA sensitivity to Fuzzy DM (quantum pressure)

]D[]

10-!
E
&
CMB-S4
1072
1073 5 s T35 35 Ry a3 ) o
107 10~ 10~ 10 10 10 10 10
mrou [eV]

new observable to test the model... 2207.05083
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Cosmology Dark Matter

scalar DM without dependence on initial field

0#£g%><107 Z»-invariant Higgs (¢) portal

Ay — %g“"8u88v8— %mZSZ + 9?2 — %s“

Higgs particles in plasma change the potential:

g°SPoTe — g°S°T?/3

Z> symmerty is broken after reheating by the plasma contribution
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Cosmology Dark Matter

Temperature decrease restores 2o

2004.03410
1 1 502, 20272 A o4
A,f/:ég“ a,lSQVS—Em S°+g°S°T /3—28
S starts from the false vacuum

1 at g2 T2 ~ m? sign changes
oM X and S starts to oscillate
M x gravitational misalignment

m2. 82 (m5H*)2/3
pom(t) = —5— =

Mt

L n L L L
6 8 10 12 14

And the correct amount of DM by classical oscillating field
6/5 2
g2210‘12>< A / o 106 GeV
10-6 m
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Cosmology Dark Matter

DM and Gravitational Waves from Domain Walls 2. 572

g
0.001 |- ]

-5 | . 3 |
10 freeze-in
1077 H 1
1079t 1
10111 i
10713 + i

1070016 10-16 G5 o

1074 10 108 101

M/keV
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Cosmology Dark Matter

GW signals from dissipating DM ... 2104.13722

10-¢

_

<
L
>

1074

10—18

\/ (Power Spectral Density / Hz™')
=
(=]
|

1072
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Cosmology Dark Matter

Freeze in via gravitational scatterings..?

any particles in plasma

c L — Ns T"S
XX—8S < T4 = ~ 73
Mg, s Mg

assuming m< T;
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Cosmology Dark Matter

World-wide accepted problems. ..

Origins of...?

Dark Matter

Matter-antimatter
asymmetry

Dark Energy

matter perturbations
(inflation?)

extragalactic magnetic field

superheavy black holes in
the galaxy centers

Dmitry Gorbunov (INR)

Coincidences

@ Qpy~Qp
Qum ~ Qpe
(8p/p)? =~ ng/ny
Tg ~ (mn—mp)

TU%H(;1

Beyond the Standard Model

Anomalies
@ BBN: Lithium

@ CMB: multipole
statistics

@ Planck: low and
high multipoles

@ Planck: lensing,
SZ-clusters

@ Hubble
measurements

@ o3y
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Cosmology Matter-antimatter asymmetry

Baryogenesis

— Need BAU ng = ng/ny ~ 6 x 1019 starting from BBN epoch, T < 1 MeV
— The same number at recombination and later

Sakharov conditions of successful baryogenesis

@ B-violation (AB£0) XY= X'Y'...B
@ C- & CP-violation (AC#0,ACP£0)XY--- = X'Y'...B
@ processes above are out of equilibrium X'Y'...B—XY...

At 100 GeV< T <102 GeV nonperturbative processes (EW-sphalerons) violate B, Ly, so that
only three charges are conserved out of four, e.g.

B-L, Le—Ly, Le—L,

Leptogenesis: Baryogenesis from lepton asymmetry of the Universe ... due to sterile neutrinos
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Cosmology Matter-antimatter asymmetry

Lepton asymmetry & at 1-loop level fio Lo NjH

Ny
fia
M 2
I'(N1—>lh) s Z f1a+ Z ( ) f”;f/af/ﬁ m, < M,
o Tl
5= TNt = 1h) —T(Ny —1h) 1 ¥ im P__(@ﬂ . Im (L fafiy)
N I ot 8n 1=2.3 M/ Zylf1}"2

M1 3M1 3M1 1
forMA>>M,f<7>:77775: Im{ < >}
23 ! M, 2 M, 1671 ¥, [y1y/2 5, Yieyip y/aMylﬁ
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Cosmology Matter-antimatter asymmetry

Superheavy sterile neutrinos: My ~ 10°-10'4 GeV

Motivation: close to GUT scales, e.g. SO(10)
Bad fact: huge finite quantum corrections §m?, «< f2 Mz, > m2,(= My < 107 GeV)

SUSY solution? (New fileds...new problems: e.g. gravitino overproduction with high T, for leptogenesis)

Good fact: If T > My decays of thermal sterile neutrino yield the lepton
asymmetry in the early Universe: M.Fukugita, T.Yanagita (1986)

- w 2
5= F(N1 %lh)fF(N1 *)/h) 1 f(MN1) ) Im (Zaf1afld)
; Mot T1=23

MN/ Zy‘f1y‘2

Needs My, = 10° GeV or My, > 10'2 GeV without fine tuning in 7

Exciting fact: to avoid washing out of A, in hly <> h7ﬁ we need ...
MY <0.1-0.3eVv Il
Cooling down: No way to test further. Can get Ag ~ 1070 even with
613 = écp = 0!

NB: can work for nonthermal case as well
production by inflaton decay G.Lazaridies, Q.Shafi (1991) e.g.in R2-inflation D.G., A.Panin (2010)
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Cosmology Matter-antimatter asymmetry

Very heavy sterile neutrinos: My ~ 100 GeV-5TeV

@ Good fact: small finite quantum corrections §m?, o< f2M2, < m?,
No hierarchy between A, and Agyy

@ Bad fact: Without extra symmetries, fine tuning or new interactions generation of
lepton asymmetry and hence No BAU

@ Way out: fine tunning can help: e.g. resonant enhancement of CP-violation in
out-of-equilibrium sterile neutrino decays:

leptogenesis for My = 1 TeV if AMy ~ Ty Pilaftsis (1997,...)

@ Further cooling down:
can be directly produced but at a tiny amount only: as small as f ~ 108!

@ Conclusion: Seesaw type | is generally untestable in direct searches:
Yuakawa couplings are too small, while sterile neutrinos are quite heavy.

To make interesting either NEW fields or fine tuning (larger f)
or symmetries, e.g. SU(2); x SU(2)g are required!!!
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Cosmology Matter-antimatter asymmetry

Very heavy sterile neutrinos: My ~ 50 GeV-5TeV

@ Without fine tuning or extra symmetries:
can be directly produced but @ tiny amount: f ~ 106!
@ With extra symmetries and/or interactions, e.g. SU(2), x SU(2)g
can be studied at LHC pp — Wgr — uN
@ Indirect searches ... AL=2processes pp—...uTut...,t—=bututW-
Dt - ututK=—, Kt —ututn-
see Lectures by B.Kayser

2
o (pp — WHW** 5 (ErEX) = (275/,1[2) ‘9[1,\/6{2,\,‘ oo (WW)

olpp— WH = 0f i W)~ (2—6[1 (;2) o(pp— £ N)Br(N — (5 W)

@ Conclusion: Seesaw type | is testable only indirectly for this range of masses. To
make interesting NEW fields (symmetries) are required!!!
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Cosmology Matter-antimatter asymmetry

Heavy sterile neutrinos: My ~ 1 keV-100 GeV

@ Good fact: small finite quantum corrections Bmf, oc sz,%, < m;ﬂ
True low-energy scale modification of the SM

@ Good fact: At T > 100 GeV active-sterile neutrino oscillations produce lepton asymmetry in
the early Universe, if AMy < My E.Akhmedov, V.Rubakov, A.Smirnov (1998)
@ can be directly produced !!
Weak decays due to mixing

u
N3 Vu
T
D W
n
P N2,3 Vu
7“\’(\\ v €
N2,3 Ve
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Cosmology Matter-antimatter asymmetry

More on direct searches

Weak decays due to mixing

Dy H
u
A No Ny Vu
T
D H u
Nz,s Ve
FA— N+...) <62 [((N—B+...)=< 62
@ Searches for production of N: S o 62 e.g. peaks in p,
@ Searches for decays of N:
If the decay length is shorter than the detector size, S o< 62
but with 62 — 0 arrive at S 62 x 02
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Cosmology Matter-antimatter asymmetry

Heavy sterile neutrinos: direct searches

Weak decays due to mixing

Dy E
u
Vi Nos W
N, ;
b
u
D N mn
P 23 Vi
M N e
N2,3 Ve

Production in beam-dump experiments

ly —

target

y
"7 detector
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Cosmology Matter-antimatter asymmetry

And More...
u
Dy
v
W Nos Y
N,;
P
D u
P N2,3 \M £
Vu N e
N,; Ve

@ Amplification of production in 1 — 2 (chirality)
[(M— N+1)< 62M5,
@ heavy N decay is fast
5 -6 5
T;,L ﬂ _ 1n—10 10 10GeV
T= o2 (MN> =10""sx 02 X iy

tends to decay inside the detector
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Cosmology

Limits 10 years ago. ..

Matter-antimatter asymmetry
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Cosmology Matter-antimatter asymmetry

Indirect searches: AL =2 processes

OvBp

limits are only for one sterile neutrino...

h

2

2

Y UniUy My,
I

for heavy sterile neutrinos
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Cosmology Matter-antimatter asymmetry
How far we should go? vMSM

T.Asaka, S.Blanchet, M.Shaposhnikov (2005)
see Lectures by A.Smirnov
@ Seesaw mechanism is provided mostly by two ’heavy’ sterile
neutrinos lightest active is almost massless
@ They are (highly) degenerate in mass, AMy < My producing
matter-antimatter asymmetry of the Universe via leptogenesis in
primordial plasma at T > 100 GeV E.Akhmedov, V.Rubakov, A.Smirnov (1998)
mixing is constrained from above and from below !!
@ The third ’light’ sterile neutrino,My ~ 1-10keV, is almost
decoupled and serve as dark matter
mixing is constrained from above and from below !!

the model explain while the previous experiments fail. . .

the model can be fully explored
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Cosmology Matter-antimatter asymmetry

Present limits from production 1904.09124
4107°F

(&) E KEK (1984) NAB2-2007

L K N, K'—e™N (2017)

o K'=p*N

(9]

Nru -] . . N 1 < | ' LI A .4 B

v 10°E

S>°  E \TRIUMF (1992)

- E

s =
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2

107 by do Y e
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Cosmology Matter-antimatter asymmetry

Present limits and expectations

1904.09124
5 Muon coupling dominance: U?: Up:Us = 0:1:0
10 g2
r\IE:L 0 < ﬁklle EWPD
= 107 S N\ — P n
\ \ \ C@\%
10_4 ’1‘15, \
St Ny DELP

10—5 > 7. M

I

NUTEV
1076 =
107k, V.
% \pormy(a 12 9%
1078 7 9 boy
10 \
10710 ~
10" S
ee-Sayy
10712 L 1 M| N MR | I Loy
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LHC-HL: expectations for a displaced vertex

105k, k

—-- ATLAS
109} -~ CMS
..... LHCb 380fb~!

3ab~
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Cosmology Matter-antimatter asymmetry

--- ATLAS
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Beyond the Standard Model

1903.06100
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Theoretical problems

Outline

e Theoretical problems
@ Supersymmetry
@ Portals

Dmitry Gorbunov (INR) Beyond the Standard Model

NCFM, Satis, 27.07.2022
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Theoretical problems

Standard Model + GR : Major Problems

Gauge and Higgs fields (interactions): y, W*, Z, g, G, and h
Three generations of matter: L= (), eg; Q= (Zﬁ) dr, UR

@ Describes all experiments dealing with
» electroweak and strong interactions (anomalies: g — 2, B-physics, My, ...)

@ Does not describe  (PHENO) (THEORY)

» Neutrino oscillations > Dark energy (€25)

(and anomalies. . .) » Strong CP-problem
» Dark matter (Qppy) » Gauge hierarchy
» Baryon asymmetry (Qp) > Quantum gravity
» Why the Universe is flat and » Quantization of electric
homogeneous? charge/gauge unification?
» Where did the matter » Why 3 generations?

i ?
perturbations come from? - Why Ye< Yy <. < Y,
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Theoretical problems

Theoretical guideline: gauge hierarchy problem

Quantum corrections to the SM Higgs boson mass

quadratic divergences regularized by a cut in loop 4-momentum

ma o< N2 +
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Theoretical problems

Theoretical guideline: gauge hierarchy problem

Quantum corrections to the SM Higgs boson mass

quadratic divergences regularized by a cut in loop 4-momentum

Smaoc N2+ mi+ ...

Physical meaning? Bardeen’s argument: regularization violates scale
invariance

Ty o< 292 4.

Becomes convincing with some heavy states involved. ..
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Theoretical problems

More severe problem in cosmology

Contribution to dark energy

Higgs vev and quartic divergences regularized by a cut in loop
4-momentum

(0.002 eV)* = Cosmological Constant = %v“ + (A4
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Theoretical problems

More severe problem in cosmology

Contribution to dark energy

Higgs vev and quartic divergences regularized by a cut in loop
4-momentum

(0.002 eV)* = Cosmological Constant = %v“ + (A4

there must be a mechanism to cancel them
The solutions involve cosmological evolution

and some (relaxation, etc.)
pretend to cancel the §m? as well. ...
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Theoretical problems

Other solutions within particle physics

@ Supersymmetry (but with heavy superpartners)
@ Technicolor
° ...

Predicts new ingredients in the early Universe !!

Predicts higher order non-renormalizable operators...
the lowest one is dim-5 and gives neutrino masses !!

z—ll__FILI:IT s V—z\‘/v
A A
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Theoretical problems

New physics at high energies...

==——50
40 — Gauge
coupling
unification
30 — Wilsonian
approach:
solid state
20 physics
lattice
supersymmetry
m‘ — gauge coupling
- unification
ﬁ,ﬁ " supersymmetry
e v b L —LHC:nothing
| mi mf- I[IE m! Iqu.'r miE mh‘. IBIE at TeV scale...

M, 3B
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Theoretical problems Supersymmetry

Supersymmetry is a symmetry of bosons and fermions

supercharge @susy
@ SUSY exhanges bosons and fermions:

@susy boson — fermion

Qsysy fermion — boson

they become superpartners
@ In supersymmetric theory

bosonic d.o.f. == fermionic d.o.f.

[©5U3Y7 ’:/} =0

superpartners
are of the same mass and exhibit the same interactions
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Theoretical problems Supersymmetry

How does it work?  Supersymmetric QED

@ the same number of d.o.f. in bosonic and fermionic sectors

Dirac fermion V :4 d.o.f. — complex scalars ¢ ,¢_
massless vector A, :2d.o.f. — Majorana fermion A

@ superpartners are of the same masses
miv —s mPeié. +mPo ¢, Ma=M, =0,
@ and exhibit the same interactions £ is a scalar !!
AV — e A (910,07 — 91 0u0y) — i@ A" (¢-0ud” — 9 duo-)
eAu . 6"y, —eAu i Gty — —ievV2 (¢ A —¢_ 1) +h.c.
total derivative — EPAAH 0L 04+ ?A ALY ¢

1
total derivative — _ezé (¢i¢+ —¢" ¢_)2
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Theoretical problems Supersymmetry

Most attractive features

@ Theory: bosonic loops cancel fermionic ones
only logarithmic divergences remain:

stability of the hierarchical structure of energy scales, e.g.
My <« Mp is stable

@ Phenomenology: number of particles gets doubled !!

get new interactions but with the same coupling constants !!
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Theoretical problems Supersymmetry

SUSY: a couple is more stable and promising

Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022
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Theoretical problems Supersymmetry

Supersymmetrizing the Standard Model MSSM

gluons, g — gluino, @
photon, vy +— photino, ¥
weak gauge bosons, W*,Z  «+— winos, zino, W=*,Z
quarks, leptons, q,/ +— squarks, sleptons, q,/
e.g.
r.h. electron, eg —> r.h. selectron, ég
L.h. top, & —> l.h. stop, #
neutrino, v — sneutrino, Vv
SM Higgs boson — higgsino
to avoid the anomaly due to higgsino set
two Higgs doublets, h, H, A, H* «+— neutral h, H and charged H*
or x{, and x* higgsinos
graviton, G — gravitino, G
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Theoretical problems Supersymmetry

Problems of a supersymmetric extension

there are no superpartners of the same mass with the same couplings

— SUSY must be spontaneously broken

@ superpartners are heavy bases are not aligned

Higgs makes SM particles (and superpartners) massive
hundred new parameters <= mixing and FCNC
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Theoretical problems Supersymmetry

At least a huge gap is between us

% - -

i 2 LY 4 e 12 : S 2 £’
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Theoretical problems Supersymmetry

SUSY is broken and thereby even more attractive

@ Higgs mass gets corrections of the types
o< log(m? /m?), and o (m2 — ),
the superpartners must be not far from the EW-scale

@ Massive, emerge in pairs = lightest superpartner is stable (LSP)
R-parity most natural DM candidate (WIMPs) we have

@ 2 Higgs doublets can arrange  EW phase transition of the | order
additional sources of CP-violation
—> prospects for EW baryogenesis
@ There are several anomalies in particle physics (and closely
related) experiments: Br(B— K*utu™)
(g—2), [(B— DWtv)/T(B— DXIv),
NB— Kutu )/I(B— Kete™)
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Theoretical problems Supersymmetry

Problems of a supersymmetric extension

there are no superpartners of the same mass with the same couplings

— SUSY must be spontaneously broken

@ superpartners are heavy bases are not aligned
Higgs makes SM particles (and superpartners) massive
handred new parameters <= mixing and FCNC
@ inlocal SUSY supergravity (SUGRA)

super Higgs mechansim works:
gravitino eats Goldstone field, goldstino, and becomes massive

m ~ Nysy o 1
&= JaMpy’ int =

in many SUSY setups
gravitino production overcloses the Universe

" -
A2 JSUSYa# G
SUSY
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Theoretical problems Supersymmetry

Gravitino production in scatterings and decays

~ ~ ~ ~ 1010 HHHH‘ \HHW‘ HHHH‘ \HHW‘ UL L
Xi—G+Xi, Xi+X—Xc+G 10°
1 1 1 1
Mo = oc —5—, Goc—5oc —5— 10° FORBIDDEN
F2 - ms, F2 mi,
107
dn3/2 3H
a2 S 10°
» S oo
:er(i.y" -n)~(l_+Z(c,,»>~n)(l.n)(j, = 10
i i.j g, 4
n (o) - nx.n =0
d (ngp X; ij X 1x;
— (=22 =—_VT. . i 3
dT< s > le Xy sHT ,Xj: sHt 10
| 10
«% o< const 10
Q 200 kev) < Tmax ) 11076\ HH_I‘H(‘),; \\\\‘]Ujg)r“\ “H‘l“g,a‘ ““_1%,2‘ HH‘]\H(‘I‘\ LI 1
3/2~ :
ms o 10 TeV m,, (Gev)
Ms \? 15 1 ...issues of QFT description
><< s ) . 1
1TeV 9 (Tmax) ) 2H° of a gauge theory at finite temperature

Outcome depends on initial conditions !!!
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Theoretical problems Supersymmetry

Comments on SUSY GUTs

==~—50]
— Gauge
coupling
unification

— Dependence
on

the structure of
soft terms

dim-5 operator
violating

baryon number
No Yukawa
coupling
unification

No unification for
L 1st and 2nd gen
3 0 12 m 5 anyway: no

0® ™ 10" 10" 10 neutrino masses

M, 3B NMSSM ?
Dmitry Gorbunov (INR) Beyond the Standard Model NCFM, Satis, 27.07.2022 111/164
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Theoretical problems

Why NMSSM ?

@ u-problem :
MSSM: W = uH,H,
@ mechanism of baryogenesis:
MSSM: Affleck-Dine
EWB does not work in SM:

Supersymmetry

@ CP-violating processes are too weak

u2 (HLHU+H;,HD)
NMSSM: W = NA,Hy

NMSSM : Electroweak

@ crossover, so no departure from termal equilibrium

MSSM: new sources of CP-violation

NMSSM: + the strongly first order phase transition

Electroweak baryogenesis is attractive:
both ingredients can be directly tested

Dmitry Gorbunov (INR) Beyond the Standard Model
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Baryogenesis

Theoretical problems Supersymmetry

Sakharov conditions of successful baryogenesis

@ B-violation
@ C- & CP-violation

(AB#0) XY--- = X'Y'...B
(AC#0,ACP#0) XY---»X'Y' ...B

@ processes above are out of equilibrium X'Y'...B=XY...

Baryon density Q2
0.005 0.01 0.

1079

5
TLiMlp

om0

1 2 3 4 5 6 7 8910
Baryon-to-photon ratio 1 x 1010

Dmitry Gorbunov (INR)

At 100 GeV< T < 102 GeV nonperturbative processes

(EW-sphalerons) violate B, L, so that only three charges are
conserved out of four, e.g.

B-L, Le—Ly, Le—L;

Find similar estimates from BBN, CMB and LSS data

need baryon asymmetry production before T ~ 1 MeV
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Theoretical problems Supersymmetry

Phase transitions of the | and Il orders

e

e [ )

Dmitry Gorbunov (INR)
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Theoretical problems Supersymmetry

EW phase transition

strongly first order: v,/ T, = 1.1 (otherwise erasure by sphalerons)
FTFT:

VT(V7 VS7 VP) = Vtree(Va VS7 VP) + V(1)(V7 VS7 VP) + V§'1)(V7 VS7 VP)'

4 o
(1) _ . / 2 /A (mi(9)/T)?
Vi _z,."(i)an n | dxx< log (1 Fe ),
@ T, first bubbles begin to nucleate: S3(7;)/T. ~130—140
critical bubble is a saddle point of the free energy functional

Sa(1)—4x [ o [(gf;):(gf)";(c;f)iwm,s,m].
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Theoretical problems Supersymmetry

The baryon asymmetry

EWB works perfectly (only u is switched on)
Set (2), Ag=8.7x10"" orng=ng/n, =6.5x 1019

1.6
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1.2

1
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AA,
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Theoretical problems Supersymmetry

Electric dipole moments of electron and neutron

CP-source: the same contributions to EDMs as in Split MSSM
but here one has generally two additional phases,
¢1 =arg(gu ga Mefi), ¢2=arg <Kk*)~u)~d(.a*)72> , ¢3=arg(Aur30,9q)
fi =pu+x(vs+ivp)/v2

di = dhy-i- dww + dnz
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Theoretical problems

Electric dipole moments

Supersymmetry

...(2007)
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Theoretical problems Supersymmetry

Dark Matter: WIMPs made of neutralino or singlino

X = N1 B+ Nip W + Nsg Hu + Nog Flg + Nos N

ﬂ7)( = lot My |45 (ov)
Te F =109 273 \| 20.GuxF Mgl

1

- 42 Vs
(oV)Mgl = 8m§CTK22(mx/T) Am% dso(s)(s—4my)v/sKy ( T )

—1
_ (1.07x10%GeV™") (= {oV)mg(X) 172
QP = ey e I
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Theoretical problems Supersymmetry

Split NMSSM in 2017

S.Demidov, D.G., D.Kirpichnikov (2016)
10 years passed

@ Higgs of 125 GeV has been discovered

@ LHC bounds on superpartner masses

@ new bounds on EDMs

@ stronger bounds on WIMPs from direct and indirect searches

Is it still interesting? Yes. Why?
@ Heavy higgs, heavy squarks are natural in Split SUSY
@ Neither DM nor BAU problems are solved
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Theoretical problems Supersymmetry

The main concern: SM Higgs

30 10TeV
, 12 TeV x
25 - 2 % 5 15TeV
: M.=20TeV o
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0 1
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Supersymmetry

tanfB ~ 10, Ms

Theoretical problems
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Theoretical problems

BAU in Split NMSSM (2017)

Supersymmetry

still EWB works (only p is switched on)
2 Setups No=83x10""orng=ng/n,=6.2x10"10
2 :
Setup 1 .
Setup 2 x
15 N ]
11 §o""nu.....x
Ay=8.710 .
1 N‘% .
[=1 . »® *
< s . o
% K
g o * ..‘x
0.5 f - ]
‘ e
ol § - |
" **
_05 Il Il Il
-1000 -500 0 500
M,, GeV
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Theoretical problems Supersymmetry

EDMs in Split NMSSM (2017)

a factor of 30 improvement in electron EDM for last 10 eyars

' Selup‘l ' ' ' Selup‘l
Setup 2 le25 b Setup 2
le-27 ¢ 4
— R . — le-26
< St s 3
= R 7 FER
1028 e R LA e
le27 | EENEN
le-29 . . . . . . . le-28 . . . NN tval
120 140 160 180 200 220 240 120 140 160 180 200 220 240
my+, GeV m,+, GeV

Also light charginos are disfavored from LHC
the rest (m,+ ~ 200 — 240 GeV) can be tested in ;" — x? + W+
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Theoretical problems Supersymmetry

Phase transitions of the | and Il orders

e

e [ )

Dmitry Gorbunov (INR)
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Theoretical problems Supersymmetry

Gravitational waves are produced at the transition
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Theoretical problems

Minimal extension with one

1 1
+%AH332HTH

@ EW phase transition of
the strongly | order

@ Gravitational waves
production by the new phase
bubbles

1702.06124
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Aus

Qewh®

10

107
10°°
107
107
10712
1071
107

107

Supersymmetry

real scalar

1

00

200

L
500 1000

mg[GeV]

e M M BB B B M e M 1

Beyond the Standard Model

L A 4/ L Ll 2™ Ny W
1070 107 10 107 100 10"

/i)

NCFM, Satis, 27.07.2022

</

0 Vain(T = 0) < Vew
mT.=0
v,
sy
[ ] T.Z2
4z !
.72
| cLISA
m BBO
2000
—— o Aps =044, mg = 80GeV
=== 4 Aps = 0.38, mg = 80 GeV
= X Aus =032, mg = 80GeV

—— o Ay = 5.66, mg = 600 GeV'
==== 4 Ays =526, mg = 600 GeV

=X Ans = 4.55, mg = 600 GeV

127/164



Theoretical problems Supersymmetry

EW-I with one more scalar (s.pemidov, D.G., E kriukova (2021))
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Theoretical problems

Supersymmetry

GW signals for sets of model parameters
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Theoretical problems Supersymmetry

More ingredients in the Higgs sector

With SM Higgs renormalizably coupled to Inert douplet

one can obtain see e.. 2205.06669

@ EW Ist order Phase transition (even in 2 steps !)
© Gravitational waves (even with 2 peaks !)
© Dark Matter
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Theoretical problems Portals

New physics is below EW scale and hidden so far

@ Why no hints recognized at EW scale and below?
couplings to the SM fields are tiny

@ which certainly implies not a GUT-like new physics (all is « g)
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Theoretical problems Portals

New physics is below EW scale and hidden so far

@ Why no hints recognized at EW scale and below?
couplings to the SM fields are tiny

@ which certainly implies not a GUT-like new physics (all is « g)
hence coupling to new gauge singlets

@ that is usually nonrenormalizable interactions. ..
however, there are exceptions. . .

thus we arrive at the portals
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Theoretical problems Portals

Three Portals to the hidden World

Renormalizable interaction including SM field and new (hypothetical) fields singlets with respect
to the SM gauge group

Attractive feature: couplings are insensitive to energy in c.m.f.,
hence low energy experiments (intensity frontier) are favorable

@ Scalar portal: SM Higgs doublet H and hidden scalar S
the simplest dark matter

Zscalar portal = —P H'HS'S

@ Spinor portal: SM lepton doublet L, Higgs congugate field H = eH* and hidden fermion N
sterile neutrino !!

Zspinor portal = *,VZFIN
@ Vector portal: SM gauge field of U(1)y and gauge hidden field of abelian group U(1)’

€ gU(hy gu(ty

— Y
Zvector portal — — 5 Fhv Buv
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Theoretical problems Portals

Massive vectors (paraphotons) NA64
Vector portal to a secluded sector: e.g. with Dark matter ¥
one more U(1)" gauge group [spontaneously broken] in secluded sector 0711.4866

ZDM+ mediator = v ("}’# du—e '}’uA,u - m\U) A;n ARY 4 TA;‘ AR+ EA‘/M ayB*Y

when my > m, ~1GeV e
F SINDRUM & — & ]
1072k KLOE / i
imi WASA
@ limit from BBN: o HADES BaBar |
10 E774 APEX Al 3
Ty <ls, =¢° USRS 1021 - E141 8
: 1GeV ) ~ 10k -
w E y-Cal | (n%) 3
i — -SL -Cal | -
@ light for (g—2) 10 : X8 tarems. =
@ light for Pamela, Fermi, etc 3 strehlung) J
10_6? 3
Production by virtual photon & o €2 10-7L NOMAD i
Decay through virtual photon, I oc g2 P ARSIl oy CHARM3
V s ete . t _etc u | Lol L nd
o 102 107 1

m, [GeV] 1311.5104
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Theoretical problems

Portals

Massive vectors: decays are under control

Decay into SM via mixing with photon

into leptons
4m?
Ml = muye?, [1— 2L (1
3O‘QED A m%, +
into hadrons
1
rgédrons _ gaQEDmA’52 -R(my),
where
o(ete” — hadrons)
R =
(Vs) o(ete —putu~)
and
Pt =g e 1 4 rhgerons

Dmitry Gorbunov (INR)
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Theoretical problems

Portals

Massive vectors: production by protons

@ decays of 7%, n% and p*, p°, ®

2
A

3
m
0

m2

s

BI'”OHA/,}, ~ 282 <1 —

@ proton bremsstrahlung
concervatively corrected by

the Dirac (electric) form factor of w
proton
F1 = % — L“
2 my,
(%) ™
mp

with Dirac mass squared m2, = 12/r3
and the Dirac radius rp =~ 0.8 fm

quark bremsstrahlung ??
still under study...
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Theoretical problems Portals

Searches for visible decays 2102.12143
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Theoretical problems Portals

Searches for invisible mode 210212143
w 107 7R
/ 3
10° \lﬁ
Bellen20ff - —~73
7_ ]
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10—7 ! NN | L Ll N Ll N N ..._

107 107 10%
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Theoretical problems Portals

Searches for invisible mode

1812.02719
0 . . .
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Theoretical problems Portals

Searches for dark matter R
Elastic Scalar Dark Matter
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Theoretical problems Portals

Searches for dark matter 2102.12143
Pseudo-Dirac Fermion Dark Matter
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Theoretical problems Portals

Searching for dark matter particles at STCF

1907.07046
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Theoretical problems Portals

Searching for dark matter particles at STCF 1500701
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Theoretical problems Portals

Searching for the messenger at STCF 100707046
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Theoretical problems Portals

Searching for dark matter at STCF 1907.07046
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Theoretical problems

Portals

Heavy vector: leaving with millicharged particles :i i
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Theoretical problems Portals

Searching for millicharged particles at STCF 1000667
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Theoretical problems Portals

Searching for millicharged particles at STCF 1000667
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Theoretical problems Portals

Searching for L, — L; Z" at STCF 201210882
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Theoretical problems Portals

SearChing for I—‘LL = LT Z' at STCF 2012.10893
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name -

Quarks

Leptons

Theoretical problems Portals
Three Generations
of Matter (Fermions) spin ¥2
| Il 11
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Theoretical problems Portals

Sterile neutrinos: production and decays

D, M
i
V, / N V, /
%% l’ A 2.3 H
<H>x ’ <H> 4 T
i
- Nz’3 ) Vu /
Vu M €
<H>y Nas <H> « Ve

Interaction via neutral and charged weak hadronic currents
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Theoretical problems Portals

mixing with v; ... 75 — N+ H*

Tau coupling dominance: U%UZ:U? = 0:0:1

2102.12143
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Theoretical problems Portals

Renormalizable inflaton at GeV scale 0912.0390

Sxsm = /\/ —gd*x (bsm +text +tgrav) ,

1 1 B o 0\2
_ u 22yl P y4 Ty Y y2
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2 2
o — Mo tSXT o
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2 0.3 \ \ \
WMAP9, 95% mmm
. £=0 68% mm—
inflaton mass 0.25 |- WMAP9+BAO, 95%
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Theoretical problems Portals

QCD modes: claimed uncertainties upto 102

1303.4395
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Interaction among the final hadronic states
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Theoretical problems Portals

Limits from LHCb 1508.04094
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Theoretical problems Portals
direct limits on scalars 2102 12143
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Theoretical problems Portals ak

scalars in astrophysics 210212143
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Theoretical problems Portals

Conclusions

We definitely need new physics
@ There are many well-motivated BSM models
@ Phenomenology, Theory, Anomalies...
@ Not all the models can be presentky tested

for c-t the viable field is BSM with portals: new light feebly coupled
particles

Both experimental work (construction, background) and theoretical
work (problems with QCD-calculus at the 1 GeV scale) are needed
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Theoretical problems Portals

Anomalies with matter structures at small scales

@ Core-cusp problem

Dark Matter density profiles in the centers of simulated halos are cusped
while in observed dwarf galaxies are cored

@ Lack of dwarf galaxies

Matter perturbations of almost flat spectrum produce flat halo mass spectrum
low abundance of small galaxies

@ Too-big-To-fail problem

There must be galaxies heavy enough to keep baryons inside
Milky Way hosts only two such galaxies

WDM, SIDM, Fuzzy DM etc: to suppress structures at small scales
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Theoretical problems Portals

CUSpS in simulations 2207.05082
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Core vs cusp in a galaxy...

Inner Dark Matter Density Slope

Theoretical problems Portals
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Observations: 3 or similar
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Theoretical problems Portals

Axion-like portal: Light sgoldstinos in SUSY

SUSY is spontaneously broken
breaking of SU(2)w x U(1)y by the (H) =v

breaking of SUSY by (Fy) = F
Goldstones bosons couple to all massive fields

(Goldberger—Treiman formula like for pion) Goldstone fermio‘ln: QOIdStino
1 M
_lu Ly o = 9,
Z = sy, % H v = FYsusyouV

Goldstino supermultiplet: (boson ¢ (sgoldstino), fermion y (goldstino))

SUSY «— F=(Fp) #0 S =0+V20y+F,00 %((p—&-qo*)zS—scalar

sgoldstino: Lsp o< M,SED" F ~ (SUS¥ scale)?
Msot: MSSM soft terms

superpartner masses and trilinear couplings,

i (¢ — ") = P— pseudoscalar

massless at tree level
naturally may be light...

gauginos: squarks, sleptons:

LA A
MyAA —s %SFHVF“‘Q %PF,WTW Ajhu8ily — 2 Shuqit, 2 Phugiy
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Theoretical problems Portals

Direct coupling to gluonic tensor

@ For Mg <« 1 GeV estimate coupling to pions through the triangle anomaly in Ty,
M.Voloshin, V.Zakharov (1980)

bg?
~(ax| %GRy Gy|0) = (77| T |0) = P02
hence we get an amplification 1511.05403
3 p g2 2
r(s N 713071'0) ~ OCg(M3) ﬂ-mSM?: 1_ 4mﬂ:0
B?(as(Ms)) 4F2 m&
@ For Ms > 1GeV we have glUOﬂS and a suppression ggGﬁv is a renorm-invariant
2 m3 pR2
F(S— gg) = (Ots(ms)ﬁ(as(Ms))) msMs
Blas(ms))as(Mz) ) 4nF?

@ The two rates mismatch by orders...
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