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Outline
 pp collisions: where we stand today   

 guiding principles to go Beyond Standard Model 

 SUSY : present status   

 lastest fits on CMSSM and NUHM            

 extending mono-jet and VBF potential 

to Natural Compressed scenarios 

 Outlook
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benefitted  a lot  from  discussions 
with  Giacomo Polesello  and  Tommaso Lari
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pp collisions: where we stand today
LHC run at 7-8 TeV completed  [ ∫ L ~ 5 + 20 fb-1/ exp] 

( just initial LHC phase ! ) 
amazing performance ➜ results well above expectations... 
SM tested at high accuracy in a new √s range : 
QCD (many regimes), top physics, EW processes, flavor
“direct” exploration of SM EWSB sector started up with 
observation of a  (quite light) Higgs resonance !!!
still a lot of room for a non-SM EWSB sector
bounds on new heavy states predicted by many BSM 
models widely extended wrt pre-LHC era
no real hint of BSM physics !
SM Hierarchy-Problem solution getting harder...
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SM not enough !
beautifully successful at E < 1 TeV, 
but has some “messy features” (flavour sector...),
and does not explain a number of things 
(strong CP, neutrino sector, baryogenesis, Dark Matter...)

crucial issue for Collider Physics (and LHC !) :

             what is the expected 
     Energy Threshold (ETH) to go BSM ???

   guiding principles to go BSM
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What is expected ETH to go BSM ?
given by requirement of Naturalness of EWSB scale !
quadratic divergences on mass parameters of fundamental scalars 
drive Higgs mass to the next energy threshold ETH

(because of absence of symmetry protecting mH in SM)
➜ to avoid Fine-Tuning of parameters, one expects roughly
               ETH ~  mH / gcoupling ~ 1 TeV

this  was  (before LHC start-up),  and  still  is ( ! ),
  a  ROBUST statement !!!

WARNING : the way ETH materializes (enters theory)
depends on actual SM extension  (nobody presently knows !)

6

how has LHC Run I affected this statement ?
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how  LHC Run I  has affected the 
statement  ETH ~ mH /gcoupling ~ 1 TeV  

in the last few decades a lot of theoretical speculations 
to build models satisfying this criterium 
( SuSy, Compositeness, Extra Dim.’s, Little Higgs, ....)

in general good features are introduced at the expenses 
of quite a number of UNPREDICTED new parameters

in PHENO studies at colliders, most emphasis given to 
SIMPLE versions of models (preserving basic features)
(➜ less free parameters)

after LHC Run I, Simplest Versions of different models 
look quite Fine-Tuned !

7

theories must  build up on 
experimental facts ....
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Multi-charged particles (DY prod.) : highly ionizing tracks
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today, SuSy is still the best candidate 
(among the ones we have thought of) 

to solve all problems 
connected to the TeV scale (and beyond !) 

predicts a light (fundamental) Higgs boson; radiat. EWSB
stabilizes mass hierarchy;
weakly coupled theory (coupl.s are known !) : allows 
accurate and consistent TH predictions even at scales >>TeV 

can in principle be extended up to MGUT, MPl, and support the desert 
hypothesis ➜  consistent with GUT

delicate impact on EWPT’s and FCNC’s (as needed by exp’s)

Dark Matter origin as a WIMP
9
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   actually.... two weak points  in  SuSy

 one on the exp side :
 no susy partner observed in > 30 years of searches;
 present LHC mass bounds on 
 squarks and gluinos ~ 1-1,7 TeV  ( in CMSSM ! ) 

 one on the theory side :      
  
vast  arbitrariness  in  construction 
of theoretical  models for SuSy breaking 
on which spectrum of SuSy partners 
is crucially based !

10

  makes implications 
of previous issue  
less dramatic !

➜
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 in order to stabilize SM mass hierarchy, 
(a few) SuSy-partner masses should be in the o(TeV) range

 (SuSy breaking) mass terms in SuSy Lagrangian should not 
spoil the good  convergence  properties  of  SuSy (➜soft)!
➜>100 new parameters in MSSM (cf. ~ 10 SM mass param’s)

 FCNC’s  imply  squarks and sleptons  with same quantum  #’s  be 
either almost  degenerate  in  mass  or  almost   diagonal  in 
Yukawa matrices !  
➜ constrains # of free parameters

 many SuSy-breaking models proposed with reduced # of 
parameters (CMSSM, SuGra, NUHM, GMSB, pMSSM....)  
                               (none meets all challenges !)

11

a few robust constraints on mass spectrum :
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warning on “fashionable” SUSY models !

simplicity (➜few parameters) not always a 
good guiding principle !
[ex: simplicity in the SM would never lead to the 
observed fermion mass spectrum !]

changing model (and # of parameter) 
in general affects pheno at LHC in a non-
trivial way (different classes of signatures) !

12

( nicely  illustrated  by  the 
ATLAS  SUSY  Summary plot ➜ )
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e,µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1 )+m(g̃ )) ATLAS-CONF-2013-0621.18 TeVg̃

g̃ g̃ , g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB (ℓ̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

GGM (wino NLSP) 1 e, µ + γ - Yes 4.8 m(χ̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 4.8 m(χ̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(g̃ )>10−4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

ℓ̃L,Rℓ̃L,R, ℓ̃→ℓχ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeVℓ̃

χ̃+1 χ̃
−
1 , χ̃

+
1→ℓ̃ν(ℓν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e,µ 0 Yes 20.7 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-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeVχ̃±

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

1

g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

g̃→t̃1t, t̃1→bs 2 e,µ (SS) 0-3 b Yes 20.7 ATLAS-CONF-2013-007880 GeVg̃

Scalar gluon pair, sgluon→qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon→tt̄ 2 e,µ (SS) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

WIMP interaction (D5, Dirac χ) 0 mono-jet Yes 10.5 m(χ)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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Susy predicts extended Higgs sector !
2 Higgs doublets in MSSM ➜ 5 physical fields
                                h, H, A, H+,H-

best fit for mh~125 GeV and measured h signal strengths :
 MH ~ 580 GeV, MA~MH+~ 560 GeV,  tanβ~1

gg,bb ➜ A,H ➜ t t could be accessible in next run !
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news on Susy Higgs-mass calculators
new version of FeynHiggs (2.10.0) including resummation 
of LL and NLL in  log(mstop/mtop) through 2-loop RGEs
achieves higher accuracy at large mstop 

15

3

the two-loop level obtained with the FD approach in the
OS scheme, while (∆M2

h)
RGE are the leading and sub-

leading logarithmic contributions (either up to a certain
loop order or summed to all orders) obtained in the RGE
approach, as evaluated via Eq. (2). In all terms of Eq. (4)
the top-quark mass is parametrised in terms of mt; the
relation between XMS

t and XOS
t is given by

XMS
t = XOS

t [1 + 2L (αs/π − (3αt)/(16π))] (5)

up to non-logarithmic terms, and there are no logarithmic
contributions in the relation between MMS

S and MOS
S .

Since the higher-order corrections beyond 2-loop order
have been derived under the assumption MA ≫ MZ , to
a good approximation these corrections can be incorpo-
rated as a shift in the prediction for the φ2φ2 self-energy
(where ∆M2

h enters with a coefficient 1/ sin2β). In this
way the new higher-order contributions enter not only
the prediction for Mh, but also all other Higgs sector
observables that are evaluated in FeynHiggs. The latest
version of the code, FeynHiggs2.10.0, which is available
at feynhiggs.de, contains those improved predictions as
well as a refined estimate of the theoretical uncertainties
from unknown higher-order corrections. Taking into ac-
count the leading and subleading logarithmic contribu-
tions in higher orders reduces the uncertainty of the re-
maining unknown higher-order corrections. Accordingly,
the estimate of the uncertainties arising from corrections
beyond two-loop order in the top/stop sector is adjusted
such that the impact of replacing the running top-quark
mass by the pole mass (see Ref. [7]) is evaluated only for
the non-logarithmic corrections rather than for the full
two-loop contributions implemented in FeynHiggs. Fur-
ther refinements of the RGE resummed result are pos-
sible, in particular extending the result to the case of
a large splitting between the left- and right-handed soft
SUSY-breaking terms in the scalar top sector [25] and
to the region of small values of MA (close to MZ) as
well as including the corresponding contributions from
the (s)bottom sector. We leave those refinements for fu-
ture work.

III. NUMERICAL ANALYSIS

In this section we briefly analyze the phenomenologi-
cal implications of the improved Mh prediction for large
stop mass scales, as evaluated with FeynHiggs2.10.0.
The upper plot of Fig. 1 shows Mh as a function of
MS for Xt = 0 and Xt/MS = 2 (which corresponds
to the minimum and the maximum value of Mh as a
function of Xt/MS , respectively; here and in the fol-
lowing Xt denotes XOS

t ). The other parameters are
MA = M2 = µ = 1000 GeV, mg̃ = 1600 GeV (M2 is the
SU(2) gaugino mass term, µ the Higgsino mass parameter
and mg̃ the gluino mass) and tanβ = 10. The plot shows
for the two values of Xt/MS the fixed-order FD result
containing corrections up to the two-loop level (labelled
as “FH295”, which refers to the previous version of the
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FIG. 1. Upper plot: Mh as a function ofMS for Xt = 0 (solid)
and Xt/MS = 2 (dashed). The full result (“LL+NLL”) is
compared with results containing the logarithmic contribu-
tions up to the 3-loop, . . . 7-loop level and with the fixed-order
FD result (“FH295”). Lower plot: comparison of FeynHiggs
(red) with H3m (blue). In green we show the FeynHiggs 3-loop
result at O(αtα

2
s) (full) as dashed (solid) line.

code FeynHiggs) as well as the latter result supplemented
with the analytic solution of the RGEs up to the 3-loop,
. . . 7-loop level (labelled as “3-loop” . . . “7-loop”). The
curve labelled as “LL+NLL” represents our full result
where the FD contribution is supplemented by the lead-
ing and next-to-leading logarithms summed to all orders.
One can see that the impact of the higher-order logarith-
mic contributions is relatively small for MS = O(1 TeV),
while large differences between the fixed-order result and
the improved results occur for large values of MS . The 3-
loop logarithmic contribution is found to have the largest
impact in this context, but forMS

>∼ 2500(6000) GeV for
Xt/MS = 2(0) also contributions beyond 3-loop are im-
portant. A convergence of the higher-order logarithmic
contributions towards the full resummed result is visible.
At MS = 20 TeV the difference between the 7-loop result
and the full resummed result is around 900(200) MeV for
Xt/MS = 2(0). The corresponding deviations stay below
100 MeV for MS

<∼ 10 TeV. The plot furthermore shows
that for MS ≈ 10 TeV (and the value of tanβ = 10
chosen here) a predicted value of Mh of about 126 GeV
is obtained even for the case of vanishing mixing in the
scalar top sector (Xt = 0). Since the predicted value of
Mh grows further with increasing MS it becomes appar-

Hahn et al. arXiv:1312.4937

lowing Xt denotes Xt ). The other parameters are
MA = M2 = µ = 1000 GeV, mg̃ = 1600 GeV (
SU(2) gaugino mass term, µ the Higgsino mass parameter

the Higgsino mass parameter
the gluino mass) and tanβ = 10. The plot shows

the fixed-order FD result

} fixed order up to 2-loops

}

∆Mh ~ + 2 (5) GeV 
at mstop~ 2 (5) TeV !

 Mh(max) ➜ mstop(max)

found a sizable effect of the higher-order logarithmic con-
tributions forMS ≡ √

mt̃1mt̃2
>

. In comparison with

FeynHiggs 2.10.0
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Fig. 1. The allowed regions in the (m1/2,m0) plane for tan� =
30 and A0 = 2.5m0 [19]. The line styles and shadings are de-
scribed in the text. The section of the dark blue coannihilation
strip in the range m1/2 2 (840, 1050) GeV is compatible with
the constraints from BR(Bs ! µ+µ�) (green lines marking the
68 and 95% CL) [17] and the ATLAS 20/fb MET search (pur-
ple line) [16], as well as with the LHC mH measurement. Good
consistency with all the constraints is found if the improved
FeynHiggs 2.10.0 code [20] is used (black lines): results from
a previous version of FeynHiggs are indicated by red dotted
lines).

Smaller values of tan� would yield smaller values of
mh, and larger values of tan� would be more tightly con-
strained by BR(Bs ! µ+µ�), though values of tan� <⇠ 50
may be compatible with all the constraints. Smaller val-
ues of A0 would also yield smaller values of mh along the
strip near the boundary of the ⌧̃1 LSP wedge where the
appropriate dark matter density is obtained, and this dark
matter strip would only extend to lower m1/2 in this case.
There is a second dark matter strip close to the boundary
with the t̃1 LSP region, but mh is too small except pos-
sibly at very large values of m0 [19]. In general, CMSSM
models with an LHC-compatible value of mh do not make
a significant contribution to resolving the gµ � 2 discrep-
ancy [21].

3 Global Fits in the CMSSM and NUHM1

After this first taste of the interplay between the LHC /ET ,
mh, BR(Bs ! µ+µ�), dark matter and other constraints,
and their potential implications for models, I now present
some results from a global fit to the relevant data within
the CMSSM [15]. These are compared with the results of
a fit within the NUHM1, which o↵ers, in principle, new
ways to reconcile some of the constraints discussed in the
previous Section.

These fits are based on a frequentist approach de-
veloped by the MasterCode collaboration [22,23,24], and
the MultiNest tool is used to sample the CMSSM and
NUHM1 parameter spaces [25]. The global �2 function
is calculated including precision electroweak observables
such as MW and measurements at the Z0 peak, as well
as gµ � 2. Also included is a full suite of flavour observ-
ables such as b ! s� and B ! ⌧⌫ as well as BR(Bs !
µ+µ�) [15]. In addition to the dark matter density, a con-
tribution from the LUX direct search [18] for the scatter-
ing of astrophysical dark matter is also included.

Fig. 2 displays (m0,m1/2) planes in the CMSSM (left
panel) and the NUHM1 (right panel), both with µ > 0 2.
The best-fit points are indicated by green stars, the��2 =
2.30 contours that correspond approximately to the 68%
CL are shown as red lines, and the ��2 = 5.99 contours
that correspond approximately to the 95% CL are shown
as blue lines. The results of the current fit [15] are in-
dicated by solid lines and solid stars, whilst the dashed
lines and open stars represent the results of fits to the
data used in [23], reanalyzed using the current version of
MasterCode.

In both the CMSSM and the NUHM1, we see two
distinct regions: a smaller region around (m0,m1/2) ⇠
(500, 1000) GeV and a larger region extending to larger
values of (m0,m1/2. The low-mass regions correspond to
the ⌧̃1 coannihilation strip mentioned in the previous Sec-
tion, and in the high-mass regions other mechanisms bring
the relic LSP density into the range allowed by astro-
physics and cosmology, notably rapid LSP annihilation via
direct-channel H/A resonances when m� ⇠ mH/A/2, and
neutralino-chargino coannihilation, which becomes more
important when the LSP has a significant Higgsino com-
ponent. The extra parameter in the NUHM1 Higgs sectors
o↵ers more possibilities for these e↵ects, enabling the relic
density constraint to satisfied at larger values of m1/2 and
smaller values of tan� than in the CMSSM [19].

As we see in Table 1, he minimum values of �2 in
the low- and high-mass regions di↵er by less than unity
in both the CMSSM and the NUHM1. In the case of the
CMSSM, the contribution from gµ�2 is smaller in the low-
mass region, but the contribution from the ATLAS jets +
/ET search is larger. This is also the case in the NUHM1,
but other observables such as Afb(b) and A`(SLD) also
contribute di↵erences in �2 between the low- and high-
mass regions that are O(1) [15]. In general, the global �2

function varies little over much of the (m0,m1/2) planes
explored. Also, the value of �2 at the global minimum
in the CMSSM is not significantly di↵erent from that in
the Standard Model, whereas that in the NUHM1 is ⇠ 2
lower [15]. The CMSSM and NUHM1 confer no convinc-
ing advantages over the Standard Model in the global fits
reported here.

Comparing the current fits (solid lines and filled stars)
with the results of fits to the data available in mid-2012
(dashed lines and open stars) reanalyzed with the current
versions of FeynHiggs and other codes, we see that the
overall extensions and shapes of the regions allowed at

2 Results for the CMSSM with µ < 0 can be found in [15].

ATLAS MET searches

2
the constraints from BR(Bs ! µ+µ�) (green lines marking the

∆Mh

large Mh contour 
differences
at high  m1/2 

density falls within the range favoured by astrophysics and
cosmology. Measurements of b ! s�

the anomalous magnetic moment of the muon, gµ � 2,

DM

improved 
consistency with 
all constraints !

tanβ<10 disfavored
by Mh  in CMSSM 
(not in NUHM) !
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Fig. 2. The (m0,m1/2) planes in the CMSSM (left), and the NUHM1 (right), after implementing the ATLAS /ET , BR(Bs !
µ+µ�), mh, dark matter density, LUX and other relevant constraints [15]. The results of the current fits are indicated by solid
lines and filled stars, and fits to previous data [23] using the same implementations of the constraints are indicated by dashed
lines and open stars. The red lines denote ��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines
denote ��2 = 5.99 (95% CL) contours.

Model Region Minimum m0 m1/2 tan�

�2 (GeV) (GeV)

CMSSM Low-mass 35.8 670 1040 21

High-mass 35.1 5650 2100 51

NUHM1 Low-mass 33.3 470 1270 11

High-mass 32.7 1380 3420 39

Table 1. The best-fit points found in global CMSSM and NUHM1 fits with µ > 0, using the ATLAS /ET constraint [16], and
the combination of the CMS and LHCb constraints on BR(Bs ! µ+µ�) [17]. We list the parameters of the best-fit points in
both the low- and high-mass regions in Fig. 2. The overall likelihood function is quite flat in both the CMSSM and the NUHM1,
so that the precise locations of the best-fit points are not very significant, and we do not quote uncertainties. This Table is
adapted from [15].

the 95% CL and favoured at the 68% CL are quite sim-
ilar [15]. There is some erosion of the preferred regions
at low m1/2, due to the stronger ATLAS jets + /ET limit,
but the most noticeable features are the shifts to larger
masses of the best-fit points. However, as noted above,
the di↵erences between the values of the global �2 func-
tion in the low- and high-mass regions are not significant.
The lower-mass regions would require less fine-tuning and
hence seem more natural [26]. However, the interpretation
of the degree of naturalness is uncertain in the absence of
a more complete theoretical framework.

Fig. 3 displays the one-dimensional �2 functions for
some sparticle masses in the CMSSM (left) and the NUHM1
(right) [15]. The upper panels are for the gluino mass mg̃,
and the lower panels are for a generic right-handed squark
mass mq̃R . The �2 function for mg̃ in the CMSSM falls
almost monotonically, whereas the other �2 functions ex-
hibit more structure, corresponding to the structures visi-
ble in the (m0,m1/2) planes in Fig. 2. In each case, the �2

functions have been pushed up at low mass by the ATLAS

jets + /ET limit, as seen by comparing the solid and dotted
lines.

The �2 function for the mass of the lighter stop squark
mt̃1

in the CMSSM, shown in the upper left panel of Fig 4,
exhibits a local minimum at mt̃1

⇠ 1000 GeV and a local
maximum atmt̃1

⇠ 2000 GeV [15]. On the other hand, the
�2 function for mt̃1

in the NUHM1, shown in the upper
right panel of Fig 4, exhibits a local maximum at mt̃1

⇠
1000 GeV and a local minimum at mt̃1

⇠ 2000 GeV, fol-
lowed by another local maximum at mt̃1

⇠ 2600 GeV.

The lower panels of Fig 4 show the �2 functions for the
lighter stau in the CMSSM (left and the NUHM1 (right).
In both cases, we see that low masses are strongly dis-
favoured, and that the �2 functions are almost flat above
1000 GeV, with local maxima at m⌧̃1 ⇠ 700 GeV.

There is no indication of a preferred supersymmetric
mass scale, but one may set the following 95% CL lower
limits in GeV units [15]:

mg̃ > 1810 (CMSSM), 1920 (NUHM1) ,

new global fits in CMSSM and NUHM1
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Fig. 2. The (m0,m1/2) planes in the CMSSM (left), and the NUHM1 (right), after implementing the ATLAS /ET , BR(Bs !
µ+µ�), mh, dark matter density, LUX and other relevant constraints [15]. The results of the current fits are indicated by solid
lines and filled stars, and fits to previous data [23] using the same implementations of the constraints are indicated by dashed
lines and open stars. The red lines denote ��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines
denote ��2 = 5.99 (95% CL) contours.
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Table 1. The best-fit points found in global CMSSM and NUHM1 fits with µ > 0, using the ATLAS /ET constraint [16], and
the combination of the CMS and LHCb constraints on BR(Bs ! µ+µ�) [17]. We list the parameters of the best-fit points in
both the low- and high-mass regions in Fig. 2. The overall likelihood function is quite flat in both the CMSSM and the NUHM1,
so that the precise locations of the best-fit points are not very significant, and we do not quote uncertainties. This Table is
adapted from [15].

the 95% CL and favoured at the 68% CL are quite sim-
ilar [15]. There is some erosion of the preferred regions
at low m1/2, due to the stronger ATLAS jets + /ET limit,
but the most noticeable features are the shifts to larger
masses of the best-fit points. However, as noted above,
the di↵erences between the values of the global �2 func-
tion in the low- and high-mass regions are not significant.
The lower-mass regions would require less fine-tuning and
hence seem more natural [26]. However, the interpretation
of the degree of naturalness is uncertain in the absence of
a more complete theoretical framework.

Fig. 3 displays the one-dimensional �2 functions for
some sparticle masses in the CMSSM (left) and the NUHM1
(right) [15]. The upper panels are for the gluino mass mg̃,
and the lower panels are for a generic right-handed squark
mass mq̃R . The �2 function for mg̃ in the CMSSM falls
almost monotonically, whereas the other �2 functions ex-
hibit more structure, corresponding to the structures visi-
ble in the (m0,m1/2) planes in Fig. 2. In each case, the �2

functions have been pushed up at low mass by the ATLAS

jets + /ET limit, as seen by comparing the solid and dotted
lines.

The �2 function for the mass of the lighter stop squark
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favoured, and that the �2 functions are almost flat above
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There is no indication of a preferred supersymmetric
mass scale, but one may set the following 95% CL lower
limits in GeV units [15]:
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Fig. 2. The (m0,m1/2) planes in the CMSSM (left), and the NUHM1 (right), after implementing the ATLAS /ET , BR(Bs !
µ+µ�), mh, dark matter density, LUX and other relevant constraints [15]. The results of the current fits are indicated by solid
lines and filled stars, and fits to previous data [23] using the same implementations of the constraints are indicated by dashed
lines and open stars. The red lines denote ��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines
denote ��2 = 5.99 (95% CL) contours.

Model Region Minimum m0 m1/2 tan�
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CMSSM Low-mass 35.8 670 1040 21

High-mass 35.1 5650 2100 51

NUHM1 Low-mass 33.3 470 1270 11

High-mass 32.7 1380 3420 39

Table 1. The best-fit points found in global CMSSM and NUHM1 fits with µ > 0, using the ATLAS /ET constraint [16], and
the combination of the CMS and LHCb constraints on BR(Bs ! µ+µ�) [17]. We list the parameters of the best-fit points in
both the low- and high-mass regions in Fig. 2. The overall likelihood function is quite flat in both the CMSSM and the NUHM1,
so that the precise locations of the best-fit points are not very significant, and we do not quote uncertainties. This Table is
adapted from [15].

the 95% CL and favoured at the 68% CL are quite sim-
ilar [15]. There is some erosion of the preferred regions
at low m1/2, due to the stronger ATLAS jets + /ET limit,
but the most noticeable features are the shifts to larger
masses of the best-fit points. However, as noted above,
the di↵erences between the values of the global �2 func-
tion in the low- and high-mass regions are not significant.
The lower-mass regions would require less fine-tuning and
hence seem more natural [26]. However, the interpretation
of the degree of naturalness is uncertain in the absence of
a more complete theoretical framework.

Fig. 3 displays the one-dimensional �2 functions for
some sparticle masses in the CMSSM (left) and the NUHM1
(right) [15]. The upper panels are for the gluino mass mg̃,
and the lower panels are for a generic right-handed squark
mass mq̃R . The �2 function for mg̃ in the CMSSM falls
almost monotonically, whereas the other �2 functions ex-
hibit more structure, corresponding to the structures visi-
ble in the (m0,m1/2) planes in Fig. 2. In each case, the �2
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Fig. 2. The (m0,m1/2) planes in the CMSSM (left), and the NUHM1 (right), after implementing the ATLAS /ET , BR(Bs !
µ+µ�), mh, dark matter density, LUX and other relevant constraints [15]. The results of the current fits are indicated by solid
lines and filled stars, and fits to previous data [23] using the same implementations of the constraints are indicated by dashed
lines and open stars. The red lines denote ��2 = 2.30 contours (corresponding approximately to the 68% CL), and the red lines
denote ��2 = 5.99 (95% CL) contours.
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Table 1. The best-fit points found in global CMSSM and NUHM1 fits with µ > 0, using the ATLAS /ET constraint [16], and
the combination of the CMS and LHCb constraints on BR(Bs ! µ+µ�) [17]. We list the parameters of the best-fit points in
both the low- and high-mass regions in Fig. 2. The overall likelihood function is quite flat in both the CMSSM and the NUHM1,
so that the precise locations of the best-fit points are not very significant, and we do not quote uncertainties. This Table is
adapted from [15].

the 95% CL and favoured at the 68% CL are quite sim-
ilar [15]. There is some erosion of the preferred regions
at low m1/2, due to the stronger ATLAS jets + /ET limit,
but the most noticeable features are the shifts to larger
masses of the best-fit points. However, as noted above,
the di↵erences between the values of the global �2 func-
tion in the low- and high-mass regions are not significant.
The lower-mass regions would require less fine-tuning and
hence seem more natural [26]. However, the interpretation
of the degree of naturalness is uncertain in the absence of
a more complete theoretical framework.

Fig. 3 displays the one-dimensional �2 functions for
some sparticle masses in the CMSSM (left) and the NUHM1
(right) [15]. The upper panels are for the gluino mass mg̃,
and the lower panels are for a generic right-handed squark
mass mq̃R . The �2 function for mg̃ in the CMSSM falls
almost monotonically, whereas the other �2 functions ex-
hibit more structure, corresponding to the structures visi-
ble in the (m0,m1/2) planes in Fig. 2. In each case, the �2
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In both cases, we see that low masses are strongly dis-
favoured, and that the �2 functions are almost flat above
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There is no indication of a preferred supersymmetric
mass scale, but one may set the following 95% CL lower
limits in GeV units [15]:
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best-fit  points

arXiv:1312.5426
see also: Bechtle et al arXiv:1310.3045

 FITTINO  framework
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arXiv:1312.5250
(MasterCode framework)

Observable ��2 ��2 ��2 ��2 ��2 ��2 ��2

CMSSM CMSSM CMSSM CMSSM NUHM1 NUHM1 Standard

µ > 0 (high) µ > 0 (low) µ < 0 (high) µ < 0 (low) µ > 0 (high) µ > 0 (low) Model

Global 35.1 35.8 36.6 38.9 32.7 33.3 36.5

BRexp/SM
b!s� 0.52 1.58 0.37 0.00 0.54 0.02 0.57

BRexp/SM
B!⌧⌫ 1.77 1.63 1.63 1.61 1.65 1.66 1.60

✏K 1.94 1.88 1.94 1.87 1.94 1.94 1.96

aexp

µ � aSM

µ 10.71 9.34 11.42 12.65 10.50 9.63 11.19

MW 1.35 0.22 2.15 0.04 0.00 0.11 1.38

Mh 0.00 0.04 0.03 0.53 0.00 0.22 (1.5)

R` 1.10 1.04 1.10 1.00 1.07 1.00 1.09

A
fb

(b) 6.56 6.79 6.05 7.61 5.45 6.93 6.58

A`(SLD) 3.59 3.40 3.99 2.81 4.59 3.30 3.55

�0

had 2.52 2.55 2.56 2.51 2.59 2.56 2.54

LUX 0.03 0.07 0.66 0.07 0.00 0.07 -

ATLAS 20/fb 0.04 2.52 0.02 3.35 0.02 1.15 -

Bs,d ! µ+µ� 0.51 0.46 0.13 0.11 0.22 0.35 0.15

Table 2

contribution of most relevant observables to global X2 
at best-fit points at high and low masses

global X2 functions vary slowly over most of param. space allowed by Mh 
and ETmiss+jets searches, with best-fit X2/dof comparable to SM one !
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Figure 7. The one-dimensional �2 likelihood function in the CMSSM for µ > 0 for BR(Bs,d ! µ+µ�)
(left) and the (m�̃0

1
,�SI

p ) plane (right). In both panels, the solid lines are derived from a global analysis
of the present data, and the dotted lines are derived from a reanalysis of the data used in [21], using the
implementations of the Mh and �SI

p constraints discussed in Section 2. In the right panel, the red lines
denote the ��2 = 2.30 contours, the blue lines denote the ��2 = 5.99 contours in each case, and the
filled (open) green star denotes the corresponding best-fit point.

pling regime 8, are quite similar to those in the
SM and do not vary significantly9.

3.2. CMSSM with µ < 0

The case µ < 0 has been studied less than
µ > 0 (but see, e.g., [34,70]), for various reasons:
It worsens the discrepancy between the experi-
mental value of (g � 2)µ and the SM calculation,
it is in general more restricted by BR(b ! s�)
and it yields a smaller value of Mh for fixed val-
ues of the other CMSSM parameters. However,
since the ATLAS 20/fb jets + /ET and other con-
straints require relatively large values of m0 and
m1/2 where the SUSY contribution to (g � 2)µ
and BR(b ! s�) are small, it is appropriate to
reconsider the µ < 0 case.

8The fact that the light CMSSM Higgs boson should
be SM-like was already a pre-LHC prediction of the
model [69].
9However, adding many channels of Higgs production and
decay properties whose measurements agree with the pre-
dictions for a SM Higgs boson does yield a better �2/dof.

3.2.1. Parameter Planes with µ < 0

We see in the upper left panel of Fig. 8 that
there are three regions of the (m0,m1/2) plane
that are allowed at the 95% level, two small ‘reefs’
at relatively low masses (m0,m1/2) ⇠ (300, 1000)
and (600, 2000) GeV and a more extensive ‘con-
tinent’ at larger masses m0

>⇠ 4000 GeV. The
lower-mass ‘reef’ is in the stau-connihilation re-
gion, as in the µ > 0 case, but the higher-mass
‘reef’ is in the stop-coannihilation region. Com-
pared to the high-mass ‘continent’ in the rapid-
annihilation funnel and focus-point regions, the
‘reef’ has smaller contributions to the global �2

function for some electroweak and flavour observ-
ables, but is disfavoured by ATLAS 20/fb jets +
/ET . The best-fit point in the CMSSM for µ < 0 is
shown as a yellow star: it is located in the high-
mass ‘continent’, in the focus-point region.

The (m0, tan�) plane for µ < 0 is shown in
the upper right panel of Fig. 8 10. Here we

10Here and in subsequent panels, we restrict attention to
tan�  40. The electroweak vacuum conditions can be
satisfied for larger values of tan�, but the ranges of m

0

and A
0

studied here give incomplete sampling in this case.
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studied here give incomplete sampling in this case.

The best-fit points found in global CMSSM and NUHM1 fits with µ > 0, using the ATLAS

Buchmueller et al., arXiv:1312.5250
(MasterCode framework)

DM elastic σ fit 
BR(Bs,d	 ➜ µµ)/SM fit 
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95% CL lower limits on masses

large part of the preferred CMSSM and NUHM1 
parameter regions accessible at future LHC runs !

20

15

Figure 6. The one-dimensional �2 likelihood functions in the CMSSM for µ > 0 for Mh (left) and MA

(right). In each panel, the solid line is derived from a global analysis of the present data, and the dotted
line is derived from a reanalysis of the data used in [21], using the implementations of the Mh and �SI

p

constraints discussed in Section 2.

CMSSM CMSSM NUHM

Sparticle µ > 0 µ < 0 µ > 0

g̃ 1810 (2100) (3200) 3540 1920

q̃R 1620 (1900) 6300 1710

t̃1 750 (950) 4100 (650) 1120

⌧̃1 340 (400) 4930 380

MA 690 (1900) 3930 450

Table 3
The 95% CL lower limits (in GeV) on various sparticle masses in the CMSSM with both signs of µ and
the NUHM1 with µ > 0. We emphasize that these limits are specific to the models studied. In the case
of the CMSSM with µ < 0 and the NUHM1, the parentheses indicate the approximate locations of small
mass ranges where the �2 function dips briefly below the 95% CL.

sults from a new global frequentist analysis of the
CMSSM with µ > 0 within the FITTINO frame-
work have recently been presented [29]. The best-
fit point found in [29] is very similar to the best-
fit point we find in the low-mass region of the
CMSSM with µ > 0. However, the regions of
the parameter space favoured at the 68 and 95%
CL in the FITTINO analysis do not extend to val-
ues of (m0,m1/2) as large as those we find in the

present analysis. In addition to ATLAS 20/fb jets
+ /ET , this analysis also uses HIGGSSSIGNALS to de-
rive constraints from the Higgs mass and signal
strength measurements. The latter do not change
substantially the results, since the Higgs rate pre-
dictions in the favoured regions of the CMSSM
parameter space, which are in the in the decou-

Buchmueller et al., arXiv:1312.5250
(MasterCode framework)



Barbara Mele Bologna,  15 January 2014

Etmiss searches strongly constrain 
universal soft Susy-breaking masses !

high priority to  Natural Scenarios’ searches !
light stop quarks (but also light higgsinos and gluinos) have a 
privileged role in stabilizing the Higgs mass
bounds on mstop much softer than ones on mlight-flavor

21
1110.6926

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

mstop,msbottom < 1 TeV 
mgluino < 2 TeV 
mhiggsino~ 100-300 GeV

“Natural Scenario”



Barbara Mele Bologna,  15 January 2014

Searches for “Natural” SUSY scenarios 

Direct stop / sbottom pair production 

Large spectrum of possible stop/sbottom decays. Effort so far concentrated on simplified 

models with 100% BRs to chosen final state. Studies of handedness dependence performed. 

Forbidden:  

m(t1) < m(χ1 ) 

~" ~"0"

m(t1)  [GeV] 
~"

m(χ1 ) 

[GeV] 

~"0" Dedicated effort to search for 

direct stop / sbottom production 

 

sbottom decays searched for: 

t1 → ff’ b χ1 
~"0"~"

t1 → c χ1 
~"0"~" t1 → t χ1 

~" ~"0"

~"0"t1 → b χ1  *  → W(*) b χ1  
~"±(  )"~"

t1 → W b χ1 
~"0"~"

Most%recent%ATLAS%references%(8%TeV):%1308.2631,%ATLAS>CONF>2013>024,%ATLAS>CONF>2013>037,%
ATLAS>CONF>2013>048,%ATLAS>CONF>065,%ATLAS>CONF>2013>068,%ATLAS>CONF>2013>025%

28"
More"details"in"talk"by"P"Jackson"

b1 → b χ1
0 ~" ~"

b1 → t χ1
± ~" ~"

b1 → b χ2
0 → b h(Z) χ1

0 
~" ~" ~"

focus on stop pair production
for light stop, large cross sections  
but Evisible and Einvisible released tends to be smaller ➜
signal can be missed in searches tailored to more generic spectra
huge background from top pairs
different mass hierarchies require different search strategies

small mass gaps can give soft (untriggered)  E(in)visible !!!
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Searches for “Natural” SUSY scenarios 

Direct stop / sbottom pair production 

Large spectrum of possible stop/sbottom decays. Effort so far concentrated on simplified 

models with 100% BRs to chosen final state. Studies of handedness dependence performed. 

Forbidden:  

m(t1) < m(χ1 ) 

~" ~"0"

m(t1)  [GeV] 
~"

m(χ1 ) 

[GeV] 

~"0" Dedicated effort to search for 

direct stop / sbottom production 

 

sbottom decays searched for: 
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~"0"~"

t1 → c χ1 
~"0"~" t1 → t χ1 

~" ~"0"

~"0"t1 → b χ1  *  → W(*) b χ1  
~"±(  )"~"

t1 → W b χ1 
~"0"~"

Most%recent%ATLAS%references%(8%TeV):%1308.2631,%ATLAS>CONF>2013>024,%ATLAS>CONF>2013>037,%
ATLAS>CONF>2013>048,%ATLAS>CONF>065,%ATLAS>CONF>2013>068,%ATLAS>CONF>2013>025%

28"
More"details"in"talk"by"P"Jackson"

b1 → b χ1
0 ~" ~"

b1 → t χ1
± ~" ~"

b1 → b χ2
0 → b h(Z) χ1

0 
~" ~" ~"

also :
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bounds tend to evaporate for compressed spectra

23

is small. The mt̃ = mt +m�̃0
1

plane is a virtual Rubicon, and current exclu-
GeV, the exclusion bounds come within �M = mt̃ �

GeV, the exclusion bounds come within
(mt + m�̃0

1
) ⇠ 5 � 10 GeV. For

there is significant degradation and exclusions only reach

sion bounds are non-existent near it. For mt̃ ⇠ 190�300 GeV, the exclusion bounds come within
t �

10 GeV. For mt̃ ⇠ 300 � 450 GeV,
there is significant degradation and exclusions only reach

�M ⇠ 15 � 20 GeV. For

Simplified Model framework

~
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compressed spectra : recent developments

small mass gaps give softer ETmiss  and  ETℓ,j ,
reducing search sensitivity 
➜ boost typical ETi above the reconstruction threshold 
by considering same final state 
either in VBF topology or in mono-jet (mono-γ) events
➜ trigger on extra jets (photon) 
two examples :

compressed-stop pairs with VBF tagging

compressed charginos/neutralinos in mono-jet 
(mono-γ) events

24

Dutta et al., arXiv:1312.1348  (1304.7779 , 1210.0964)

Schwaller and Zurita, arXiv:1312.7350
Baer,  Mustafayev, Tata, arXiv:1401.1162
Han et al., arXiv:1310.4274
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2

range of 300-600 GeV, keeping �M ⇠ 7 GeV. The �̃0
1

in our studies is mostly Bino, while the t̃ is mostly t̃R
such that the dominant decay mode of the t̃ is t̃ ! t�̃0

1.
The other colored particles, neutralinos and charginos are
assumed to be much heavier.

Signal and background samples are generated with
MADGRAPH5 [20] followed by the parton showering and
hadronization with PYTHIA [21] and the detector simula-
tion using PGS4 [22].

The search strategy is based on three steps. First, we
use the unique features of VBF processes to reduce V +
jets backgrounds (where V is either W or Z). Second,
we the use decay properties of the centrally produced t̃
pair, namely the requirement of an isolated lepton and
two b-tagged jets from a top quark, to further reduce
light quark QCD backgrounds and other channels that
are also produced by VBF processes. Finally, the E/T cut
is optimized for each choice of (mt̃ , m�̃0

1
).

(1) VBF cuts: the event is required to have the pres-
ence of at least two jets (j1, j2) satisfying: (i) pT(j1, j2) �
(75, 50) GeV in |⌘|  4; (ii) |�⌘(j1, j2)| > 4.2; (iii)
⌘j1⌘j2 < 0; (iv) dijet invariant mass Mj1j2 > 500 GeV.

(2) One isolated lepton with pT � 20 GeV and two
loose b-jets with pT � 30 GeV in |⌘| < 2.5 are required.
The b-jet identification e�ciency and fake rate are taken
to be 70% and 1%, respectively.

(3) A di↵erent E/T requirement is used for each di↵erent
top squark mass scenario (e.g. E/T > 50 GeV for mt̃ =
300 GeV and E/T > 100 GeV for mt̃ = 400 GeV).

Compressed Scenario - The cut flow table with cor-
responding cross-sections at each stage are shown in Ta-
ble I for the benchmark points of (mt̃, m�̃0

1
) = (300 GeV,

120 GeV) and (400 GeV, 220 GeV). The VBF and E/T
cuts are very e↵ective in improving the signal to back-
ground ratio.

TABLE I: Compressed scenario: Summary of the e↵ective
cross-sections (fb) for di↵erent benchmark signal points as
well as the tt̄ background at LHC14. Masses and momenta
are in GeV.

(mt̃,m�̃0
1
) Selection Signal tt̄+jets

VBF 95.7 16774
(300, 120) 1 lepton 22.1 3587

2 b-jets 9.70 1612
E/T > 50 8.00 924

VBF 25.2 16774
(400, 220) 1 lepton 5.93 3587

2 b-jets 2.84 1612
E/T > 100 1.48 337

VBF 7.50 16774
(500, 320) 1 lepton 1.69 3587

2 b-jets 0.74 1612
E/T > 150 0.27 123

Figure 1 shows the distributions of E/T before and af-
ter the VBF selections. The E/T distribution before (blue
diagonally dashed histogram) and after (green horizon-
tally dashed histogram) VBF selections for the bench-
mark point with mt̃ = 400 GeV, m�̃0

1
= 220 GeV are

shown overlayed with the tt̄ background (red diagonally
dashed histogram). From the figure, it is clear that a
large E/T cut is needed to reduce the background.

 (GeV)TE
0 50 100 150 200 250 300

Fr
ac

tio
n 

of
 E

ve
nt

s 
/ 1

0 
G

eV

-310

-210

-110

1

*+jets w/ cutst~ t~

*+jetst~ t~

+jetstt 

* + jetst~ t~ →p p 
14 TeV LHC

) = 7 GeV0
1
χ∼

 + m
t

 - (mt~M = m∆

 

FIG. 1: Distributions normalized to unity of E/T before (blue
diagonally dashed histogram) and after (green horizontally
dashed histogram) VBF selections for signal overlayed with
tt̄+jets background (red diagonally dashed histogram) for the
benchmark point with mt̃ = 400 GeV, m�̃0

1
= 220 GeV.

The significance S/
p
S +B, where S and B are the

signal and background rates, respectively, is plotted in
Fig. 2 as a function of mt̃, keeping �M = mt̃ � (mt +
m�̃0

1
) ⇠ 7 GeV, for 300, 1000, and 3000 fb�1 of integrated

luminosity at LHC14. We find that compressed scenarios
with mt̃ ⇠ 390 GeV (340 GeV) can be probed at 3� (5�)
level with 1000 fb�1 of integratedluminosity. The reach
increases to 440 GeV (390 GeV) at 3� (5�) for 3000 fb�1

of luminosity.
Discussion - The main result of this paper is that the

VBF topology can provide a feasible strategy to search
for compressed top squarks. There is discovery poten-
tial up to 340 (390) GeV for an integrated luminosity of
1000 (3000) fb�1 at 14 TeV, which is outside the dis-
covery projections of CMS and ATLAS searches without
VBF. A major improvement over non-VBF searches in
the compressed scenario is the e�cacy of the E/T cut, due
to the fact that top squarks are indirectly produced (e.g.
by weak bosons, gluons, squarks, etc.) with a pair of high
ET tagging jets. We note that in the stealthy scenario,
the �̃0

1 becomes massless, and the E/T cut loses its e�cacy.
Although it is planned that the LHC will deliver an

integrated luminosity of up to 3000 fb�1, which requires
upgraded ATLAS and CMS detectors, the exact detec-
tor configurations are not finalized. Therefore, given that
the background estimation and signal extraction strate-
gies would be largely dependent on the upgraded detector
designs and trigger conditions, systematic uncertainties

in inclusive               production, ask for 
2 forward jets with large Minv(JJ)

compressed stop in VBF topology
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Vector Boson Fusion Processes as a Probe of Supersymmetric Electroweak Sectors at
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Vector boson fusion (VBF) processes o↵er a promising avenue to study the non-colored sectors
of supersymmetric extensions of the Standard Model at the LHC. A feasibility study for searching
for the chargino/neutralino system in the R�parity conserving Minimal Supersymmetric Standard
Model is presented. The high ET forward jets in opposite hemispheres are utilized to trigger VBF
events, so that the production of the lightest chargino �̃±

1 and the second lightest neutralino �̃0
2 can

be probed without a bias by experimental triggers. Kinematic requirements are developed to search
for signals of these supersymmetric states above Standard Model backgrounds in both ⌧ and light
lepton (e and µ) final states at

p
s = 8 TeV.

I. INTRODUCTION

The LHC has put bounds on the masses of the gluino
(g̃) and first two generation squarks (q̃). For comparable
masses, they are excluded up to about 1500 GeV at 95%
CL at

p
s = 7 TeV with 4.7 fb�1 of integrated luminos-

ity [1–3]. Limits on the masses of the third generation
colored superpartners have also been under serious the-
oretical scrutiny recently [4, 5], and bounds in certain
decay modes have been obtained from the LHC [6].

On the other hand, the bounds on charginos and neu-
tralinos are less constrained, since, expectedly, these par-
ticles su↵er from smaller electroweak (EW) production in
a hadron collider. The chargino/neutralino system plays
a crucial role in the dark matter connection of supersym-
metric models. The lightest neutralino �̃0

1, as the light-
est supersymmetric particle (LSP), is the canonical dark
matter candidate in the R-parity conserving minimal su-
persymmetric extension of the Standard Model (MSSM).
Various schemes of supersymmetry breaking and media-
tion predict m�̃0

2
(where �̃0

2 is the second lightest neu-

tralino) and m�̃±
1
(where �̃±

1 is the lightest chargino) to
be larger by a factor of 1 � 3 than m�̃0

1
, under broad

assumptions [7]. For Higgsino-like �̃0
1, the degeneracy

is much stronger [8]. This implies that if m�̃0
1
is in the

mass range of O(100) GeV, the �̃0
2, �̃

±
1 system may be ex-

pected to be in the 100�300 GeV range, which is within
the range of detection at the LHC given suitable search
strategies.

From the perspective of a hadron collider, where EW
production is small, a classic strategy to study the
chargino/neutralino system is to detect the neutralinos
in cascade decays of gluinos and squarks. For example,
reconstructing a decay chain like g̃ ! q̃ ! �̃0

2 ! ⌧̃1 !
�̃0
1 using endpoint methods [9, 10] leads to mass mea-

surements of �̃0
2, ⌧̃1, q̃ and g̃, where ⌧̃1 is the lighter stau

mass [11]. However, in a scenario where colored objects
are heavy and the production cross-section is limited, one

has to use di↵erent techniques to probe the EW sector.
The purpose of this paper is to show that the

chargino/neutralino system can be studied in events
through vector boson fusion (VBF) processes [12, 13].
VBF processes have been suggested for Higgs searches
[14] and supersymmetric searches, in the context of slep-
ton and gaugino productions at 14 TeV LHC [15–17].
VBF production is characterized by the presence of two
jets with large dijet invariant mass in the forward region
in opposite hemispheres. A sample diagram of chargino
production from VBF processes is shown in Figure 1.

 
 
 
 
 
 

�F~

�F~

0~F

FIG. 1: Feynman diagram of production of charginos pairs
by VBF processes.

Direct searches for �̃0
2 and �̃±

1 at ATLAS [18, 19] and
CMS [20] mainly involve the search for signal in events
with 3 leptons and E/T: �̃±

1 �̃0
2 ! lll⌫�̃0

1�̃
0
1

1. This

1
For example, ATLAS bounds in the trilepton +E/T searches atp
s = 7 TeV, with 4.7 fb

�1
of integrated luminosity rule out

charginos with mass up to about 500 GeV for m�̃0
1

< 230

GeV and large branching ratios of �̃±
1 and �̃0

2 to a slepton.

In anomaly-mediated supersymmetry breaking scenarios, AT-

LAS has placed a bound on the chargino mass of 90 GeV, for

m3/2 < 32 TeV, m0 < 1.5 TeV, tan� = 5 and µ > 0.
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Search Strategy -

t̃t̃⇤ + jets samples are generated with

2

range of 300-600 GeV, keeping �M ⇠ 7 GeV. The �̃0
1

in our studies is mostly Bino, while the t̃ is mostly t̃R
such that the dominant decay mode of the t̃ is t̃ ! t�̃0

1.
The other colored particles, neutralinos and charginos are
assumed to be much heavier.

Signal and background samples are generated with
MADGRAPH5 [20] followed by the parton showering and
hadronization with PYTHIA [21] and the detector simula-
tion using PGS4 [22].

The search strategy is based on three steps. First, we
use the unique features of VBF processes to reduce V +
jets backgrounds (where V is either W or Z). Second,
we the use decay properties of the centrally produced t̃
pair, namely the requirement of an isolated lepton and
two b-tagged jets from a top quark, to further reduce
light quark QCD backgrounds and other channels that
are also produced by VBF processes. Finally, the E/T cut
is optimized for each choice of (mt̃ , m�̃0

1
).

(1) VBF cuts: the event is required to have the pres-
ence of at least two jets (j1, j2) satisfying: (i) pT(j1, j2) �
(75, 50) GeV in |⌘|  4; (ii) |�⌘(j1, j2)| > 4.2; (iii)
⌘j1⌘j2 < 0; (iv) dijet invariant mass Mj1j2 > 500 GeV.

(2) One isolated lepton with pT � 20 GeV and two
loose b-jets with pT � 30 GeV in |⌘| < 2.5 are required.
The b-jet identification e�ciency and fake rate are taken
to be 70% and 1%, respectively.

(3) A di↵erent E/T requirement is used for each di↵erent
top squark mass scenario (e.g. E/T > 50 GeV for mt̃ =
300 GeV and E/T > 100 GeV for mt̃ = 400 GeV).

Compressed Scenario - The cut flow table with cor-
responding cross-sections at each stage are shown in Ta-
ble I for the benchmark points of (mt̃, m�̃0

1
) = (300 GeV,

120 GeV) and (400 GeV, 220 GeV). The VBF and E/T
cuts are very e↵ective in improving the signal to back-
ground ratio.

TABLE I: Compressed scenario: Summary of the e↵ective
cross-sections (fb) for di↵erent benchmark signal points as
well as the tt̄ background at LHC14. Masses and momenta
are in GeV.

(mt̃,m�̃0
1
) Selection Signal tt̄+jets

VBF 95.7 16774
(300, 120) 1 lepton 22.1 3587

2 b-jets 9.70 1612
E/T > 50 8.00 924

VBF 25.2 16774
(400, 220) 1 lepton 5.93 3587

2 b-jets 2.84 1612
E/T > 100 1.48 337

VBF 7.50 16774
(500, 320) 1 lepton 1.69 3587

2 b-jets 0.74 1612
E/T > 150 0.27 123

Figure 1 shows the distributions of E/T before and af-
ter the VBF selections. The E/T distribution before (blue
diagonally dashed histogram) and after (green horizon-
tally dashed histogram) VBF selections for the bench-
mark point with mt̃ = 400 GeV, m�̃0

1
= 220 GeV are

shown overlayed with the tt̄ background (red diagonally
dashed histogram). From the figure, it is clear that a
large E/T cut is needed to reduce the background.
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FIG. 1: Distributions normalized to unity of E/T before (blue
diagonally dashed histogram) and after (green horizontally
dashed histogram) VBF selections for signal overlayed with
tt̄+jets background (red diagonally dashed histogram) for the
benchmark point with mt̃ = 400 GeV, m�̃0

1
= 220 GeV.

The significance S/
p
S +B, where S and B are the

signal and background rates, respectively, is plotted in
Fig. 2 as a function of mt̃, keeping �M = mt̃ � (mt +
m�̃0

1
) ⇠ 7 GeV, for 300, 1000, and 3000 fb�1 of integrated

luminosity at LHC14. We find that compressed scenarios
with mt̃ ⇠ 390 GeV (340 GeV) can be probed at 3� (5�)
level with 1000 fb�1 of integratedluminosity. The reach
increases to 440 GeV (390 GeV) at 3� (5�) for 3000 fb�1

of luminosity.
Discussion - The main result of this paper is that the

VBF topology can provide a feasible strategy to search
for compressed top squarks. There is discovery poten-
tial up to 340 (390) GeV for an integrated luminosity of
1000 (3000) fb�1 at 14 TeV, which is outside the dis-
covery projections of CMS and ATLAS searches without
VBF. A major improvement over non-VBF searches in
the compressed scenario is the e�cacy of the E/T cut, due
to the fact that top squarks are indirectly produced (e.g.
by weak bosons, gluons, squarks, etc.) with a pair of high
ET tagging jets. We note that in the stealthy scenario,
the �̃0

1 becomes massless, and the E/T cut loses its e�cacy.
Although it is planned that the LHC will deliver an

integrated luminosity of up to 3000 fb�1, which requires
upgraded ATLAS and CMS detectors, the exact detec-
tor configurations are not finalized. Therefore, given that
the background estimation and signal extraction strate-
gies would be largely dependent on the upgraded detector
designs and trigger conditions, systematic uncertainties

is small. The mt̃ = mt +m�̃0
1

plane is a virtual Rubicon, and current exclu-
>

mark point with mt̃ = 400 GeV, m�̃0
1
= 220 GeV are

shown overlayed with the tt̄ background (red diagonally

ETmiss cut very effective in enhancing S/B

fb fb
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FIG. 2: Significance as a function of mt̃, keeping �M =
mt̃ � (mt +m�̃0

1
) ⇠ 7 GeV. The black, red, and green curves

show the significance for integrated luminosities of 300, 1000,
and 3000 fb�1, respectively, at LHC14. The horizontal lines
denote 3� and 5� significance, respectively.

driven by the high pile-up conditions have not been con-
sidered as they are highly dependent on the ability to
reject pile-up jets.
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extend strategies for DM searches to 

degenerate X+/X0 whose              products 

are too soft to pass trigger requirements
two possibilities studied: 
                         degenerate gauginos
                              “     higgsinos (Natural Scen.)

compressed X+/X0 in mono-jet

27

(a) (b)

FIG. 3. E�ciencies for CMS (solid blue) and our MadGraph simulation (dashed red) for (a)
(W ! `⌫`) + jets and (b) (Z ! ⌫⌫̄) + jets processes, for the 8 TeV LHC. Cuts as described in the
text.

search. This e�ciently reduces the theory uncertainty on the backgrounds, and will allow

for small systematic errors in high luminosity studies at the 14 TeV LHC.

V. RECAST OF 8 TEV DATA

We generate the processes pp ! ��0 +1, 2 jets for the MSSM parameter points discussed

in Sec. III using the MSSM implementation in MadGraph5. As for the background processes,

we use MLM matching up to two additional jets and the fast detector simulation Delphes 2,

and �, �0 = �0
1, �

0
2, �

±
1 . Two of the parton level diagrams that are simulated in MadGraph5

are shown in Fig. 4, highlighting the di↵erent initial states, qq̄ and qg, q̄g, that contribute

at leading order (LO). Charginos and neutralinos are then decayed in Pythia.

q

q̄�

�±
1

�0
2

g

q

�±
1

�0
2

q�

FIG. 4. Two processes that contribute to electroweakino + jet production at leading order, and
that were computed at the parton level using MadGraph/MadEvent.

We note that the 2 ! 3 signal processes are only known at LO in perturbation theory,

except for the case of a neutralino pair, which was computed recently [37]. One could try

10
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the majority of our analyses in the limiting cases where either µ � M1, M2 ⇠ MZ , such that⇠
only the electroweak gauginos are present at the weak scale, or where M1, M2 � µ ⇠ MZ ,

are essentially three body decays �0 ! ``0�0
1, such that the lepton energy, in the rest frame

to estimate the K-factor using PROSPINO [40], which gives the 2 ! 2 inclusive process.

For our range of masses the K-factor ranges between 1.3-1.5, depending on the particular

process [41, 42]. However, assuming that the 2 ! 2 and 2 ! 3 processes have the same

K-factor is not a well justified approximation, and it was indeed shown in Ref. [37] that the

K-factors are not constant over the phase-space. This can be easily understood from the

fact that at NLO the gg channel opens up in addition to the LO production modes, whereas

this channel does not contribute to the inclusive 2 ! 2 process at NLO. The suppression of

the gg channel by one power of the strong coupling constant is partially compensated by the

dominance of the gluon parton distribution function at the LHC. For the partonic channels

that are open at LO, Ref. [37] estimates a K-factor of about 2.3, very di↵erent from the one

for the inclusive 2 ! 2 process. Due to the discrepancy between both estimations we prefer

to be on the conservative side, and hence we will not apply any K-factors to our simulated

samples. Given the situation described here, it would be utterly necessary to extend the

analysis of Ref. [37] to the other signal processes.

In Fig. 5 we show the total signal cross sections for our parameter points after preselection

cuts as a function of m�±
1
. The cross sections are O(10 � 100) fb and one sees that they

strongly depends on m�±
1
. Note that the Higgsino cross section are a factor of two smaller

than the gaugino cross section for a similar chargino mass. Given the size of the cross

sections, it is obvious that for the 8 TeV LHC dataset statistics will be a limiting factor:

before applying any further cuts one is left with O(100 � 1000) events.

FIG. 5. Cross section for all electroweakino processes after preselection cuts, as a function of m�±
1
.

Blue circles (red squares) correspond to the gaugino (Higgsino) case. In the gaugino case multiple
points for each m�±

1
correspond to di↵erent values of m�0

1
, i.e. di↵erent mass splittings.

For a given signal point, we estimate the significance � as the number of signal events S

divided by the uncertainty on the background �B:

� = S/�B . (7)
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We generate the processes pp ! ��0 +1, 2 jets for the MSSM parameter points discussed
and �, �0 = �0

1, �
0
2, �

±
1 . Two of the parton level diagrams that are simulated in MadGraph5

LHC 8 TeV
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 addition of soft leptons crucial to reach sensitivity 
  at 14 TeV  (for ∆M ~ 10-30 GeV)
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the condition 5 GeV < pT (µ) < 20 GeV, and a
by 10 GeV < pT (e) < 20 GeV.

When the Higgsino mass gets larger (E) the main features of (D) remain the same, but

with the signal being reduced by an order of magnitude, and hence such a point would be

very hard (if not impossible) to test at the LHC.

Our final results for the gaugino case are shown in Fig. 7 and Fig. 9, for total integrated

luminosities of 300 fb�1 and 3000 fb�1 respectively. Fig. 8 and Fig. 10 are the analogous

for the Higgsino case. For each case we show two results corresponding to systematic errors

of 5% (left panels) or 1% (right panels). The shown significances correspond to the most

sensitive analysis for each point, which always is the combined soft lepton analysis.
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FIG. 7. Significance at the 14 TeV LHC, with 300 fb�1, considering a systematic error of (a) 5%
and (b) 1%, for the gaugino case. Here �m = m�±
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FIG. 8. Significance at the 14 TeV LHC, with 300 fb�1, considering a systematic error of (a) 5%
and (b) 1%, for the Higgsino case.
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with the signal being reduced by an order of magnitude, and hence such a point would be
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 at 14 TeV for 300 (3000) fb-1 

can exclude up to  250 GeV gauginos, 
for ∆M  < 10-(40) GeV, and
up to 150 ( 200 ) GeV  higgsinos
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what if a BSM signal comes out at LHC ?
 a Great Breakthrough in particle physics, 
although not a confirmation of any single theory model ! ! !

 just the start-up of 
 exploration of the “next layer of theory”

 considerable degeneracy in the expected phenomenology 
 for quite a  number of BSM models 
 (eg. missing PT from many models with a WIMP candidate)

 for any single TH model to be credited, it will have to  
overcome the  “anomaly-fitting  phase” 
and enter the “prediction phase” !

 it will take time and a lot of effort to advance in theory !

29
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Outlook (1)
SM built up on decades of unexplained experimental facts...
By early 70’s it was a complete framework whose many crucial 
predictions had to be checked out in following 40 years, 
guaranteeing a tremendous outcome for collider physics 
(and proving the model an extraordinary success !)

today no BSM framework is as mature as SM in 70’s !
just a number of theoretical suggestions ...
(with no guarantee of success for anyone !)
nevertheless, the statement that “new phenomena at the TeV 
scale are needed to make the EWSB scale Natural” is still 
robust after LHC Run 1

in which format ?
30
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Outlook (2)
many alternatives open: new resonances, but also deviations 
in inclusive cross sections / decay rates /
Kinem. distributions / correlations
use theory suggestions 
as “benchmark frameworks” for search strategies !
crucial also to extend “signature-driven” studies,
as unbiased as possible by theoretical prejudice !
today exp data definitely needed to advance in theory
we are now in a thrilling phase: LHC is an extraordinary 
(and highly complex) tool that has still to develop its full 
potential ... (lot of effort and inventiveness will be needed)

31

big advances in the exploration of TeV scale 
in next few years  “guaranteed” !


