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QOutline

» Higgs sector in the MSSM with CP-phases
» Mass of the lightest Higgs boson

» Higgs mass calculators
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Higgs bosons

At Born level: no CP-violation:
. . . I . .
> one phase in the Higgs potential: Vijjgos = - + eijlm3|e g HiH, + ...
elimination via Peccei-Quinn transformation

» phase difference of Higgs doublets:

vanishes because of minimum condition

Physical mass eigenstates (at Born level):

» 5 Higgs bosons: 3 neutral H°, K0, A°; 2 charged H*

Masses of the Higgs bosons:
» not all independent: here: H*-mass My+ (and tan /3) as free parameter
tan g = o1 ratio of the Higgs vac. expect. values

» lightest Higgs boson: h°
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Mass of the lightest Higgs boson

Upper theoretical Born mass bound: My < Mz =91 GeV

with quantum corrections of higher orders: Mo < 135 GeV

dependent on the MSSM parameters:
particularly on parameter phases

e Before the discovery of the Higgs boson:

exp. exclusion bounds
precise prediction :

i.e. inclusion of higher order corrections
with full phase dependence

exclusion of
= parts of the
parameter space

mass of the
Higgs boson
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Mass of the lightest Higgs boson

Upper theoretical Born mass bound: My < Mz =91 GeV

with quantum corrections of higher orders: Mo < 135 GeV

dependent on the MSSM parameters:
particularly on parameter phases

e Discovery of the Higgs boson:

accurate measurement
precise prediction :

i.e. inclusion of higher order corrections
with full phase dependence

strong bounds
= on the MSSM parameter,
e.g.ontanf = 5—?

mass of the
Higgs boson
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Determination of the Higgs masses

Two-point-function:
—if(p?) = p> = M(p?)

with the matrix:

M/24g - iHOHO(P2) _iHOhO (p?) *iHOAO(Pz)
M(p?)= —Y oo (p?) M’%‘éom — Yhom(p?) 2 00(P?)
2o (p?) 2 400(P?) Mf\%om — 2 pon0(p%)

. . no mixing between
Real parameters: > ;0,0(p?) = 2 00(p?) =0 CP-even and
CP-odd states
Calculate the zeros of the determinant of [ det[p? — M(p?)] = 0
= Higgs masses My, < My, < M,
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Determination of the Higgs masses

Calculate the zeros of the determinant of {
det[p® — M(p®)] = 0
or calculate the eigenvalues \(p?) of M(p?):
det[A(p?) — M(p?)] = 0
and solve iteratively:
P> = A(p?) =0

Other possibility:
First: Inversion of [ = propagator matrix
Next: Expansion about the real part .
equation that can
of the complex pole of the = . .
. be solved iteratively
diagonal propagator
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Higgs masses at higher orders (incl. CP-phases)

Status:

e Higgs masses at higher order without CP-phases = in good shape
(up to leading 3-loop [S. Martin 07])

Including CP-phases:

e Eff. potential approach, up to two-loop leading-log contributions
(sfermionic/fermionic contributions) [Pilaftsis, Wagner],
[Demir], [Choi, Drees, Lee], [Carena, Ellis, Pilaftsis, Wagner]

e Gaugino contributions at one-loop [Ibrahim, Nath]
e Effects of imaginary parts at one-loop [Ellis, Lee, Pilaftsis],

[Choi, Kalinowski, Liao, Zerwas|, [Bernabeu, Binosi, Papavassiliou]

2
Here: full one-loop + two-loop O(aras) vy = i—i At = Yukawa coupl.
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Renormalized Higgs self energies >
Calculation of the dominant two-loop contributions:

» Terms of order O(atas) for complex parameters

contributing self energy diagrams (¢ = h%, H%, A%):
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Renormalized Higgs self energies ¥
Calculation of the dominant two-loop contributions:

» Terms of order O(atas) for complex parameters

contributing self energy diagrams:

e generation of diagrams with FeynArts
[Kiiblbeck, Bohm, Denner],[Hahn]

e tensor reduction with TwoCalc [Weiglein, Scharf, Bohm]

e extraction of relevant terms:

- use vanishing external momenta

- use vanishing electroweak gauge couplings g, g’
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Renormalized Higgs self energies >
Parameters of the Higgs sector need to be defined up to O(aas)

» define the H*-, W- as well as the Z-mass as pole mass
() '
X Y= Rezg&,

directly related to a physical observable §/\/2
X ={H*, W, Z}

. t - =
calculation of - . b, by
tt O u b oY _ PN —
selfenergy L 7 L S g;,ﬂ, X :,,E,
diagrams like: H= N/ H” H_t s H™ "~ o
b z‘ Z
» no shift of the minimum of the Higgs potential 5t( ) = —T(gi)
calculation of E\ . t .- fi, 1
tadpole diagrams ,,,,: :,/ Vi y : ,,,4: ”izg 9
like (0 — hO’ HO,AO): ¢ \;/ NI ¢ h S ¢ A
j T
» DR-scheme for field and tan 3 renormalization
. . DR ; DR
stant) g = 6tan) 577, 52\ = 62}
Heidi Rzehak
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Renormalized Higgs self energies 5

Renormalized h®h°-self energy at one-loop:
a(1 1 1 1
Zi,o)ho(PZ) = Z5,01,0(!32) + 52;(,02,003 - Mﬁgorn) - 5Ml(70)
with the mass counterterm:

smY =

1 1 1
Wo 2 (om2. W —smz, My 4 52, omzt

+ |:(MI2-Ii — Mav)SZ(a—ﬁ) + M%Sz(a+5)] CE Stan® J6]

€ Sa—p

AMysiy [(3 + Cz(a_g))51’/(7%)—1-52(0[_5)51',(_,10)}

Renormalized h%A%-mixing at two-loop:

2 (2) €Sa—p ()
> 2I\/IWsW5t

oo (P?) = Zj (%) — SMyg ) with oMD)

A0 hOAD T
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Renormalized Higgs self energies 5

Parameters of the top (bottom) sector defined at one-loop:
e top quark mass and top squark masses on-shell

e bi-mass (= b;-mass) determined by SU(2)-relation (mj = 0):
mBl - mBI(mZ’l7 mz27 mt? 0?7 QPE)

e generalization of the mixing angle condition:
ReZt12( ) + ReZtn( ) =0

ReZtD( ) + ReZtu( )
2( my + mb)

= (065 + isin 6 cos O0p7)et =

o A, = |A;|e"4 is then determined (A;: trilinear coupling):

Ar = At(mf17 mg,, Mg, 9?7 (pf)
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Phases in other sectors

e Sfermion sector:
> phase 4, of the trilinear coupling A
e Higgsino sector:

» phase of u (small), /4 Higgsino
J mass para-
constraints from ~ meter
measurements of
electr. dipole moments

soft breaking
parameter

e Gaugino sector:

» phases of the gaugino mass parameters My, My, M3

— one phase can be eliminated (R-Transformation), often ¢,

— phase @u;, is the phase of the gluino mass parameter

= enters into the Higgs sector at two-loop level

The Higgs sector in the CP-violating MSSM at O(aas) Heidi Rzehak



Results: p,,- versus px,-dependence (large M)

size of the squark mixing:
Xt = Af — /,L* Cotﬁ

150 150

My+ =500 GeV  O(a) . My+ =500 GeV O(«a)
145 t|A,| = 1.7 TeV O(a + aras) —— 145 | |X;| = 1.6 TeV O(a+ aras)—— 4
= a0 (BT L = 140 [ PN =10
> . . 773
& 135t & 135t
§ 130 § 130
125 | 125 |
o 20 —0!
115 ‘ ‘ ‘ 115 w ‘ ‘
0 0.5 1 15 2 0 0.5 1 15 2
PA PXe
™ ™

e The qualitative behaviour of My, can change with the inclusion of
quantum corrections of O(aas).

e Quantum corrections tend to be smaller for constant absolute value of
of the squark mixing, |X;| = const.
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Results: px,-dependence (small My:)

125 W =ts0Gev . v .
IX;| = 700 GeV - .
120 | . . ]
— 115 [ . : : . 1
> . 0 - .
[} . . . .
S 110t - . . .
= 105} . . ]
100} - -
95 ! ! !
0 05 1 15 2
PXe

™

O(a): tan3 =5 ¢ o tanf3 =15
O(a+ atas) : tanf =5 tan 3 =15

e Higgs mass M, does depend on the phase px,, |X:| = 700 GeV.
e One-loop corrections are more sensitive to @x, for small M.
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Results: ¢x -dependence (small M)

125 S—
&ZTQ%SS &V Lt Bands: Estimate of the
120 | : size of the corrections of
st pr - O(apas+a2+arap+a?)
> T [Slavich et al.], FeynHiggs
9. 110 .
= : Interpolation: Size of
105 » - above corrections known
100 for the MSSM with
o real parameters:
0 05 1 1.5 Evaluate for vx, =0 and
2 wx, = 7 and interpolate
O(a) i tanff=5 o tan 3 =15
Oa + aras) : tanf =5 tanf =15
O(a + aras) +interpol. : tanf =5 ——— tanf =15

e Higgs mass M, does depend on the phase px,, |X:| = 700 GeV.

e One-loop corrections are more sensitive to @x, for small M.
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FeynHiggs and CPsuperH

Two programs: input: MSSM parameters
output: Higgs masses

Features (not complete):

FeynHiggs: CPsuperH:

full one-loop corr. gaugino/higgsino leading log
one-loop contr.

two-loop corr.: fermionic/sfermionic contr.:
O(atas) complex up to two-loop leading log
O(apas + a%tb}) real O(ayspyas + a%tb}) complex
Input:

on-shell squark parameters R squark parameters
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FeynHiggs and CPsuperH: Comparison

Input:

on-shell squark parameters | DR squark parameters

FeynHiggs CPsuperH

Transformation from one scheme to another necessary:

Use relation:
XPR 4 gXPR = x5 4 6x©S
with X = {A;, M, M;_}: squark soft breaking parameter

6XOS is then determined by the on-shell counterterms:

0X9% = 6XO3(6mP>, 6mP>,6mP>, 669°, 5P°)
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FeynHiggs and CPsuperH: First Results:

130 __
APR_dependence:

125
Differences:

CPsuperH:
leading log O(a?) terms

120

115

M, [GeV]

FeynHiggs:
non-log O(atas) terms

My = 300 GeV
MLDR MDR =1 0 TeV

105 : :
500 1000 1500 2000 2500 3000

|APF| [GeV]

sDEtR =0 . .
SOAt =7/2
oa = CPsuperH FeynHiggs (up to O(aas))
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FeynHiggs and CPsuperH: First Results:

130

125

120

115

M, [GeV]

My = 300 GeV
MLDR MDR =1 0 TeV

500 1000 1500 2000 2500 3000
|ADR] [GeV]
wfio . .
SOAt —77/2
‘;DAr =TT

CPsuperH FeynHiggs
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A't:TR—dependence:

Differences:

CPsuperH:
leading log O(a?) terms

FeynHiggs:
non-log O(atas) terms
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Summary

» At Born level: no CP-violation in the Higgs sector

» Quantum corrections:

e can induce CP-violation.

e have to be taken into account for the
prediction of Higgs masses.

» The dominant two-loop contributions O(a;as) with

complete phase dependence are included into FeynHiggs.

> First results of the comparison between FeynHiggs and CPsuperH
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The Higgs potential in the MSSM

Higgs potential:

f_\ gauge couplings Wz

+
Viiges = u(H — Hy Ho)? + S| Hf Hy?
+ \/1,|2(HfH1 + Hy Hs) : coupl. betw. Higgs superfields
+ (miH; Hy + m3HS Hy)  soft breaking terms

+ (eij\mg\ew’"g H{Hé + h.c.)

Two Higgs doublets (v;: Higgs vac. exp. value):

_ V1+L(¢(1)_"C?) _ it d’;
”1—( B e G R

——> 2 phases
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Determination of the Higgs masses

Propagator matrix:

Inversion of I = diagonal propagators (i = H°, RO, AD):

I
+ Z’fiﬁ(pz)

Nji(p?) =
(p%) Y

IBorn

with the self energy term:

s (p?)= Si(p?) — ifunct(T(p?®)) 7,4, k =1,2, 3.
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Determination of the Higgs masses

Poles M,2 of the diag. propagators:

M= MZ 4+ 55 (MF) =0

IBorn

Complex pole with phys. mass M and width I :
M? =M? — iMT
Expansion around M? up to first order in I:

PN A /
. Im>¢f(M2) (Imi?ff) (M?)
M? — M%_ -+ Rex$T(M?) +

iBorn

=0

N /
1+ (ReSg) (M2)
Iterative solution = Higgs masses M,2
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Amplitudes with external Higgs bosons

Mixing between the Higgs bosons: ¢7j@____
(DR/on-shell scheme) ¢; = HY, h° A ]

Finite wave function normalization factors needed:
VZi(Ti + Z;T; + ZyTx)

Z- ensures that residuum is set to 1:
1

1+ (ReSer) (m2)

2 -

Z;j describes transition i — j:
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Amplitudes with external Higgs bosons

Mixing between the Higgs bosons: ¢7j@____
(DR/on-shell scheme) ¢(; ; = H% h°, A

Finite wave function normalization factors needed:
VZi(Ti + ZTj + ZuTk)
Mixing matrix (Z;; = 1):
2,-1\/22,
Vertex with external Higgs boson:

2,-,-F,- + 2,-J-FJ- + 2,-ka
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Amplitudes with internal Higgs bosons

i

Diagrams with internal Higgs bosons N

enter precision observables (W-mass, ...): w
V

e Calculation with Born states ¢; = H°, h%, A%: no problem

e Calculation with ¢; = hy, hy, h3 = Inclusion of higher order effects:

One possibility: Use of effective couplings:
Consider 2,-J- as mixing matrix:

Problem: Z;; is a non-unitary matrix

(no rotation matrix)
Further approximations:

effective potential approach: Z(f( %) — 2(2(0)) =R
~ N Li(ple = My, )
) Z( ez(Pos)) =Us2, =

M2
Born JBorn

on-shell approximation: Z( )/2)
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Couplings

One example:

Coupling of two gauge bosons (V = W, Z) and one Higgs boson:

ghvv = [Uji cos(B — a) + Uja sin(B — )] gHey, vv

standard model coupling ]

e only CP-even components of the Higgs bosons couple to V

e all three Higgs bosons can have a CP-even component
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Results: px -dependence of couplings

1
0.8
o 067
>
>
E; 0.4 |
R,tan B =5 e
02 | U tanf=5 —— Mysr =150 GeV,
R, tan 3 = 15 - _
0 U, tanB =15 ‘ | Xel | 700 GeV
0 0.5 1 1.5 2
L2
iy

e Here: g, v is normalized to the standard model coupling.
e |gn, vv|? does depend on the phase ¢x,, |X;| = 700 GeV.
® R and U, give similar results with only tiny differences.
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Results: px -dependence of couplings

~ 06
>
>

& 04

0.2

0

e Here: gy, v is normalized to the standard model coupling.

O(a),tanf =5 .
FO(a + acass), Mpy+ = 150 GeV/
O(a),tang =15 = —
Ol - arar), ‘ | Xt | 700 GeV
0 0.5 1 15 2
X

™

e |gn vv|? does depend on the phase px,, | X;| = 700 GeV.
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Results: ¢),-dependence

120
118 ¢
116 ¢
114
112
110
108
106

Mh1 [GeV]

MHi = 150 GeV @(a) ‘ .
mg = 1000 GeV

A 1000 Gey  Ola T acas)
ltan3 =10

T

0 0.5 1 15 2
Pms
T

e Quantum corrections of O(asa) cause a dependence of My, on @y, .
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