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When asked about what to talk about?

Answer: 750 if confirmed (despite the fact I had nothing appealing) OR NMSSM (the

"safe" bet)

In the comments section you’re welcome to lash out on the entire BSM community - we made a

wrong call so we deserve it. Please, however, avoid personal attacks (unless on me).

Alternatively, you can also give us a hug :)

Could have looked up ResonAAnces...

But that was what I talked about, here, 2 years ago...
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NMSSM, PLAN (motivtion(s)?)

I seems to fit with the topic of the meeting

I extension of what I talked about in 2009....

I not much about motivation for the NMSSM

I Renormalisation. But more about the definition/redefinition/reconstruction of

parameters

I In particular when there are many of these parameters and when "things mix" and

when nothing but the SM has been seen!

I Scheme/Scale dependence for a many-parameter set-up
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NMSSM: The Higgs Sector

3 Higgs superfields : two SU(2)L doublets Ĥu and Ĥd , as in the MSSM, and one

additional gauge singlet Ŝ

Ĥu =

Ĥ+
u

Ĥ0
u

 , Ĥd =

 Ĥ0
d

Ĥ−d

 , Ŝ.

Z3 → Higgs superpotential involves 2 dimensionless couplings λ and κ,

WHiggs = −λŜĤd · Ĥu +
1
3
κŜ3, Higgs sector and neutralino (chargino) sector

−Lsoft,scalar = m2
Hu |Hu|2 + m2

Hd
|Hd |2 + m2

S |S|2

+λAλHu · Hd S + 1
3κAκS3 + h.c

VHiggs =|λ(H+
u H−d − H0

u H0
d ) + κS2|2 + (m2

Hu + |λS|2)
(
|H0

u |2 + |H+
u |2
)

+ (m2
Hd + |λS|2)

(
|H0

d |2 + |H+
d |

2
)

+
g2 + g′2

8

(
|H0

u |2 + |H+
u |2 − |H0

d |2 − |H−d |
2
)2

+
g2

2
|H+

u H0∗
d + H0

u H−∗d |
2 + m2

S |S|2 + (λAλ(H+
u H−d − H0

u H0
d )S +

1
3
κAκS3 + h.c).
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d
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The Higgs fields

Hd =

H0
d

H−d

 =

vd +
h0

d +ia0
d√

2

h−d

 ,

Hu =

H+
u

H0
u

 =

 h+
u

vu +
h0

u+ia0
u√

2

 ,

S = s +
h0

s + ia0
s√

2
.

As in the MSSM tanβ ≡ tβ = vu/vd and v2 = v2
u + v2

d , (vu = sβv , cβv ) and

M2
W = g2v2/2. The non vanishing value of the vev of S also gives a solution to the

so-called µ-problem of the MSSM, by generating this parameter dynamically:

µeff = µ = λs.

we can also define:

Λv = λv mκ = κs = (κ/λ)µ
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Minimisation. Trade-off

Th0
d,u,s
↔ m2

Hd,u ,S

Vmass =
1
2

(
h0

d h0
u h0

s

)
M2

S


h0

d

h0
u

h0
s

+
1
2

(
a0

d a0
u a0

s

)
M2

P


a0

d

a0
u

a0
s

+
(

h−d h−u
)

M2
±

h+
d

h+
u

 ,
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Charged Higgs, as in the MSSM, almost

M2
± =

1
2

Th0
u

vu
0

0
T

h0
d

vd

+
s2β

2

(
2µ
s2β

(Aλ + mκ)︸ ︷︷ ︸
M2

A=M2
A,MSSM

+
(

M2
W − Λ2

v

))1/tβ 1

1 tβ



G±

H±

 = Uβ

h±d
h±u

 ,

with (here quite simple)

Uβ =

 cβ sβ

−sβ cβ

 .

Issues with definition of β. Here it is just a rotation matrix, change of basis.

Observables are basis independent.
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Mass mixing in the CP-even Higgs system



M2
S11

=
T

h0
d

2vd
+ M2

Z c2
β + M2

As2
β ,

M2
S22

=
T

h0
u

2vu
+ M2

Z s2
β + M2

Ac2
β ,

M2
S33

=
T

h0
s

2s + Λ2
v Aλ

cβsβ
µ

+ mκ(Aκ + 4mκ),

M2
S12

= M2
S21

= (Λ2
v −

M2
Z

2 )s2β −M2
Asβcβ ,

M2
S13

= M2
S31

= Λv (2µcβ − (Aλ + 2mκ)sβ),

M2
S23

= M2
S32

= Λv (2µsβ − (Aλ + 2mκ)cβ),


h0

1

h0
2

h0
3

 = Sh


h0

d

h0
u

h0
s

 ,

M2
Z

(
c2
2β +

Λ2
v

M2
Z

s2
2β

)
≡ M2

Z

(
1 +

(
Λ2

v
M2

Z
− 1

)
s2
2β

)
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The underlying parameters

tβ , λ, κ, µ︸ ︷︷ ︸
in χ̃ sector also

,Aλ,Aκ, (tHd , tHu , tS) and g, g′, v → e,MW ,MZ︸ ︷︷ ︸
SM
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Charginos and Neutralinos, the link with the Higgs sector

• The mass matrix for the charginos reads, in the basis (W̃−, H̃−d )

X =

 M2
√

2MW sβ
√

2MW cβ µ

 ,

tβ dep. very weak:

Measurement of the charginos masses reconstruct M2 and µ although assignment ambiguous unless one

has an idea about "higgsino"/wino content

The 5× 5 neutralino matrix in the basis

ψRT
n = ψLT

n = ψ0T =
(
−i B̃0,−iW̃ 0

3 , H̃
0
d , H̃

0
u , S̃

0
)

Y =



M1 0 −MZ sW cβ MZ sW sβ 0

0 M2 MZ cW cβ −MZ cW sβ 0

−MZ sW cβ MZ cW cβ 0 −µ −Λv sβ

MZ sW sβ −MZ cW sβ −µ 0 −Λv cβ

0 0 −Λv sβ −Λv cβ 2mκ


,

tβ and λ intertwined. If λ small tβ extraction difficult.
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Renormalisation: Parameters and counterterms. See my talk here in ...2009

I From Gp = tβ, λ, κ, µ︸ ︷︷ ︸
in χ̃ sector also

, Aλ, Aκ,
(

M2
Hu
,M2

Hd
,M2

S → tHd
, tHu , tS

)
,M1,M2 and g, g′, v → e,MW ,MZ︸ ︷︷ ︸

SM

I shift all (independent basic Lagrangian) parameters: Gp → Gp + δGp

I this means that mass mixing will appear: non diagonal transition A0
i Z0, A0

i G0, h1h2, ... (δmhi hj
, δm2

H±G±
) and diagonal masses shifted

(δm2
hi

).

I No need to apply shifts to the diagonalising matrices (Sh, U(β), · · · ), these are renormalised (no shift), same with gauge-fixing (not physical)

 G+

H+


0

= U(β)

 h+
d

h+
u


0

implies also

 G+

H+

 = U(β)

 h+
d

h+
u

 .

I In any case field renormalisation (before or after rotation) still needed


h0
1

h0
2

h0
3


0

= ZS


h0

1
h0

2
h0

3

 ,


A0
1

A0
2

G0


0

= ZP


A0

1
A0

2
G0

 ,
G±

H±


0

= ZC

G±

H±

 ( (ZS )ij = 1ij + δZhi hj
/2)

I


Σ̂

h0
i h0

i
(p2) = Σ

h0
i h0

i
(p2) − δm2

h0
i

+ (p2 − m2
h0
i

)δZ
h0
i

Σ̂
h0

i h0
j

(p2) = Σ
h0

i h0
j

(p2) − δm2
h0

i h0
j

+ 1
2 (p2 − m2

h0
i

)δZ
h0

i h0
j

+ 1
2 (p2 − m2

h0
j

)δZ
h0
j h0

i
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Conditions: To define wave function renormalisation constants and the

counterterms for the underlying parameters

I Mixing vanishes between physical states when these are on-shell, essentially (to

solve for δZij ’s

I Residue at the pole (mass) of the propagator is 1

I The other conditions are set by using/choosing a (minimum/sufficient) set of

physical masses as input parameters exceptαem. Only two point-functions are needed

(in the present implementation of the NMSSM).

I which minimum set?
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Solving for a coupled system of counterterms


δinput1

· · ·
· · ·

δinput8


χ±,χ0

i ,h
0
i ,A

0
i ,H
±

= P8,param.



δM1

δM2

δκ •
δµ •
δλ

δtβ

δAλ

δAκ


+Rn,residual,

R8,residual counterterms such as gauge couplings, etc (SM)
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Finding the counterterms. Inverting the system
Best to break up the system. Pn,param. = Pm,param. ⊕ Pp,param. ⊕ · · · , m + p + · · · = n

At each step, if possible, avoid a choice such that Det(Pm,param.)→ 0 (like picking up a wino-like

neutralino to reconstruct M1).

Easiest set up:

I a mixed DR, with tβ extracted independently from the Higgs sector (through wave

function renormalisation condition) δtβ/tβ =
[ 1

2 (δZHu − δZHd )
]
∞ ,

I Then µ,M2 from charginos (always)

I Then M1, κ, (λ) from neutralinos

I Aλ,Aκ(λ) from Higgs (A, h,H+)

P8 = P1,tβ ⊕ P2,χ±1,2
⊕ P3,χ0 ⊕ P2,A0

1,A
0
2

OR

P8 = P1,tβ ⊕ P2,χ±1,2
⊕ P2,χ0 ⊕ P3,H±,A0

1,A
0
2(h0)

Or,

Go all DR

Or,

Go all On-Shell, 8× 8, identified?: P8;χ±1,2,χ
0
1,2,3,H

±,A0
1,h

0 8 Masses

H± → Aλ only

A0, h0
i → Aλ and Aκ, Aκ sensitive to singlet

λ, tβ weak from χ±, χ0 better from Higgs masses.

Variants (that all take the chargino masses as input):

OSijkA1A2H+ with the masses of 3 χ0 preferably b̃, h̃, s̃-dominated

OSijhαA1A2H+ (only 2 neutralinos)

OSihαhβA1A2H+ (only one neutralino,b̃)
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Finding the counterterms. Inverting the system
Best to break up the system. Pn,param. = Pm,param. ⊕ Pp,param. ⊕ · · · , m + p + · · · = n

At each step, if possible, avoid a choice such that Det(Pm,param.)→ 0 (like picking up a wino-like

neutralino to reconstruct M1). Easiest set up:

I a mixed DR, with tβ extracted independently from the Higgs sector (through wave

function renormalisation condition) δtβ/tβ =
[ 1

2 (δZHu − δZHd )
]
∞ ,

I Then µ,M2 from charginos (always)

I Then M1, κ, (λ) from neutralinos

I Aλ,Aκ(λ) from Higgs (A, h,H+)

P8 = P1,tβ ⊕ P2,χ±1,2
⊕ P3,χ0 ⊕ P2,A0

1,A
0
2

OR

P8 = P1,tβ ⊕ P2,χ±1,2
⊕ P2,χ0 ⊕ P3,H±,A0

1,A
0
2(h0)

Or,

Go all DR

Or,

Go all On-Shell, 8× 8, identified?: P8;χ±1,2,χ
0
1,2,3,H

±,A0
1,h
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Schemes. Scales. OS vs DR vs mixed schemes

Renormalisation: a definition of the underlying parameters to get rid of infinities.

I The infinities: Most loop calculations (1, 2, 3-point functions), regularization

introduces C̃UV = 2/ε− γE + ln(4π/µ̄2) = 2/ε− γE + ln(4π) + ln(1/µ̄2)

I The definition of an underlying parameter at one-loop, say OS scheme, based on

a physical (hence gauge-invariant quantity). The counterterm

δpi/pi = βpi (CUV + ln(Qpi /µ̄)) (βpi = ∂pi/∂ ln 1/µ̄)

Note ln(Qpi ) = ln(Q̃pi ) + F (Q′pi ), Qpi is scheme dependent but βpi universal

I The parametric dependence of an observable on the parameter pi is κpi ,

∂O/∂pi = κpi

I In our DR we will only keep βpi CUV , the "finite part" is set to 0. In OS "finite part" is

βpi ln(Qpi /µ̄)

I Full one-loop correction: δO/O = ∆(CUV + ln(Q∆/µ̄)) +
∑

i κiδpi/pi

I δOOS/O =
∑

i βpiκpi ln(Qpi /Q∆) δODR/O = ln(µ̄/Q∆)
∑

i βpiκpi )

good choice of Qpi , µ̄ especially if large β, κ. In full DR µ dep. trackable.
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I mixed scheme, say p0 DR (the rest of pi is OS). In the inversion of OS scheme, p0

may enter as residual (good choice?)

δOmixed

O
=
δOS

O
+ βp0

(
− κ0 ln(Q0/µ̄) +

∑
i 6=0

κi0 ln(Q̃i/µ̄)

)
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+ In-house 1-loop routines
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Application to Higgs decays in the NMSSM

Point A(Qsusy = 1117.25GeV, mt = 173GeV, mh0
1

= 125.45GeV(1-loop OS))

M1 700 λ 0.1 Aκ 0 mQ̃3
1740 mD̃,Ũ1,2

1000

M2 1000 κ 0.1 At 4000 mŨ3
800 mL̃3

1000

M3 1000 µ 120 Ab 1000 mD̃3
1000 ml̃3

1000

tβ 10 Aλ 150 Al 1000 mQ̃1,2
1000 mL̃,̃l1,2

1000
λAλ = 15GeV, At/Aλ ∼ 27

Point B(Qsusy = 753.55GeV, mt = 146.94GeV, mh0
1

= 124.44GeV(1-loop OS))

M1 120 λ 0.67 Aκ 0 mQ̃3
750 mD̃,Ũ1,2

1500

M2 300 κ 0.2 At 1000 mŨ3
750 mL̃3

1500

M3 1500 µ 200 Ab 1000 mD̃3
1500 ml̃3

1500

tβ 1.92 Aλ 405 Al 1000 mQ̃1,2
1500 mL̃,̃l1,2

1500
λAλ = 271GeV, At/Aλ ∼ 2.5
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Applications. Two scenarios

Point A Point B

h0
1 h0

d 1.1% 22.5%

h0
u 98.6% 67.4%

h0
s 0.3% 10.1%

h0
2 h0

d 0.1% 0.%

h0
u 0.3% 12.5%

h0
s 99.6% 87.5%

h0
3 h0

d 98.8% 77.5%

h0
u 1.1% 19.7%

h0
s 0.1% 2.8%

A0
1 a0

d 0% 1.8%

a0
u 0% 0.5%

a0
s 100% 97.7%

A0
2 a0

d 99.0% 76.9%

a0
u 1.0% 20.8%

a0
s 0.0% 2.3%

Point A: hu , hs, hd , as, ad
Point B: hu , hs, hd , as, ad

Point A Point B

χ̃0
1 B̃0 - 56.6%

W̃0 - 32.3%

h̃0 98.4% 10.3%

S̃0 0.77% 0.8%

χ̃0
2 B̃0 - 4.0%

W̃0 - 2.6%

h̃0 99.5% 19.3%

S̃0 - 74.0%

χ̃0
3 B̃0 - 10.1%

W̃0 - -

h̃0 0.9% 78.9%

S̃0 99.1% 11.0%

χ̃0
4 B̃0 99.6% 18.1%

W̃0 - 12.3%

h̃0 - 55.8%

S̃0 - 13.7%

χ̃0
5 B̃0 - 11.2%

W̃0 99.3% 52.8%

h̃0 0.69% 35.7%

S̃0 - 0.4%

Point A: h̃, h̃, s̃, b̃, w̃

Point B: b̃, s̃, h̃, h̃, w̃

Beware. B much more mixing, A quite pure
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Point A. β’s and counterterms

(β in units of 10−3) βµ = −11.4, βtβ = 16.9, βλ = −11.7, βκ = −0.76, βAλ = −1097.4

Finite parts computed at µ̄ = Qsusy = 1117.25GeV .

(δµ/µ, δtβ/tβ , δλ/λ)finite =

t134A1A2︷ ︸︸ ︷
(−2.42%, 0, 62.26%);

OS34h2A1A2H+︷ ︸︸ ︷
(−1.57%,−80.69%,−7.88%)

(δκ/κ, δAλ/Aλ, δAκ)finite =

t134A1A2︷ ︸︸ ︷
(64.01%,−5.49%, 0.65);

OS34h2A1A2H+ )︷ ︸︸ ︷
(−6.01%, 134%, 0.66) .

16π2 1
h2

t

dh2
t

dt
= 6h2

t , 16π2 1
λ2

dλ2

dt
= 3h2

t ,

16π2 1
µ2

dµ2

dt
= 3h2

t , 16π2 1
At

dAt

dt
= 6h2

t ,

16π2 1
Aλ

dAλ
dt

= 3h2
t

At

Aλ
(+ 4λ2),

1
2

6π2 1
At

dAt

dt
= 6h2

t , (16π2 1
Aκ

dAκ
dt

= 6κ+ 6λ2 Aλ
Aκ

).
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β’s and counterterms

(β in units of 10−3)

Point A

βµ = −11.40, βtβ = 16.9, βλ = −11.65, βκ = −0.76, βAλ = −1097.4

Finite parts computed at µ̄ = Qsusy = 1117.25GeV .

(δµ/µ, δtβ/tβ , δλ/λ)finite =

t134A1A2︷ ︸︸ ︷
(−2.42%, 0, 62.26%);

OS34h2A1A2H+︷ ︸︸ ︷
(−1.57%,−80.69%,−7.88%)

(δκ/κ, δAλ/Aλ, δAκ)finite =

t134A1A2︷ ︸︸ ︷
(64.01%,−5.49%, 0.65);

OS34h2A1A2H+ )︷ ︸︸ ︷
(−6.01%, 134%, 0.66) .

Point B

βµ = −14.25, βtβ = 17.63, βλ = −20.45, βκ = −18.57, βAλ = −122.7

"Finite parts" computed at µ̄ = Qsusy = 753.55GeV

(δµ/µ, δtβ/tβ , δλ/λ)finite =

t123A1A2︷ ︸︸ ︷
(−1.04%, 0, 3.71%);

OS34h2A1A2H+︷ ︸︸ ︷
(−1.63%, 6.49%, 5.94%)

(δκ/κ, δAλ/Aλ, δAκ)finite =

t123A1A2︷ ︸︸ ︷
(3.25%, 6.85%, 10.84);

OS34h2A1A2H+︷ ︸︸ ︷
(6.05%, 3.40%, 11.54) .
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Point A, parametric dependence
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Point A, singlet-like: h0
2,A

0
1, χ

0
3, QSUSY = 1117,m

h0
2

= 240,m
h0

3,A
0
2,H
± ∼ 570, χ̃0

i = (h̃, h̃, s̃, b̃, w̃)

units width=GeV/100 t134A1A2,µ=mhi→
OS34h2A1A2H+ DR, µ = mhi→ DR QSUSY

h0
2 → A0

1A0
1 10.9 (128%) 4.21 (-12%) 4.80 (0.4%) 4.77 (-0.4%)

h0
3 → h0

1h0
2 4.76 (116%) 3.95 (79%) 3.35 (52%) 2.17 (-1.7%)

h0
3 → χ̃0

1χ̃
0
3 7.80 (122%) 3.41 (-3%) 3.58 (2%) 3.52 (0.3%)

h0
3 → χ̃0

2χ̃
0
3 7.64 (126%) 2.19 (-35%) 3.47 (3%) 3.42 (1.1%)

h0
3 → χ̃+

1 χ̃
−
1 4.61 (1%) 4.03 (-11%) 4.13 (-9%) 4.21 (-7.4%)

A0
2 → χ̃0

1χ̃
0
1 4.22 (28%) 3.72 (13%) 3.30 (0.3%) 3.24 (-1.6%)

A0
2 → χ̃+

1 χ̃
−
1 4.96 (-10%) 5.43 (-1.5%) 5.15 (-6%) 5.06 (-8%)

A0
2 → χ̃0

1χ̃
0
3 5.62 (130%) 1.69 (-31%) 2.63 (8%) 2.59 (6.2%)

A0
2 → χ̃0

2χ̃
0
3 6.71 (122%) 2.87 (-5%) 3.01 (-0.4%) 2.96 (-1.9%)

H+ → χ̃+
1 χ̃

0
3 14.4 (125%) 5.24 (-18%) 6.57 (3%) 6.47 (1.1%)
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i = (h̃, h̃, s̃, b̃, w̃)

units width=GeV/100 t134A1A2,µ=mhi→
OS34h2A1A2H+ DR, µ = mhi→ DR QSUSY

h0
2 → A0

1A0
1 10.9 (128%) 4.21 (-12%) 4.80 (0.4%) 4.77 (-0.4%)

With Aκ = 0 (at tree-level), this interaction stems solely from the term κ2S4. The

trilinear κ2s ∝ (κs)2/s ∝ λ/µ (κs)2. 2κs sets the mass of the singlino. The percentage

correction 128% in the t scheme and −12% in the OS scheme extremely well

approximated by the λ dependence (∼ 2δλ/λ) of the counterterm.

βµ = −11.40, βtβ
= 16.9, βλ = −11.65, βκ = −0.76, βAλ

= −1097.4

Finite parts computed at µ̄ = Qsusy = 1117.25GeV .

(δµ/µ, δtβ/tβ, δλ/λ)finite =

t134A1A2︷ ︸︸ ︷
(−2.42%, 0, 62.26%);

OS34h2A1A2H+︷ ︸︸ ︷
(−1.57%,−80.69%,−7.88%)

(δκ/κ, δAλ/Aλ, δAκ)finite =

t134A1A2︷ ︸︸ ︷
(64.01%,−5.49%, 0.65);

OS34h2A1A2H+ )︷ ︸︸ ︷
(−6.01%, 134%, 0.66) .

• The other decays of the Higgses (CP-even, CP-odd or charged ) into

neutralinos/charginos involving the mostly singlet χ0
3 require mixing (through λ for

these processes to proceed. Once this is identified, the results (∼ 2δλ/λ)are very

similar to the one obtained for h2 → A0
1A0

1.
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units width=GeV/100 t134A1A2,µ=mhi→
OS34h2A1A2H+ DR, µ = mhi→ DR QSUSY

h0
3 → h0

1h0
2 4.76 (116%) 3.95 (79%) 3.35 (52%) 2.17 (-1.7%)

with λ small h1h2h3 ∼ h0
uh0

d h0
s , the coupling can be read off directly from the potential (before

diagonalisation):

λAλ + 2κµ

the differences between the schemes explained by the values of the counterterms. Here QSUSY is

a good scale in DR. but the scale dependence is very large.
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Point B: Strong parametric dependence
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Point B Strong parametric dependence
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Point B. Mixing large, difficult to discuss in terms of the (almost) "pure"

states

OS12h2A1A2H+ DR DR QSUSY

h0
3 → χ̃0

1χ̃
0
2 (14%) (5%) (3%)

h0
3 → A0

1Z (3%) (-3%) (-8 %)

h0
3 → h0

2h0
1 (-25%) (-106%) (-50%)

h0
3 → h0

2h0
2 (6%) (13%) (-28%)

A0
2 → χ̃+

1 χ̃
−
1 (7%) (2%) (1%)

A0
2 → χ̃0

1χ̃
0
1 (32%) (2%) (2%)

A0
2 → Zh0

2 (12%) (-16%) (-9%)

A0
2 → A0

1h0
1 (-0.3%) (-32%) (-17%)

H+ → χ̃+
1 χ̃

0
2 (6%) (10%) (8%)

H+ → W +h0
2 (11%) (-18%) (-10%)

H+ → W +A0
1 (2%) (-3%) (-9%)

H+ → χ̃+
1 χ̃

0
1 (21%) (9%) (9%)• OS does a good job.

• Again h3h2h1 large scheme dependence. The coupling is not totally controlled by Aλ which runs

less, however the parametric dependence on Aλ is quite large
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Summary

I Full renormalisation (all sectors) of the NMSSM at one-loop completed.

I Allows to choose between different on-shell schemes and also "mixed schemes"

I Drawback: large scheme dependence for some observables, in particular in some

scenarios

I Must go beyond taking only masses as input (conditions on 2-point functions).

When new particles are discovered, not only their masses will be measured but

the way they are produced, the strengths of their production and decays offer an

important handle that may not need the reconstruction of the whole spectrum

I This is technically much more challenging, but it is possible (at least in some

manifestations). In the MSSM A0 → τ τ̄ was shown to be an excellent input for tβ ,

see my 2009 talk.
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