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1 Introduction

[

2 Effective field theory

2.1 Introduction and aQGC

Effective extension of the SM consists in the parameterization of the Lagrangian with the

operators of higher dimensions with some coefficients:
F
. LN yn+4 ) n+4
£—£SM+;;—M o; —ESM+;;fWQ : (1)

In this equation Lgy is the SM Lagrangian, A is the new physics energy scale, O is the
i-th operator of n + 4 dimension, F;, is the corresponding unobservable dimensionless coeffi-
cient, f;, = F;»/A" is the corresponding (Wilson’s) observable coefficient which has dimension
TeV—".

In this report anomalous quartic gauge couplings (aQGC) was considered. It is convenient to
study this couplings with operators of eight dimensions which lead to genuine aQGC without the
contribution of anomalous triple gauge couplings (aTGC) [2]. These operators are constructed

from covariant derivative of the Higgs field

iveri o1
D,® = (au + z’g%m + zg’EBM) D, 2)
SU(2)y, field strength tensor
~ o'i i
Wi = 5 W (3)
where
Wi, = 0.W, — 0,W, + ge"* Wiw}, (4)
and U(1)y field strength tensor
B,uu - a,u,Bz/ - ayB,u (5)

and can be divided into three families. S-family operators contain just covariant derivatives of
the Higgs field:

Ogo = [(Ducb)TD,,cb] [(D“@)TDWI)} ,

Og) = [(DuQD)TD“CD] [(Dycb)TD”@} .



T-family operators contain just gauge field strength tensors:

Oro = Tr | Wy W | Tr [Woth?|
Oy =Tr [Wau W Tr W0 |
Ory = Tr [ W | T [Wﬁywm
Ors =Tr [Wu W] [BasB].
Org = Tt |W,, W } [B,sB,
O = 1 [, 179 (8,5
Ors = [By, B"] [BagB*]

Org = [BauB""] [Bs, B*] .

Finally, M-family operators mix covariant derivatives of the Higgs field and gauge field strength

tensors:

OMO =Tr

.17+ [(0,0)' D],

Own = Tt [WWWVB} [(Dﬁop)T D“CID} ,

Oriz = [Byu B"] [(Dﬁcb)T D%} ,

OM?)
OM4
OM5
OM?

:[B
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= [(p,®)! VV,BVD%} B,
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= [(D,®)! WBVD”@} B 4 hec.,

From all possible quartic gauge couplings SM predicts just WWWW, WWZZ, WW Z~,

WW~~. Table 1 shows which quartic gauge couplings are affected by each operator.

Table 1: Influence of the 8-dimensional operators on quartic gauge couplings. Affected cou-
plings are marked with a symbol o.

Operator

WWWW

WWZZ

WWZ~y | WWr~y | ZZZZ

7722~

ZZyy

Zyyy

YYYY

Os0, Os1

o

o

Oro0, Or1, Or2

o

o

[e)

Ors, Ors, OT7

(o}

[e)

Ors, Or9

[e)

Onmos Omi, Omr

Om2, Oms, Oma, Ons

o|o|Oo|Oo|O]|O

o|o|lO|O|O

o|o|o|o|O

2.2 Amplitude decomposition

For studying processes using EFT one need to know how cross section depends on coefficient

value. This dependence is considered in this section for the case when process contains not more

that one new physics vertex.



In the general case, when Lagrangian is parameterized with a set of operators as
L=_Lou+ Y O (9)

amplitude of some process contains SM and beyond-the-SM (BSM) terms and can be written

as

A = Agum + Z fiABsmi- (10)

Square of this amplitude is

AP = [Asul” + ) fi2Re(AbyApsni) + > 2l Assual® + D fifi2Re(Abgy i Apsuy)- (1)

4,5,8>]
So, squared amplitude as well as cross section contains SM term, interference (linear) terms

x f;, quadratic terms oc f? and cross terms o f; f;.

For setting 1D limits the Lagrangian is parameterized by a single operator as
L= Lsw+ fO. (12)
In this case amplitude and its square are
A = Asy + fAssu (13)

and

JA* = [Asu|* + f2Re( ALy Apsu) + £ Apsu|*. (14)

Therefore, cross section contains one SM term, one interference term and one quadratic term

and can be written as

o =o0sMm+ fgint + fQO—quad- (15)

If considered process is not predicted by the SM, then Agy = 0 and cross section is

o= fQUquad. (16)

3 Constraints from the CMB in the early Universe

3.1 Setting limits methodology

Such processes as 7y — vivi can affect modern relic neutrino number density n? = 339.5
cm~? which can be predicted from the standard cosmological Big Bang model using observable

CMB number density n = 410.7 cm™® [3]. Of course, predicted neutrino number density from
0

v

pred0 should be less than n

the anomalous couplings n Taking into account that predicted



neutrino number density depends on EFT coupling constant f, condition
npred0 < 0 (17)

can lead to constraint on f.

Neutrino number density from the anomalous couplings can be predicted as

OJVN()
"/0 Y

nPred = a,ng = (18)
where Ny is the number of anomalous interactions that have occurred to present-day time
moment, ng is Ny per unit volume, «, is the number of neutrinos that are produced from a
single anomalous interaction and V; is the present-day size of the Universe.

In the following calculations the first photon is incoming and the second photon is the mobile
target. Assuming that CMB photons have Planck’s energy distribution and isotropic spatial

distribution, one can define the flux of the incoming photons

d'N, 1
—_— = E\T)— 1
QB dsar ~ BT e (19)
and the distribution of the target photons
ﬂ = fpu(E ]T)in V. (20)
dBydQy, PR g

where T is the CMB temperature (Planck’s distribution parameter), n., is CMB photons number
density, c is the speed of light, V' is the size of the Universe and

qE?

feI(E|T) = BT _ (21)

is the Planck’s energy distribution normalized to unity with coefficient ¢ = (2¢(3)7%)~".

Since interacting photons have different energies and relative angle, it is necessary to know
cross section dependence on this parameters. This can be done in the following way. Choosing
spatial frame so that momentum of the first photon directed along the z axis, s invariant can

be represented as

S = (pl +p2)2 = 2(]71])2) = 2(E1E2 — ]71]72) = 2E1E2(1 — COS 02) (22)

Then, obtaining cross section dependence on s invariant, one can obtain its dependence on E,

FE5 and cos 3. Assuming that o(s) is a polynomial function

7(5) = Y s 23)



with ¢ > 0 (anomalous cross section increases with energy), then
o(Ey, By, cosby) = 2 " 2pE{Ej(1 — cosby)'. (24)

Frequency of the considered process is

d*Nv, d’N,
dE; dQ; dS dt dEs d,

N = / 0(Ey, Ey, cos 0,) dE; dE, dQ, dQ,. (25)

Taking into account Eq. 19, 20 and 24 and integrating over all angles 6, ¢; and ¢, it can be

rewritten as
. 1 ) L .
N = écninz Z 22pi / EiE;(l — COS 92)’fp1(E1 |T)fp1(E2|T) dEl dE2 d cos 92. (26)

Integration by energy can be performed using formula

o0

. Ei+2 i3 ) ]
0 0

where I'(z) is the gamma function and ((z) is Riemann zeta function. So the integral from Eq.
26 is

/ EiEé(l — COS 92)ifp1(E1 ’T)fpl(E2’T> dE1 dE2 d cos 92 =

o0

1

/E for1(E4|T) El/ E for (B |T) dEQ/u—cc>s92)"clcos92 =
0 0 -1
0o 2
2i+1
/ i+l
0
0 207 T2(i 4+ 3)¢%(i + 3)

= 2(3) ()

y'dy = T (D(i + 3)¢(i + 3))°

~ | [ e e

0

where y = 1 — cos fy. Finally, frequency of the considered process can be rewritten as

. cnVf? 4 . , ;
N = 452(3) Xi:i+1piF2(2+3)C2(l+3)T2. (29)

In this formula CMB number density n.,, CMB temperature 7" and size of the Universe V'
depend on time ¢. In addition, anomalous interactions lead to a decrease in the CMB number
density. So, n, depend on N. Therefore, Eq. 29 becomes a differential equation. Solving of
this equation can be used for obtaining nP*4? with Eq. 18 and setting limits with Eq. 17.



3.2 Choice of the time interval and dependencies estimation

Since in EFT cross sections increases with the energy, the most interesting stage of the
Universe evolution for this study is radiation dominance stage (RD). Besides, non-zero mass of
the neutrino leads to impossibility of reactions of neutrino production from CMB when energies
of the photons are too small. Therefore, contribution from stages after RD is negligible. So
upper time point can be chosen as tp., = 10* yr. In the other side, neutrino had been in the
equilibrium with another particles up to moment ¢t ~ 1 s (T ~ 1 MeV). So lower time point
can be chosen as t,;, =1 s.

Number density from the CMB photons decreases due to the Universe expansion and from

the anomalous interactions:

(1) = (0%~ @, N (0) g (30)

1
t
where a is the reducing of the number of CMB photons per single anomalous interaction.

Thus Eq. 29 can be rewritten as

dN 1 ef? g | . i
o = (Vo —aN)* 7 452 8 > g pT 3+ BT, (31)

%

This is a differential equation, where variables N and t can be separated. After integrating by
N from 0 to Ny it can be seen that

tmax

1 1 1 B 1 Cf2 4 ‘ . i
a, (n% —a, Ny n9yV0) - / V() 4C2(3) Z ir 1pir2(l +3)C%( + 3)T*(t)dt.  (32)

7

min

Multiplying this equation by «., V} and taking into account that V (¢) o< a®(¢) and a(t) oc T71(¢),

one can find that

tmax
1 1 . cf? 4 9. 9. / o;
0 0 il T3 (1) dt
nd —asng  nd  4C2(3)T¢ Z Pl 3+ 3)t ‘ (t) (33)

where Ty = 2.73 K = 2.35- 107* €V is observable present-day CMB temperature [4].
Dependence of the CMB temperature on time can be estimated from the facts that 7' oc a1,
a < v/t at the RD and condition that T'(¢min) = Tinin, Where Ty, = 1 MeV. So, one can obtain

tmin
T(t) = Ty | 222 (34)

This dependence is shown in Fig. 1.
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Figure 1: Dependence of the CMB temperature on time at the RD stage.

Integral from Eq. 33 denoted as I; can be easily calculated as following:

i+1/2

tmax

tmax / tmax dt T21+3t t Z+1/2
_ 2i+3 2i+3,1+3/2 min Ymin min
L= / T2 (1) dt — T2 / s = (1_( ) )

tmin tmin

Using Eq. 33, formula for ng can be written as

n ng 1 !
0 = - o ’I’L C . .
L P X A3 )L

Then, using Eq. 17 and 18, constraint on f can be found as

1 ng AC2(3)T3
a,nd —

5 T Qg N chHpZF (1+3)C%(i+ 3)I;

3.3 Cross section parameterization and results

oy =2, 0, =4.

Figure 2: Diagram vy — vvvr.

(35)

(36)

(37)



For cross section parameterization Monte Carlo event generator MadGraphb [5] was used.

Table 2: fTO

pb

g,

s, GeVZ [ o(fro =1 GeV 1), pb | o(fao = 1 GeV 1), pb

4-1078 (6.13 + 0.08) -1077 (7.87 + 0.02) 10748

1076 (3.74 + 0.03) - 10761 (7.70 + 0.02) 1074

4-107° (6.27 + 0.08) -107°7 (7.87 + 0.04) 21078

10~* (3.73 + 0.01) -10~47 (7.68 + 0.03) -10731

4.1074 (6.18 + 0.02) -10~43 (7.89 + 0.04) 210728

o(s), f =1 GeV* a(s), f,, =1 GeV*
10745 E E b—10'29 L .
10—455 —e— MC modelling y.4 E 10_31: —e— MC modelling ’
E — it 3 sl — Fit ]
10731 ] 107 F =
10_545 g 105k ]
10—575 ad E 107k Ve b
E ] 10k ]
10750 )4 = b -
L 1 10741 =
10783 = F E
i i 107k i
10756 ] L ]
E ] 107 ]
10%°E N B tor ol il el ]
107 10°® 10°° 10 107 10°° 10°° 107
s, GeV? s, GeV?
Figure 3: Fit.
Table 3: Fit parameters
Coeflicient Parameters

fTO Pr = 3.74 - 10_19 pb/GeVb
Jvo ps = 7.69 - 10711 pb/GeV?

Table 4: Results

Coefficient | Limit, TeV~*
Jo 4.0 -10%
Jyo 5.9 -10%

Table 5: Observed by the CMS collaboration [0] limits on some EFT coefficients.

Coefficient fro | frs | frs | fmo | fan
Limit on |f], TV * | 12.8 | 28.1 | 0.52 | 0.52 | 0.36
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4 Cosmological interpretation of the aQGC

4.1 Interpretation in terms of multicharged fermions

In this section possible interpretation of aQGC from 8-dimensional operators is considered
by the example of the scattering of the photons. Diagram of this process predicted by the
T-family EFT operators is presented in Fig. 4. EFT operators of M- and S- families don’t
predict this process on the tree level (Table 1).

Figure 4: Diagram of the scattering vy — v+ which predicted by T-family EFT operators.

In general case of some BSM scattering, cross section dependence on the energy w of the
initial particles in the center-of-mass system can be found from simple dimension analysis.
Amplitude of the process in proportional to f, fv? and fv? for operators of T-, M- and S-family
respectively. Therefore, to ensure the correct dimension of the cross-section, its dependence in

the energy w should be the following:

o o< Wb, T-family,
o o< w?, M-family, (38)
ooxw?, S-family.

For y~-scattering this dependence was verified using Monte-Carlo simulations. Plots which
illustrate this dependence for cases of fro and frg non-zero EFT coefficients can be found in
Fig. 5. Fitting function for this plots was function ¢ = f?p303. Results of the fits can be found

in Table 6. Taking into account that s = 4w?, final dependence on w for yvy-scattering is

o= f?- 64psw°. (39)

Table 6: Results of the fit of the dependence of the cross section on the s-invariant for -
scattering for cases of fro and frg non-zero EFT coefficients.

Coefficient | p3, pb-TeV?
JTo 9.69 - 102
J18 1.79 - 102

It can be seen that this dependence on the photon energy is the same as in case of low-energy

yvy-scattering through a fermionic loop. Example of the diagram of this process can be found

11
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Figure 5: Dependence of the cross section on the s-invariant for yv-scattering for cases of frq
(left) and frg (right) non-zero EFT coefficients.

in Fig. 6. If fermion in the loop is the electron, then low-energy (w < m,) cross-section is |7]

e

6
o = 0.031a22 (i) . (40)
m

This result can be generalized to the case of heavy fermion with mass m and electric charge 7

(in the units of e):
6

w
o= 0.03128044%. (41)
It should be emphasized that EFT is valid when w < A, when A is the new physics energy

scale (Eq. 1). In this case A = m, then only case w < m can be considered.

Figure 6: Example of the diagram for y~-scattering through a fermionic loop.

Following the interpretation of effective yy-scattering as scattering through a heavy fermion
with a mass m and electric charge Z in the units of e, one can equate cross sections from Eq.
39 and 41: 6

w
0'031280‘4F = 2. 64pswS. (42)

It leads to a couple of physical results. First, interpreting A as m and taking into account that

12



F

f= A one can find dimensionless EFT coupling constant:
0.031Z8a*
Using results from Table 6 it can be found that
Fro~17.0-107°. Z8,
TO (44)

Frg ~38-10712. 78

The second result is indirect limitation on the mass of the multicharged particles. Eq. 42 (with

the replacement of A for m) can be rewritten as

0.031a4\ /8 F 1\
m:'Z'<64p3;2) =14 (@F) | (43)

Using Table 5 one can find indirect mass limitation:

m > |Z|-0.11GeV (from fry),

(46)
m > |Z|-0.05GeV (from frg).

The observed by the ATLAS collaboration [8] mass limits on the multicharged particles in case
of lepton-like particles can be found in Fig. 7. Direct experimental limits are more strict than

indirect ones. However for large Z indirect limits can be tighter than direct ones.

1400 I

I S R B R R B

[ f I
ATLAS

1300E5 = 13 TeV, 36.1 b

1200

1100

1000

900

Lower limit on MCP mass [GeV]

800

- —e— Observed 95% CL limit

'CJ-III\\‘IIIIlI\\\lllllll\\\llllll\\\l

| |
5 6 65

709 3.5 41- 4.

é
7

|
55 5

N
n
a
(V)=

N ?'JII\\‘IIIIlI\\\lllllll\\\llllll\\\l

Figure 7: Limits on the multicharged particles (MCPs) masses observed by the ATLAS
collaboration [3].
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4.2 Cosmological model with fermions with —2n charge

Since the dark matter (DM) [9] is not described by the SM, EFT should predict the man-
ifestations of the DM. So the multicharged particles with large mass can be applied in this
problem. An important for cosmology case is Z = —2n, where n is an natural number. These

~27) in the early Universe can form atoms with He nuclei

hypothetical lepton-like particles (X
by ordinary Coulomb force. In the simplest case of n = 1 this particle is O~2 and corresponding
atom is OHe. These atoms called dark atoms [10] are good candidates to the DM components
1],

Electric charge of —2n of these particles is determined by the following considerations [12].
BSM particle with —1 charge after Big Bang nucleosynthesis should bind with primordial He
forming ion with +1 charge which then capture an electron forming anomalous hydrogen atom.
BSM particle with +1 charge also should form anomalous hydrogen nucleus with an electron.
Concentration of the anomalous hydrogen in the terrestrial matter strictly constrained. There-

fore, only BSM particles with —2n electric charge can avoid this problem.

5 Relic neutrino number density

5.1 Big Bang theory prediction

Number density of the relic neutrino is important for modern physics because it can help to
test standard cosmological Big Bang model and models of BSM physics. However its observation
is very difficult. Using Big Bang theory of early Universe, number density of the relic neutrino
can be predicted [13].

Effective number of relativistic degrees of freedom is

g=>_ 9b+g > g (47)

bosons fermions

The factor of 7/8 in the fermion term appears because bosons and fermions are followed to
different statistic (Bose-Einstein and Fermi-Dirac ones respectively). After the uncoupling
of the neutrino g! = 11/2 (photons, electrons and positrons contribute). After the ete™-
annihilation only photons are relativistic and contribute, so g> = 2. Therefore, taking into
account entropy conservation, one can find ratio of the CMB and neutrino temperatures which

is constant after the eTe -annihilation:

T gz 1/3 4 1/3
)

Finally, taking into account that n oc T3, 3 flavours of neutrino and that number densities

of relativistic fermions and bosons are related via a factor of 3/4 which has the same nature as

14



a factor of 7/8 in Eq. 47, neutrino number density can be found as

3 17 9
0 _ v, 0 _ 0~ -3
ny—3-Z-TOn7—11n,Y~3360m .

5.2 Experimental limitations

There was not observations of relic neutrino to the moment. However direct experimental

constraint on the number density of relic neutrino exists [14]:

nO,observed
n=-—4——<7-10" (99% CL). (50)

v

Plot that illustrate this limit can be found in Fig. 8.

11
8><10 .

n limit (99% C.L.)-|.
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Figure 8: Limit on the number density of the relic neutrino.

This limit is too large for using in physical estimations. There is an indirect way to constrain
relic neutrino number density. Assuming that all what is not cold dark matter, baryons or dark

energy is relic neutrino, one can write
Q,=1-Q.—Q—OQy=1-Q,, — Q) = 1—(0.3154+0.007) — (0.685+0.007) = 0+ 0.01. (51)
Taking into account that €2, is positive variable, approximately

Q, < 0.02 (95% CL). (52)

Thus, observed relic neutrino number density can be written as

0,0observed __ Pv o QVpCI”it (53)

Y _Zmr/_ va.
15
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Using limit ) m, > 0.06 €V obtained from mixing, one can find that
nlebserved 795 ¢m =3, (54)

This limit is a few larger than Big Bang theory prediction and can be used for physical estima-

tions.

6 Conclusion

16
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