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Aim 1.0

Precision calculations must match experiemental precision

Examples:

• mh @ 2-Loop requires 1-Loop subrenormalization

• 1-Loop Branching ratios: renormalization of all sectors

We need:

• Consistent renormalization of the full cMSSM

• Implementation in FA/FC for fully automated calculations

Renormalization Scheme:

• Mostly on-shell:

All processes with on-shell external particles
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Aim 2.0

• What is the best choice of On-Shell RS?

• Need quantitative prescription

- automatize this choice!

- implement in code

• Switch between RS:

needed to scan over full parameter space

• Compare different RS:

- estimate 1-loop uncertainties

- analyze full set of observables in different RS
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Outline: On-shell RS in the Complex MSSM

• Introduction

• Fully Automated Calculations in the cMSSM:

Implement Renormalization in FA/FC

• RS choice in the chargino/neutralino sector

• Technicalities

• Conclusions
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Introduction

The Big Question: which Lagrangian describes the world?

• The LHC may discover BSM physics soon

• ⇒ precise measurements at the ILC
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Introduction

The Big Question: which Lagrangian describes the world?

• The LHC may discover BSM physics soon

• ⇒ precise measurements at the ILC

• Theory calculations must match experiemental precision:

−masses

−cross sections

−branching ratios

−angular distributions

−etc.

We focus on the MSSM

• Enlarged Higgs sector: two Higgs doublets

• Many scales

• complex phases
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Fully Automated cMSSM Calculations

Generic problems for SUSY loop calculations:

• SUSY has to be preserved in the calculation

• Many different mass scales

• Many more mass scales than free parameters

• Even more parameters: mixing angles, complex phases

• Renormalization is much more involved than in the SM

−much less explored than in the SM

−has to preserve/respect mass relations

−depend on mass scales realized in Nature

−sometimes no really good solution exist (e.g. tan β)

−many sectors enter at the same time

⇒ this is the biggest issue!
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Renormalization of the cMSSM

Example: Chargino and neutralino sector

On-shell renormalization

– renormalize 3 (complex) parameters: M1, M2, µ

– chargino-neutralino sector ⇒ 6 mass paramters:

mχ̃±

i
, i = 1, 2, mχ̃0

j
, j = 1, . . . , 4
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Renormalization of the cMSSM

Example: Chargino and neutralino sector

On-shell renormalization

– renormalize 3 (complex) parameters: M1, M2, µ

– chargino-neutralino sector ⇒ 6 mass paramters:

mχ̃±

i
, i = 1, 2, mχ̃0

j
, j = 1, . . . , 4

CCNj scheme: choose mχ̃±

1

,mχ̃±

2

,mχ̃0

j
on-shell ⇒ δM1, δM2, δµ

remaining masses receive finite mass shifts

Q: why mχ̃±

1

,mχ̃±

2

,mχ̃0

j
?

Federico von der Pahlen, COMHEP 2017 – p. 7/25



Chargino and neutralino sectors: renormalization

CCNj scheme: choose mχ̃±

1

,mχ̃±

2

,mχ̃0

j
on-shell ⇒ δM1, δM2, δµ

[
R̃eΣ̂χ̃±

i
(p)
]
ii
χ̃±
i (p)

∣∣∣
p2=m2

χ̃
±

i

= 0, (i = 1, 2),

[
R̃eΣ̂χ̃0

j
(p)
]
jj
χ̃0
j(p)

∣∣∣
p2=m2

χ̃0

j

= 0,

3 eqs. define 3 complex parameters & field renormalization const.

Mass shifts

mχ̃0

k
= m

(0)
χ̃0

k

+∆mχ̃0

k
, (k = 1, . . . , 4; k 6= j)

∆mχ̃0

k
= −1

2Re
{
R̃e
[
mχ̃0

k
Σ̂L
χ̃0

k

(m2
χ̃0

k

) + Σ̂SL
χ̃0

k

(m2
χ̃0

k

) + (L ↔ R)
]}

Choose masses of charged particles as input to avoid IR divergencies
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Chargino and neutralino sectors: renormalization

On-Shell schemes have numerical instabilities for some parameters!

⇒ no fundamental problem, need alternative RS conditions

CCNj scheme: (mχ̃±

1

,mχ̃±

2

,mχ̃0

j
on-shell)

CNNi,j,k scheme: (mχ̃±

i
,mχ̃0

j
,mχ̃0

k
on-shell)

NNNi,j,k scheme: (mχ̃0

i
,mχ̃0

j
,mχ̃0

k
on-shell)

Shift mass of chargino only if not an external particle!
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Renormalization schemes: matching

no on-shell scheme works everywhere: here |µ| ≃ |M2| region

loopCCN

treeCCN

loop212

tree212
loop213

tree213

Γ[GeV]

M2[GeV]

χ̃−
2 → χ̃0

1W
−

600550500450400350

0.3

0.25

0.2

0.15

0.1

0.05

0

−0.05

−0.1
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Renormalization schemes: matching

no on-shell scheme works everywhere: here |µ| ≃ |M2| region

loopCCN

treeCCN

loop212

tree212
loop213

tree213

Γ[GeV]

M2[GeV]

χ̃−
2 → χ̃0

1W
−

600550500450400350

0.3

0.25

0.2

0.15

0.1

0.05

0

−0.05

−0.1

• ”good RS”

⇒ smaller rad. corrections

• different schemes

⇒ theory uncertainty

• implement results in FA/FC:

matching of RSs

[Heinemeyer,FP,Schappacher, in progress]
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Chargino and neutralino sectors: renormalization

Analysis of ∆m in CCN,CNN,NNN [Chatterjee,Drees,Kulkarni,Xu 2011]

Conclude that best choice is:

CNNi,j,k scheme:

• mχ̃±

i
wino-like

• mχ̃0

j
bino-like

• mχ̃0

k
higgsino-like

but:

• what about mixed scenarios?

• which higgsino?

(pseudo-Dirac system ⇒ opposite relat. intrinsic CP)

• need quantitative prescription!
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Chargino and neutralino sectors: renormalization

Dark Matter relic density scans in the MSSM very sensitive to ∆m

[Beneke,Bharucha et al ’16] choose as“best”:

• M2 < |M1| < |µ| : CNN[1,2,3] (χ̃0
3; m < 0 higgsino)

• M2 < |µ| < |M1| : CNN[1,2,4] (χ̃0
2; m < 0 higgsino)

• Scan choice needs too much human input and insight

(error prone, slow, . . . )!

• Interesting DM scenarios: coannihilation ⇒ mixed scenarios!

(see e.g. [Beneke,Hellmann,Ruiz-Femeńıa ’14][Harz,Herrmann,Klasen’16])

→ implementation in spectrum generators!

FeynArts/FormCalc/LoopTools ⇒ FeynHiggs
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Chargino and neutralino sectors: renormalization

• Starting point (here, for χ̃+
i , analog for j, k):

[δMχ]ii = [V ∗δXTU †]ii

• leads to linear equations:

fi(Σ) = ai1δM1 + ai2δM2 + ai3δµ := δm̃χ̃±

i

⇒ solve for δM1, δM2, δµ: need to invert A ≡ {aij}
⇒ only possible if A can be inverted

measure of good RS: maximize
|detA|

max|detA|
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Chargino and neutralino sectors: renormalization

Example (CCN):

δm̃χ̃±

i
=

1

2
R̃e
[
mχ̃±

i

(
ΣL
χ̃±(m2

χ̃±

i

) + ΣR
χ̃±(m2

χ̃±

i

)
)
+ 2ΣSL

χ̃±(m2
χ̃±

i

)
]
ii

.

δM2 =
1

2 (U∗
11U

∗
22V

∗
11V

∗
22 − U∗

12U
∗
21V

∗
12V

∗
21)

×
(
2U∗

22V
∗
22 δm̃χ̃±

1

− 2U∗
12V

∗
12 δm̃χ̃±

2

+ (U∗
12U

∗
21 − U∗

11U
∗
22)V

∗
12V

∗
22 δ(

√
2MW sinβ)

+ U∗
12U

∗
22(V

∗
12V

∗
21 − V ∗

11V
∗
22) δ(

√
2MW cosβ )

)
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cMSSM @ one-loop: overview

– Higgs wave function renormalization and tanβ: DR

– Higgs masses: on-shell.

ZH-matrix: h,H,A → h1, h2, h3 [FeynHiggs]

– electroweak gauge bosons: on-shell

– quark sector: internal mb DR, external mb on-shell,

other quarks on-shell

– squark sector: Ab DR, squarks on-shell

– lepton/slepton sector: on-shell

– chargino-neutralino sector: on-shell
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Fully Automated cMSSM Calculations: Higgs sector

• Higher-order corrections phenomenologically very important

• But: including these corrections on propagators and vertices

mixes orders of perturbartion theory

• ⇒ no cancellation of UV and IR divergencies

• Masses of Higgs propagators should be consistent with

mixing angle α parametrizing the vertices
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Fully Automated cMSSM Calculations: Higgs sector

• Higher-order corrections phenomenologically very important

• But: including these corrections on propagators and vertices

mixes orders of perturbartion theory

• ⇒ no cancellation of UV and IR divergencies

• Masses of Higgs propagators should be consistent with

mixing angle α parametrizing the vertices

• Recipe:

• Vertices with tree-level α

• Loop propagators with tree-level Higgs masses

• tree propagators with loop-correctied masses
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Fully Automated cMSSM Calculations Automatic Diagram Eval

• FeynArts: Diagram generation: ⇒ Amplitudes
– create topologies

– insert fields

– apply Feynman rules

– paint diagrams

• FormCalc: Algebraic simplification
– contract indices

– calculate traces

– reduce tensor integrals

– introduce abbrevations

• FormCalc : numerical evaluation
– convert Mathematica output to Fortran code

– supply driver routines

– link LoopTools: implement integrals

• → Squared amplitudes
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Fully Automated cMSSM Calculations Modelfile

• Modelfile MSSMCT :

complex MSSM including all one-loop counterterms

Federico von der Pahlen, COMHEP 2017 – p. 18/25



Fully Automated cMSSM Calculations: Higgs sector

• Recipe:

• Vertices with tree-level α

• Loop propagators with tree-level Higgs masses

• tree propagators with loop-correctied masses

• Implementation in FeynArts:

S[1] == {

Mass -> Mh0,

Mass[Loop] -> Mh0tree, ... }
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Fully Automated cMSSM Calculations: CKM and NMFV

• MSSMCT presently limited to minimal flavor violation

(MFV) in the Sfermion Sector

(Only mixing within each generation)

• for non-trivial CKM matrix:

⇒ imbalance between fermions and sfermions

• CKM mixing turned off by default

may be switched on: $CKM == True
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Run-time Renormalization Scheme selection

• Choice of RS conditions dependent on parameter:

(e.g. Chargino/Neutralino sector)

• Schemes require different computation of a set of

Renormalization Constant,

e.g. dMino11, dMino21, dMUE1

• Solution1: dMUE1 = IndexIf[cond, δµA, δµB]

• However: dependences cannot be resolved with individual

IndexIfs f.i.:

Scheme A: δµ = f(δM1)

Scheme B: δM1 = f(δµ)

• Solution2: One-pass ordering collects & recurses on IndexIfs
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Run-time RS selection: One-pass ordering

dMUE1 = IndexIf[cond, δµA(δMA
1 ), δµB];

dMino11 = IndexIf[cond, δMA
1 , δMB

1 (δµB)];

dMino21 = IndexIf[cond, δMA
2 , δMB

2 ];

→
IndexIf[cond,

dMino11 = δµA(δMA
1 );

dMUE1 = δµA(δMA
1 );

dMino21 = δMB
2 ,

(* else *)

dMUE1 = δµB;

dMino11 = δMB
1 (δµB);

dMino21 = δMB
2 ];
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Run-time RS selection

Scheme switching selected as

• $InoScheme = IndexIf[cond, CNN[2,1,3], CNN[1]]

where cond might be Abs[Abs[MUE]] - Abs[Mino2]] < 50

to chose most stable RS for |µ| ≈ |M2|
• $InoScheme = CCN[1]

where nbino is determined at run-time to be the most

bino-like neutralino

Warning:

note that a renormalization-scheme switch in principle requires a

corresponding transition of the affected parameters from one scheme

to the other for a fully consistent interpretation of the results
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Applications

FeynArts/FormCalc with the new cMSSM-CT model file are ready

Calculations have been performed for

−Stop and Sbottom decays at one-loop

−Stau decays at one-loop

−Gluino decays at one-loop

−Chargino and Chargino decays at one-loop

−Higgs decays at one-loop

−Higgs masses at two-loop

−DM relic: neutralino masses at one-loop

−Chargino/Neutralino pair-prod @LC at one-loop

−Neutral and Charged Higgs pair-prod @LC at one-loop

−EWkino+jet production @LHC at one-loop
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Summary

• Renormalization of the full complex MSSM under control

• FeynArts 3.9: MSSMCT model file including complete 1-loop

renormalization

• FormCalc: from 8.4

• Support run-time renormalization scheme selection

• EWkino sector: automatic renormalization scheme selection

comming soon!

• Applications
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backup transparencies
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Where are we? (a selection!)

1. Neutral Higgs boson masses

– O (αtαs) in the cMSSM [Heinemeyer, Hollik, Rzehak, Weiglein ’07]

– O
(
αtα2

s

)
, O

(
α2
tαs

)
, rMSSM [Martin ’07]

– O
(
αtα2

s

)
, rMSSM (incl. fin. terms) [Harlander, Kant, Mihaila, Steinhauser ’08]

– FD ⊕ log resummation [Hahn, Heinemeyer, Hollik, Rzehak, Weiglein ’13]

2. Charged Higgs mass

– full 1-loop [M. Frank et al. ’06]

– O(αtαs) [Frank et al. ’13]
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Where are we? (a selection!) II

3. Production cross sections at the LHC

– gg → h at 2-loop [Anastasiou et al. ’08] [Mühlleitner et al. ’08] [Slavich et al.

’11]

[Harlander et al. ’12 (SusHi)] [Bagnaschi et al. ’14]

– WBF at 1-loop [Ciccolini et al. ’07] [Hollik et al. ’08] [Palmer, Weiglein ’11]

– bb → h: 4FS vs. 5FS, Santander matching

[Dittmaier et al. ’06] [Dawson et al. ’06] [Harlander et al. ’11] [Maltoni et al.

’12]

– Z-factors at 2-loop [Frank, Hahn,Heinemeyer, Hollik, Rzehak, G. Weiglein ’06]
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Where are we? (a selection!) III

4. Higgs decays to SM

– full 1-loop, leading 2-loop, . . . (depending on final state) [. . . ]

– Z-factors at 2-loop [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein ’06]

5. Higgs decays to SUSY

– full 1-loop (depending on final state) [. . . ]

– Z-factors at 2-loop [Frank, Hahn, Heinemeyer, Hollik, Rzehak, G. Weiglein ’06]

6. SUSY decays to Higgs bosons

– (partial) 1-loop, rMSSM [. . . ]

– (partial) 1-loop, cMSSM [ Rzehak, Weiglein, Williams]

[Bharucha, Fritzsche, Heinemeyer, FP, Rzehak, Schappacher]
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What is missing? (a selection!)

1. Neutral Higgs boson masses

– full 2-loop

– more 3-loop (and in “easier accessible” scheme?)

– leading 4-loop

– improved log resummations

2. Charged Higgs boson mass

– leading 2-loop

3. Higgs decays

– full 1-loop in the r/cMSSM (some final states)

– leading 2-loop

4. Decays to Higgs bosons

– full 1-loop in the rMSSM

– full 1-loop in the cMSSM

⇒ provide corresponding codes!
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t̃/b̃ sector of the MSSM:

Stop, sbottom mass matrices (Xt = At − µ∗/ tan β, Xb = Ab − µ∗ tanβ):

M2

t̃
=


 M2

t̃L
+m2

t +DTt1 mtX∗

t

mtXt M2

t̃R
+m2

t +DTt2


 θt̃−→


 m2

t̃1
0

0 m2

t̃2




M2

b̃
=


 M2

b̃L
+m2

b
+DTb1 mbX

∗

b

mbXb M2

b̃R
+m2

b
+DTb2


 θ

b̃−→


 m2

b̃1
0

0 m2

b̃2




mixing important in stop sector (also in sbottom sector for large tan β)

soft SUSY-breaking parameters At, Ab also appear in φ-t̃/b̃ couplings

m2

t̃1,2
= m2

t +
1

2

(
M2

t̃L
+M2

t̃R
∓

√
(M2

t̃L
−M2

t̃R
)2 + 4m2

t |Xt|2
)

⇒ independent of φXt
but θt̃ is now complex

SU(2) relation ⇒ Mt̃L
= M

b̃L
⇒ relation between mt̃1

,mt̃2
, θt̃,mb̃1

,m
b̃2
, θ

b̃
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Renormalization schemes in the stop/sbottom sector

(“analogously” in the slepton sector!)

Generic parameter and field renormalization for scalar quarks:

Dq̃ = Uq̃ Mq̃ U
†
q̃ (q̃ = t̃, b̃)

Uq̃ Mq̃ U
†
q̃ → Uq̃ Mq̃ U

†
q̃ +Uq̃ δMq̃ U

†
q̃ =

(
m2

q̃1
Yq

Y ∗
q m2

q̃2

)
+

(
δm2

q̃1
δYq

δY ∗
q δm2

q̃2

)

δMq̃12 = U∗
q̃11Uq̃12(δm

2
q̃1 − δm2

q̃2) + U∗
q̃11Uq̃22δYq + Uq̃12U

∗
q̃21δY

∗
q

(
q̃1

q̃2

)
→
(
1 +

1

2
δZq̃

)(
q̃1

q̃2

)
with δZq̃ =

(
δZq̃11 δZq̃12

δZq̃21 δZq̃22

)

Federico von der Pahlen, COMHEP 2017 – p. 32/25



Renormalization of the t/t̃ sector

→ employ the widely used on-shell renormalization

δmt =
1

2
R̃e

{
mt

[
ΣL

t (m
2

t ) + ΣR
t (m2

t )
]
+

[
ΣSL

t (m2

t ) + ΣSR
t (m2

t )
]}

δm2

t̃i
= R̃eΣt̃ii

(m2

t̃i
) (i = 1, 2)

δYt =
1

2
R̃e

{
Σt̃12

(m2

t̃1
) + Σt̃12

(m2

t̃2
)
}

[Hollik, Rzehak ’03]

This defines the counter term for At:

δAt =
1

mt

[
Ut̃11

U∗

t̃12
(δm2

t̃1
− δm2

t̃2
) + Ut̃11

U∗

t̃22
δY ∗

t + U∗

t̃12
Ut̃21

δYt

− (At − µ∗ cotβ) δmt

]
+ (δµ∗ cot β − µ∗ cot2 β δ tan β)

(with δµ from chargino/neutralino sector,
δ tan β from Higgs sector)
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Field renormalization for on-shell squarks (t̃, b̃, . . . ):

Diagonal Z factors:
the real part of the residua of propagators is set to unity:

R̃e
∂Σ̂q̃ii (k

2)

∂k2

∣∣∣
k2=m2

q̃i

= 0 (i = 1, 2)

yielding

ReδZq̃ii = −R̃e
∂Σq̃ii (k

2)

∂k2

∣∣∣
k2=m2

q̃i

Im δZq̃ii = 0 (i = 1, 2)

Off-diagonal Z factors:
no transition from one squark to the other occurs:

R̃eΣ̂q̃12(m
2

q̃1
) = 0 R̃eΣ̂q̃12(m

2

q̃2
) = 0

yielding

δZq̃12 = +2
R̃eΣq̃12(m

2

q̃2
)− δYq

(m2

q̃1
−m2

q̃2
)

δZq̃21 = −2
R̃eΣq̃21(m

2

q̃1
)− δY ∗

q

(m2

q̃1
−m2

q̃2
)
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SU(2) relation ⇒ Mt̃L
= Mb̃L

“LL”soft SUSY-breaking term for q̃ = {t̃, b̃}:

M2
Q̃L

(q̃) = |Uq̃11 |2m2
q̃1 + |Uq̃12 |2m2

q̃2 −M2
Zc2β(T

3
q −Qqs

2
W
)−m2

q

Keeping SU(2) relation at the one-loop level leads to a shift in the

soft SUSY-breaking parameters
[Bartl, Eberl, Hidaka, Kraml, Majerotto, Porod, Yamada ’97, ’98]

[Djouadi, Gambino, Heinemeyer, Hollik, Jünger, Weiglein ’98]

M2

Q̃L
(b̃) = M2

Q̃L
(t̃) + δM2

Q̃L
(t̃)− δM2

Q̃L
(b̃)

with

δM2

Q̃L
(q̃) = |Uq̃11 |

2δm2

q̃1
+ |Uq̃12 |

2δm2

q̃2
− Uq̃22U

∗

q̃12
δYq − Uq̃12U

∗

q̃22
δY ∗

q − 2mqδmq

+M2

Z c2β Qq δs
2

W
− (T 3

q −Qqs
2

W
)(c2β δM2

Z +M2

Z δc2β)

→ under control
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Complex renormalization in t/t̃ sector:

1) At complex

⇒ renormalization of |At| and φAt
: δAt = ei φAt δ|At| + i At δφAt

⇒ DR renormalization

2) alternatively θt̃ complex

⇒ renormalization of |θt̃| and φt̃:

⇒ On-shell renormalization via

R̃eΣ̂t̃12
(m2

t̃1
) + R̃eΣ̂t̃12

(m2
t̃2
)

!
= 0

⇒ R̃eΣt̃12
(m2

t̃1
) + R̃eΣt̃12

(m2
t̃2
) = eiφt̃(m2

t̃1
−m2

t̃2
)× (δθt̃ + i st̃ ct̃ δφt̃)

⇒ evaluate δ|At| and δφAt
as dependent parameters

⇒ preferred scheme
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Renormalizations of the b/b̃ sector in the complex MSSM:

scheme m
b̃1,2

mb Ab Yb name

analogous to the t/t̃ sector: “OS” OS OS — OS RS1

“mb, Ab DR” OS DR DR — RS2

“mb, Yb DR” OS DR — DR RS3

“mb DR, Yb OS” OS DR — OS RS4

“Ab DR, ReYb OS” OS — DR ReYb: OS RS5

“Ab vertex, ReYb OS” OS — vertex ReYb: OS RS6

“—”= dependent parameter

⇒ often very involved analytical dependences

→ more combinations possible

. . . also tested

. . . upcoming results remain unchanged
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Renormalization of the sbottom masses:

OS renormalization:

δm2
b̃i
= R̃eΣb̃ii

(m2
b̃i
) (i = 1, 2)

Renormalization of the bottom mass:

OS renormalization:

δmb =
1

2
R̃e
{
mb

[
ΣL
b (m

2
b) + ΣR

b (m
2
b)
]
+
[
ΣSL
b (m2

b) + ΣSL
b (m2

b)
]}

DR renormalization:

δmb =
1

2
R̃e
{
mb

[
ΣL
b (m

2
b) + ΣR

b (m
2
b)
]
div

+
[
ΣSL
b (m2

b) + ΣSL
b (m2

b)
]
div

}
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Renormalization of Ab:

DR renormalization: analogous to At:

δAb =
1

mb

[
Ub̃11

U∗
b̃12

(
R̃eΣb̃11

(m2
b̃1
)|rmdiv − R̃eΣb̃22

(m2
b̃2
)|div

)

+
1

2
U∗
b̃12

Ub̃21

(
R̃eΣb̃12

(m2
b̃1
)|div + R̃eΣb̃12

(m2
b̃2
)|div

)

+
1

2
Ub̃11

U∗
b̃22

(
R̃eΣb̃12

(m2
b̃1
)|div + R̃eΣb̃12

(m2
b̃2
)|div

)∗

− 1

2
(Ab − µ∗ tan β) R̃e

{
mb

[
ΣL
b (m

2
b) + ΣR

b (m
2
b)
]
div

+
[
ΣSL
b (m2

b) + ΣSR
b (m2

b)
]
div

}]
+ δµ∗|div tanβ + µ∗ δ tan β

Vertex renormalization:

b̃1
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Renormalization of Yb:

OS renormalization:

δYb =
1

2
R̃e
{
Σb̃12

(m2
b̃1
) + Σb̃12

(m2
b̃2
)
}

DR renormalization:

δYb =
1

2
R̃e
{
Σb̃12

(m2
b̃1
)|div +Σb̃12

(m2
b̃2
)|div

}

ReYb OS renormalization

reδYb =
1

2
Re
{
R̃eΣb̃12

(m2
b̃1
) + R̃eΣb̃12

(m2
b̃2
)
}
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