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Triumph of  the Standard Model
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Other

MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.05525q̃, g̃ 1.85 TeV

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2017-0221.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV ATLAS-CONF-2017-0222.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2017-0222.01 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)<400 GeV ATLAS-CONF-2017-0301.825 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV ATLAS-CONF-2017-0331.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.05493g̃ 1.37 TeV

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290g̃ 900 GeV

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2017-0211.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV ATLAS-CONF-2017-0211.97 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.0600g̃ 1.37 TeV

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV ATLAS-CONF-2017-038950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2017-030275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2017-020t̃1 90-198 GeV 205-950 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV ATLAS-CONF-2017-019320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-440 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039710 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-035760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.16 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV
χ̃0

2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 590 GeV

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2017-017430 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV
Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃

0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.05162χ̃0

1 1.0 TeV

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

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV
χ̃+

1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV
g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 ATLAS-CONF-2017-0132.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 ATLAS-CONF-2017-0131.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% ATLAS-CONF-2017-0360.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

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.
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Fine print: MSSM status at the beginning of  Run II
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MSUGRA/CMSSM

Fine print: MSSM status at the beginning of  Run II
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MSUGRA/CMSSM

Fine print: MSSM status at the beginning of  Run II
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those limits are model dependent and can be much 
weaker



Landscape of  supersymmetric models
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MSSM



Landscape of  supersymmetric models

MSSM

singlet extended SSM

triplet extended SSM

SUSY with R-parity violation

additional U(1)’s

models with Dirac gauginos

and many others….

R-symmetry

4



R-symmetry
additional symmetry of  the SUSY algebra allowed by the Haag - Łopuszański - Sohnius 
theorem 

for N=1 it is a global UR(1) symmetry under which the SUSY generators are charged 

implies that the spinorial coordinates are also charged  

Lagrangian invariance 

Kähler potential invariant if  R-charge of  vector superfield is 0 

R-charge of  the superpotential must be 2 

soft-breaking terms must have R-charge 0

Fayet; Salam and Strathdee, ...

QR(✓) = 1, ✓ ! eı↵✓
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Low-energy R-symmetry realization

freedom in the choice of  chiral superfield charge 

we choose SM fields to have R=0 ➜ Higgs superfields QR=0, lepton and quark superfields 
have QR=+1 

with the above assignment R-symmetry forbids 

                 

                              

soft SUSY breaking Majorana masses and trilinear scalar couplings 

flavor problem ameliorated but now gauginos and higgsinos are masses  
➜ possible solution - Dirac gauginos

µĤuĤd

other realizations: 
… 

Davies, March-Russell, McCullough (2011) 
Lee, Raby, Ratz, Schieren, Schmidt-Hoberg, 

Vaudrevange (2011) 
Frugiuele, Gregoire (2012) 

…

�ÊL̂L̂,ÛD̂D̂, eĤL̂

6



Superpotential — Choi, Choudhury, Freitas, Kalinowski, Zerwas (2011) 

μ-type terms 

terms with 𝜆, 𝛬 couplings generate quartic Higgs couplings in the potential  

MSSM-like Yukawa terms 

Allowed soft SUSY-breaking terms 

conventional MSSM       -term: 

Dirac mass terms for gauginos 

scalar soft masses 

MRSSM lagrangian

W =µd R̂d Ĥd + µu R̂u Ĥu

+ ⇤d R̂d T̂ Ĥd + ⇤u R̂u T̂ Ĥu + �d Ŝ R̂d Ĥd + �u Ŝ R̂u Ĥu

� Yd d̂ q̂ Ĥd � Ye ê l̂ Ĥd + Yu û q̂ Ĥu

V 3 Bµ(H
�
d H+

u �H0
dH

0
u) + h.c.Bµ

MD g̃g̃0

m2 |�|2
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Particle content summary: MSSM vs. MRSSM

neutralino gluino

MSSM 4 1

MRSSM 4 1

Higgs R-Higgs

CP-even CP-odd charged charginos neutral charged sgluon

MSSM 2 1 1 2 0 0 0

MRSSM 4 3 3 2+2 2 2 1

Majorana fermions

Dirac fermions

completely new statesdifferent number of  physical states
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Exemplary mass spectrum
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sgluon pair production  

complex fields O split by D-term contribution into scalar (S) and pseudoscalar (A) parts  

       naturally heavy,        might decay into quarks through loop-induced coupling 
 
 
 

Coupling proportional to   .  . If         is lighter than other SUSY particles but                     
       decays exclusively to top quarks 

same sign squark pair production  
 
 
 
 
 

Dirac gluino       pair production, with cross section roughly twice as large as in the MSSM

MRSSM signatures at the LHC
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pp ! OO

m2
OA

= m2
O m2

OS
= m2

O + 4(MD
O )2

OS

OA

q

q

g̃D

g̃D

q̃
OA

q

q

g̃D

g̃D

q̃

g̃D

�

�

�̃���

�̃���
�̃

�

�

�̃�

�̃�
�̃�

OA

mq OA mOA > 2mt

OA

pp ! q̃Lq̃R

diagram 
present in 

the MRSSM

MSSM diagram  
with Majorana mass  

insertion doesn’t exist



Leading order analysis
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Leading order analysis

11

squark anti-squark production is almost the same



Leading order analysis

11

squark anti-squark pair production becomes subdominant

squark anti-squark production is almost the same



Details of NLO calculation



dimensional regularization (DREG) breaks supersymmetry  
 
 
 
 
 
degrees of  freedom in 4-dimensions  
 
 
 
 
degrees of  freedom in D-dimensions  

Solution - use dimensional reduction (DRED). In DRED, momenta are continued from 4 to 
D dimensions, while gauge fields and γ-matrices remain 4-dimensional objects. 

PDF are fitted in the        scheme. Not trivial to combine them with matrix elements 
regularized using DRED.  

Solution: do the calculation in the        scheme and derive                     transition terms by 
matching off-shell Green’s functions calculated in both schemes. This fixes UV-part without 
altering the IR one.

Detour - regularization in SUSY theories

12

gµ g̃

4-2=2 2

D-2 2

=

=

gluon Majorana gluino

MS MS ! DR

MS



FeynArts model containing                
renormalization constants 
and                     transition 
counterterms 

Amplitude generated using 
FeynArts and evaluated in 
FormCalc in terms of  
Passarino - Veltman loop 
functions 

Check of  UV-finiteness

Virtual matrix element — technical side

13

MS ! DR



Effect of  Dirac gluinos 

MSSM contains virtual corrections which 
grow together with  

but no such corrections in the MRSSM 

Non-decoupling of  sgluons 

difference between gauge coupling g and 
gluino coupling  

translates into 

Virtual matrix element — pheno implications
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ĝs � gs =
↵s

8⇡

 
log

m2
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m2
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+ log
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m2
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!
ĝ

�super-oblique part
pp!ũLũR
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↵s
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log
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�LO
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Real emissions — generic structure
IR divergences cancelled after including real emission diagrams and through mass 
factorization, e.g.  

Split real emission phase space as (two-cut phase space slicing) 

S and HC parts integrated analytically in D-dimension 

soft and collinear part (S) is the source of        , 

hard-collinear part (HC) is the source of  

15

✏�2
IR ✏�1

IR

✏�1
IR

�R =

Z
d�R

=

Z

S

d�R +

Z

H

d�R

=

Z

S

d�R +

Z

HC

d�R +

Z

HC

d�R

split emitted parton phase space  
according to its softness

split emitted hard parton phase space  
according to its collinearity

. . .
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two separate 
calculations: 
analytic and 

MadGraph5_aMC@
NLO+GoSam 



Resonances in real emission diagrams
appearance of  on-shell gluino when  

2 popular ways of  treating them 

diagram removal (DR) 

diagram subtraction (DS) 

for DR one needs to carefully choose the 
gauge 

DR breaks gauge invariance 

unphysical gauges break factorization of  
collinear singularities — use family of  
light-cone gauges defined by

17

⌘± ⌘(
p

1 + �2, 0, �,±1)

mg̃ � mu +mũi



Resonances in real emission diagrams

17

⌘± ⌘(
p

1 + �2, 0, �,±1)IN PRACTICE, A
LL THIS DOESN’T MATTER

appearance of  on-shell gluino when  

2 popular ways of  treating them 

diagram removal (DR) 

diagram subtraction (DS) 

for DR one needs to carefully choose the 
gauge 

DR breaks gauge invariance 

unphysical gauges break factorization of  
collinear singularities — use family of  
light-cone gauges defined by

mg̃ � mu +mũi



Phenomenology



NLO improvements

18

reduction of theoretical uncertainty shift of cross-sections

right 
figure 

summed  
over  

flavors



Comparison with the MSSM

19

Two possible definitions of  K-factors: 

unsummed over L- and R-squarks 

summed 



Differential distributions

20
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Summary and outlook
MRSSM presents a viable alternative to the MSSM, without some of  the MSSM drawbacks 

Its collider phenomenology might be quite different from the MSSM 

I presented the first calculation of  the SQCD NLO correction to            processes at the 
LHC within the R-symmetric SUSY 

We developed a standalone C++ code, called RSymSQCD, allowing to calculate NLO cross 
sections for described processes. The code will be published at http://rsymsqcd.hepforge.org 
If  you want it now, let me know.

Future goals: 

Moving to Catani-Seymour dipole subtraction (order of  magnitude speed up) 

Implementing remaining              processes  

Implications for the LHC

21
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2 ! 2

2 ! 2

Thank you!

http://rsymsqcd.hepforge.org


The SM-like Higgs boson mass in the 
MRSSM has been calculated including 
fu l l 1- loop and leading 2- loop 
corrections1,2 

Impact of  EWPO was analyzed1 

MRSSM can predicts correct dark 
matter relic density while being in 
agreement with dark matter direct 
detection bounds3 

Its EW signatures were checked against 
available 7 and 8 TeV data3

EW sector of  the MRSSM (status)

10

✦ tree-level 
result 

✦ 1-loop 
quantum 
corrections 

✦ leading 2-
loop 

corrections
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