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electroweak precision tests through quantum loops

Preision Observables (POs):Comparison of eletro-weak preision observableswith theory:EW Preision data: Theory:��;�r;MW ; sin2 �e� $ SM, MSSM , . . .

+Test of theory at quantum level:Sensitivity to loop orretionsX
+Very high auray of measurements andtheoretial preditions needed� Whih model �ts better?� Does the predition of a model ontradit theexperimental data?S. Heinemeyer, High Energy Physis Seminar, 02/20/02 4

sensitivity to unknown particles (X)

X = Higgs [+ non-standard]

precision observables

µ lifetime: GF

Z observables: MZ , ΓZ , gV , gA, sin2 θeff , . . .

LEP 2, Tevatron: MW , mt

low energies: (g − 2)µ
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MW – MZ correlation

Constraints on the Standard Model Higgs fromeletroweak preision tests

Theoretial predition for MW in the SM:

De�nition of Fermi onstant GF via muon lifetime:

��1� = G2Fm5�192�3 F
 m2em2�
!0�1+ 35
m2�M2W

1
A (1 +�q)

�q: QED orretions in Fermi Model,inluded in de�nition[R. Behrends, R. Finkelstein, A. Sirlin '56℄[T. van Ritbergen, R. Stuart '99℄

Comparison with SM predition for muon deay:

) M2W
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with loop contributions

GF√
2

=
πα

M2
W

(
1 − M2

W /M2
Z

)

· (1 + ∆r)

∆r : quantum correction

∆r = ∆r(mt,MH) SM

determines W mass

MW = MW (α,GF ,MZ ,mt,MH)

complete at 2-loop order

1-loop examples

Loop ontributionsquantum orretions, of O(1%)

Relevane of quantum orretions

Order of magnitude� ��� : : : �� ln E2m2e��O(1)� [0:2% : : :6%℄�O(1) for E = 100GeVontain all details of the theory� top quarkW t
b W e�e���� Higgs bosonW H

W W e�e���� gauge-boson self-ouplingsW W
Z;  W e�e��� � �

) allow for indiret experimental testsof not diretly aessible quantities

Ansgar Denner 28 24. June 2003
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Z resonance
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• effective Z boson couplings with higher-order ∆gV,A

gf
V → gf

V + ∆gf
V , gf

A → gf
A + ∆gf

A

• effective ew mixing angle (for f = e):

sin2 θeff =
1

4

(

1 − Re
ge

V

ge
A

)

= κ ·
(

1 − M 2
W

M 2
Z

)
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EW 2-loop calculations for ∆r

Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

EW 2-loop calculations for sin2 θeff

Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas

Hollik, Meier, Uccirati

universal terms beyond 2-loop order (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kühn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schröder, Steinhauser

Chetyrkin, Faisst, Kühn Chetyrkin, Faisst, Kühn, Maierhofer, Sturm

Boughezal, Czakon
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precision observables in the MSSM

Preision Observables (POs):Comparison of eletro-weak preision observableswith theory:EW Preision data: Theory:��;�r;MW ; sin2 �e� $ SM, MSSM , . . .

+Test of theory at quantum level:Sensitivity to loop orretionsX
+Very high auray of measurements andtheoretial preditions needed� Whih model �ts better?� Does the predition of a model ontradit theexperimental data?S. Heinemeyer, High Energy Physis Seminar, 02/20/02 4

X = Higgs bosons, SUSY particles

µ lifetime: MW ↔ MZ , GF

Z observables: gV , gA, sin2 θeff , ΓZ , MZ , . . .

[Heinemeyer, WH, Weiglein, Phys. Rep. 425 (2006) 265]

2-loop improvements O(ααs, α2
t , α2

b , αtαb)

and complex parameters

[Heinemeyer, WH, Stöckinger, A. Weber, Weiglein 06]
[Heinemeyer, WH, A. Weber, Weiglein 07]
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masses and mixing of SUSY particles

model parameters

gaugino masses: M1,M2,M3

sfermion masses: ML,MũR
,M

d̃R

for each doublet of squarks and sleptons

trilinear coupling: A
f̃

for each f̃

→ L-R sfermion mixing

supersymmetric Higgsino mass parameter: µ

Higgs sector parameters: MA, tanβ = v2/v1

– p.9



Models of SUSY breakinggeneri MSSM: 105 parameters (masses, mixing angles, phases)redued to few parameters in spei� modelsmSUGRA: m0; m1=2; A0; tan�; sign(�)GMSB: Mmess; Nmess; tan�; sign(�)AMSB: maux; m0; tan�; sign(�)! mass parameters at the eletroweak sale(M1; M2; M3; �; M ~fL;R; : : :)

Benhmark senarios\Snowmass points and slopes" (SPS),hep-ph/0202233examples (mSUGRA):�SPS1a: m0 = 100 GeV, m1=2 = 250 GeV, A0 = �100,tan � = 10, � > 0.�SPS1b: m0 = 200 GeV, m1=2 = 400 GeV, A0 = 0,tan � = 30, � > 0.
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MW – MZ correlation

W

e

µ

−

ν

ν

e−

µ−

GF√
2

=
πα

M2
W

(
1 − M2

W /M2
Z

) (1 + ∆r)

∆r : quantum correction, ∆r = ∆r(mt, XSUSY)

→ MW = MW (α,GF ,MZ ,mt, XSUSY)

XSUSY = set of non-standard model parameters
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effective Z boson couplings

gf
V → gf

V + ∆gf
V , gf

A → gf
A + ∆gf

A

with higher order contributions ∆gf
V,A (mt, XSUSY)

sin2 θeff =
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MW and sin2
θeff for varied SUSY-scale
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Fortran Code SUSYPOPE [A. Weber, PhD thesis, Munich 2008]

also used in recent fits by AbdusSalam, Allanach, Quevedo, Feroz, Hobson,
arxiv:0904.2548
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Scatter plots for MW & sin2
θeff

SUSY parameters:

sleptons : MF̃ ,F̃ ′ = 100 . . . 2000 GeV

light squarks : MF̃ ,F̃ ′
up/down

= 100 . . . 2000 GeV

t̃/b̃ doublet : MF̃ ,F̃ ′
up/down

= 100 . . . 2000 GeV

At,b = −2000 . . . 2000 GeV

gauginos : M1,2 = 100 . . . 2000 GeV

mg̃ = 195 . . . 1500 GeV

µ = −2000 . . . 2000 GeV

Higgs : MA = 90 − 1000 GeV

tan β = 1.1 . . . 60

Unconstrained scan, only Higgs mass required to be in
agreement with LEP data.
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[Heinemeyer, Hollik, Stöckinger, Weber, Weiglein]
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Anomalous g-factor of the muon

160 170 180 190 200 210

aµ
SM × 1010 – 11659000

DEHZ (03) (e+e–)

HMNT (03b)

GJ (04)

TY (05)

including new π+π– data (CMD-2, KLOE, SND)

HMNT (06)

experiment

BNL

Hagiwara,Martin,Nomura,Teubner

e+e− data based SM prediction: 3.4 σ below exp. value

theory uncertainty from hadronic vacuum polarization

� �� � 
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g − 2 with supersymmetry

new contributions from virtual SUSY partners of µ, νµ

and of W±, Z
µ

γ

µ
χ̃i

ν̃µ

χ̃i

µ

γ

µ
µ̃a

χ̃0
j

µ̃b

extra terms [Czarnecki, Marciano]

+
α

π

m2
µ

M 2
SUSY

· v2

v1

can provide missing contribution for
MSUSY = 200 − 600 GeV

2-loop calculation [Heinemeyer, Stöckinger, ...]
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Variable Measurement Fit  

measσ|/fit-Omeas|O
0 1 2 3

)
Z

(Mhad

(5)α∆ 0.027740.02758± 0.00035

 [GeV]ZM 91.187391.1875± 0.0021

 [GeV]ZΓ 2.49522.4952± 0.0023

 [nb]had
0σ 41.48641.540± 0.037

lR 20.74420.767± 0.025
0,l
FBA 0.016410.01714 ± 0.00095

)
τ

(PlA 0.14790.1465± 0.0032

bR 0.216130.21629 ± 0.00066

cR 0.17220.1721± 0.0030
0,b
FBA 0.10370.0992± 0.0016
0,c
FBA 0.07410.0707± 0.0035

bA 0.9350.923± 0.020

cA 0.6680.670 ± 0.027

(SLD)lA 0.14790.1513± 0.0021

) 
FB

(Q
l

eff
θ2sin 0.23140.2324± 0.0012

 [GeV]WM 80.38280.398± 0.025

 [GeV]tm 170.8170.9 ± 1.8

)γs→BR(b 1.121.13± 0.12

]-810× [µ)µ→sBBR( 0.33< 8.00  N/A (upper limit)

]-910× [µaδ 2.952.95± 0.87
2hΩ 0.1130.113± 0.009

Variable Measurement Fit  

measσ|/fit-Omeas|O
0 1 2 3

)
Z

(Mhad

(5)α∆ 0.02758± 0.00035 0.02768

 [GeV]ZM 91.1875± 0.0021 91.1875

 [GeV]ZΓ 2.4952± 0.0023 2.4957

 [nb]had
0σ 41.540± 0.037 41.477

lR 20.767± 0.025 20.744
0,l
FBA 0.01714 ± 0.00095 0.01645

)
τ

(PlA 0.1465± 0.0032 0.1481

bR 0.21629 ± 0.00066 0.21586

cR 0.1721± 0.0030 0.1722
0,b
FBA 0.0992± 0.0016 0.1038
0,c
FBA 0.0707± 0.0035 0.0742

bA 0.923± 0.020 0.935

cA 0.670 ± 0.027 0.668

(SLD)lA 0.1513± 0.0021 0.1481

)
FB

(Q
l

eff
θ2sin 0.2324± 0.0012 0.2314

 [GeV]WM 80.398± 0.025 80.374

 [GeV]tm 170.9 ± 1.8 171.3

 [GeV]WΓ 2.140 ± 0.060 2.091

CMSSM Standard Model

global fit in the constrained MSSM including data
from g − 2, B physics, and cosmic relic density

[O. Buchmüller, . . . , Weber, Weiglein]
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Higgs bosons in the MSSM

MSSM Higgs potential contains two Higgs doublets:

V = m2
1H1H̄1 + m2

2H2H̄2 − m2
12(ǫabH

a
1Hb

2 + h.c.)

+
g′2 + g2

8
︸ ︷︷ ︸

(H1H̄1 − H2H̄2)
2 +

g2

2
︸︷︷︸

|H1H̄2|2

gauge couplings, in contrast to SM

Five physical states: h0, H0, A0, H±

Input parameters: tan β = v2

v1
, MA

⇒ mh, mH, mixing angle α, mH± : no free parameters
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Spectrum of Higgs bosons in the MSSM (example)
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 scen., tanβ = 5

FeynHiggs2.0

large MA: h0 like SM Higgs boson ∼ decoupling regime

m0
h strongly influenced by quantum effects, e.g.

� MSSM Higgs MassPreditionsThe tree-level predition of the MSSM is al-ready ruled out by the present LEP data.But:� There are large quantum orretions tomh0

e.g. H H

q

q

H H

q

q � �t

� Even 2-loop orr. to mh0 are signi�ant.

e.g. � �t�s H HH � �2t
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determination of masses and couplings at higher order

physical states h, H, A, H±

conventional input: MA, tanβ = v2/v1

dressed h, H propagators, renormalized self-energies Σ̂

(
∆Higgs

)−1
=

(
q2 − m2

H + Σ̂H(q2) Σ̂hH(q2)

Σ̂Hh(q2) q2 − m2
h + Σ̂h(q2)

)

• det = 0 → mpole
h,H

renormalized self energies:

Σ̂ = Σ + counter terms – p.22



Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:

φ

φ

t t

g

t t

φ φ

t

t

t

g
t

φ φ

t

t

g̃

t̃i

t

φ φ

t̃i

t̃j

t

g̃

t̃k

φ φ

t̃i

t̃j

t̃k

g

t̃k

φ

φ

t̃i t̃i

g

t̃j t̃j

φ φ

t

g̃

t̃i t̃j
φ

φ

t t̃i

g̃

t t̃j

φ = h, H, A

1-loop renormalization of t and of t̃, b̃ sector needed
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renormalization of MA: δM2
A = ΣA(M2

A)

on-shell conditon for pole mass

renormalization of tadpoles:
Th + δTh = 0, TH + δTH = 0

renormalization of tan β:

tan β =
v2

v1
→

√

ZH2

ZH1

· v2 + δv2

v1 + δv1

=
v2

v1

(

1 + δZH2
− δZH1

+
δv2

v2
− δv1

v1

)

DR = 0
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FeynHiggs → talk by H. Rzehak

1-loop: complete

2-loop:

– QCD corrections ∼ αsαt, αsαb

– Yukawa corrections ∼ α2
t,b

theoretical uncertainty:

δmh ≃ 3-4 GeV

[Degrassi, Heinemeyer, WH, Slavich,

Weiglein]

[ MSSM Higgs Mass ℄mh0 predition at di�erent levels of auray:
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3-loop contributions to Mh ∼ α2
s αt

[Harlander, Kant, Mihaila, Steinhauser]

1-loop
2-loop
3-loop

µ = M
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∆
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2-loop

3-loop
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 = 1000 GeV
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∆
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couplings at higher order

dressed h, H propagators

(
∆Higgs

)−1
=

(
q2 − m2

H + Σ̂H(q2) Σ̂hH(q2)

Σ̂Hh(q2) q2 − m2
h + Σ̂h(q2)

)

• det = 0 → mpole
h,H

• diagonalization → effective couplings, q2-dep.

Σ̂(q2) → Σ̂(0) : rediagonalization with αeff

α → αeff in tree-level couplings
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examples:

Higgs production:

t

t

tg

g

φ

q

q

q′

q′

W

W

φ

Higgs decays:

b

b̄

φ
W

W

W γ

γ

φ
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complete treatment:

×

h

h, H

f̄

f
h, H : loop-corrected (neutral CP-even) Higgs bosons

Amplitude:

A(h → ff̄) =
√

Zh (Γh + ZhHΓH)

Γh,H : coupling of h, H to ff̄
√

– p.30



Zi =




1 + Re Σ̂′

ii(p
2) − Re






(

Σ̂ij(p
2)
)2

p2 − m2
j + Σ̂jj(p2)






′ 




−1

∣
∣
∣p2=M2

i

Zij = − Σ̂ij(M
2
i )

M2
i − m2

j + Σ̂jj(M2
i )

Zi : residue at pole mass Mi, i = h,H

Zij : transition from i to j, i, j = h,H

p2 = 0 : equivalent to αeff-approximation
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Further theoretical progress:

1. Counterterms at two-loop order
ST identities valid in dimensional reduction (DR)
DR scheme consistent with symmetric counterterms

[WH, Stöckinger]

2. O(αsαb) beyond meff
b approximation

meff
b = mb

1−∆mb
in αb Yukawa coupling

∆mb = non-decoupling SUSY contribution ∼ αs tanβ
[Heinemeyer, WH, Rzehak, Weiglein]

small shifts ∼ few GeV, but stabilizes prediction

3. charged H± mass with two-loop terms ∼ O(αsαt)
[Hahn, Heinemeyer, WH, Rzehak, Weiglein]
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4.3 Numerial analysis of the renormalisation sale dependeneWhile in the previous setion we ompared the results of di�erent renormalisation sheme, wenow fous on the \mb DR" sheme and investigate the e�et of varying the renormalisationsale of the O(�b�s) result obtained in this sheme. We vary the sale within the intervalmt=2 � �DR � 2mt, resulting in a shift whih is formally of O(�b�2s). The results are shownas a funtion of m~g for tan � = 50 in Fig. 12 for MA = 120 GeV and MA = 700 GeV.
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O(�t�s) : Ab; �~b DR for O(�b)O(�t�s) : Ab; �~b OS for O(�b)O(�t�s) : Ab; �~b OS for O(�b)O(�b�s) : Ab; �~b OSO(�t�s) : m~b; Ab OS for O(�b)O(�b�s) : m~b; Ab OSO(�b�s) : mbDRO(�b�s) : Ab; �~b DRO(�b�s) : Ab; �~b OSFigure 12: �DR dependene of Mh as a funtion of m~g for MA = 120 GeV (upper plot) andMA = 700 GeV (lower plot) for � = �1000 GeV, tan� = 50. The blak area orresponds tothe O(�t�s) result inluding resummation, i.e. the result without the subleading two-loopO(�b�s) terms. 24

mt/2 < µDR < 2mt

MA =

{

120 GeV

700 GeV
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charged Higgs boson mass

M
(0)
H± =

√

M2
Z + M2

A

MH± = M
(0)
H± + ∆M

(1)
H± + ∆M

(2)
H±

two-loop contributions ∼ O(αsαt) [examples]

H� H�~bi ~big~tj ~tj H� H�~bi~tj t~g ~tk H� H�t ~ti~gb ~bj H� H�~ti~bj

� �~ti~tj ~tk~tl � �~tig~ti ~ti � �t ~ti~gt ~tj � �~ti~tj ~tk – p.34



charged Higgs boson mass shift

-1500 -1000 -500 0 500 1000 1500
µ [GeV]

-4

-2

0

2

4

6

8

10

12

14

16

∆M
H

±
 [G

eV
]

no-mixing, MA = 200 GeV

2-loop, tanβ = 5

1-loop, tanβ = 5

2-loop, tanβ = 50

1-loop, tanβ = 50

-1500 -1000 -500 0 500 1000 1500
µ [GeV]

-4

-2

0

2

4

6

8

10

12

14

16

∆M
H

±
 [G

eV
]

mh
max

, MA = 200 GeV

2-loop, tanβ = 5

1-loop, tanβ = 5

2-loop, tanβ = 50

1-loop, tanβ = 50

– p.35



Higgs bosons in the complex MSSM

Complex parameters enter via loop corrections:

− µ : Higgsino mass parameter

− At,b,τ : trilinear couplings ⇒ Xt,b,τ = At,b,τ − µ∗{cotβ , tanβ} complex

− M1,2 : gaugino mass parameter (one phase can be eliminated)

− M3 : gluino mass parameter

⇒ can induce CP-violating effects

Result:

(A, H, h) → (h3, h2, h1)

with

mh3
> mh2

> mh1

– p.36



renormalized self energies:

Σ̂ = Σ + counter terms

renormalization of tadpoles:

Th + δTh = 0, TH + δTH = 0, TA + δTA = 0

renormalization of MH± : δM2
H± = ΣH±(M2

H±)

on-shell conditon for pole mass

renormalization of tan β:

tan β =
v2

v1
→

√

ZH2

ZH1

· v2 + δv2

v1 + δv1

=
v2

v1

(

1 + δZH2
− δZH1

+
δv2

v2
− δv1

v1

)

DR = 0

– p.37



propagator matrix ∆:

∆−1(q2) = q2 1 − m2
tree + Σ̂(q2)












q2 − M2
A + Σ̂AA(q2) Σ̂AH(q2) Σ̂Ah(q

2)

Σ̂HA(q2) q2 − m2
H + Σ̂HH(q2) Σ̂Hh(q

2)

Σ̂hA(q2) Σ̂hH(q2) q2 − m2
h + Σ̂hh(q

2)












Σ̂ij(q
2) (i, j = h, H, A) : renormalized Higgs self-energies

Σ̂Ah, Σ̂AH 6= 0 ⇒ CPV, CP-even and CP-odd fields can mix

→ sizeable effects on masses and couplings

– p.38



present status:

effective potential approximation + RGE
[Carena, Ellis, Pilaftsis, Wagner]

complete at one-loop order
[Frank, Hahn, Heinemeyer, WH, Rzehak, Weiglein]

leading two-loop contributions of O(αsαt)
[Heinemeyer, WH, Rzehak, Weiglein]

leading two-loop terms O(α2
t ) by interpolation

Σ̂(q2) = Σ̂(1−loop)(q2) + Σ̂(2−loop)(0)

– p.39



stop and sbottom renormalization required at 1-loop level

Mq̃ =

(

M2
L + m2

q + M2
Zc2β(T 3

q − Qqs
2
W

) mqX
∗
q

mqXq M2
q̃R

+ m2
q + M2

Zc2βQqs
2
W

)

with

Xq = Aq − µ∗κ , κ = {cot β, tan β} for q = t, b

⇒ Mass eigenvalues m2
q̃1

, m2
q̃2

, mixing angle θq̃, phase ϕq̃

complex phases important at the two-loop level
→ dependence on phases of At (Xt), mg̃

– p.40
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mh1
as a function of φg̃:
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tanβ = 10
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OS renormalization

⇒ threshold at mg̃ = mt̃+mt

⇒ large effects around

threshold

⇒ phase dependence

has to be taken
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couplings at higher order

hi
X

h, H, A

Γh1
=
√

Zh

(
Γh + ZhHΓH + ZhAΓA

)

Γh2
=
√

ZH

(
ZHhΓh + ΓH + ZHAΓA

)

Γh3
=
√

ZA

(
ZAhΓh + ZAHΓH + ΓA

)

approximation: Σ̂(0)

[→ see talk by H. Rzehak]
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∆−1(p2) ≡ Γ̂(p2) = p2
1− m

2
tree + Σ̂(p2)

∆ii(p
2) =

i

p2 − m2
i + Σ̂eff

ii (p2)
,

Σ̂eff
ii (p2) = Σ̂ii(p

2) − i
2Γ̂ij(p

2)Γ̂jk(p
2)Γ̂ki(p

2) − Γ̂2
ki(p

2)Γ̂jj(p
2) − Γ̂2

ij(p
2)Γ̂kk(p

2)

Γ̂jj(p2)Γ̂kk(p2) − Γ̂2
jk(p

2)

∆ij(p
2) =

Γ̂ijΓ̂kk − Γ̂jkΓ̂ki

Γ̂iiΓ̂jjΓ̂kk + 2Γ̂ijΓ̂jkΓ̂ki − Γ̂iiΓ̂
2
jk − Γ̂jjΓ̂

2
ki − Γ̂kkΓ̂

2
ij

in amplitudes with a Higgs boson hi:
√

Ẑi

(

Γi + ẐijΓj + ẐikΓk + · · ·
)

Ẑi =
1

1 +
(

ReΣ̂eff
ii

)′
(M2

i )

Ẑij =
∆ij(p

2)

∆ii(p2)
∣
∣
∣p2=M2

i

=
Σ̂ij(M

2
i )
(

M2
i − m2

k + Σ̂kk(M
2
i )
)

− Σ̂jk(M
2
i )Σ̂ki(M

2
i )

Σ̂2
jk(M

2
i ) −

(

M2
i − m2

j + Σ̂jj(M2
i )
)(

M2
i − m2

k + Σ̂kk(M2
i )
)
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Γ(h1 → τ+τ−) / MeV
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Summary

Electroweak precision observables
→ sensitive to quantum structure
→ constraints on unknown parameters

MSSM is competitive to the SM
– global fits of similar quality (even better)
– natural: light Higgs boson h0

mass of light h0 is another precision observable
– exp. accuracy ∼ O(0.1 GeV)

– theoretical uncertainty ∼ 3 GeV

complex MSSM → CP-violating Higgs sector
– mixing between h0, H0, and A0

– significant changes in masses and couplings

– p.46
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