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Discovery of a new particle

Higgs-like particle discovered,

[ATLAS, arXiv:1207.7214 [hep-ex]],
[CMS, arXiv:1207.7235 [hep-ex]],

e.g. latest result of H — 7y, [ATLAS, arxiv:1406.3827 [hep-ex]],
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very good agreement with
SM Higgs boson,

but: SM has many
deficiencies,

test models beyond the
Standard Model,

promising candidate:
Minimal Supersymmetric
Standard Model (MSSM).

Sebastian PaBehr (DESY Hamburg)

Higgs-Boson Spectrum in the cMSSM

Hamburg, 27.10.14



@ Particle content of the MSSM

@® Higgs fields in the MSSM

© Higgs potential at the tree-level

O Mass-eigenstate basis at the tree-level
@ Higher-Order Corrections

® Renormalization of the Higgs sector
@ Present status

® Order a2 Corrections

® Numerical Results

@ Outlook

Sebastian PaBehr (DESY Hamburg) Higgs-Boson Spectrum in the cMSSM Hamburg, 27.10.14



Particle content of the MSSM

e extension of the Standard Model by Supersymmetry,
e two Higgs doublets.

Standard particles SUSY particles
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bosons bosons
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Chiral superfields

for each fermion of the SM:

0] (x, 0, 5) = exp (—1’ Hauéau)gb(x, 0) ,
¢(x,0)=A+ V206 +00F
Weyl spinor for fermion

£,
scalar superpartner A,
auxiliary field F .
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Vector superfields

for each vector boson of the SM (Wess—Zumino gauge):
_ _ o 1
Vivz (x, 9, 9) = 000" A+ 006X+ 000N+ 5 0060D .
vector field for vector boson A, ,

fermionic superpartner A,
auxiliary field D .
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Supersymmetric Lagrangian

construct gauge-invariant, renormalizable, supersymmetric
Lagrangian:

ESUSY - gauge + EW + £matter

[/d2 ( )+W(d>))+h.c.]

+/d40 ole28Ve, |
with the chiral holomorphic superpotential
1 1
W(q),) =c b, + §mu¢,¢1+ ghijkq)iq)jq)k ,

=- more than one Higgs field necessary.
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@ Higgs fields in the MSSM
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Higgs fields in the MSSM

two complex SU(2)-Higgs doublets:

V—|—i O_i 0 . n
(R e i)
71 2

positive real vacuum expectation values vy , vo ,
relative phase (,

described by two complex chiral superfield doublets H1 , H>
accordingly, fermionic superpartners: higgsinos H1 , Ho .
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Higgs Lagrangian

supersymmetric Lagrangian for the Higgs superfields:
£Higgs = (/ d2¢9 WMSSM + h. C.>

2
+/d402 HJ-T exp(gy Y Vy + gw 72 Vi) H;
st

with the superpotential
SU SU I
Wwussm = pH1 © Ha — hy 5 Qi © Ha U;
SU Cc SU C
—he’,jHl@L,'Ej —hd7;jH1©Q,'Dj .

bilinear mass parameter 1 , Yukawa couplings hy j; .

sU - 8
¢1@¢2:€a5¢1 ¢2 R €1 = —1.
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Supersymmetry breaking in the MSSM

soft supersymmetry-breaking terms involving only Higgs fields:
Ebreaking, Higgs — —I‘?‘l% %-]I: Hl - fh% ’H; H2
SU
- <b7'l17'12 ;U'Hl © HZ + h. C-) )

bilinear mass terms M2 , M3 | by, 1t -
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© Higgs potential at the tree-level
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Higgs potential at the tree-level

non-kinetic part of the Lagrangian involving only Higgs fields:
VH — VE,USY + V[l_)[reaking ,
1 2
susy _ L/ o | o ta, . agt
VAU = = (&% +&2) (HiHa — Hit)
1
+ 5% (HiHa) (HhHL) + [l (i + HbHa)
breaking _ ~2 4,7 ~2 4,1 su
Vy =myH{H1 + msHyHo + | byyr, pH1 © Ho+hoc |,

common abbreviations:

m%2 = leHZ/“L = |rn%2|e7;C .
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Components of the Higgs potential at the tree-level

insert the components of the Higgs fields:

Vy = constant
=Ty 01— Ty, 02— Ty X1 — Ty x2

o1
b2
X1
X2

1
+ 5 (¢17 ¢27 X1, X2) M¢1¢2X1X2

. o2
+ (¢1 ; ¢2> M,z g <¢;-
+ triple + quartic .

tadpole coefficients Ty, , Ty, , Ty, Ty, s
mass matrices My, gv1 v, M¢1i¢§c .
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Tadpole coefficients and mass matrices at the tree-level

explicit expressions for the tadpole coefficients

To = —V2[mivi—|mblvaccio + 5 (8% +0) (B —v3)w]
Ty, = V2 [m% V2 — |mf2| Vi Ce+¢ — % (gxz/ +gv2v> <V12 - V22) Vz} )
T = V2 |m%2| V2 S¢H+¢! s

V1 2
TX2 = —72 TXl == —\/E‘mlzl Vl SC+</ 5

mass matrices expressed similarly,

set of eight independent parameters:

2 2 2 2 2
m17m27|m12|)C+</7V17V27gY7gw'
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Minimization of the Higgs potential at the lowest order

minimum of the Higgs potential described by vy , v» , i.e.

min __
Vi = VH’¢1=07¢>2=0,X1:0,X2=0 )

necessary conditions:

OV Y
D1 |y = 0,60 =0,x1 =0,x2 =0
Vi .
02 ¢1 =0, =0,x1 =0,x2=0
OV Y
OX1 lpy =0, =0,x1=0,x2 =0
Vi .
6X2 ¢1=0,2=0,x1=0,x2=0

Sebastian PaBehr (DESY Hamburg) Higgs-Boson Spectrum in the cMSSM Hamburg, 27.10.14



Minimization conditions at the lowest order

necessary conditions yield:

m =] 2 ccoo -y (gh +82) (- B) .

m = miy] 2 ccoo+ 4 (g5 +82) (- B) .

sc+¢ =0,

eliminate m? and m3 |
apply relation ¢ = -,

moreover, with the help of a Peccei—Quinn transformation:

(=0 = (=0.
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Tadpole coefficients and mass matrices at the lowest order

tadpole coefficients:

0) _

de1 =0,
0) _

T¢2 =0,
0

o —o.
0

o -0,

neutral mass matrix:
G- (1 12
1P2X1X2 M¢X MX1X2
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Lowest-order relations: substitutions

apply following substitutions:

tanﬁzg,
Vi
1
My = g2 (4 d)

short reminder:

¢1, 9o CP even,
X1, X2 CP odd.
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Lowest-order relations: masses |

0) _
M¢>x =0,

= no CP-mixing at the lowest order,

—|mi,|  |miy|cot B

MO  — <|m§2| tan3 —|mi| >

real and symmetric,

masses of CP odd bosons:

2|m?

2 _ 12
A= Gin(28)
mzc =0
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Lowest-order relations: masses |l

_ (267 te) i Imbl E g gy +an) vive — I
—3 (g +g)viva—|mi| 3 (gy +g&a)vi+Im| L )’

real and symmetric,

masses of CP even bosons:

1
mf,/H =3 {mf\ + M2 F \/(mf‘ + l\/l%)2 —(2ma Mz cos(2B))2] ,

upper bound on the lightest Higgs mass:

m? < M2 cos®(28) .
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masses ||

1,2 2 2 1w 1,2 2

M@ | _ 38 Vs H|m| 2 —5guvive — M|
£+ =| "1 2 2 1,2 2 2 v

1 %2 —28uViva—|miy| 38y vi+ M|

I

real and symmetric,

masses of charged bosons:

2 2 2
miye = ma + My, |

2
mGj:ZO.
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Lowest-order relations: parameters

e all masses at the lowest order determined by
two parameters of the MSSM:

ma and tan g,

e tadpole coefficients (linear terms) are zero,
mass matrices (bilinear terms) are real,

triple and quartic couplings determined by
real g2 , g2, v and v,

= Higgs sector is CP-conserving at the lowest order.
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O Mass-eigenstate basis at the tree-level
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Lowest-order relations: mass-eigenstate basis

five massive, physical Higgs bosons h, H, A, H* |
three massless, unphysical Goldstone bosons G , G*
(only acquire masses by gauge-fixing),

(#) =0 () 6) =0 (1) (&) =0 (),

mixing matrix

D, — <—sin(x) cos(x)> .

cos(x)  sin(x)
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Higgs potential in mass-eigenstate basis at the tree-level

parametrization of the Higgs potential in mass-eigenstate basis

Vi = constant
—Tphh—TyuH—-TA,A-TcG
h
1 H
t3 (/h H, A, G) Mhnac | 4
G

o H*
+(H ,G )MH:tG:t <G+>
+ triple + quartic .

tadpole coefficients Ty, Ty, Ta, Tc,
mass matrices Mypyac , Mpy+cs .
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Tree level versus lowest order

tree level:

e non-zero tadpole coefficients T, , Ty, Ta, Tg,
5 iy e e

. m m m m
e full (4 x 4) matrix Mppyac = hH T H TTHA TTHG
Mpa Mya Ma Myg

2 2 > 2
My Muyc Mac Me

2 2
e full (2 x 2) matrix My+g+ = ( Th mHG+> 7

2
m m
G—Ht Gt

lowest order:
e zero tadpole coefficients Tf(lo) , T,S,O) , T/E\O) , Téo) ,

e diagonal (4 x 4) matrix MST(;_),AG = diag (m3, m%,, m3, m%) ,

e diagonal (2 x 2) matrix MS_?j)EGi = diag (m%,+, m%.) .
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Lowest-order relations: mixing angles

evaluate tree-level mass matrices in mass-eigenstate basis:

2 2 e
MAG = ~Mats—5, = 55 Wiy ey 5, (THSa—ps — ThCap,)
2 _ 2 e Sa—fc Co—fe | = 1 )
MH-G+ = ~ Mt 16-pc — 25, My (TH s T Thg s TiTag )

sx =sin(x), ¢x =cos(x), t, =tan(x),
apply lowest-order relations:

0:—m,24tan(5—5n) = [h=0,
O=-—mps tan(B—Bc) = fBc=4,

similar relation for CP even Higgs-boson mass matrix:
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Lowest-order relations: summary

e two neutral CP even Higgs bosons, h: &7 H: ',
e one neutral CP odd Higgs boson, A: O,
e two charged Higgs bosons, H*: ‘,

e CP conservation,

e two independent parameters to describe masses and mixing,
common choice: tan § and mp,

e important relation mf_,i = mi + I\/IEV.
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@ Higher-Order Corrections
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Two-point vertex function at higher orders

Higgs masses given by poles of propagator matrix
: k -1
Appac (Pz) =1 [le - ME,;.;AG (P2)} ;
matrix of renormalized two-point vertex functions:

F554)AG <P2> =— {AhHAG (Pz) Tl ;

masses determined by

Fi()] =0, mi=nfs]. icn23,

P2 = X;

det

(fourth solution belongs to Goldstone boson, equal to zero).
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Mass matrix at higher orders

(k) 0)

o lowest order: MhHAG(p2))k 0T M%HAG, diagonal,

: k 0 k<)
e higher order: M%JAG(pz)‘k —_ ME,,_),AG _121 X hhac(P?)

shift by renormalized self-energies

£0(7) £4(7) £0(67) £
£9) (o) = | 50 £56) £ )
2ia(r?) z(lfl/)A(pZ) g)(p2) zg)c(pz)
£10(p?) ZHe(r?) £56(%) £2(p?)

Hamburg, 27.10.14
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Example at the one-loop order

renormalized self-energies composed of
self-energies and counterterms:

£0(7) = 5(7) (5 - ) 7~ om.

self-energy:

counterterm:
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Renormalized self-energy of the lightest Higgs h

tree-level mass:

2
m? = M2 + m3 Sa=s
h ZS +B Az
T3 swe‘A;(ﬁz;fB [TH Caf Sa—pn + Th 3 (C2a-p-p, +3 Cﬂ—ﬁn)} :
independent parameters:
MZ’ MW’ €, tanBa mA(OrmHi)a Th7 TH7 TA7

one-loop self-energy: Z%l)(pz) , calculate Feynman diagrams,

one-loop counterterm: 5m,27, apply renormalization
transformation to m%.
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Counterterm for the self-energy of the lightest Higgs h

renormalization transformations:

Mz — Mz + Mz | Th— Tp+0Ty,
My — My, + My, Ty — Tpy+06Ty,

e —e+de, Tao— Ta+0Ta,
mf\—>m,24+5m,24, tang — tanf+dtanf ,

mixing angles a , 3, , [ not renormalized,

apply to tree-level mass m%, and utilize lowest-order relations
om? = 6M> s§+5 +6m3 co%,ﬁ
+dtanBc3 (M3s +m3s
8 \ Mz S2(a+p) A 32(a—p)

+ g [0Th o sap+0Th (14 25)].
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CP mixing at higher orders

off-diagonal entries of )A:(,,JLAG(pZ):
. f%(p2) # 0: CP even bosons h, H mix,
. fg}‘(pz) # 0: CP even boson h and CP odd boson A mix,
. f(ﬂ&(ﬁ) # 0: CP even boson H and CP odd boson A mix,

= in general no CP eigenstates at higher orders,

more precisely:
$0(p?) ocoml...], SY(p?) o Sm[..]

i.e. CP mixing introduced by complex parameters from other
sectors of the MSSM (e.g. 1, At, ...).
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Input parameter my or my+

so far:

however:

instead:

ma chosen as an input parameter,
convenient if only h and H mix,

on-shell renormalization of A possible, i.e.

£3(m3) =0,

input of my makes no sense for complex parameters,
because higher-order corrections to my4 also induced by

off-diagonal self-energies 59 (p2) | £0) (p2)

choose my+ as an input
utilizing the relation m,2_,,i = mf\ + I\/Iﬁv,

on-shell renormalization of my+ possible, i.e.

£k (mis) = 0.
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Mixed particles at higher orders

o |owest order mass eigenstates:
CP even CP odd charged

YR BT R

o higher orders:

real MSSM complex MSSM both
CP even CP odd CP mixed charged
input parameter: input parameter:
ma or my+ mpy+
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® Renormalization of the Higgs sector
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Field-renormalization constants |

one field-renormalization constant for each Higgs doublet:

Hl — 7-tl \/ Z'Hl ) ZH1: 1 + 5ZH1 )
Hyr — ’HQUZ'HQ s Z’sz 1 +5Z'H2 .

determined by DR-conditions:

oz () o= ()]
5Z’Hl = —§R€ [gﬁﬂ . = —§R£ 4611,;0 ,
div L 1div
or9(s?) )| (»)
P = [ op? L- - 57
v L ddiv
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Field-renormalization constants Il

commonly, field-renormalization constants in mass-eigenstate basis:
h vV Zu, 0 _1( h
<H> — Da ( 0 Z )P\ H

[y L (0Zm 8Zu\] (h
o 2 \0Zuyr 6Zun H/’

0 Zpy = ( sa0Zy, + ¢ 52%2) ;
0Zyy = (CiéZHl + S§5ZH2) ,
6Znt = 0 Zpyp = cosa (623, — 62Z3,)

analogously for neutral CP odd and charged Higgs fields,
no CP mixing by 6Zj; at all orders.
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Tadpole-renormalization constants |

Higgs potential at the one-loop order:

VD = TOh— TP H-TOA-TP 6+,

tadpole coefficients:

T Z 70 0

renormalized tadpoles:

OB Ol
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Tadpole-renormalization constants I

tadpole diagrams:

tadpole counterterms

renormalization condition:
minimum of Higgs potential not shifted, i.e.

S I O
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Renormalization of my and my=+

input parameter: ma M+
on-shell particle: A H*
renormalization a(1), o\1 $(1) o
condition: %[ZA (mA)} =0 §Re[ Hi(mHi)} =0
renormalization (1) (1)
constant: Oy = ‘SRQ[ZA (mf\)] Oy = %z[z”i (mHi)]
relations: m;z.,i = m,24 + I\/I%V
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Renormalization of gauge sector

gauge sector renormalized as in the Standard Model,

gauge-boson masses on-shell

de not required for renormalized Higgs potential at one-loop.
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Renormalization of tan

definition:

V.
tanﬁ:v—i,

vi, v part of Higgs doublets and parameter, hence
Vi — Z’HI.(V,'—F(SV,') s
presently best option: DR-definition of tan 3 ,

utilize result for dv;:

| _ 0w

9
V1 ldiv V2 ldiv

dtan 8 = % tanB(éZHQ - 52’;.[1) .
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Computational parts

definitions above leave following tasks:

e evaluation of all neutral Higgs-boson self-energies,

if complex parameters:

evaluation of charged Higgs-boson self-energy,

> (1)

4> ( ) az¢2(p2)

Op 2 ’ 3p2 ’
div div

e evaluation of derivatives

e evaluation of Higgs-boson tadpoles,

e evaluation of W- and Z-boson self-energies,

= divergences of each renormalized self-energy cancel,
evaluate zeroes of determinant of two-point vertex function.
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@ Present status
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e-loop correctio

e full one-loop result including dependence on p? known
in the MSSM with complex parameters,

e main contributions: t and t loops,
order a; , but proportional to m:

2
- "\\
t f1,2 / K
L L
2\ _ ’ 3 N
zh(”) B PR /h+ Wt T
——
t 51.2

e additional parameters: mz , mz, , At ,
complex case: ¢4, , ¢, , mixingof h, H, A,
e mass contribution to my up to 50% of tree-level result,

e higher-order corrections necessary.
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Higher-order corrections

most important parts:
leading corrections to ms-enhanced one-loop contributions:

- e corrections of O(aas) in complex MSSM,
[Heinemeyer, Hollik, Rzehak, Weiglein, arXiv:hep-ph/0705.0746, 2007],

e corrections of O(a?) in complex MSSM,
[Hollik, SP, arXiv:1401.8275 [hep-ph], arXiv:140.1687 [hep-ph], 2014],
e corrections of O(a?) + ... in real MSSM

in effective potential approach,
[Brignole, Degrassi, Slavich, Zwirner, arXiv:hep-ph/0112177, 2002],

complex
MSSM

2-loop

e corrections of O(a¢as) in real MSSM,

momentum dependent parts,
[Borowka, Hahn, Heinemeyer, Heinrich, Hollik, arXiv:1404.7074 [hep-ph], 2014],

real

MSSM

e corrections of O(a:a?) in real MSSM,
only for the lightest Higgs,

[Harlander, Kant, Mihaila, Steinhauser, arXiv:1005.5709 [hep-ph], 2010]. a

3-loop
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® Order a? Corrections
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Leading order o corrections

e complex MSSM, CP-mixing,

o self-energies for neutral and charged Higgs bosons computed,
e analytical calculation in Feynman-diagrammatic approach,

e approximations to yield dominant parts:

e gauge-less limit: gy =0, g =0 (just as O(azas)),
e also g =0,

e external momentum equal to zero,

e bottom mass equal to zero,

e total enhancement of m?,

e Higgs-boson masses evaluated from

ffl-)lAG (Pz) =1 [le —Mihe + }A:gwlszG (Pz)

/\(2),041:045 /\(2)’0{%
+Zpuac (0) + Zpiac (0)} .
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Feynman diagrams for neutral Higgs bosons

tk’/'"‘\\tl»bl

tkablir‘/’\\tl

/

t t
t1,b1, 0, B 1,61, @0, &7
N N
i (\ ’\E \ ; e th
i, 2ol Em e e P e
LA 0k Yim - / :

1

t t _t.k
o o o o // \\‘,,,
D, ; D, ;D\ @
N
t t i

a cross denotes a one-loop counterterm insertion,
(Di:h? Ha Av (bO:hv Ha Aa G7 ¢ =H™

Higgs-Boson Spectrum in




Renormalization scheme

required renormalization constants:

g ol © on-shell
§§ Oty , Oty , Ota
- either 5mf4i or 5m/24 ,
e on-shell:
IMw /My , Mz/Mz |
§' e DR:
i (5ZH1 , 527.[2 , 0tan (3,
e on-shell or DR:
dmy , omy , 6myg, , Op, 6A: .

Hamburg, 27.10.14 54 / 66
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Procedure of calculation

e creation of Feynman-diagrams and amplitudes with help of
FeynArts, [Hahn, arXiv:hep-ph/0012260, 2001],

e applying approximations,

e reducing one-loop diagrams to master integrals
with help of FormCalc, [Hahn, arXiv:hep-ph/0901.1528, 2009],

e reducing two-loop diagrams to master integrals with help of

TwoCalc, [weiglein, Scharf, Bshm, arXiv:hep-ph/9310358, 1993],
e creating counterterms from the Higgs potential,
e applying renormalization scheme,

e evaluating renormalization constants.
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Analytical result

all complex parameters combined into real quantities,
p>=0 = no imaginary parts from loop integrals,
result real.
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Numerical results

Default input values of the MSSM and SM parameters.

MSSM input SM input
M, =200 GeV, m; = 173.2 GeV,
M1 = (55&,)/(3@%) M2 s mp = 4.2 GeV,
my = mg, = 2000 GeV, m,; = 1.77703 GeV,
Mg = Mgg = maR = 2000 GeV, My, = 80.385 GeV,
A, =Ag = A =0 GeV, Mz = 91.1876 GeV,
mj, = myp, = 2000 GeV, Gr = 1.16639 - 107° |
Mg, = Mg, = Mg, = 2000 GeV, as =0.118 .

Ac=A; = A, =0 GeV,
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Higgs masses in real MSSM with input mg

—_— M) =— N — g = Mpyz =— Saeﬂ.
— with O(a?) --- without O(a?)

220

200F

180F

M 1e0f
[GeV] 140
120F

100¢
0.0F

g = 30

© =200 GeV
mg, = my, = my = 1000 GeV
my, = mz, = 1000 GeV

mg = 1500 GeV

A =Ap =A, =1500 GeV

-0.2f

100 120 140 160 180 200
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Maximum of lightest Higgs-boson mass

m — — —
' 100 105 110 115 120 125 130 tp =10, p =200 GeV, my = 500 GeV,

[GeV] e mg, = Meg = mp, = 1000 GeV,
Apy=A; =0, mgz = 1500 GeV,

—— 1130

128 4,

126 [GGV]
mx 124

-1128
_1126

124
mod

3l : — Iy my, 120

500 1000 1500 2000 2500 3000500 1000 1500 2000 2500 3000
m; [GeV] m; [GeV]

at high mgy = mg, = mz_:  missing higher-order corrections,
kinks: thresholds for t; — &t .

= ]
— 1.5 == ~1.
-2r

my
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Comparison with previous result in the real MSSM

numerical agreement with existing result for real parameters,

example:

— effective potential @ Feynman diagrams — without O(e?)

tg =30

u =200 GeV

1 mg, = m;, =my =1000 GeV
my, = mz, = 1000 GeV

1 mg = 1500 GeV
105! 1 my = 800 GeV
Ar=Ap=A,
100L—— ‘ ‘ ‘
-2000  —1000 0 1000 2000
A, [GeV]
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Big improvement in the complex MSSM

lightest Higgs-boson mass,

myz= is input parameter, H*-boson renormalized on-shell,

— interpolation — calculation
p= = 3000GeV == 4500 GeV

tg= 5
mg, = m,;k = 1500 GeV
mi, = L1 Mg,

my, =Mz, = 1000 GeV
mg = 0.9 my, &' ™>
my+ = 500 GeV
[Ad = 1Apl = |A| =2 mg,
Pa, = Pa, = Pa,

$a, [7]

Sebastian PaBehr (DESY Hamburg)

Higgs-Boson Spectrum in the cMSSM

Hamburg, 27.10.14
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Big improvement in the complex MSSM

heavier Higgs-boson masses,
myz+ is input parameter, H*-boson renormalized on-shell,

—_— My, = M,
— calculation == interpolation === without O(a?)

ip= 5

= 3000 GeV
mg, = my = 1500 GeV
m;, = 1.1 mg,
my, = mz, = 1000 GeV

L _ Lin/2
mgz =09 my, e

1 my= = 500 GeV
[Asl = |Ap] = |1Ac] = 2 mg,
a, = Da, = Pa,
-1.0 -0.5 0.0 0.5 1.0
éa, 7]

interpolation:  dm?,. = dm? := £ 4(0)

- 2
in O(ag) terms caleulation:  dm? = dm?,. := ¥ 41(0)
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Influence of phases

dependence of mp, on ¢x,, ¢, ,
myz= is input parameter, H*-boson renormalized on-shell,

— =0 — ¢,=% bu=% _¢#:5gl — pu=n

127 '\ 9.2

126

125 0 —

my, 124 Amy,
(Gevl [GeV] — [><"
i 8.6
121 / 8.4
-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
ox, [n] ox, [n]

Left: The value of my, including all available contributions, with the
phase dependence arising from one-loop, O(aa5) and O(a?) terms.

Right: The contribution Amp, to mp, owing exclusively to the O(a?)
terms, for different phases.

The input parameters are m, 1 = 200 GeV, |u| = 2500 GeV, tg = 10, mg, = mig = 1000 GeV,

Mg,

5 = My = mp = 1500 GeV, |Xe| = 2mgy, Ap = Ar =0, mg = 2000 GeV.
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Charged Higgs-boson mass in the real MSSM

mp is input parameter, A-boson renormalized on-shell,
additional shift to my= by newly available O(a?) terms,

— total — without O(e?)
-~ without O(a?), O(a,as) — mass shift by O(a?)
t5=4, my=150GeV, t5=10, my =500 GeV,
506
mp+ . mp+
164 . 505
[GeVl 162 [GeV] 504
160 A . 503 A
~02 ~0.1
—0.4 -0.2
Amh: —0.6] Amhz ~03
-0.8 _
GeV GeV] —04
[(GeV]_|y [GeV] ~ o5
:1.2 ~06
500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
H[GeV] H[GeV]

The other input parameters are mgy = my, = mER = 1000 GeV, m173 =migp = 1000 GeV,
At =Ap =Ar =15 Mgy, Mg = 1500 GeV.
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Outlook

e implementation into FeynHiggs,

[Hahn, Heinemeyer, Hollik, Rzehak, Weiglein, arXiv:hep-ph/1007.0956, 2010],

e calculation of missing two-loop parts with gauge-couplings.
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Input sectors

squarks:
M; = (m(glL + mg + M%CZﬂ(Tc:? - QqS\%) mq (Az - ,UJKVq) ) ’
mq (Aq — W' kKq) m%R + m3 + M%czg Qqsv%
1
= —, =t R
Kt tﬁ Kp 3
neutralinos:
Ml 0 —M25WC5 MZSWSB
Y — 0 M2 M2CWC5 I\/Izcwsﬁ
—Mzswcg Mzcycs 0 — ’
Mzsw55 MzCW55 —l 0
charginos:

X — M, V2Myyss
\@ch@ % ’
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Dependence on tan 3 in the real MSSM

—_— My = My =— N = M) —_— My = My =— Ny = M
— with O(a,z) === without 0(0,2) — with O(a,z) === without O(a,z)

m; m;

[GeV] [GeV] 125
110

1201

100 115f

110f
90

1051

80 100
0 40 50 0
g g

Left: my = 500 GeV. Right: my = 110 GeV. The other parameters are fixed at: pu = 200 GeV, mz = 1500 GeV,

mgy = My, = mE’R = 1000 GeV, ml73 =Mz = 1000 GeV, Ay = A, = Ar =15 My -
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Dependence on g in the complex MSSM

shift of lightest Higgs-boson mass for different ¢4,

— $4,=0 — 1, =7/2 — fa=7

8.5 127

8.0 126

Amy, 75 / / my, 125F-
[GeV] / . [GeV]
70 \/\// 124

65 &—/ 123
60 122] -
~1000 0 1000 2000 3000 4000 ~1000 0 1000 2000 3000 4000
p[GeV] #[GeV]

The parameters are chosen as follows: tg = 7, mgy = my. = m[’R = 1500 GeV, mg = 1500 GeV,
my =500 GeV, Ay = Ap = A; = 1.6ma3, mi3 =mpp = 1000 GeV.
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CP mixing in the complex MSSM

dependence on my+

m
U,Zi,j 0 02 04 0.6 038 10 "™ 3070 110 150 190 230 270
[GeV] -—
290) ‘\ 0 |
\ !
260 AN
v \J
0] |

200
170]
140

290

260
2302100 ——

110}
~10 =05 00 05 10 -05 00 05 L0 05 00 05 1.0 ~10 05 00 05 10
éa, [7] &4, [7]

The input parameters are fixed at 1 = 2000 GeV, tg = 5, ml73 =mzp = 1000 GeV,

Mgy = mg, = mp = 1000 GeV, |A¢| = |Ap| = |Ar] = 2 mgy, mz = 1500 GeV.

R

Sebastian PaBehr (DESY Hamburg) Higgs-Boson Spectrum in the cMSSM Hamburg, 27.10.14



CP mixing in the complex MSSM

dependence on p

Up i 0 0.2 04 06 0.8 10 M

’]4[) 60 80 100 120 140
—— e

-1.0 =05 00 05 10 =05 00 05 10 =05 00 05 1.0 -1.0 =05 00 05 10
@4, [n] o4, [n]

, = meg = 1000 GeV,

Mgy = My = mp, = 1000 GeV, |At| = |Ap| = |Ar| = 2mg,, mz = 1500 GeV.

The input parameters are fixed at my+ = 140 GeV, tg =5, my
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Inverted Higgs-boson mass hierarchy in real MSSM

interpretation of heavy CP-even Higgs boson as measured particle

2000

1800}

1600f

1400

128.5
127.5

1255
[GeV]

1235

1225

140.0
mys

[GeV]
138.0

m;
[GeV] 1200
1000}
800}
600
X
m;

3
15=55

= 1500 GeV

L

[GeV]

2000

1800}

1600f

1400

1200

1000f

800]

600]

X,
my

The other parameters are mg = 1500 GeV, Ap = A =0, mBR = ml73 =mzgp = 1000 GeV.

Sebastian PaBehr (DESY Hamburg) Higg:

Boson Spectrum in the cMSSM

128.5
127.5

125.5

1235

1225

140.0

138.0

3
15=15

my
[GeV]

[GeV]

1= 2800 GeV




Inverted Higgs-boson mass hierarchy in complex MSSM

interpretation of heaviest Higgs boson as measured particle

my,
[GeV] -

122.5 125.5 128.5

mj

[GeV1 500

Parameter region at tg = 7.5, 1 = 2800 GeV.

The other input parameters are mBR =my o= mpp = 1000 GeV, A, = Ar =0, mz = 1500 GeV.

3
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Dependence on complex u

1l = 2500 GeV il = 2500 GeV/
My 75 90 105 120 135 - iy 7590 105 120 135 —
[GeV]  m— ; o { 1 ;,,,, [GeV] b ; " — { ,5,,,,
~1.5m; ~1.5m;
— with O(@?) Gu= bu=1 — with O(a})
--- without O(a?) --- without O(a?)
108 10¢
106
104
102
100
117.0)
116.5] _—
"y 116, i 116.0 Z
[Gev] 1155 [Gev] 1155
115, “\ 5.0
114.5] \ “ r 114.5]
134 134
132
130}
128
1
-2-10 12 -2-10 1 2 0 1/10 1/5 -2-10 12 -2-10 1 2 4/5 9/10 1
X bulnl .2 L)

The input parameters are tg = 7.5, my+ = 140 GeV, m; = mgy = my, = mER = 1500 GeV,

mi3 =migp = 1500 GeV, A, = Ar =0, mg = 1500 GeV.

DESY Hamburg) son Spectrum in the cMSSM Vil



	Higgs-boson spectrum in the cMSSM
	Contents
	Particle content of the MSSM
	Higgs fields in the MSSM
	Higgs potential at the tree-level
	Mass-eigenstate basis at the tree-level
	Higher-Order Corrections
	Renormalization of the Higgs sector
	Present status
	Order alpha top squared Corrections
	Numerical Results
	Outlook
	Appendix

