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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%} ,
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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.
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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 ty. = 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 - 10% €V is observable present-day CMB temperature.

Dependence of the CMB temperature on time can be estimated from the facts that 7' oc a1,
a v/t at the RD and conditions that T(tmin) = Twin and T(tmax) = Tmax, Where T, = 1
MeV and T,,.«x = 1 €V. So, one can obtain

T(t)=g+ (34)

3
\/g?

where values of the parameters are h = (Tj, — Tmax)/(t_l/2 - r};{f) and g = Ty — ht 2.

min min
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Figure 1: Temperature.

Integral from Eq. 33 denoted as I; can be calculated using binomial theorem:

tmax tmax - tmax
. h 2i4+3 2143 %43k
/ (t) 9 NG Z 2i+3

tmin tmin tmin
2i+3 AR/ 1-k/2 "
= Y Chagt TR i 4 O P In 2 (35)

1-— IC/Q tmin
k=0,k#2

where CF = ﬁlk), is the binomial coefficient. Using Eq. 33, formula for ny can be written as

n9/ 1
nNg = — 1-— o n B . (36)
G |1 R S AT+ )G+ 3)],

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

1 nY AC2(3)T3
,nd — a,nd ng cz Apil2(i 4 3)¢2(i + 3)1;

1l <

3.3 Cross section parameterization and results

oy =2, 0, =4

For cross section parameterization Monte Carlo event generator MadGraph5 [1] was used.



Figure 2: Diagram vy — vivvw.

Table 2: fTO

5, GeV=1 | o(fro=1GeV?), pb | o(fuo =1 GeV™?), pb
4-10° | (6.13£0.08)-10 7 | (7.87£0.02)-10 ™
10° | (374+0.03)-10 % | (7.70£0.02)-10
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Figure 3: Fit.

Table 3: Fit parameters

Coefficient Parameters
Jo pr = 3.74- 1071 pb/GeV®
Jmo ps = 7.69- 10711 pb/GeV?

Table 4: Results

Coefficient | Limit, TeV~*
JTo0 1.4-10%
Jmo 2.4 - 1077

4 Constraints from the ultra-high-energy cosmic rays

Coming soon.
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5 Conclusion
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