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1 One Loop Corrections

One Loop calculation

Let us do the one-loop correction for the minimal Nelson bar model of [!]

Following [ 1], we see that in order for one-loop corrections to have an effect on the value of ¥ they
have to either produce two nonzero entries in the off-diagonals of the mass mixing matrix, or simply
introduce a single phase dependence in the diagonals of the mass mixing matrix such that there are
nonzero complexity and determinant. This means that in the simplest scenario, we have that in the
diagonalized mass basis,

—L = ul,(ma + dma)up, + hec.,

where ur, = Vagu'Lﬁ, URa = Ua/gu’Rﬁ, me are the diagonal entries of the mass matrix, dm, are the
corrections to the diagonal entries of the mass matrix, and o = 1,...,4. We work in the Weyl basis,

such that
(-1 0
=0 1)

We define the vectors u, = (ZLQ) and U, = (ﬂLa fLRa). These let us write a combined expression:
Ra

—L =l (mgy + Bo)ul,,
where X, = Re (() 0mq) + i7s Im (6my). The quantity ¥ is then given as
0 = arg[det(mq + o)) =~ arg[Tr (1 +m, 'S,)] = arg[l + Tr(m;'E,)] = Tr[m; ! Im (E,)].

The one-loop self-energy is calculated as,
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Figura 1. The diagram for the one-loop correction to
the mass matrix.
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where the primes denote the mass basis, R is a real orthogonal matrix,
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where X = (X + XT) /2 and X4 = (X — XT) /2 for a general matrix X

Ak i(p—Kmg)
IA,a,ﬁ (P) - / (27_(_)4 (p_ k)2 _ m% k2 — m124

Changing the variable of integration k¥ — K, and using

AB / Ax+B(1—x)]

along with
Kt =K' —zp* and M?*=(1 —x)mi—kxm% —z(1—x)p?

K P (=2 p— K+ mp)
Laop (p) :—/(2ﬂ)4/0 dz (2 ) o

Wick rotating into Euclidean space, such that K = iK% and K = K¢, with i = 1,2, 3, we get that

y PR [t (1—a2)p- KE‘H”B)
Iaaps (p) = —i / 2n)° /0 do (K2 + M2)?

we obtain

The term in the numerator involving p does not contribute to Im (dm,, ), so it vanishes and we get

=2 [ [ G i e o () )

Using mg >> mq, mg, we can approximate 14 o g (p) as

. 2
__ img my
Tgap (p) ~ 16a2 log<A2 )

This means that
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m2
JA,a,ﬁ = log (A;1> .

Dropping terms that aren’t proportional to v5, we have

= @ b m! a(H) /b(AH) /a(AH) /b(H)
19_;0: — L _RuRYm Im[rﬁ maTA 4 P/ A) T }JAQ,B

where we’ve defined

Now, using m, = UTMOUR = U};MTUL, we can get

) = ¥ MTIremMiT? Y~ (payt N m?
19f3QQZRARAIm[Tr[ e MIT?) - Tr| (M) (F)M(r)]]log<A2),

Explicitly evaluating this, we find that only the combinations (a,b) = (h,0), (o,h) contribute and we

get
’[§ 1 US j :(92_9/ )RhRa log 2
327‘(2 (s i A ! ’ A2

The quantity R4 R is the roughly equal to the mixing angle between h and o, which is roughly equal
to ¢1 sin(2a)vy /vs. Therefore 9 is then

9 1 - 2 2 mIZz
9 ~ Wcl sin(2«) Z (91‘ - g ) log <m¢2;

i

2 joshuai@Quoregon.edu, cristien@uoregon.edu



A Appendix A

A Appendix A

Starting with
A= ngﬁ(H)mﬁF/b(AH) + F/a(AH) I,/b(H)

Ba
we can expand in I‘/;éb using Eq. 1.0.1 and get
/a b b f ra ra f b b f
v+ (i) ) I~ (1) LT (res) (T (rs.)
- 2 e 2 2 ? 2 ’
T T 1 T
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+T5, mﬂrﬁa +T% ap™p (F/Ba) - (F/aﬁ) mﬁr/ﬁa - (P;ﬂ) mp (P?ﬁa) ]7
b\ T
= LAl — (0 my (021
Using Eq. 1.0.1 once more, we can expand in the weak basis and get
1
_ a b a \f t b T
A= 5 (VI Te5UsgmpVy Th,Usa — UL, (T25) VogmaU}, (Th,) " Vo,
where we used V = Ur and U = Ug. Using mg = /\/l +Urg MMVTQ, we get

a a T
A= S [VI T2 UssUS ML VogV] T Ua — UL ( 75)*v(;ﬁvg,r/vtﬂUTﬂng (%) Vool
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Now we come to the point of this ride where we must multiply by m;*, take the imaginary part, and

then take the trace. Using m! = Ul M-V, , = VI (/\/l;‘TT)_1 U:q, we find that

_ 1 @ a T
Im(Tr (mg " A)] =Im[Tr[2ma1(VcI DS M}, T Use — UL, (T55) M, (T5,) Voa)]l’

1 —

= 5 Tr{ IVTQV F%éM}-prgo oo VT (Mer) ' UTCVU;E’Y ( 35)TM5P (FZU)T VUO‘}]’
1 - -
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= 5 T UL M T MY, T U = Vi (ME) ™ (155) M (T) Vo)
L . 1 ra f

= S I [UTMTe MIT] T |V (M) T )T M () V),

_ 1 T[T M) = T (M)~ () ().

It turns out that by explicitly evaluating the above trace and taking its imaginary part, one can see that
the combinations (a,b) = (h,0), (0, h) contribute and sum together such that

Im[Tr(m ' A)] = Z ; ,ZS (93 - 9;2)'

Next, we look at the Higgs mass matrix, which is formulated from the potential. Assuming that the mass

of the Higgs is m? ~ v% and that m%,m2 ~ v%, we can approximate the mass matrix M3 = RDRT as

~ V% vevg (ca + 2¢1 cos2a))  —2cqvsvpy sin 2«
M,%, ~ | vsvg(ca + 2¢1 cos2a) ~ v% ~ v% ,
—2c1v5vy sin 2a ~ v% ~ v?g
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where R are the rotation matrices and D = diag (m,%, m2, m?,) is the mass matrix in its diagonal basis.

The upper right hand corner of the matrix RDRT is roughly proportional to U%, meaning that the mixing
angle between h and o, which is approximately equal to Rf}l %, is roughly equal to

VH .
RYR% ~ R'RY ~ ¢; —sin 2a.
vs
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