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ẽ

ν̃µ

µ̃

ν̃τ

τ̃

γ̃

g̃

Z̃

W̃

h̃0u h̃−u

h̃0d h̃+d
MSSM

Supersymmetry is a new fundamental spacetime symmetry

Advantages for physics close to the EW scale
I Dark matter
I g − 2 of the muon
I Dynamical breaking of EW symmetry (µ2 < 0)
I Predicts one light Higgs boson
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SUSY and Grand Unification
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Features of Supersymmetry

Theorem in QFT (Weinberg Witten)

No massless spin s > 2 particle can couple consistently to massless particles with
s ≤ 2

see: Prof. Dominik Stöckinger RQFT WS19/20 Lecture 21 - 23

Poincaré + Unitarity =⇒ the menu of elementary particles is given by
massive case.: N. Arkani-Hamed, T. Huang, Y. Huang 2017

s ∈
{

0,
1

2
, 1,

3

2
, 2

}
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https://www.youtube.com/watch?v=1IcTUdZwoEk&list=PLtPAv05VUDZrJajPxe0_H5IszD1eGbZCw&index=21
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Features of Supersymmetry

Theorem in QFT (Weinberg Witten)

No massless spin s > 2 particle can couple consistently to massless particles with
s ≤ 2

see: Prof. Dominik Stöckinger RQFT WS19/20 Lecture 21 - 23

Poincaré + Unitarity =⇒ the menu of elementary particles is given by
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Relation to (quantum) gravity: SUGRA, string
theory, matrix models, ...
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Higgs mass in the MSSM

SUSY extension predicts one light Higgs
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as a constraint on new parameters
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Higgs mass in the MSSM

∆m2
h = v2κn

[
log

MS

v
+ C0 + C1

v2

M2
S

]
Q: Which parameter can be constrained?{

MS , tanβ =
〈Hu〉
〈Hd〉

,
xt mixing parameter

M2
t̃

=
(

M2
S xtmtMS(

xtmtMS
)∗ M2

S

)
, · · ·

}

MSSM is consistent iff large radiative corrections exist:

(86 GeV)2 ≤ ∆m2
h ≤ (125 GeV)2

I log MS
v

: typical feature of SUSY, MS cannot be arbitrarily high!
Exception: FSSM K. Benakli et al. 2013

Conclusive constraint requires low uncertainty
I Good: experimental uncertainty ∆Mexp

h ≈ 0.14 GeV
I Problem: theory uncertainty ∆M th

h ≈ 1-3 GeV
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Higgs mass in the MSSM[
Mh

!
= 125.1± 1.5 GeV

]
solved for MS
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J.Vega, G. Villadoro 2015

→ Need for a high precision calculation!
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Radiative corrections to the Higgs boson mass

∆m2
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Large loop corrections for:
I large mass gap MS � mt

I large off-diagonal element in the stop mass matrix: |xt| ≈
√
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Fixed-order calculation

Q

SM

mt

MSSM
RG running

MS M2
h = m2

Zc
2
2β + ∆m2

h

∣∣
1`

+ ∆m2
h

∣∣
2`

+ · · ·+ ∆m2
h

∣∣
n`

Input {g1,2,3, v, yf} from observ.{αe,s, GF ,MZ,f}

Good: gives reliable predictions if MS and mt are not too far apart

Problem: if MS � mt ⇒ perturbative expansion converges slow
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≈ [91 +O(20 . . . 30) +O(2 . . . 5) +O(1 . . . 2)] GeV
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Trick 1: Resummation of large logarithms

Effective field theory approach [lim(v/MS)→ 0]

Q

λ = λ(0`) + ∆λ(1`) + ∆λ(2`) + . . .+ ∆λ(n`)

MSSM

SM
mt

MS
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Trick 1: Resummation of large logarithms

Effective field theory approach [lim(v/MS)→ 0]
Q

MSSM

λ = λ(0`) + ∆λ(1`) + ∆λ(2`) + ∆λ(3`)

SM
mt

MS

+ : resummed logarithms of MS/mt

− : misses suppressed terms of O(v2/M2
S)

Good: Predicts Higgs mass reliably for large separation of mt and MS

Problem: for MS ' mt ⇒ large uncertainty

convergence rate of perturbative expansion
(xt = −

√
6, tanβ = 20,MS = 3 TeV)

Mh = mh + ∆m1`
h + ∆m2`

h + ∆m3`
h

≈ [O(117) +O(7) +O(1) +O(0.2)] GeV

11 / 21



Trick 1: Resummation of large logarithms

Effective field theory approach [lim(v/MS)→ 0]
Q

MSSM

λ = λ(0`) + ∆λ(1`) + ∆λ(2`) + ∆λ(3`)

SM
mt

MS

+ : resummed logarithms of MS/mt

− : misses suppressed terms of O(v2/M2
S)

Good: Predicts Higgs mass reliably for large separation of mt and MS

Problem: for MS ' mt ⇒ large uncertainty

convergence rate of perturbative expansion
(xt = −

√
6, tanβ = 20,MS = 3 TeV)

Mh = mh + ∆m1`
h + ∆m2`

h + ∆m3`
h

≈ [O(117) +O(7) +O(1) +O(0.2)] GeV

11 / 21



Trick 1: Resummation of large logarithms

Effective field theory approach [lim(v/MS)→ 0]
Q

MSSM

λ = λ(0`) + ∆λ(1`) + ∆λ(2`) + ∆λ(3`)

SM
mt

MS

+ : resummed logarithms of MS/mt

− : misses suppressed terms of O(v2/M2
S)

Good: Predicts Higgs mass reliably for large separation of mt and MS

Problem: for MS ' mt ⇒ large uncertainty

convergence rate of perturbative expansion
(xt = −

√
6, tanβ = 20,MS = 3 TeV)

Mh = mh + ∆m1`
h + ∆m2`

h + ∆m3`
h

≈ [O(117) +O(7) +O(1) +O(0.2)] GeV

11 / 21



Comparison of Mh calculations

103 104

MS /GeV

115

120

125

130

135

M
h
/

G
eV

ATLAS/CMS ±1σ

xt = −
√

6, tan β = 20

SOFTSUSY+Himalaya FO 3`

FlexibleSUSY+Himalaya EFT 3`

B. Allanach, A. Voigt 2018

low MS high MS

MS . 1.3 TeV MS & 1.3 TeV

fixed-order (FO) 3 7
EFT 7 3
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xt = −
√

6, tan β = 20

SOFTSUSY+Himalaya FO 3`

FlexibleSUSY+Himalaya EFT 3`
B. Allanach, A. Voigt 2018

low MS high MS

MS . 1.3 TeV MS & 1.3 TeV

fixed-order (FO) 3 7
EFT 7 3
Q: FO and EFT combined? 3 3
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Trick 2: Hybrid calculation

A: Yes e.g. FlexibleEFTHiggs [P. Athron et al. 2016], [P. Athron et al. 2017], [TK et al. 2020]

Q

M2
h

λ = 1
v2

[
(M2

h)MSSM −∆mSM
h

]MSSM

SM
mt

MS

Obtain λ from pole mass matching

(M2
h)SM = (M2

h)MSSM, Q = MS

Ensure that log(MS/mt) cancel in λ

Good:

I Valid at all scales
I Automatized derivation of ∆λ from self energies and tadpoles
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Hybrid calculation FlexibleEFTHiggs at N3LO and N3LL

Q

RGE at 4` [1201.5868, 1205.2892, 1212.6829, 1303.4364, 1604.00853]

M2
h at 3`

O(1`+ (αt + αb)αs + (αt + αb + ατ )2 + α2
sαt)

[0105096, 0112177, 0212132, 0206101, 0305127, 1205.6497, 1407.4336, 1708.05720]

MSSM

SM
mt

MS

α
SM(5)
s at 2` [9305305, 9707474]

Mt at 3` O(α2
s + α3

s) [9912391, 0507139, 9912391]

3L self energy from FlexibleSUSY+Himalaya obtained without terms of
O(κ3v2/M2

S)
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Hybrid calculation FlexibleEFTHiggs at N3LO and N3LL

Interpolation of Hybrid FEFT between FO and EFT:

103 104 105

MS/GeV

95

100

105

110

115

120

125

130

M
h
/
G

eV

tan β = 20, xt = 0

FO 3`

FEFT 3`

FEFT 2`

EFT 3`

for xt = 0 exact

103 104 105

MS/GeV

110

115

120

125

130

135

M
h
/
G

eV

tan β = 20, xt = −
√

6

FO 3`

FEFT 3`

FEFT 2`

EFT 3`

for xt = −
√

6 discrepancy

Discrepancy is dominated by highest power xt contributions included in FEFT
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Trick 3: Resummation of leading xt powers

Observation 1: the presented EFT calc. and FlexibleEFTHiggs work in
different parametrizations!
⇒ expand both matching conditions to 2-loop

∆λFEFT =κ(yMSSM
t )4

[
6x2t −1

2
x4t

]
+O

(
m2
t

M2
S

)
+ κ2g23(yMSSM

t )4
[
c(0,2) + c(1,2)xt + · · · +c(4,2)x

4
t

]
+O

(
m2
t

M2
S

)
∆λEFT =κ(ySMt )4

[
6x2t −1

2
x4t

]
+ κ2g23(ySMt )4

[
c̃(0,2) + c̃(1,2)xt + · · · +c̃(4,2)x

4
t + c̃(5,2)x

5
t

]
Q: How is the x5t term reproduced in FEFT?

A: The reparametrization of yt contains contributions ∆t ∝ g23xt
ySMt = yMSSM

t

[
1−∆1`

t

]
⇒ yMSSM

t ≈ ySMt
[
1 + ∆1`

t

]
Parametrizations are equivalent at 2-loop!
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Trick 3: Resummation of leading xt powers

Observation 2: Use the exact (implemented) relation

yMSSM
t =

ySMt[
1−∆1`

t

] = ySMt
∑
n

(∆1`
t )n

(∆λFEFT)(1`) =κ(yMSSM
t )4

[
6x2t −1

2
x4t

]
=κ(ySMt )4

[
6x2t −1

2
x4t

]
+ κ2g23(ySMt )4

[
· · · +ĉ(4,2)x

4
t + ĉ(5,2)x

5
t

]
+ κ3g43(ySMt )4

[
· · · +ĉ(4,3)x

4
t + ĉ(5,3)x

5
t + ĉ(5,3)x

6
t

]
· · ·

Direct calculation reveals
I ĉ(5,2)x

5
t = c̃(5,2)x

5
t 3

I ĉ(4,2)x
4
t 7, gets contributions from 2-loop Feynman diagrams

Q: What can be said about higher orders?
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I ĉ(5,2)x

5
t = c̃(5,2)x

5
t 3
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Trick 3: Resummation of leading xt powers

A: An inspection of multi-loop diagrams reveals that the highest power
contributions xmax

t receive no further corrections

Theorem TK, D. Stöckinger

In MSSM parameters: ∆λ 6⊃ (yMSSM
t )4g2n3 x

(5 or higher)
t for n ≥ 0.

∆λ

(ySMt )4
⊃ κg23

(
∝ x≤4

t + c(4+1,1)x
4+1
t

)

+ κ2g43

(
∝ x≤4

t + c(4+1,2)x
4+1
t + c(4+2,2)x

4+2
t

)

+ κ3g63

(
∝ x≤4

t + c(4+1,3)x
4+1
t + c(4+2,3)x

4+2
t + c(4+3,3)x

4+3
t

)
+ · · ·

Constraint can be extended to orders with combinations of g3 with other
couplings, i.e. ∆λ = y2t g

2
1,2g

2n
3 + y6t g

2n
3

Predicted correctly ∆λ = y2t g
2
1,2g

2
3x

3
t contribution from Bagnaschi et al. 2019
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Impact of xt resummation

−3 −2 −1 0 1 2 3
xt

108
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M
h
/G

eV

tan β = 5, MS = 5 TeV

FlexibleEFTHiggs 3L

FlexibleEFTHiggs 2L

FlexibleEFTHiggs 1L

FlexibleEFTHiggs 1L 2.0

−3 −2 −1 0 1 2 3
xt

−1.0

−0.5

0.0

0.5

1.0

(M
h
−
M

E
F

T
H

3L
h

)/
G

eV

tan β = 5, MS = 5 TeV

FlexibleEFTHiggs 3L

FlexibleEFTHiggs 2L

FlexibleEFTHiggs 1L

FlexibleEFTHiggs 1L 2.0

Good: fast convergence of perturbation theory for all xt ∈ [−3, 3]

|MFEFT 1L
h −MFEFT 3L

h | . 0.35 GeV

|MFEFT 2L
h −MFEFT 3L

h | . 0.05 GeV
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Uncertainty of FlexibleEFTHiggs at 3-loop
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Low uncertainty: ∆M th
h . 1 GeV
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Summary

FlexibleEFTHiggs 3-loop (N3LL + N3LO) a state-of-the-art calculation
valid for all scales MS

Hybrid approach is elegant and can be applied to other BSM

New resummation technique developed: It is possible to resum squark
mixing parameter xf ∈ {tanβ, xt} in the Higgs mass through 1-loop
threshold corrections
⇒ Resummation accounts for 500 MeV in realistic scenarios

Theoretical uncertainty reduced to ∆M th
h . 1 GeV in single-scale scenarios

Agreement with Mh = 125.1 GeV requires MS > 1 TeV

Outlook:
I Application to non-minimal SUSY extensions of the SM

21 / 21



Backup

21 / 21



ATLAS results MS

Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference

In
cl

us
iv

e
S

ea
rc

he
s

3rd
ge

n.
sq

ua
rk

s
di

re
ct

pr
od

uc
tio

n
E

W
di

re
ct

Lo
ng

-li
ve

d
pa

rt
ic

le
s

R
P

V

q̃q̃, q̃→qχ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]
mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃0

1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃0
1 0 2-6 jets Yes 36.1 m(χ̃0

1)<200 GeV 1712.023322.0g̃
m(χ̃0

1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃0
1 3 e, µ 4 jets - 36.1 m(χ̃0

1)<800 GeV 1706.037311.85g̃
ee, µµ 2 jets Yes 36.1 m(g̃)-m(χ̃0

1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃0
1 0 7-11 jets Yes 36.1 m(χ̃0

1) <400 GeV 1708.027941.8g̃
3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃0

1)=200 GeV 1706.037310.98g̃

g̃g̃, g̃→tt̄χ̃0
1 0-1 e, µ 3 b Yes 36.1 m(χ̃0

1)<200 GeV 1711.019012.0g̃
3 e, µ 4 jets - 36.1 m(g̃)-m(χ̃0

1)=300 GeV 1706.037311.25g̃

b̃1b̃1, b̃1→bχ̃0
1/tχ̃

±
1 Multiple 36.1 m(χ̃0

1)=300 GeV, BR(bχ̃0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃0
1)=300 GeV, BR(bχ̃0

1)=BR(tχ̃±1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden
Multiple 36.1 m(χ̃0

1)=200 GeV, m(χ̃±1 )=300 GeV, BR(tχ̃±1 )=1 1706.037310.7b̃1b̃1 Forbidden

b̃1b̃1, t̃1 t̃1, M2 = 2 × M1 Multiple 36.1 m(χ̃0
1)=60 GeV 1709.04183, 1711.11520, 1708.032470.7t̃1

Multiple 36.1 m(χ̃0
1)=200 GeV 1709.04183, 1711.11520, 1708.032470.9t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→Wbχ̃0
1 or tχ̃0

1 0-2 e, µ 0-2 jets/1-2 b Yes 36.1 m(χ̃0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, H̃ LSP Multiple 36.1 m(χ̃0
1)=150 GeV, m(χ̃±1 )-m(χ̃0

1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.4-0.9t̃1t̃1
Multiple 36.1 m(χ̃0

1)=300 GeV, m(χ̃±1 )-m(χ̃0
1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.6-0.8t̃1t̃1 Forbidden

t̃1 t̃1, Well-Tempered LSP Multiple 36.1 m(χ̃0
1)=150 GeV, m(χ̃±1 )-m(χ̃0

1)=5 GeV, t̃1 ≈ t̃L 1709.04183, 1711.115200.48-0.84t̃1t̃1

t̃1 t̃1, t̃1→cχ̃0
1 / c̃c̃, c̃→cχ̃0

1 0 2c Yes 36.1 m(χ̃0
1)=0 GeV 1805.016490.85t̃1

m(t̃1,c̃)-m(χ̃0
1 )=50 GeV 1805.016490.46t̃1

0 mono-jet Yes 36.1 m(t̃1,c̃)-m(χ̃0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃0
1)=0 GeV, m(t̃1)-m(χ̃0

1)= 180 GeV 1706.039860.32-0.88t̃2

χ̃±1 χ̃
0
2 via WZ 2-3 e, µ - Yes 36.1 m(χ̃0

1)=0 1403.5294, 1806.022930.6χ̃±
1 /χ̃

0
2

ee, µµ ≥ 1 Yes 36.1 m(χ̃±1 )-m(χ̃0
1)=10 GeV 1712.081190.17χ̃±

1 /χ̃
0
2

χ̃±1 χ̃
0
2 via Wh ℓℓ/ℓγγ/ℓbb - Yes 20.3 m(χ̃0

1)=0 1501.07110χ̃±
1 /χ̃

0
2 0.26

χ̃±1 χ̃
∓
1 /χ̃

0
2, χ̃+1→τ̃ν(τν̃), χ̃0

2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) 1708.078750.76χ̃±
1 /χ̃

0
2

m(χ̃±1 )-m(χ̃0
1 )=100 GeV, m(τ̃, ν̃)=0.5(m(χ̃±1 )+m(χ̃0

1)) 1708.078750.22χ̃±
1 /χ̃

0
2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃0
1 2 e, µ 0 Yes 36.1 m(χ̃0

1)=0 1803.027620.5ℓ̃
2 e, µ ≥ 1 Yes 36.1 m(ℓ̃)-m(χ̃0

1 )=5 GeV 1712.081190.18ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 ≥ 3b Yes 36.1 BR(χ̃0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 Yes 36.1 BR(χ̃0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃+1 χ̃
−
1 prod., long-lived χ̃±1 Disapp. trk 1 jet Yes 36.1 Pure Wino 1712.021180.46χ̃±

1
Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±

1

Stable g̃ R-hadron SMP - - 3.2 1606.051291.6g̃

Metastable g̃ R-hadron, g̃→qqχ̃0
1 Multiple 32.8 m(χ̃0

1)=100 GeV 1710.04901, 1604.045202.4g̃ [τ( g̃) =100 ns, 0.2 ns] 1.6g̃ [τ( g̃) =100 ns, 0.2 ns]

GMSB, χ̃0
1→γG̃, long-lived χ̃0

1 2 γ - Yes 20.3 1<τ(χ̃0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 0.44

g̃g̃, χ̃0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 6 <cτ(χ̃0

1)< 1000 mm, m(χ̃0
1)=1 TeV 1504.05162g̃ 1.3

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±1 χ̃
∓
1 /χ̃

0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 Yes 36.1 m(χ̃0

1)=100 GeV 1804.036021.33χ̃±
1 /χ̃

0
2 [λi33 , 0, λ12k , 0] 0.82χ̃±

1 /χ̃
0
2 [λi33 , 0, λ12k , 0]

g̃g̃, g̃→qqχ̃0
1, χ̃0

1 → qqq 0 4-5 large-R jets - 36.1 Large λ′′112 1804.035681.9g̃ [m(χ̃0
1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃0
1)=200 GeV, 1100 GeV]

Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

g̃g̃, g̃→ tbs / g̃→tt̄χ̃0
1, χ̃0

1 → tbs Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.1g̃ [λ′′

323
=1, 1e-2] 1.8g̃ [λ′′

323
=1, 1e-2]

t̃t̃, t̃→tχ̃0
1, χ̃0

1 → tbs Multiple 36.1 m(χ̃0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2018

ATLAS Preliminary√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made. 21 / 21
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