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Introduction

Introduction

In the simple isoscalar model the standard-like Higgs potential

1 1
U(p) = —=p20% + S Ao
(0) = —ou"9" + ¢
Two solutions
/J,2 T2
v(0) =0 and v¥(T) = SR
demonstrate the second order phase transition at the critical
temperature
24
T. = £ = 2v(0),
- = 2K =200

The thermal Higgs boson mass
T2
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Introduction

Introduction

In a number of analyses the MSSM finite-temperature effective
potential is taken in the representation

Veff(V, T) = V()(Vl, VQ,O) + V1(m(v),0) + V1(T) + Vr,‘ng(T), (1)

@ V), is the tree-level MSSM two-doublet potential at the SUSY
scale

@ V; is the (non-temperature) one-loop resumed
Coleman-Weinberg term, dominated by stop and sbottom
contributions

@ Vi(T) is the one-loop temperature term

@ Ve is the correction of re-summed leading infrared
contribution from multi-loop ring (or daisy) diagrams
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Finite temperature corrections of squarks

Finite temperature corrections of squarks

In the finite temperature field theory Feynman diagrams with boson
propagators, containing Matsubara frequencies w, = 27nT
(n=0,£1,£2,...), lead to structures of the form

> dk 1> —1)b
/[ml, mo, ..., mb] =T Z / (27r)3 1_11: (k2 —ﬁw%)—i_ mf)’ (2)

n=-—oo

k is the three-dimensional momentum in a system with the
temperature T.
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Finite temperature corrections of squarks

Finite temperature corrections of squarks

At n # 0 the result is

3-2p (—1)P732 T(b-3/2)
(2m)3 r(b)

/[ml,mg,...,mb] :2T(27TT) 5(M,b—3/2),

(3)

where

S(M,b—3/2) = /{dx}zw7 Mzz(%)z.
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Finite temperature corrections of squarks

Finite temperature corrections of squarks

We calculate the integral

s a]i/ dk 1 B 1
0Ll [ or)3 (k2 + 22) (k2 + 22)  4m(ay + @)

taking a residue in the spherical coordinate system.
a?., are the sums of squared frequency and squared mass.
Derivatives of Jy with respect to a; and a, can be used for

calculation of integrals

A[ar, a)] _/ dk L __ L 0h_ 1
W2 | 2r)3 (K2 + a2)2(k2 + 22)  2a10a;  8mar(ay + a2)?

o a]_/ dk 1 1 P 1
AT ] 2r)E (k2 + a?2)2(k2 4+ a3)2  4ajax a;dar  8maas(ar + a2)3
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Finite temperature corrections of squarks

Finite temperature corrections of squarks

Thus, the procedure of Feynman parametrization is not used.
Substituting a3 = 4720 T2 + m? and a3 = 47%n? T2 + m3 to (77)
and taking the sum over Matsubara frequencies after the
integration we get

> 1

bolmy, m] = >

n=—00,n#£0 477(\/47r2n2 T2+ m? + \/47r2n2 T2 + m2)

or, after redefinition of mass parameters My.o = my.2/2n T the
temperature corrections to effective potential are expressed by
summed integrals.
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Finite temperature corrections of squarks

Finite temperature corrections of squarks

The sum of integrals can be expressed by means of the generalized
zeta-function.

1 1 1,
lo[Ma, Mp] = 167127'/0 dx C(2a§7M )

where ((u, s, t) is the generalized Hurwitz zeta-function

oo
C(u,s, t) ;n”—!—t
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Finite temperature corrections of squarks

Finite temperature corrections of squarks

So in the case under consideration the sums of integrals can be
calculated by differentiation with respect to mass parameters
participating in M = M(M,, Mp, x). Differentiation increases the
power s in the denominator giving convergent integrals

T 9 1 ! 3,
h[Ma, Mp] = oM, DM, a7l = W/o dxx([Z,E,M ()],
1 0
IZ[MaaMb] = - =

2M, 8Mb(_ll)

3 ! 5
— W/O dx x (1 — x) 5[2,5,M2(x)].
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Minimal supersymmetric standard model

Effective potential of MSSM

In two-doublet model there are two identical SU(2) doublets of
complex scalar fields ®; and &,

+X JrX
¢1:<¢;”>,¢2=< 2”)
() 9(x)

with nonzero vacuum expectation values

<¢1>=\1@<z>, <¢2>=1<‘?2>-

Neutral components of doublets

N

R(x) = %m i), () = ;E(VZ ot ixa).

Rykova E.N. Finite-temperature effective potentials in models with exte



Minimal supersymmetric standard model

Effective potential of MSSM

The most general renormalizable hermitian SU(2) x U(1) invariant
potential:

U(®1, p) = — 1B(d] 1) — p3(D5b2) — i35 (®1d2)— i3, (PId1)+
A Ao
+ 5 (@]01)7+ (¢£¢2)2+A3(¢I¢1>(¢£¢2)+A4(¢I¢z)(¢£¢1)+

A
+ 3 (O]02)(®]02) + 5(¢£¢1)(¢£¢1)+
+F26(DTD1)(@T02)+ A6 (GId1)(PId1)+

FA(P502)(@]@2)+ A7 (902)(9101)
with effective real parameters 2, 3, A1,...,As and complex
parameters /i3, A5, Ag, A7.
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Minimal supersymmetric standard model

Parameters of Effective Potential of MSSM

In the tree approximation on the energy scale Msysy, the
parameters \1_7 are real and are expressed using the coupling
constants g1 and gy of electroweak group of the gauge symmetry
SU(2) ® U(1) as follows:

1
M (Msusy) = X2(Msysy) = 7 (82 (Msusy) + g7(Msusy)) ,
1
A3(Msysy) = 7 (85 (Msusy) — &t (Msusy)) ,

1
M(Msysy) = — ng(Msusv),

As(Msusy) = Ae(Msysy ) = A7(Msysy) = 0.
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Minimal supersymmetric standard model

Parameters of Effective Potential of MSSM

The supersymmetric scalar potential of interaction of Higgs bosons
with the third generation quark superpartners on the tree level has
the form
VOZVM+Vr+VA+V57
Vi = (~1)miole; + M2 (Q1Q) + M2U*U+ MZD"D,

Vi =P (0/Q) D41V (i970:Q) U+ TP (Q1e;) D'~ TV (iQ1ea07 ) U,
Vo= N (010)) (0Lo))+(o]0;) [A2 (QTQ) +AYU" U+ AZD"D] +

79 ota) (O L ‘T (] . _
A (cb,. Q) (chbj) +3 [/\e,-j (id] 720;) D U+3.c.} i k1 =1,2,

Vs denotes the terms of interaction of four scalar quarks.
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Minimal supersymmetric standard model

Parameters of Effective Potential of MSSM

Calculation of the finite-temperature diagrams for the general case
of complex-valued  and A;}, gives the result

AN = 3hi|ul* blma, mu] + 3h3|Asl* b[ma, o]+

- 5 N

2
12} — g — 37 |
2 1

+hE |l (— [ma, mu] + 2g7 h[my, mq])

+hj | Ap|( [mq, mp] + (6, — &f)h[mp, mq])

AN = 30} |Adl*h[ma, mu] + 3hb|ul* h[mq, mp]+

gt +382
2 1
12h + gf — 383,
2 1
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Minimal supersymmetric standard

model

Bifurcation sets

N Solutions Hessian H(vy,Vva2) local minimum conditions
—2
1 =0 v2=0 ~(E5 Bipi <o, moEizo
0 s
_ o > —72 + A3a5 32 0 2, 2 1
2 vi1 =0, A2V — 5 =0 1 2 "2 > —FR1 +V3(2X2 + 3A3a5) >0
0 223
(=72 + 1 X34573)A27v3 > 0
_ 2 _2 20173 0 2, 2 1
3 va =0, A1v3 — iy =0 —2 | 23452 —H5 +Vi(2A1 + §X345) >0
0 —p3 + =52y
(—73 + 1 345V3) Vi >0
2, Mazs—2 20173 A345V1V: . .
4 A2 435 —2 _ —o, 1vy 345V1V2 MT2 4 2aT2 > 0
1vy + Xz V3 My A3a5VaV2 2)\275 1vy + A2vy >
A2V3 4+ 243872 _ 2 =0 V3V3(4A122 — A25) > 0
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Minimal supersymmetric standard model

Ay, GeV' A, GeV A, Gev
a
1000
800
3 3
< 400f ES
200}

A, GevV
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Next-to-minimal supersymmetric standard model

Effective potential of NMSSM

In the NMSSM two identical scalar SU(2) doublets of the complex
scalar fields ®; and ®5 are introduced

()= (o)
d>1 = 0 - 1 . )
#9(x) (v +m+ix1)

( 3 () ) ( —iwy )
®y = = 1 )
$9(x) —5(v2 +m2 +ix2)

(v3 + 51 + isp).
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Next-to-minimal supersymmetric standard model

Effective potential of NMSSM

The most general Hermitian form of the renormalized
SU(2) x U(1) invariant potential for system of fields has the form:

2
U(®1,02,5) = — pi3(d]d1)— pd (ST o) — p3S™ S— 13, (P d2)— h1, (PFD1)

A
+ o (@01)? + 72(‘1’;%)2 + A3(PI01) (@ID2) + Ag(PId2) (@Id1)+

*

A A
+75(¢1¢2)(¢I¢2) + 75(¢£¢1)(¢£¢1)+

FA6(P]D1)(S1P2)+ A (P]D1)(®501)+ A7 (P02)(D]02)+ A7 (@L2)()b1)
Sk (P01)S* S+ ko (PhD2)S* St ks(D]92)S* S+ ks (OLb1)S* S+ka(S*S)P+

+hs(PID1)S + ks (DI D2)S + k(Pld,)S+ ke (PId1)S* + kgS°.
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Next-to-minimal supersymmetric standard model

Parameters of Effective Potential of NMSSM

In the tree approximation on the energy scale Msysy, the
parameters )\;, k; expressed as:

_&ite \ _&oa

)\1 )\ = 3 4 ) __?7

= A2 ko= |\? ks = Ak*, ky=|k|]?, ks = MAx, ks = 3kAk, (5)

The free parameters of the model are chosen in the range possible
values:

1.0 < tgB <60, My =M,, 100GeV < M, <2000 GeV,

0.0001 <A <0.7, 0 <k <0.65.
0GeV < Ay <1000GeV, —100GeV < A, < —10GeV
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Next-to-minimal supersymmetric standard model

Parameters of Effective Potential of NMSSM

The supersymmetric scalar potential of interaction of Higgs bosons
with the third generation quark superpartners on the tree level has
the form

= |yu(QeH,) P+]ya(QeHa) P+yulip HO—yadi Hy [P+ |yads HS —yatigH | —
—yu(GRUFASHS+Trdf ASH; +c.c.)—ya(drdf ASHO+drdf ASH; +c.c.)+
2 ~ ~ ~ ~ ~ ~
+g—2(4|H20\2 — 2(HIHg)(QT Q) + 4|H} Q] — 2(H] H.)(QT Q))+

2 1 1 1

“&dm 3 URlR + 3 didr + 5 (HiH,) -

+(UT?YUAU(6T€HU) - gRYdAd(Q GHd) + C.C.)

(H:;Hd))Z—F
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Next-to-minimal supersymmetric standard model

Parameters of Effective Potential of NMSSM

The oneloop corrections to the parameters of effective potential

¢} o7
R
_}/u>\V3 _yu)\V3
fy iy (vurvz)*h[mgq, my]
_YUAV ~ _)/u)\VS
ur
9" @9
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Next-to-minimal supersymmetric standard model

Parameters of Effective Potential of NMSSM

The oneloop corrections to the parameters of effective potential

2 2
(—yudvs)?(8 — &5)h[mg, my]
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Next-to-minimal supersymmetric standard model

Parameters of Effective Potential of NMSSM

The oneloop corrections to the parameters of effective potential

AN = hﬁA4v§I2[mQ, mu] + héAé/g[mQ, mD]+

2 g 1
+h2A2v2 ((2 - 112> h[mgq, my] + gglzll[’"U’ mQ]) T
2 2 2
+385 ((1~ &~ &) o, mol + (4 — &L ) hlmo. me

Al = hﬁAﬁIQ[mQ, mu] + h2>\4V§/2[IﬂQ, mD]+

+h2 A2 & _ & I[m m]+(h2—12/[m mql ) +
u "y 12 4 1 Q,Mu u 3g11 U, MqQ

+h3NvE g—12+g—22 h[m m]—f—g—fl[m mg]
d 3 12 4 1 Q, Mp 6 1 D, M@
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Next-to-minimal supersymmetric standard model

solutions Hessian H(vy, va, v3) local minimum conditions
ale | (oo, 0 g oo
vi:O 0 7,u§ 0 py - ps - p3 <0
0 0 —2p2
2
vidi 0 0 kavZ — pu2 —2p2 + A2
1 T H2 K3+ A1vgt
vi #0 0 vz — 43 ks vi
v2 =0 0 kg v kyvZ — 242 1 >
vs =0 N 3 SOs+2a)d >0,
2 2 2
Alvl{((klvl - 2;143)
1 2 2 2 2
5/\34v1 —p5 ) —kgvy)} > 0.
1.2 2
3VaA3a — p3 20 ks v2 kava — pi — 243 + Xava+
=0 0 vz 0
v2 #0 kg va 0 k2v2 - 2u2 1 2
vz =0 2 3 g()x3+)\4)v2 >0,
2 2 2
)\zvz{(kzvz - 2;1.3)
1 2 2 2 2
5)\34vz —py) - ksvz} > 0.

& Dolgopolov M.V.

Finite-temperature effective potentials in models with exte



Next-to-minimal supersymmetric standard model

Bifurcation sets

. & Dolgopolov M.V. Finite-temperature effective potentials in models with exte

Solutions Hessian H(vy, v2, v3) Local minimum con-
ditions
Vlz)\1 vivalsg 0
vi #0 viva(As + Ag) vZh2 0 Det >0, Tr >0
v2 #0 0 0 kv + 2ksvavy + kavZ — 2u3
v3 =0
2\ 0 2k
viA1 1v1v3
1 2 2 2
vi #0 0 3 (Asavi +2kavy — 2u5 kavivs Det >0, Tr >0
v2=0 2kyvivs kavivs 2v3(3ke + 4kavs)
vz #0
1 (A34v§ +2kgv2 — 2;&) 0 kavavs
v1=0 0 v22A2 2kavavs Det >0, Tr >0
v2 #0 kavavs 2kavavs  2v3(3ke + 4kavs)
vz #0
Hi1  Hi2  His
vi #0 H21  Hz2  Has * ok
v2 #0 Hz1  Hs2 Hss
vs # 0 Hi1 = viA1 — vava(ks + kava)/v1,
Hi2 = Hz1 = va(ks + kav3) + viva(A3z + Aa),
Hiz = H31 = ksva + 2(kava + kav2)vs,




Next-to-minimal supersymmetric standard model

%% The last case (vi #0, v» #0, v3 # 0):

_ ksviva

+A1vZ + Avd >0,

T
+8k4v3 + 6kevs — v3(ksvs + ks )17‘/2
Viv2

v3

. <V3 (k5V2 + 2kivivs + 2k3vo Vg) (V1V2 <k5V1 + 2k3zvivs + 2kovo V3) X
vivaVv3

X <k3v§ + ksva + viva (A3 + )\4)> - (ksvz +2kivivs + 2k3V2V3> < — k3v1v§—
—ksvivs + >\2V3>) —v3 (ksv1 + 2k3vivs + 2k2V2V3> (Vz (k5V1 + 2k3vivz+
+2k2V2V3> ( — k3v2v32 — kgvovs + Alvf’) —viva <k5v2 + 2kivivs + 2k3V2V3> X
X (k3v32 + ksvs + viva(Az + /\4))> + <8k4v§’ + 6k5v§ - k5v1vz) (( - k3V2v§—

—kgvovs + )\1V13) ( — k3V1V§ — ksvivs + >\2V§) —Vivo (k3V§ + ksvz+

+viva(As + )\4))2)> > 0.
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Conclusion

Conclusion

@ Our analysis of the effective MSSM and NMSSM
finite-temperature potentials is based on a calculation of
various one-loop temperature corrections from the
squark-Higgs boson sector for the case of nonzero trilinear
parameters A;, Ap and Higgs superfield parameter .

@ Quantum corrections are incorporated in control parameters
A1,..7...(T) of the effective two-doublet (+singlet) potential,
which is then explicitly rewritten in terms of Higgs boson mass
eigenstates.

@ Bifurcation sets types for the two-Higgs-doublet(+singlet)
potential Uesr(va, v2) are determined.
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