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Objectives

« Compute the one-loop self-energy for the pseudoscalars in the 2HDM.
* Compare two similar cases: U(1) and Z3; symmetries.

* How do these extensions impact the mass of the physical pseudoscalar?

QOutline

2HDM with a U(1) global symmetry

Spontaneous Symmetry Breaking

A model-independent method to compute scalar self-energies

One-loop pseudoscalar self-energy



2HDM scalar potential with a U (1) global symmetry U(l): @ — Udy, &y — Os
miz2 = As = Ag = A7 = 0
The most general renormalizable potential, with a U(1) symmetry, is
: A , 2\ _ 2 .
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where all parameters are real.

The scalar spectrum includes:

« 3 pseudo-Goldstone Bosons -2 charged G* and 1 neutral (CP-odd) G°
« 2 neutral (CP-even) scalars, h and H (one of which is the Higgs boson)
« 2 physical charged scalars, H

1 physical neutral pseudoscalar, A

It is well known that the scalar potential (and gauge sector) is the same for a 2HDM with a Z; symmetry
instead (accidental U(1) symmetry). However, this is not necessarily true for fermions.



Spontaneous Symmetry Breaking

Normal vacua
When the doublets acquire non-zero VEVs, occurs the SSB of the global U(1). 0
For normal minima, we find the following (tree-level) minimization conditions (®1) = (E)
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The pseudoscalar mass matrix (in the minimum) is

[ﬂjép'o dd] min

_(mir + 5 [Mavf (A + A | 0 \_ (00
0 m3s + 5 | X203 + (A3 + Aa)vf] 0 0

which means that the physical pseudoscalar A is a Goldstone boson (Goldstone’s theorem).

However, the theorem only applies to discrete symmetries... We will then calculate the pseudoscalar mass
at one-loop level, which is when fermions start contributing.



A model-independent method to compute scalar self-energies

In a general renormalizable theory containing real scalars, two-component Weyl fermions and vector fields,
the interaction Lagrangian terms are
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[Stephen P . Martin, 2002, DOI:10.1103/physrevd.65.116003]
[Stephen P . Martin, 2004, DOI:10.1103/PhysRevD.70.016005]

after expanding around the VEVs of the scalars. Here, all fields are physical eigenstates. The self-energy
function is defined so that the pole masses are the solutions for complex
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of the equation
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One-loop self-energy matrix function for scalars % CB
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Loop-integral functions
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One-loop effective potential

V = V() + Vi
I Degrees of freedom for each particle
3
v, — ) [log (Malei)) _ 3 ..
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mg (@;) are the field-dependent tree-level squared-masses, and the sum runs over all particles in the model

Following Martin’s procedure, we work in the Landau gauge and with the dimensional reduction (DRED) scheme

One-loop minimization conditions
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One-loop pseudoscalar self-energy in the U(1) model
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Substituting the one-loop minimization conditions in the tree-level pseudoscalar [M L:j - [MOLJ‘ + 1672 [H( )L.
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Scalar contributions

Since the tree-level mass matrix is diagonal, then the off-diagonal entries of the self-energy matrix need to be zero:
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The diagonal entries of the self-energy matrix are:
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Fermion contributions in a Type | model
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For a Type Il model with a U(1) symmetry we obtained the same result.
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Fermion contributions in a Type | model
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Collecting the previous results, we find what was to be expected...

M? = M + —— (1) + G, + 13 ) = (O 0)

1672 0 O

two pseudoscalar Goldstone bosons at one-loop level.

For a Type Il mg
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Zg model (with 3 quark generations)

Qr1
Qr2

N R3

PR3

_ 6271‘1'/3

— w2<I>2

— WzQL1
— w2

— WNR3

— WPR3

The model features a particular Z3 symmetry, for which the Yukawa matrices are

0 0 0 x x 0 0 0 ®
Fl,Alf\-f 0 0 X FQN 0 0 0 AQN ® ® 0
x x 0 0 0 ® 0 0 0

[P. M. Ferreira, Joao P. Silva, 2011, DOI:10.1103/PhysRevD.83.065026]
[P. M. Ferreira, L. Lavoura, Joao P. Silva, 2011, DOI:10.1016/j.physletb.2011.08.071]

The highlighted matrix entries only “survive” a Z5 transformation because they are proportional to w3 = 1. By
putting them to zero, we would expect to recover the continuous U(1) case.
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Zg model (with 3 quark generations)

Qr1
Qr2

N R3

PR3

_ 6271‘1'/3

— w2<I>2

— C02QL1
— w2

— WNR3

— WPR3

['Y} quarks — T [ruhjj Q—LJ,{(I)G”R;{ — [AHLJ Q—L»;j(-bu,plﬁj + H.c.

The model features a particular Z3 symmetry, for which the Yukawa matrices are

0 0 0 x x 0 0 0 ®
Fl,Alf\-f 0 0 X FQN 0 0 0 AQN ® ® 0
x x 0 0 0 ® 0 0 0

[P. M. Ferreira, Joao P. Silva, 2011, DOI:10.1103/PhysRevD.83.065026]
[P. M. Ferreira, L. Lavoura, Joao P. Silva, 2011, DOI:10.1016/j.physletb.2011.08.071]

The highlighted matrix entries only “survive” a Z5 transformation because they are proportional to w3 = 1. By
putting them to zero, we would expect to recover the continuous U(1) case.

The Yukawa sector is then diagonalized numerically and the fermion contributions
to the scalar self-energy are computed using the same method.

' WORK IN PROGRESS
- o 14



Summary

* We used Martin’s results to compute the one-loop masses of the pseudoscalars in a 2HDM with a U(1) symmetry.
 The Goldstone’s theorem was verified at one-loop level.

* The fermion contributions will dictate the mass of the pseudoscalar in the Z; model.

Thank you for listening!
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At two-loop level...

The two-loop Fevnman diagrams that involve only scalar propagator lines vield the following contribution to the self-

ENETTY:
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A, Diagrams with only scalar propagators

+hjk.’hr'kmnjh.’mrz]

1 é}\ z'.trr:l;,lj.’rzh.h'p]

Here the loop integral funi

In several of these functig
limits, one obtains

B. Diagrams with scalar and fermion propagators
In this subsection, I present the results for Feynman diagrams that involve both scalar and fermion propagators. but no
vector propagators.
The contributions from diagrams with the topology W in Fig. 2. in which propagators 1, 2 are scalars and propagators 3. 4
are fermions, are
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C. Diagrams with scalar and one vector propagators

where
propagators are
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2

The contributions from two-loop Feynman diagrams with scalar propagators, exactly one vector propagator, and no fermion
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Tree-level scalar masses

For neutral minima, we can separate the full 8 X 8
scalar mass matrix into two 4 X 4 matrices for
charged and neutral scalars. The matrix of neutral
scalars has the form

M?Z]  [M? A B
miy = (W D) wer= (2B

If all couplings in the potential are real the off-
diagonal blocks are zero and thus, there is no
mixing between CP-odd and CP-even scalars.

U(1) model with normal vacua:

* no mixing between CP-odd and CP-even scalars;

* the pseudoscalar Ais a (physical) Goldstone boson;

* no mixing in the pseudoscalars mass matrix.

1
A = Evz [Im(As5)vy + 2 Im(Ag)vq],
By = Im(m7{,) — Im(As5)vivy — 3 Im(Ae)vy — 5 Im(A7)v3,
o | 1 | , 3 | 5
C; = —Im(myy) + Im(As)vivp + 5 Im(ie)v] — 5 Im(r7)v3,

1
D = _EU] [Im(As)vy + 2Im(A7)vy].

[G.C. Branco, P.M. Ferreira, L. Lavoura, M.N. Rebelo, Marc Sher, J.P. Silva,
2012, DOI:10.1016/j.physrep.2012.02.002]
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Expansions for small s

A(y)—A(x) s 5 52 5
B(x,y)= — + ST =y 2xy In(y/x) |+ ———[(x —y) (x"+p~+ 10xp) + 6xp(x+y)In(y/x)]+ - - -
Ty 2(x=y) 6(x=y)
B(x,x)=—Inx+ — + il +
x,x)=—Inx
6x  60x

Since the Goldstone bosons have zero physical mass, we evaluate the expressions at zero external
momentum (s = 0) which significantly simplifies the calculations (e.g. Bsy functions become zero in the
Landau gauge).

The squared-masses are diagonal- the fields are squared-mass eigenstates — but the masses of the fermions are not necessarily. It is only
required that the latter have a block diagonal form, with non-zero entries for states with the same squared-mass.
19



One-loop self-energy integrals

At one-loop level, the topologies contributing to the self-energy function are

1
sw=c 7 O {}

A B
1

[K*+x][(k—p)*+ V] [Stephen P . Martin, 2003, DOI:10.1103/PhysRevD.68.075002]

B(x,y)ZCJ d%

Modified integrals with the divergent parts subtracted, at one-loop order (Passarino-Veltman functions):

A(x)=1im[A(x)+x/€] ZX(Ex— 1) B(x,y)=lm[B(x,y)— /€]
e—0 e—0
_ |
In X=In(X/Q?) —f ditln[tx+(1—=8)y—t(1—1)s]
0

The loop integrals are functions of squared-masses and a common external momentum invariant s
(although the argument is omitted).
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Yukawa sector in terms of Weyl fermions
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- P 2
A UMA U up T 1 He. M, = — Y uA
v 0 SRGCP=R
— “T de [U}JTF(L(]TLT] & _ dT djf ( ]\[{ i [UTLTF( U”:| Ya ) — nT n f oo s , oy
& X L R /2 §i X [Mgli; + (UL T Ug i /2 M, = T]\[,,U = diag(mgq, ms, myp)
A0% A M, = U?" M, UL = diag(m.,, me, m;)
uT uT ]\Iu . [UIJTA” U'p:| WL) + dT qu [(]nTA U'p:| Ya . L ~“R uy e, :
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