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Motivation: Minimal Supersymmetric Standard Model

Supersymmetry (SUSY): Fermion ↔ Boson

Minimal Supersymmetric Standard Model (MSSM)

• add Superpartner to each particle in the SM

mparticle = msuperpartner

problem: no sparticles have been observed
=⇒ SUSY must be broken

• add soft SUSY-breaking terms

• add another Higgs doublet and its superpartner

– to give masses to u-quarks

– To cancel the chiral anomaly
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Motivation: Minimal Supersymmetric Standard Model

Particle content of the MSSM

Fermions Bosons
Quarks qL, qR Squarks q̃L, q̃R

Leptons lL, lR, νl Sleptons l̃L, l̃R, ν̃l

Higgsinos H̃1, H̃2 Higgses H1, H2

Gauginos W̃±, Z̃, γ̃ Gauge Bosons W±, Z, γ

Gluinos g̃ Gluons g

Squarks q̃R, q̃L → q̃1, q̃2 Sleptons l̃R, l̃L → l̃1, l̃2
Charged higgsinos and gauginos → charginos
Neutral higgsinos and gauginos → neutralinos

χ̃0
4 χ̃0

3 χ̃0
2 (next-to-lightest) χ̃0

1 (lightest)

Their masses depend on MSSM parameters
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Motivation: Minimal Supersymmetric Standard Model

A discrete symmetry: R-parity

SM-type particles PR = 1
All sparticles PR = −1

Consequences if R-parity is conserved

• Sparticles can only be produced in pairs in collider
experiments

• Lightest sparticle (LSP) is stable

Assuming lightest neutralino χ̃0
1 is LSP

Sparticle → lightest neutralino χ̃0
1

Phenomenological signature: missing energy
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Motivation: Decays of Sparticles at Colliders

Production of Sparticles at Colliders

LHC: gluinos g̃ and squarks q̃s

ILC: sleptons l̃s, neutralinos χ̃0
i and charginos χ̃±

i

Decays of Sparticles

Sparticle → Lighter one → · · · → χ̃0
2(χ̃

±
1 ) → χ̃0

1f f̄ ′

(f and f ′ denote lighter SM fermions)

Observable: dilepton invariant mass Ml+l−(l = e, µ, τ)

Interesting decays χ̃0
2 → χ̃0

1l
+l−

s = 1, 2 labels the slepton mass eigenstates, φ = h0, H0 or A0
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s = 1, 2 labels the slepton mass eigenstates, φ = h0, H0 or A0
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Motivation: Decays of Sparticles at Colliders

Endpoint of Ml+l− distribution depends on the kinematics
=⇒ mass relations of sparticles

Kinematics Endpoint MMax
l+l−

l̃∓s , Z and φ are virtual (three-body decays) mχ̃0
2
− mχ̃0

1

l̃∓s are real (two-body decays) mχ̃0
2

√

1 −
m2

l̃s

m2

χ̃0
2

√

1 −
m2

χ̃0
1

m2

l̃s

Z(φ) is real (two-body decays) mZ(φ)

High precision for the endpoint is expected at LHC and ILC
O(0.1%)

=⇒ higher-order corrections are necessary !!
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Numerical Results
Tree level contribution (diagrams were shown before)

One-Loop Contribution
{ virtual corrections

real photon bremsstrahlung

Γ1−loop = Γtree + Γvirtual + Γreal

= Γtree + ΓQED + Γremainder

Total χ0
2 decay width

Γχ̃0
2

=
∑

f 6=t
Γ(χ̃0

2 → χ̃0
1ff̄)

The branching ratios of charged leptonic decays

Br(χ̃0
2 → χ̃0

1l
+l−) = Γ(χ̃0

2→χ̃0
1l

+l−)
Γ

χ̃0
2
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Numerical Results SPS1a parameter set

SPS: Snowmass Points and Slopes
B.C. Allanach et al., Eur. Phys. J. C25, (2002) 113; G. Weiglein, hep–ph/0301111.

SPS1a: mSUGRA scenario

The spectrum corresponding to SPS1a benchmark point

• No slepton mixing:
l̃R = l̃1, l̃L = l̃2 (l = e, µ)

• mẽR
= mµ̃R

, mẽL
= mµ̃L

• mχ̃0
1

< m
l̃1

< mχ̃0
2

=⇒χ̃0
2 → l̃±1 l∓ → χ̃0

1l
+l−

(l = e, µ, τ )
0

100

200

300

400

500

600

700

800

m [GeV]

l̃R

l̃L
ν̃l

τ̃1

τ̃2

χ̃0

1

χ̃0

2

χ̃0

3

χ̃0

4

χ̃±

1

χ̃±

2

ũL, d̃R
ũR, d̃L

g̃

t̃1

t̃2

b̃1

b̃2

h0

H0, A0 H±
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Numerical Results SPS1a parameter set

χ̃0
2 tree-level 1-loop-level

decay mode width(MeV), Br width(MeV), Br

χ̃0
1e

−e+ 1.123, 5.9% 1.297, 6.7%

χ̃0
1µ

−µ+ 1.123, 5.9% 1.297, 6.7%

χ̃0
1τ

−τ+ 16.870, 88.0% 16.595, 86.2%

χ̃0
1νeν̄e 0.012 0.012

χ̃0
1νµν̄µ 0.012 0.012

χ̃0
1ντ ν̄τ 0.013 0.013

qq̄χ̃0
1 0.015 0.015

total width 19.168 18.915

– Main decay mode: τ−τ+χ̃0
1

– Large enhancement at 1-loop level (e, µ): 15.5% (width) 15.0% (Br )
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Numerical Results SPS1a parameter set

remainder

QED

1-loop

tree

dΓ

dM
e+e−

Complete calculation

Me+e−(GeV)

9080706050403020100

3.5e− 05

3e− 05

2.5e− 05

2e− 05

1.5e− 05

1e− 05

5e− 06

0

−5e− 06

1-loop

tree

dΓ

dM
e+e−

Complete calculation: blow-up around the peak

Me+e−(GeV)

767472706866646260

3.2e− 05

3e− 05

2.8e− 05

2.6e− 05

2.4e− 05

2.2e− 05

2e− 05

• MMax
e+e− = mχ̃0

2

√

1 −
m2

ẽ
±
1

m2

χ̃0
2

√

1 −
m2

χ̃0
1

m2

ẽ
±
1

' 76.8 GeV

• Peak is shifted by 4 GeV at 1-loop level
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Numerical Results

1.) mẽ1
= mµ̃1

, mẽ2
= mµ̃2

2.) ml(l = e, µ) = 0 except when it appears in one-loop
integrals ⇒ ln ml

3.) ln ml cancels in 1-loop level integrated results

=⇒ χ0
2 → χ0

1e
+e− and χ0

2 → χ0
1µ

+µ− are identical for
the integrated width and tree-level Ml+l− distributions

Different treatment of collinear photon radiation:
{ Me+e− =

√

(ke+ + ke− + kγ)2 ln me cancels

Mµ+µ− =
√

(kµ+ + kµ−)2 ln mµ not cancels

=⇒ 1-loop Ml+l− distributions are not identical
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Numerical Results SPS1a parameter set

Comparison of Mµ+µ− and Me+e− distributions

1-loop (l = )

1-loop (l = e)

tree

dΓ

dM
l+l−

Ml+l−(GeV)

9080706050403020100

3.5e− 05

3e− 05

2.5e− 05

2e− 05

1.5e− 05

1e− 05

5e− 06

0PSfrag replacements

µ 1-loop (l = )

1-loop (l = e)

tree

dΓ

dM
l+l−

blow-up around the peak

Ml+l−(GeV)

767472706866646260

3.2e− 05

3e− 05

2.8e− 05

2.6e− 05

2.4e− 05

2.2e− 05

2e− 05PSfrag replacements

µ

1-loop (l = )

1-loop (l = e)

dΓ1−loop−dΓtree

dM
l+l−

Ml+l−(GeV)

9080706050403020100

4e− 06

3.5e− 06

3e− 06

2.5e− 06

2e− 06

1.5e− 06

1e− 06

5e− 07

0

−5e− 07

−1e− 06

−1.5e− 06PSfrag replacements µ 1-loop (l = )

1-loop (l = e)

dΓ1−loop−dΓtree

dM
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blow-up around the peak

Ml+l−(GeV)
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2e− 06

1.5e− 06
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−1.5e− 06PSfrag replacements µ
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Numerical Results SPS1a parameter set

remainder

QED

1-loop

tree

dΓ

dM
τ+τ−

Complete calculation

Mτ+τ−(GeV)
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0.00045

0.0004

0.00035
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0.00025
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−0.0001

1-loop
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0.00042

0.00041

0.0004

0.00039

0.00038

0.00037

0.00036

0.00035

• mτ̃
±

1

≈ √
mχ̃0

2
mχ̃0

1
=⇒ MMax

τ+τ− = mχ̃0
2

√

1 −
m2

τ̃
±
1

m2

χ̃0
2

√

1 −
m2

χ̃0
1

m2

τ̃
±
1

≈ mχ̃0
2
− mχ̃0

1
' 80.4 GeV

• Peak is shifted by 2 GeV at 1-loop level
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τ+τ− = mχ̃0
2

√

1 −
m2

τ̃
±
1

m2

χ̃0
2

√

1 −
m2

χ̃0
1

m2

τ̃
±
1

≈ mχ̃0
2
− mχ̃0

1
' 80.4 GeV

• Peak is shifted by 2 GeV at 1-loop level
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Numerical Results three-body decays

SPS1a parameter set except that the sleptons are heavier

particle ẽ1(µ̃1) ẽ2(µ̃2) τ̃1 τ̃2 ν̃l(l = e µ, τ)

mass(GeV) 187.9 234.9 182.3 239.2 221.0

χ̃0
2

tree-level 1-loop-level

decay mode width(keV), Br width(keV), Br

e−e+χ̃0
1

1.270, 4.4% 1.451, 5.0%

µ−µ+χ̃0
1

1.270, 4.4% 1.451, 5.0%

τ−τ+χ̃0
1

7.209, 25.1% 7.383, 25.4%

νeν̄eχ̃0
1

1.273 1.355

νµν̄µχ̃0
1

1.273 1.355

ντ ν̄τ χ̃0
1

1.273 1.354

qq̄χ̃0
1

15.210 14.765

total width 28.778 29.114
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Numerical Results three-body decays

remainder

QED

1-loop

tree

dΓ

dM
e+e−

Me+e−(GeV)

9080706050403020100

3.5e− 08

3e− 08

2.5e− 08

2e− 08

1.5e− 08

1e− 08

5e− 09

0

−5e− 09

1-loop

tree

dΓ

dM
e+e−

Blow-up near the endpoint

Me+e−(GeV)

8180.58079.57978.57877.577

2e− 09

1.8e− 09

1.6e− 09

1.4e− 09

1.2e− 09

1e− 09

8e− 10

6e− 10

4e− 10

2e− 10

0

• Mmax
e+e− = mχ̃0

2
− mχ̃0

1
three-body kinematics

• Peaks are shifted at 1-loop level, the one near the
endpoint comes from the exchange of Z boson
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Numerical Results three-body decays

Comparison of Mµ+µ− and Me+e− distributions

1-loop (l = )

1-loop (l = e)

tree

dΓ

dM
l+l−

Ml+l−(GeV)

9080706050403020100

3.5e− 08

3e− 08

2.5e− 08

2e− 08

1.5e− 08

1e− 08

5e− 09

0PSfrag replacements

µ 1-loop (l = )

1-loop (l = e)

tree

dΓ

dM
l+l−

Blow–up near the endpoint

Ml+l−(GeV)

807876747270

1.4e− 08

1.2e− 08

1e− 08

8e− 09

6e− 09

4e− 09

2e− 09

0PSfrag replacements

µ

1–loop (l = )

1–loop (l = e)

dΓ1−loop−dΓtree

dM
l+l−

Ml+l−(GeV)

9080706050403020100

4e− 09

3.5e− 09

3e− 09

2.5e− 09

2e− 09

1.5e− 09

1e− 09

5e− 10

0

−5e− 10PSfrag replacements µ 1-loop (l = )

1-loop (l = e)

dΓ1−loop−dΓtree

dM
l+l−

Blow–up near the endpoint

Ml+l−(GeV)

807876747270

1.4e− 09

1.2e− 09

1e− 09

8e− 10

6e− 10

4e− 10

2e− 10

0

−2e− 10

−4e− 10

−6e− 10PSfrag replacements µ
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Numerical Results three-body decays
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• Peaks are shifted at 1-loop level
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Summary

• Decays χ̃0
2 → χ̃0

1l
+l−(l = e, µ, τ) are important for

SUSY-search at LHC and ILC

• The Endpoint of Ml+l− distribution determines mass
relations of sparticles

• At one-loop level, the integrated partial widths and the
branching ratios of decays χ̃0

2 → χ̃0
1l

+l− are found to be
largely enhanced, for the e, µ final states
SPS1a: 15.5% (width) 15.0% (Br )
three-body decays: 14.3% (width) 12.9% (Br )

• At 1-loop level, the shape of Ml+l− distribution is altered,
its peak is shifted by several GeV (SPS1a)

Q. Xu, Radiative Corrections to Neutralino Decays – p.19
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