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Resumen

El Modelo Estandar de Fisica de Particulas (ME) es una teoria que une tres de las
interacciones fundamentales de la naturaleza en una solucion elegante. Describe las
propiedades e interacciones de fermiones con spin Y2 y bosones con spin entero. Estos
fermiones luego son subdivididos en quarks y leptones. En el ME, los neutrinos se con-
sideran particulas sin masa pero esta caracteristica luego fue refutada por experimentos
de oscilacion, demostrando que tienen masas de hasta 0.1ev. Esto significa que el ME
debe ser extendido para brindar masas a los neutrinos. El mecanismo Seesaw es una
de esas extensiones que permite a los neutrinos tener masas mediante la introduccioén
de neutrinos masivos estériles y de mano derecha.

En este trabajo extendemos el modelo Seesaw al afadir operadores efectivos de
dimension 5 que median la produccion y decaimiento de neutrinos pesados de larga
vida N con masas en el orden de los GeV. Exploramos la produccion de N median-
te decaimientos exoticos del Higgs a través del operador efectivo neutrino-Higgs. El
neutrino pesado luego decae a un neutrino del ME y un foton por medio del operador
dipolar, cuyo decaimiento parcial es calculado de forma analitica. Consideramos dos
procesos de produccion del Higgs: gluon fusion (GF) y vector boson fusion (VBF).
Evaluamos la posible de deteccién de /V con busquedas de fotones desplazados en el
detector ATLAS para energia de colision de 13 TeV, simulado en MadGraph. Estas
busquedas usaron variables de tiempo retardado e indireccion, ¢, y |Az,|, respecti-
vamente. Encontramos que para procesos de GF y VBF, la mayoria de eventos tipo
sefal pertenecen a las regiones de background y control en lugar de la region de seial,

significando que la busqueda realizada en este trabajo no es sensible al modelo.



Abstract

The Standard Model of Particle Physics (SM) is a theory that unites three of the
fundamental interactions of nature into an elegant solution. It describes the properties
and interactions of spin 2 fermions and integer spin bosons. These fermions are further
divided into quarks and leptons. In the SM, neutrinos are considered massless particles
but this characteristic was later disproved by oscillation experiments, showing they
carry masses of up to 0.1eV. This means that the SM must be extended in order to
provide masses to neutrinos. The Seesaw Mechanism is such an extension, allowing
neutrino masses by introducing sterile, right handed, massive neutrinos.

In this work we extend the Seesaw model by adding dimension 5 effective oper-
ators, which mediate the production and decay of long-lived heavy neutrinos N with
masses in the GeV scale. We explore NV production through exotic Higgs decays by
way of a neutrino-Higgs effective operator. The heavy neutrino then decays into a SM
neutrino and a photon via a dipole operator, whose partial width is calculated analyt-
ically. We considered two Higgs production processes: gluon fusion (GF) and vector
boson fusion (VBF). We evaluate the possible detection of /V through displaced photon
searches in the ATLAS detector for 13 TeV collision energy, simulated in MadGraph.
These searches employed time-delay and non-pointing variables, ¢, and |Az, |, respec-
tively. We found that for both GF and VBF processes most signal events belong to
the background and control regions rather than the signal region, implying the search

developed in this work is not sensitive to the model at hand.
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1 Introduction

The Standard Model of Particle Physics (SM) is perhaps the most
successful scientific theory. It compiles three of the fundamental
interactions of nature into a simple, elegant framework. Further-
more, it provides a plethora of experimentally confirmed predictions,
strengthening the robustness of the theory. The particle content of
the SM is divided in spin 1/2 fermions, and integer spin bosons. The
fermions include quarks (u, d, ¢, s, b, t) and leptons (e, u—, 7,
Ve, Vy, Vr), as well as their anti particles. The bosons include the
spin 1 gauge bosons, or force-carrier particles, for electromagnetic
(), weak (W=, Z), and strong interactions (g), as well as the spin 0
Higgs boson (H).

Neutrinos are leptons of the SM which only carry weak charge,
meaning they interact exclusively via the massive weak gauge bosons.
Atenergies below the W mass, these interactions are highly supressed.
In the SM, neutrinos are considered to be massless particles due to
the fact that only a left-chiral v; component is observed in nature,

which does not allow to generate a mass term from the Higgs mech-
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anism. However, a large series of experimental results starting from
Superkamiokande (1998) [ 1] and lately the KATRIN experiment [2],
have shown the neutrinos could have masses of up to O(0.8 eV), in
partial disagreement with what was proposed by the SM.

Extending the SM with right handed neutrinos v and providing
a Yukawa coupling Y), is enoguh for generating neutrino masses via
Higgs mechanism, however it does not satisfy naturalness. This is
because Y, would have to be many orders of magnitude smaller than
the coupling Y, of the electron, the next lightest SM particle .

This motivates other extensions of the SM which can explain the
small neutrino masses in a more satisfying way. One of such exten-
sions 1s the Seesaw Mechanism [3—6], which extends the SM with
sterile, right handed, massive neutrinos Ng. In the simplest realiza-
tion of the Seesaw Mechanism, the masses of the SM neutrinos v
are inversely proportional to the masses of these heavy neutrinos N
(see Chapter 2). Therefore, one may obtain the negligible v masses
by considering very large masses for /N (hence the name seesaw).

If the heavy neutrinos are light enough, they could be produced in



present and near future colliders at TeV collision energies. Further-
more, since they share characteristics with light neutrinos like negli-
gible interactions, if they have masses in the GeV scale, one would
expect them to have considerable lifetimes in comparison with neu-
trino scale mass in the eV scale. In this work we consider such Long
Lived Heavy neutrinos, and their possible collider phenomenolgy.
It has been shown in previous works [7, &] that the phenomenol-
ogy of the Seesaw at the LHC is heavily constrained. To account for
this, it is interesting to consider Effective Operators to obtain a richer
phenomenology to work with. In this thesis work we explore the col-
lider phenomenology of Long-Lived heavy neutrinos by considering
a dipole operator between the Weak gauge boson and the light and
heavy neutrinos Bv N, as well as Higgs portal operator with 2 heavy
neutrinos H HNN. This work is divided as follows: In Chapter 2
we present an extensive Theoretical Review. In Chapter 3 we con-
sider production via the decays of the Higgs and the Dipole operator

to mediate the decay of V. Finally in Chapter 4 we conclude.



2 Theoretical Framework

The presence of unsolved questions in particle physics like the neu-
trino mass problem, might suggest the need to either expand the par-
ticle content or add new operators to the SM. For example, to pro-
vide masses to neutrinos, one could include the non-renormalizable

Weinberg operator,

AY — " THATI+ he.
20\ (1)

H = ’iOQH*

which is the only dim-5 operator allowed by the symmetries of the
SM. Here L represents the left-handed lepton doublets and H is the
Higgs doublet, A the scale of new physics, o, a Pauli matrix and « a
model dependent coefficient. After Spontaneous Symmetry Break-
ing, the Weinberg operator provides a mass term for the neutrinos,
which 1s missing in the SM, as well as cubic and quartic interactions
between neutrinos and the Higgs boson. This is of particular rele-
vance, since non zero neutrino masses have been shown to exist after
the conception of the SM. However, a theory is considered to lose its
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predictivity when one adds non-renormizable operators. Thus, one
would hope this operator to arise from a renormalizable and com-
plete model, making it an enticing candidate for physics Beyond the

Standard Model (BSM).

2.1 Seesaw Mechanism

Perhaps the simplest and most popular renormalizable theory that re-
produces the Weinberg operator (Fig. 1), is the Type I Seesaw Mech-
anism [3—0]. The SM is extended by n right handed neutrinos Ng,
which are singlets under the known gauge symmetries. Therefore,

they are also refered to as sterile neutrinos, or heavy neutral leptons.

vy VL vy vy

Figure 1: Right: Weinberg Operator. Left: Renormalizable realization via Type I Seesaw Mechanism.

This gauge invariance allows for an explicit mass term, and the

SM Lagrangian is appropriately modified by:



Mpi; —
W NpiN§, + hec. (2)

ANY = -Y L,NpH — 5

where, Y% are Yukawa couplings with a = e, u, 7 and i,j =
51, S2...5y, (sterile “flavours™), and M g;; 1s the symmetric right handed
neutrino Majorana mass matrix.
For a fermion 1, its charge conjugate is defined by ¢ = Cy7,
where C' is the Charge conjugation matrix. A fermion is said to be

Majorana if:
=y 3)

That 1s, a Majorana fermion 1s equal to its charge conjugate. The
charge conjugate of N, /Ny, constitutes a left-handed fermion, which
allows us to define the lefthanded V; = (v, N§)?. Here, v/, contains
the three known left handed fermions, while Np accomodates n new

right handed fermions.

After electroweak symmetry breaking, the Lagrangian can be writ-

ten as:



1= 1=
AL = UGl Uy — VLMY (4)

With .Z,, as
0 m D
M, = )
mg M R
where mp = LY; comes from the Yukawa term. A non-diagonal

V2

mass matrix will have eigenvalues and eigenvectors that constitute
the neutrino mass basis, different from the chirality (or interaction)
basis.

We can picture the seesaw mechanism better in a simplified sce-
nario with a single pair of neutrinos, v;, and Np. We will denote the
mass basis states as v and /V, the light and heavy states, respectively.

As before we have ¥ = (v, N&)' with mass matrix:

0 mp

%y — (6)

mp MR

Here, the Dirac and Majorana mass terms are single values instead



*

of matrices, and mp is given by v—=. In the mass basis (v N), .#,

V2

is given by:

%y — (7)

We can solve for m, and My, and assuming mp << Mp:

2

m, ~
Mg (8)
My ~ Mg+ 2D
N — R MR

The mass matrix involves W and U} in the same way, therefore
the mass eigenvectors must correspond to Majorana states. These

take the form:

m
UV >~ (VL+VLC) —= V(NR—FNRC)
n ©
N ~ (NR—I—NRC) +—D(VL+VLC)
Mg

which is explicitly invariant under charge conjugation. The light
neutrino is mostly active, while the heavy neutrino is mostly ster-

ile. The ratio between the Dirac and Majorana mass terms can be



expressed in terms of the “observable” neutrino masses as Z—Z ~
\/J\?Z:; . This determines how left and right chiral states mix, and it
is expected to be considerably small since it involves a factor of a
light neutrino mass divided by a heavy neutrino mass. Since m,, has
to remain around the eV range, this puts very strong constraints on

Y, and Mp, excluding the possibility of observing such simple sce-

narios.

2.2 The Low Scale Seesaw

For the purpose of this work we consider 3+3 (n=3) type I Seesaw.
As we will see, introducing more right handed neutrinos to the see-
saw model increases the number of available parameters. This in
turn, allows us to avoid the restrictive relations between neutrino
masses and mixing. In particular, we focus on a scenario with two
nearly degenerate right-handed massive neutrinos, N5 and Ng, with
masses of O (GeV) and enhanced mixing with active states, and a

third arbitrary mass neutrino N, with negligible mixing to the other



states [9]. The mass degeneracy is required in order to avoid neutri-
noless double beta decay constraints. This scenario will behave like
an effective 3 + 2 model [10], as the third heavy neutrino N, will be

decoupled from the collider phenomenology.

The parametrization used here is similar to the Casas-Ibarra pa-
rameterization [ | |]. Eq. (5) can be diagonalized by a unitary matrix

U; in the flavor basis (where Y, 1s diagonal), we have:
My, = U HI 9T (10)
where the diagonalized mass matrix takes the form:
M = diag(my, ma, ma, My, Ms, Mg) (11)

The fermion multiplet in the diagonal (mass) basis is given by

0" = U}, and finally the Lagrangian is:
1 T/c diagg! 1 T/ diag.1,/c

This leads again to a Majorana construction for the mass basis fermions:

10



U=, 4+ 0 (13)

In Eq. 10, U is the 6 x 6 analogue to the PMNS matrix. We can

decompose it into 3 x 3 blocks:

Ual Uah
U = (14)

Usl Ush

where from left to right, top to bottom, each block refers to the active-
light, active-heavy, sterile-light and sterile-heavy mixings respec-

tively. Each block can be parameterized as [9, 12]:

Uu =UpunsH, Ua = iUpnrvs Hmy P RTM, 2,
Uy = iHM,” ?Rm;'/?, Uy, = H
(15)
with,

H = (I+m'?R' M, "Rm;"/?)"1/?
(16)
H = (I + M, 2R R M;,~/?)~1/2

11



The diagonal heavy neutrino matrix M; = diag(My, M5, Mg) is a

free parameter of the theory. The diagonal light neutrino matrix is de-

noted by m; = diag(my, ma, ms) = diag(my, VAm? , +mi, vV Am2, +m?),

sol

with m; < 0.8 eV constrained by the Katrin experiment [2], and

Am? ; and Am?

atm

the observed light neutrino mass squared differ-

ences, by solar and atmospheric neutrino experiments, respectively.

The matrix R is a complex orthogonal matrix, parameterized as:

(045 S45 0\

—Syu5 C45 0

\O 01)

(046 0 546\

0\ [~ f)

\_346 0 046)

(1

O Cs6

0 )

556

\O —S56 Cs6 )

(17)

where s;; and ¢;; are the sines and cosines of three complex angles,

0i; + 17v;;. Along with the 2 Majorana CP phases of Upy/ys, and

My these are the 11 free parameters of the theory. For this study

we take interest in the case where only one ~;; (in this case 7s¢) 18

different from 0 and considerably large (|v;;| = 1). Here IV, becomes

decoupled as mentioned before, and R can be written as:

12



(1 0 O\

R56(9567 756) =10 c56 S35 (18)

KO — 56 656)

We expand the trigonometric functions as:

cos(056 + i756) = cos(fs6) cosh(~ysg) — i sin(b56) sinh(ys6) (19)
sin(0s6 + i7y56) = sin(fs6) cosh(vsg) + @ cos(b56) sinh(~ys6)

For large 756 we have sinh(v;5) & 256 cosh(s6), where 25 is the sign

of v56. Then we can rewrite eq. (19) as:

cos(05 + i756) = cosh(7ss) (os(Bss) — 25 sin(f56)) = cosh(yse)e 6%
sin(Bs + iy56) = cosh(sg) (sin(fsg) + i256 c0s(Bs6)) = 1256 cosh(7sg)e 256956

(20)

Now we can rewrite R and we see that 055 behaves like an overall

13



phase:

(1 0 0 \

Rs6(056, [v56] >>0) = | 0 cosh (s ) e~ #56756 i 256 cosh(7sg ) e~ #56756

\O —i 256 cosh(7ysg)e#56%6  cosh(ysg)e 56756 /
(21)

Assuming H ~ I, we can write the active to heavy elements of U,

as:
m
Uass = (UpMNS)a1 ﬁix (22)
Us = —izss Ze XZ’ cosh(sg) et #5605 (23)
= Zar | %z cosh(7ysg)e'*5675 (24)
with:

, m
Zoy = (Uppns)as + 1256 #(UPMNS)CLQ (25)
\ M3

The term |Uu4|2 receives no enhancement from cosh (vs4), and



depends only on Upj;ys and the ratio of light and heavy neutrino
masses. On the other hand, both U5 and U4 can be greatly enhanced
by cosh (v55). We analyze a section of the parameter space defined
by the following conditions:
my =107 eV
M, =1MeV

15GeV < M; ~ Mg < 50 GeV (26)

Va6 = Va5 = 0

3 < ”‘)/56‘ < 10

Heavy neutrinos interact via the weak gauge bosons due to their
mixing with the active states. In this simple scenario N5 and Ng de-
cay ~ 100% to three fermions, and the individual branching ratios
depend mainly on color and kinematic factors. The mixing depen-
dence vanishes because of a cancellation between partial and total
decay widths. For this choice of parameters, we adjust 5 accord-
ingly to allow N5 and Ng to have a long-lived particle behaviour with

decay lengths between 107>m and 1m as seen in Fig. 2.

15



Figure 2: Decay length for M5 ~ Mg. The solid red line corresponds to a decay length of 1 meter. The
dashed red line for 1 millimeter.

This zone of the parameter space is testable with existing exper-
iments, in particular the LHC, and the near-future HL-LHC. The
model was implemented in SARAH [13], and the decay widths were

calculated in SPheno [ 14, 15] (see Appendix A).

2.3 Neutrino-Higgs Effective Operator

The addition of Ny allows for a larger variety of Gauge invariant di-
mension five Effective Operators. One such operator describes the

interaction between two right handed neutrinos and two Higgs dou-

16



blets [16, 17]:

AL = % Nj, Np, H'H +h.c. (27)

After electroweak symmetry breaking, this operator can greatly en-
hance the decay of the Higgs into two heavy neutrinos, provided that
2my, < my,. The effective Lagrangian for the 3-point vertex is then

given by:
L= (OKNH>315 Nés NRth—l—h.C. (28)

where (ayg)s = Mgt vsm/A.
We can perform a rotation into the mass basis, taking into consid-
eration the Majorana construction of the states. For the heavy neu-

trinos this yields:
L = (ayp)ij NiPL Njh + (alyy)ij NiPr Nj h (29)

where ()i = Usi(lanm)ap Upj
Taking (o/y ;)i real and (oy ;)55 = oy, with all other entries equal

to 0, this reduces to:

17



Lyny = ap N5 N5 h (30)

This term also arises from the Weinberg operator in eq. (1), but
it is greatly suppressed by the active to heavy neutrino mixing U,s.
As we will see, we are very interested in Higgs mediated neutrino
production, so eq. (30) will allow us to enhance the heavy neutrino
production cross section, without affecting other aspects of the phe-

nomenology.

2.4 Neutrino dipole effective operator
Another possibility is the dimension 5 neutrino dipole operator [ | £]:

(OéNB>st

AL —
= A

N By,0""Npg, + h.c. (31)

Following similar steps as above, and considering only the interac-

tion between light and heavy states, this simplifies to [19]:

L = d.pF,,0"N +h.c. (32)

18



(QNB)st
A

cy comes from the relation between B, and F),, (the electromag-

for a single family of light leptons d, = cw U U4, where
netic field strength tensor), and ¢ can go from 1 to 3. Here V repre-
sents a singlet fermionic state and v; 1s a SM [-neutrino field. There is
also a term describing the interaction of neutrinos and Z,,,,, which has
not been considered for the phenomenology described in this work.

This generates a seemingly anomalous interaction between pho-

tons and neutrinos. Expanding the electromagnetic tensor, we have
iL =d,y(0,A, — 0,A,)0" N (33)
After multiplying the terms, this yields
iL = d.y(0,A,0" +0,A,0")N

where we have used the property o/ = —c"#. We see that both

terms in the parenthesis are the same. Going to momentum space

i0, — p\, where p.} is the photon’s momentum; we now have:

" A,0" N + h.c. (34)

£7Nyl = —Qidvﬂlpu

19



In this work, we are interested in N — ~v, namely the decay of a
heavy neutrino NV into a photon and a SM neutrino, process enabled
by the dipole portal described above. This phenomenology allows us
to use photon and missing energy searches in order to test for con-
strains on d,,.

In the following, we will calculate the decay width for the pro-
cess in mention. From Eq. 34, our vertex factor is: —2id7pfﬂ)au”PR.
Following the usual rules of Feynman Calculus, we add the factors
corresponding to in and out-going states in order to compute the pro-

cess amplitude:

M = 4dvﬂ(y)pfj)a“yPRu(N)e; (35)

where we have omitted the subscript [ from v; to avoid an excess of

indices later in the calculation. Then,

IM|? = 16|d, ﬂ(u)pf])O’”‘”PRU(N)GZ] [G%(N)TPR (o )TPQ)VO“(’/)}

(36)

Summing over all possible helicities and polarizations, we get:

20



23 WMP = =161d PTr | Prpfl o (9 4+ mi) g,5Pr0™n (p))
v,Ny

= —16|d, 2P DTy [Proy g, 507 (37)

where we have used Casimir’s trick to find u(N)u(/N), and where

p) is the heavy neutrino’s momentum. The trace term can be ex-

pressed as the sum of two separate traces:

Tr [PRJWWAgVﬁaO‘B ¥ = %T T [O'/W’}/)\O'O;’YG] + %TT [750“”7A00,‘/7€]

(38)

where we have used g, BJO‘B =09 = 5(v*% —77"). Lets focus on

1%
the first trace. After expanding the sigma matrices, we can express

1t as the sum of 4 different traces:

1 14 € €
= Tr [V ] = =g Tr Yy

1
1 1
=Tr [y "] = =5Tr [y ™"y ]
‘11 % (39)

ST Y ey = =5 [V ]
1
_ETT [’YVVMWA/YV’YQVE} _ MATT [704,76]

21



Solving these using the well known properties for the trace on
gamma matrices we get our expression for the first trace in Eq. 38

as:

Ty [O_,uy,y)\o_g,ye] _ _8gu>\gae . Sgueg)\a + 4g/wcg)\e (40)

The second trace in Eq. 38 is expanded to the same terms as those
in Eq. 39 but with an added ~° before the other gamma matrices.
These traces are well known, for instance, 7'r [°+#~"| = 0, which

only leaves us with the middle terms. Hence:

Tr [750’“‘”7A02‘76] = M _ 9jehrac — () (41)

Here, the second Levi-Civita symbol is an odd permutation to the

first one ("¢ = —e*M€), Finally, Eq. 38 becomes

Tr [Proty'g,s0"] = —4g"g" — 4g"¢™" + 28"g

(42)

M ? sim-

Replacing this result in our amplitude and denoting ZV’ Ny

ply as |[M|?, we get

22



N 1% E € (0% (0% €
IM? = 16|d, p0p M ppt) (aggte + dghg e — 2gmg™)

1 v
— 64|d,|* [2 (pw .puv)) (pm .p<v>) _ 2 (puv) pt >)]

The last term in the equation above is zero since p!7? = m? = 0.

Finally, averaging over the initial states,

(M|?) = 128]d, [ (p”) N )) (p('” -p(”)> (43)

Solving in the process’ center of mass frame (where py = 0),

<‘M‘2> — 128‘dv‘2E7mN (EVEV o ﬁv '171/>

Given m, = m, = 0, we now take |p,| = E, and |p,| = E,,
and denoting # as the angle between the photon’s momentum and

the neutrino’s momentum, we find:
M|?) = 128\d7\2E3EVmN (1 — cosb) (44)

23



Here we set § = 7 since we are in the center of mass frame. Due to

conservation of four-momentum before and after the decay, we get:

Py = (py + 1)

— m%zva-pV

= 2 (EWEV _ 177 ']71/>

2
N % —2F.E, (45)

Replacing Eq. 45 in Eq. 44 we get the final result for the amplitude,

(M|?) = 64|d,|* Eym3; (46)

We replace Eq. 46 in the differential width equation for 2-body

decay ProcCessces:

AT Ny = ——64|d |2Em3. (27)* d>p.d’p,
N—y N |d,["Eymiy(2) A(2m)E, E, py&'p
2ld., |2m? _ _ o
= mé (Exy — By — E,) 8 (—=py — b,) &’pod’py

mE,
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Integrating over d°p, we get p, = —p, through the Dirac delta

properties. Recalling that £, = |p, .|,

_ Q‘d’Y‘Qm?\f&

dFN—’W/ o 72‘ﬁ7| (mN o 2@7‘) ‘ﬁv‘Qd’ﬁV‘dQV (47)

where d°p., = |p,|*d|p,|dS2,. Hence,

dl' Ny A |d7|2m§’\,
ds, 2

(48)

Finally, integrating over the solid angle we get the width for the
decay of N — ~yv,

e Q\dVPm?\,

FN—VW — (49)

/s

which in turn can be expressed in terms of (¢/y 5);; = Usi (anp),, U,

for each particular heavy neutrino j and SM 7-neutrino as:

3
mNj (CV?VB)ZZJ'

A

FNJ-—VyVZ’ — 20%/]/ (50)

v

This result is the partial width for the decay of a heavy neutrino into
a SM neutrino and a photon via the dipole operator and was imple-

mented in our model. For the parameter space of interest, this decay
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channel dominates over the 3 body decays, for ayp = 10°GeV 1.

3 Long-Lived Heavy Neutrinos via Higgs de-

cay

In this work we are interested in neutral current production of heavy
neutrinos via the Higgs boson, followed by their decay into a photon
and a light neutrino. From the perspective of a minimal model, con-
sisting only on the Type I Seesaw, the decay h — N N has negligible
branching ratio due to the small “active to heavy” mixing of the U
matrix. This means, only decays of the form h — v NV are available.
Furthermore, since the production and decay mechanisms are both
mediated by the Seesaw, they are heavily correlated. Since we are
interested in long-lived heavy neutrinos, the small mixing required
for the large decay length decreases the cross-section considerably.
Instead, we extend our initial model by the effective operator de-
scribed in Section 2.3 in order to have the Higgs branching ratio to

two heavy neutrinos as a free parameter. This is currently constrained
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only by the measured BR(h — exotic) < 21% [20, 21]. We can con-
sider values of the effective coupling “52 up to O(10~°GeV ') for
masses around 50 GeV, without exceeding the constraint [22]. We
chose BR(h — NN) = 0.15.

We consider the two main Higgs production mechanisms available
at the LHC, namely Vector Boson Fusion (VBF) and Gluon Fusion
(GF). In Table 1 we can see the cross section for both processes at
the LHC. For GF the production chain is pp — H, H — N;Nj,
N; — v;7y, while for VBF we have pp — Hjj, H — N;N;, N; —
viy. At 13 TeV and my = 125 GeV these processes have cross
section 3.727 pb and 43.62 pb respectively. Despite having a cross
section an order of magnitude smaller, the topology of the VBF jets
(denoted by j) can be used as a very powerful trigger. Thus, one may
have more relaxed cuts on the decay products of N. In contrast to
this, for GF one must rely on the decay products in order to trigger.
Since both relevant heavy neutrinos have nearly identical properties,

we consider without loss of generality that the Higgs decays only to

N,
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Process Correction Order Cross-section (pb) | K-factor
GF NNLO+NNLL QCD & NLO EW 43.62 5 43
LO (Madgraph) 17.57 '
NNLO QCD & NLO EW 3.727
VBE LO (Madgraph) 2.65 L4l

Table 1: Table comparing Madgraph’s cross section to CERN’s reports [23] for Higgs production processes.

Since MadGraph only considers leading order (LO) contributions
for Higgs production, we consider the calculated cross-section results
for next-to leading order (NLO) and next-to-next-to leading order
(NNLO) from CERN’s Yellow Report for GF and VBF production
[23]. To factor in NLO contributions in our simulated events, we use
the K-factor, which is the ratio between NLO and LO cross-section

values. These results are shown in Table 1.

3.1 Event Selection and Triggers

Here we present event triggers and cuts used in searches for heavy
neutral long-lived particles decaying into a photon and another neu-
tral, stable particle (in our case, the light neutrino). These cuts come
from an 8 TeV and 20.3 fb~! luminosity search for displaced dipho-
tons and missing energy carried out by [24]. Our objective is to ex-

trapolate this search to 13 TeV and 300 b~ !, to naively estimate the
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final number of events that could be observed at ATLAS.

We analyze a diphoton + missing energy final state, which is most
sensitive to LLP pair-production. The heavy neutrino is required to
decay inside the detector, before reaching the calorimeters, otherwise
the event is discarded. Following [24], we require 2 final state pho-
tons with py of at least 50 GeV, where both reach the EM calorime-
ters at the detector (|n|<2.37 for ATLAS, excluding 1.37<|n|<1.52,
the transition region between the barrel and endcap) as specified in
Table 2. At least one photon is required to reach the EM barrel region
of |n|<1.37 since events where both photons reach the endcap region

provide almost no contribution to the signal sensitivity.

Event Selection
# photons 2
PE(y) > 50
p%ublead(,y) > 50
7| <2.37 (excluding 1.37 < |n| < 1.52)

Table 2: Selection criteria for final state photon analysis. At least 1 photon should be in the barrel region
|n]<1.37.

The previous triggers apply for both GF and VBF type of events.
In the latter, two high p; forward jets are produced and travel in op-

posite directions in the detector [25]. In principle, these jets could be
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used for triggering a measurement by discarding others with multijet
backgrounds. VBF cuts for this work were based in [ 1 0], which con-
tains the same process for producing a Higgs Boson later decaying

into two LLP’s and are described in Table 3 below.

VBF Selection
pr(J 1) >30 GeV

') <5.0
pr2) | >30 GeV
n(52)| <5.0

n(41) - n(52) <0

[An(1,52)] | >4.2
mj152 >750 GeV
S,pr | >200 GeV

Table 3: Selection criteria for VBF where j1 and j2 correspond to the two most energetic jets.

Noticeably, a large invariant mass mji o 1s required. Also, the
last cut represents a sum over all hadronic activity in the event to be
analyzed. VBF triggers could be used instead of photon triggers, see
[22] for details.

The analysis is done over final state photons resulting from the
decay of N; — 157, from which we obtain both non-pointing and
delayed photons. Non-pointing photons have flight paths that do not
trace back to the primary vertex (PV) of the event. Delayed pho-

tons arrive later at the detector’s calorimeter than would be expected
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if they were produced in the PV. In order to determine -at detector
level- which events produce non-pointing photons, we use |Az,|, a
variable which represents the separation along the detector’s z-axis
(beamline direction), between the event’s PV (Primary Vertex) and

the projected origin of the photon, as shown in Fig. 3.

Beamline Zpy
Axis

Az

Figure 3: Non-pointing photon vertex reconstruction as it reaches the EM calorimeters. The red-dotted line
represents the photon’s trajectory projection.

|Az,| is calculated using:

Tz =Pz (ﬁ F) /‘ﬁ|2
Az, | = T 2PV (51)

In Eq. 51, p 1s the corresponding photon’s momentum and 7 is a
point in the photon’s trajectory. Also, p. and r, are the z-components
(along the beamline axis) of p and 7 respectively, and zpy the primary
vertex’ position along the beamline. The derivation of Eq. 51 can be

seen in Appendix C.
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On the other hand, a photon produced from the decay of a long-
lived heavy neutrino inside the detector would take longer to arrive
to the calorimeter than a prompt photon would. In order to find these
delayed photons we use ., the photon’s relative time of arrival at the
calorimeter (defining zero as the moment a prompt photon from the
hard collision would reach the same position as the delayed photon
in the calorimeter, hence ¢, = tgciayea — tprompt)-

As described in Section 3.1, at least one of the two photons se-
lected for the analysis must be in the detector’s barrel region. In the
case where one photon is in the barrel and the second one in the end-
cap region, the analysis uses the |Az,| and ¢, values of the barrel
photon. In the case where both photons arrive at the EM calorime-
ter barrel region, the analysis uses the |Az,| and ¢, measurements
of the photon with the highest value for ¢,. This approach avoids the
complexity of dealing with the measurements from both photons and
their correlation in a single event while providing a similar sensitivity

[24].

In [24], event samples are further divided into 4 regions accord-
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ing to the measured missing transverse energy J, where a high £
distinguishes the signal region from the low £ prompt background
region, as seen in Table 4. Both CR1 and CR2 are used to validate

the analysis and background model.

Region Er [GeV]
Signal Region (SR) >75
Control Region 2 (CR2) [50, 75]
Control Region 1 (CR1) [20, 50]
Prompt Background (Bkg) <20

Table 4: Definition of the different regions on the analysis based on each event’s transverse missing energy.

Detector efficiencies were not taken into account in this analysis.

3.2 Results

We have worked with the two Higgs production processes described
earlier, generating 10000 events for each via MadGraph (see Ap-
pendix A and B). For GF the production chain is pp — H, H —
N;N;, N; — v;y, while for VBF we have pp — Hjj, H — N;N;,
N; — vy, with topologies like the ones shown in Fig. 4.

Two masses were considered for the lightest heavy neutrino pro-
duced from the Higgs decay, M5 = 15 GeV and M; = 50 GeV

(Mg = M5+ 0.001 GeV). For each, two squared mixing values were
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chosen in order to get either prompt or delayed /N decays. For the 15
GeV mass, we chose |Uyy|? = 107° (10719) to get prompt (delayed)
decays, while for the 50 GeV mass we chose |Uy]* = 107° (1071?)

to get prompt (delayed) decays. The delayed scenario had a decay

length of ~1m.
. J
fy
N v
V 14
,ﬁ, ’Y q N
N L v
7 o]
v N
q : d
J v

Figure 4: Feynman diagrams for the processes to be analyzed through VBF (left) and GF (right) Higgs
production.

The scenarios with prompt heavy neutrinos were used to determine
torompt @s @ function of pseudorapidity n. This depends only on the
geometry of the detector, since prompt photons travel in a straight
line at speed of light ¢ from the same origin (PV).

We show in Fig. 5 the different values of the absolute arrival time

of the photons, for all considered scenarios. We see that the relative
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Figure 5: Pseudorapidity of photons arriving at ATLAS EM calorimeters as a function of their time of flight
for the chosen scenarios. Green for prompt IV, orange and blue for long-lived IV, with masses of 50GeV and
15GeV respectively.

t, takes values of up to 8ns but in most cases 1s lower than 2ns.

The distributions for |Az,| and ¢, are shown in Fig. 6 and Fig. 7

respectively.
Gluon Fusion Vector Boson Fusion
soof soof
000l 000
o o T
5 =
g 1500} S 1500}
g £
o 1000} ann b
g g o0
w wi
0.2 4 0.6 8 1.0 2 1.4 02 4 0.6 8 1.0 2 1.4
AT m] AZ m]

Figure 6: Event distribution for | Az, | in events with long-lived IV. Orange bars formy = 15 GeV (U |?=
10719) and blue for my = 50 GeV (|U;nv|?*= 10712). Bin width is set at 0.033 m.

Events shown in Fig. 6 and 7 correspond to generated events from
the simulation before analysis. We see there is a greater number of

events for my = 15GeV in all cases. More importantly, there is no
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Event count

Gluon Fusion

0.4 06 0.8
t. [ns]

Event count

Varstar Baenn Enein
Vector Boson Fusion

0.4 06 0.8 1.0
t. [ns]

Figure 7: Event distribution for ¢, in events with long-lived /N. Orange bars for my = 15 GeV (|U; N|*=
10719) and blue for my = 50 GeV (|U;n|?>= 10712). Bin width is set at 0.02 ns.

bigger difference in the distributions between GF and VBF events.

As mentioned earlier, in |

], events are categorized by their |Az, |

measurements into 6 categories, where for each, events are then binned

according to ¢,. This method of dividing the events avoids a more

data-intensive approach if we were to populate every single bin in a

|Az,| vs. t, plot. Instead we use 6 plots (one for each |Az, | interval)

according to the values suggested in Table 5.

Range of |Az,| values [mm)]

0-40 | 40-80 | 80-120 [ 120-160 | 160 - 200 | 200 - 2000

Bins and range of ¢, values for each bin [ns]

Bin 1

Bin 2 Bin 3

Bin 4

Bin 5

Bin 6

0-0.5

05-1.1|1.1-13

1.3-1.5

1.5-1.38

1.8-4.0

Table 5: Values for |Az,| and ¢, bins.

After the event selection and triggers as discussed in Section 3.1,

we find the number of events (NoE) resulting from the analysis, for
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each of the regions from Table 4. Then we scale this results to get a
corrected “real” number of events after-cuts, taking into account the
higgs decay branching ratio BR(h — N N), K-factor, MadGraph’s
cross-section, the number of initial generated events and the LHC’s

integrated luminosity for the search (L y¢):

NOEAfterC’uts * BR(h T NN) * Kfactor * CrossX = LLHC’
NOEO

NOEReal -

(32)

with NoEy = 10000 and L7z = 300fb~'. The final “real” values
for the analysis described in Table 2 can be seen in Table 6, where
for all the regions, Higgs production through GF leaves us with a
higher number of events after the cuts compared to VBF. Further-
more, events for decays into NV with my = 15GeV are almost an
order of magnitude higher than for my = 50GeV. It is clear that our
model has a large number of events in the SR, Bkg and CR regions.

In [24], Table V shows 386 as the number of background events
in the signal region. By doing a simple exercise we can naively ex-
trapolate this value for a luminosity of 300 fb~! (from 20.3 b 1),

resulting in 5704 events, overshadowing our 700 events from GF in
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N mass | Region | GF | VBF
SR 700 | 74
CR2 | 329 | 28

15GeV 1 R | 494 | 130
Bkg | 1276 | 98
SR | 55 | 20
woey | CR2 | 43| 12

CR1 | 131 | 29
Bkg | 43 | 19

Table 6: Number of events for GF and VBF processes after cuts and corrections for real number of events.
the SR.

The decomposition of this result is seen in Fig. 8, 9, 10 and 11,
where we show the event distribution for ¢, bins within the |Az,|
categories. It is clear which ¢, and |Az,| bins contain the most signal.
For the purpose of this thesis, we will focus only on the signal region
and refer to the background region as the aggregate of CR1, CR2
and Bkg regions. We see that for all scenarios, there are events for
at most the first two bins in ¢,. Also in the my = 50 GeV scenario,
both for GF and VBF, we get more |Az,| bins with a higher number
of events per bin in the signal region compared to the background
region, showing that in general our analysis is more sensitive to |Az,|

rather than (9
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Figure 8: Signal and background regions for the six |Az,| categories from Table 5 for GF events with
my = 15 GeV.
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Figure 9: Signal and background regions for the six |Az,| categories from Table 5 for VBF events with
my = 15 GeV.
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Figure 10: Signal and background regions for the six |[Az,| categories from Table 5 for GF events with
my = 50 GeV.
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Signal and background regions for the six |Az,| categories from Table 5 for VBF events with

Despite having few events, if they were concentrated in regions of

high values for |Az,| and ¢, we might consider a signal differentiated

from the background, since the background is highly dominated by
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small values for |[Az,| and ¢,. As seen in Fig. 8,9, 10 and 11, this is

not the case.

4 Conclusion

In this work we analyzed heavy neutrinos from GF and VBF pro-
cesses in the regime where they are long-lived to study their possible
detection in the LHC using non-pointing photon searches. We con-
sidered a 3+3 Seesaw Type I model where we introduced two right-
handed nearly-degenerate neutrinos with masses in the GeV scale
and a third neutrino with mass 1 MeV and negligible mixing to the
other states, thus behaving like a 3+2 effective model. We analyzed
a first scenario where the degenerate masses are ~ 15 GeV and a
second one where they are ~ 50 GeV. We provided an enhancement
to the mixing by considering large values for 7;; and selected the
appropriate mixing values to allow for long-lived particle behaviour.

Proton-proton collision were simulated in MadGraph with colli-

sion energy of 13 TeV, obtaining leading order cross-sections of ~
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17 and 3 pb for GF and VBF processes respectively. Using both dis-
placement and time-delay variables (|]Az,| and ¢,) and considering a
luminosity of 300 fb~! at the LHC, we found that for long-lived heavy
neutrinos there is almost 10 times more anticipated number of events
at the LHC through GF compared to VBF, with 700 (15) events in
the signal region for My = 15(50)GeV through GF.The number of
events in the control and background regions are comparable to the
signal region events, implying that our model significantly contami-
nates the former. Furthermore, we estimate having 6000 background
events in the signal region, contaminating our signal. It is thus not
reasonable to expect that, when adding real backgrounds, it will be
possible to confidently confirm signal events as such. We also no-
ticed that the after-cuts events are restricted to small values for ¢, but
well distributed along | Az, |, suggesting the analysis is more sensitive

to the latter parameter.
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A Implementation in SPheno and MGS

In order to implement our model for further use in MadGraph we used
SARAH, a Mathematica package used to extract Feynman rules from
new physics lagrangians. Using version 4.14.2, all the model infor-
mation was written in a UFO format, a MadGraph friendly structure
which was later used as input in MadGraph 2.6.6 as the model to be
used.

The param cards used in MadGraph were generated through SPheno
4.0.3. SPheno (Supersymmetric Phenomenology) is a Fortran based
program capable of calculating the particle spectrum for the models
implemented in SARAH, as well as determining their 2- and 3-body
decay widths. We modified SPheno by adding the heavy neutrino’s
2-body decay partial width, as shown in Eq. 50, to the code already
containing the 3-body decays. We also added a subroutine in the
input/output script to read the 9 inputs from our effective coupling
and later print them as a block with the adequate format in the param

card. Using Mathematica to input our model’s parameters, we then
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called SPheno to generate the desired param card.

These param cards were later used in MadGraph after generating
our process. This involved loading the UFO file and later launching
the process for 10000 unweighted events and 2 proton beams with

6.5 TeV each as to simulate proton-proton collisions at the LHC.

B HepMC data extraction and processing

HepMC [26] is a C++ based object oriented event record for Monte
Carlo Generators and simulation used in High Energy Physics. Af-
ter running MadGraph and Pythia, HepMC outputs event information
after collision for the desired interaction process including all decay
products and hadronization in a vertex to outgoing-particles order.
All the information, including vertex position, number of outgoing
particles, particle 4-momentum, mass and more, at truth level.

We first assumed a cylindrical shape for the ATLAS detector, with
aradius of 1.4m and length of 3m up to the electromagnetic calorime-

ters and used HepMC data to find the point of decay of the desired
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heavy neutrinos, as well as their momentum in the interaction. In-
formation from the heavy neutrino decay products (photon and light
neutrino) was also registered, in order to extract their pseudorapidity
within the EM calorimeters. This allowed us to calculate the pho-
ton’s time of flight, the heavy neutrino’s decay length (whether it is
prompt or not and where it decays) and the photon’s projected origin

1n the beamline axis.

C Az, calculation: closest point between two

skew lines

Let us consider two lines in 3-dimensions, L and L», represented by
vectors b; and by respectively and 2 points in those lines represented

by the vectors a; and a-
L1 . 171 = 61 + tlgl
(53)
L2 . ?72 == 52 + t2b2

Then the point in L closest to L» is:
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c1 = aj + — by (54)
with

77L2 = 52 X (51 X 52) (55)

We want to find Az, the separation along the detector’s z-axis
(beamline direction) between the event’s primary vertex zpy and the
projected origin of the photon. To find the projected origin of the
photon in the z-axis z,o we consider two lines represented by the

following vectors:

L11§:6+t12

7 (56)
LQZF7:F0+t2T

P
Here, z represents the z-axis, with 2 = (0,0,1) and 7, the pho-
ton’s trajectory, with 7y = (¢, o, 20) its production origin and p its

momentum. Then, using Eq. 55 we find n,

I (=paDz, —PyD=, D7 + D)
P p?

(57)
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and introduce this result together with Eq. 56 in Eq. 54 to find the

point in the z-axis closest to the photon’s trajectory.

o (Fo—=0)-7my.  (®0,Y0,20) - (—Dapz, —Pyp=, P2+ DY)
cp =0+ — <= 2 2

(0,0,1)

(58)

Then the position in the beamline axis, closest to the photon’s tra-
jectory is

—PaD=T0 — PyP:Yo + 20(P2 + D7)

| =
i ps + p;

. _pz(pxx() o PyYo "R pzZO) - ZO(pi + pz + pz) (59)
pi + by + P2 — P
|20 —p-(p-70) /IpI”
1 —p2/Ipl?
Thus, finally

_ 20— p-(p-70) /Ipl”

Az,| = ||a1| — zpy| = — —zpy|  (60)
! 1 —pz/[pl”
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