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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, ...)

@ Does not describe  (PHENO) (THEORY)
» Dark energy (Qn)

> Neutrino oscillations > Strong CP-problem

> Dark matter (S2py) > Gauge hierarchy

» Baryon asymmetry (Qp) > Quantum gravity

» Why the Universe is flat and

homogeneous? » Quantization of electric

charge
» Where did the matter .

?
perturbations come from? > Why 3 generations?

> Why Ye< Yy <. < Vs
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baryogenesis = [T~ -=
N

hot Universe
b b B0 bR R R

reheating < ---

inflation
matter perturbations (?)
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Present knowledge about the past: back to 2-3 MeV

past stages observables
deceleration/acceleration a=0 SN la, CMB, clusters
reionization Yy+H—p+e CMB, quasars, stars
recombination p+e—y+H* CMB, BAO
RD/MD equality Prnatier = Pradiation CMB, BAO
nucleosynthesis p+n— D+vy, etc cold gas clouds
neutrino decoupling Ve+n—p+e cold gas clouds

0

;‘:" I >
"""" H< < py+py
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Measurement of ng =
at T ~1MeV

Lack of Lithium. ..
Yy =0.2581+0.025,

ng/ny

Exotics needed?

D/H| 287i021)><10_
1103.1261
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oF . B
! — o H'He
——- o'H, +'He
c= He'He
3 = oy H He
=
Zost q
Py
v/-
'
v/.
00k . ol L
0.0 ) 20 3.0 4.0 5.0

similar results from other recent
studies including structure formation
1001.4440, 1001.5218, 1202.2889

Nv.eff < 4.2 @ 95%CL

Ny eff < 4.0 from D/H 1205.3785
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Mass fraction
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Nucleosynthesis: new measurements of D and He*

[ NACRE II driven - BSM fit 22 NACRE II driven - SM prediction NACRE II driven - BSM fit 22 NACRE II driven - SM prediction
N PRIMAT driven - BSM fit 1771 PRIMAT driven - SM prediction S PRIMAT driven - BSM fit =2 PRIMAT driven - SM prediction
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(arbitrary units)
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Dmitry Gorbunov (INR) 22 November 2022 IHEP, Protvino 2022 9/46



Nucleosynthesis: npec @ #/Tv | H2oc (.4 ANy)
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BBN: extra-radiation and lepton asymmetry  ioo:e
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Baryogenesis

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...
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Electroweak Sphalerons & B by Kuzmin, Rubakov and Saposhnikov
2 ~
a#juB:3é7 va uvva”v’

=0, V3 — 9y V3+ ge?®°VEV( refer to SU@)w, V 2= 3E€uvap V3P
Anomaly: only left fermions couple to fields V7.
For nontrivial gauge fields in vacuum or plasma

AB=B(t;)— B(t) = /dt/dsxa“j‘,_:%/ d*x g Svanpa,

4

Strong fields are needed: V4, o« ., (integral is a natural number!).
u g

Energies of such configurations o g—.
At temperatures 100 GeV < T < 10" GeV they are in equilibrium in primordial plasma !!

B gets violated
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Electroweak sphalerons & B — L by kuzmin, Rubakov and Saposhnikov

oHjB—13 g Vauvf/a
= Hen2 uv

all/’ul-n — g Va uv Va

677 v, n=1,23,

=0y V@ — 0y V3 + ge@° VPV refer to SUR)w, V3,, = ey, V2P
Anomaly only left fermions couple to fields V7.
For nontrivial gauge fields in vacuum or plasma

AlLe = Lo(ty) — Lo(t) = / dt/d3 X Hje = 3/ d*x g Svanvpa,
Strong fields are needed: V4, « 5, (integral is natural number!). Energies of such
configurations o gig.
AB=3ALe=3AL, =3AL;
At temperatures 100 GeV < T < 10'2 GeV sphalerons violate all four, but any 3 keep intact, e.g.

B-L, Le—L,, Le—L;

where L=Le+Ly+L;
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Baryogenesis — Leptogenesis by kuzmin, Rubakov and Saposhnikov

Sakharov conditions of successful baryogenesis

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

and B=oax(B-L),L=(a—1)x(B-L)

Leptogenesis: Baryogenesis from lepton asymmetry of the Universe ... due to sterile neutrinos
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Neutrino oscillations: masses and mixing angles

Solar 2 x 2 “subsector”

Am? [eV?]

http://hitoshi.berkeley.edu/neutrino/

m2, ~7.4x107°eV?

DAYA-BAY, RENO, T2K: sin®26;3 ~ 0.08

Dmitry Gorbunov (INR)

22 November 2022

|am?| (107 %8V?)

Atmospheric 2 x 2 “subsector”

40—
35" T d
3.0
2.5
20F ° MINOS bestoscilltion i~
e MINOS 90%
1.5} —— MINOS 68% e
a © K2K 90%
b ]
1056 o7 o8 o9 1
sin?(26)

arXiv:0806.2237

m2, ~2.5x 103 eV?
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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)
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mass -
charge -

name -

Quarks

Leptons

Three Generations
of Matter (Fermions) spin ¥2

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 |I”b
down strange bottom
<0.0001 eV /~10 ke ~0.01 eV / ~GeV ~0.04 eV / ~GeV
o)/ o)) o))
(s Nl T
tau i
electrpn sterile | | MUP  sterile | peutring SteTile
neutrino neutring | "UMM9 neutring neutrino
0.511 MeV 105.7 MeV 1.777 GeV
e | pn T
electron muon tau
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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 —  35C 0 V% Ve
"//Nz(Ve,N)(V\}«é My (N)+h-c-

For a hierarchy My > MP = v L we have

V2
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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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

1/ —c 0 V% T
WNZE(V1,,_,N1,,,) e V2 (v Ny )T he,
V\@ MN

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

~ My and MY =—(MP)T w2V <<<MN
MN MN
Mixings: flavor state vy = Uy;vi+ 6,/ N,
active-active mixing: UMY U = diag (my ,my, ms)
MDY
active-sterile mixing: 6y = (TI"" o fTMLN<< 1
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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 " " .
08 107 0.1 100 101! 107 Majorana mass, Ge'

LSNDT v MSM TLHC GUT | see—saw Seesaw diagram
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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
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Bonus: depends on the sterile neutrino mass range

NB: With fine tuning in My and f 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
10 Extended seesaw

There are different regions:
My ~ 1eV-100 GeV
@ keV-scale dark matter
@ BAU via leptogenesis fre1076~ Y,

My ~ 100 GeV-...
@ BAU via leptogenesis My ~10'2-10"* GeV
@ BAU via leptogenesis

Via AN-SN oscillations F=0.01-1
Akhmedov, Rubakov, Smirnov Degeneracy between HNLs is In decays of heavy leptons
needed Fukugita and Yanagida

irect hes!
direct searches Pilaftis
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Degeneracy for Leptogenesis 2008.1377+
10 107!
107
1072
108
10° 107
NS 10-10
1011 L 107
1022 |
107°
10-13 |
-14 | | | —6
10 10! 102 103 AMN/JI\/.[}N

My, GeV
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Heavy sterile neutrinos: direct searches

Weak decays due to mixing

Dy H
n
Vu Nog . W
N, 5
T
u
P 23 Vu
M A [
N, ; Ve

Production in beam-dump experiments
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Present limits from production

NAG62-2007

KEK (1984)
K*'=p*N, K'—e™N

TRIUMF (1992)

This result
K' =N, K'—e™N

E949 (2015)

PIENU (2017) KN
-H

tr—e*N

50 100 150 200 250 300 350 400 450
HNL mass [MeV/c?]
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New projects. .. 1904.09124

HNL mass [GeV]
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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)

keV°
fNaSvN‘I/(GIZ:MIs\IeéN) = 92<1.5x10*7<50 ° )

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

TNoay ~ 1/ (G%M,‘bmv> ~ 10" yr (10keV/My)*
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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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...8 years ago: Dark Matter decay observed in X-ray?

Buctioh T T T T T
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Spekir-RG: eROSITA (0.2-10keV), ART-XC (4-30 keV)
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Si n2(219)

10'10§ ;
Fermi-GBM
and Integral

Suzaku

10-11

1012

1013 BBN Limit

Y

10— 0 20 30
m_ [keV]

2007.07969 (V. Barinov, R. Burenin, D.G., R. Krivonos)
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Production in oscillations

a d
5 fs(t.p) — HP%"S(LP) =TaP(va = vs) fa(t,P).

o = G2 T*E is the weak interaction rate in plasma

P(vg — vs) = sin229£tnat -sin® <%) ,

t&nat
tVaC
tyat — o ,
\/sin2 200 + (cos2604— Vo - tl‘x’ac)2
mat
. oamat L . _2E
sin26, %" = l%ac -sin20,, tE°= M—,%
sign of the effective plasma potential matters: as compared to vacuum

Voo <0 = mixing gets suppressed

Vao >0 — amplification via resonance
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DM from oscillations: (DW & ShF)

case 1

(Coszea_ Vaa . t(\x/ac)z 10_6

non-resonant: 8

Voo ~ —#GET*E @ N |

S107F
resonant production in
the lepton asymmetric 102F
plasma L
-14§_
Voo ~ +#GF TZ.ULO, 10 i

16E Ll i ..

1601.07553 10 100 101 102
M1 / keV
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... present searches: NuSTAR

sin?(26)

10710

—11 |
1071 g
10712

10—13 BBN Limit

LIRRLLL |

[ NuSTAR (this work)

(model-dependent)

=& 3.5-keV anomaly
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Suzaku

Fermi+
INTEGRAL

PRI

Lol
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40

2207.04572

@ upper limits on

mixing: from X-ray
searches

@ lower limits on mass:

107

107°

10710

10-1

10712

from structure
formation

and BBN predictions

3 4
105 T
E — F
S - 3
BT e
E 1
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E 1
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Inhomogeneous Universe

Large Scale Structure

Dmitry Gorbunov (INR) 22 November 2022

CMB anisotropy
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Matter pertu rbations alternative sources by Rubakov

originate from the initial matter density (scalar) perturbations

8p/p~8T/T ~10~*, which are

adiabatic 5(78)=05("2m)=5("%)
Gaussian (2 (k) 22 (K')) o< (ﬁf’(k)) 5(k+K)
flat spectrum <(5pp( ))2) o9k 25(k) 25(K) ~ const

*

LSS and CMB  Z< = A (i)"r1 As~25x10-%, ne~0.97
S=AsX(xk s eoX ng~U.

Dmitry Gorbunov (INR) 22 November 2022 IHEP, Protvino 2022 37/46



27K TODAY 14 by
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reheating < ---
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Cosmological data suggest ... DM, DE, flatness, etc

2.0

Dmitry Gorbunov (INR)

2N 2
a ° 8rn
(2) =#o0 =5 arze

gi
Ponsity = Pradiation +Patter  +Pfiatter P

Pradiation > 1/34(t) o< T4(t) »  Pmatter © 1/33(0
pp = const, 1/32(t) o Peyrvature = 0

GeV
C

H2
3H, SN (1)) = pe ~ 0.53 x 1075 o?

8nG = pdensity 3
radiation: Q=2-05x10"*
Baryons (H, He): O = ”;—‘2 =0.05
Neutrino: Q, = <001

v
Dark matter: Qou = % =0.27
Dark energy: Qp = ’;—2 =0.68

v

22 November 2022 IHEP, Protvino 2022 39/46



Cosmological constant puzzled Rubakov

vacuum: Tuv = PvacNuv p=—-p

Sy = —A/\/—gd“x .

8
a=const-efs! | Hg =,/ ?ﬂGpvaC

Rubakov suggested the ways to cancel A,

and consider some dynamical substance instead,

which may change future (and past) Universe
searching for bouncing (cyclic) cosmologies
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flat — ACDM
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Constraints on Hy
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Flat ACDM — Growth Tension

2105.05208
0834
« Planck CMB TT,TE,EE+lowE Aghanim (2020)
0.832
« Planck CMB TT,TE,EE+lowE +lensing =+ Aghanim (2020)
0.759 )
« WL KiD$—1000 =e - Asgari (2021)
0755 )
+ WL KiDS+VIKING+DES-Y1 S8 Asgari (2020)
0.762 ‘
+ WL KiD$+VIKING+DES-Y1 == Joudaki (2020)
0716
« WL KiDS+VIKING-450 —o——  Wright (2020)
0737
« WL KiDS+VIKING-450 =&~ Hildebrandt (2020)
0.651
+ WL KiDS—450 @ Kohlinger (2017)
+ WL KiDS—450 o= Hildebrandt (2017)
0773
« WL DES Y1 32 tpf == Abbott (2018)
0.782
« WL DES Y1 —o— Troxel (2018) Planck TT+lowE
0.8
« WL HSC-TPCF —e— Hamana (2020) 1 4 Planck TT,TE,EE+lowE
0.78 .
« WL HSC—pseudo—C —o— Hikage (2019) +DES+lensing
DES ~¢ + w
0.79 .9
—8>— - Costanzi (2019) 09 DES (joint)
077
+ CC ROSAT ——  Mantz(2015) e
065
+CCDES Y1 —o— - Abbott (2020) 0.8 -
- CC Planck (SZ —o— - Salvati (2018)
0.792
- CC Planck (SZ ——— - Ade(2015)
0.749 0.7 4
+ CCSPT—SZ ——o—— - Bocquet 2019) -
083
+ CC XMM-XXL —————8———— Pacaud (2018)
07 T T T T
—— Benisty (2021) 0.20 0.25 0.30 0.35
0.747
—e—  Kazantzidis (2018) Qn
0.4 0.6 0.8 Lo L2 1807.06209

Sg_ﬂ'g’\’ 2,/03

Dmitry Gorbunov (INR) 22 November 2022 IHEP, Protvino 2022 45/46



Conclusion

@ Valery Rubakov contributed to all the major fields in cosmology

@ Hubble puzzle and Sg-tension may point at the direction towards
understanding the Nature of Dark Energy

@ Alas, he will not learn it with us...
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