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EFT for Dark Matter

LDMEFT ~ OSM • ODM



Operators coupling DM particles to the SM particles

J.Goodman, M.Ibe, A.Rajaraman,
W.Shepherd, T.Tait,  H.-B. Yu 
1008.1783

EFT  (a mediator is very heavy)



EFT  (a mediator is very heavy)

CMS:1504.03198

couplings to light quarks
are suppressed

Signal
Signature: tt+MET

Dominating background

perturbative limit 

EFT approximation is valid if

Requirement  R – number of events with   

Observed exclusion limits, the region below the solid curve is excluded at a 90% CL.

(mt/M*
3 = g2/M2, M>2Mχχ)



ATLAS:1410.4031

Lower limits on M∗ at 90% CL for verious signal regions as a function of mχ for the operators 
D1 (Dirac fermion) and  C1 (complex scalar)

Comparison with direct detection for D1 

N=3 for D1, N=2 for C1
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Supersymmetry
Main steps to SUSY Lagrangians

• Poincare transformation and algebra of the generators 

• No-go theorem by Coleman-Mandula – most general symmetry of the S-matrix is 

Poincare     internal, that can not mix different spins

• The way out – extended the Poincare algebra by spinor generators  Qα
N   (α=1,2)

(Golfand, Lihtman) . We consider only the case N=1 (N=1 SUSY)

History of the sypersymmetry – see M.Shifman talk at CERN  “Fifty Years of Supersymmetry” 



• The algebra of extended Poincare group: 

• Comutators with generators of  internal symmetries all vanish except one  called

R-symmetry

• Spinor generators change the spin of the states

• In any supersymmetric multiplet,   the number of boson states in equal to the number

of fermion states  nB=nF.  



• Superspace and superfields

Grassman coordinates (two Weil spinors)  in addition to xµ

Ralization of generators in superspace in accord with the algebra  (c=1)

is a representation of the spinor generator   

Superfield transforms as 

S1•S2 – is a superfield,  S1+S2 – is a superfield, ∂αS – is NOT a superfield

Covariant derivatives give superfields



• Two special cases – Chiral and Vector Superfields

Chiral superfield and its mode decomposition

Vector superfield and its mode decomposition

[θ] = m-1/2 → [F] = [D]=m2 →  F and D fields are the auxiliary, 

do not propagate  and can be integrated out

Scalar field (Higgses, squarks, sleptons) Fermion fields (quarks, leptons, higgsinos)

Gauge vector fields Fermion fields - Gaugions



Vector superfield strength tensor  is a chiral superfield

Decomposition  in Wess-Zumino gauge 

• Two special cases – Chiral and Vector Superfields



Simple Example

W(Φ) – superpotential depending on chiral superfield Φ but not on Φ+

After integration over supercoordinates:

Potential for the scalar field 
(scalar part of supermultiplet):

Equations of motion

Potential is always positive: 



Simple Example

W(Φ) = 1/2 m Φ2 + 1/3! g Φ3

The potential for the scalar component takes the form:

Quartic term follows from the interaction!    



• MSSM field content

Vector
superfieds

Chiral
superfieds



• MSSM Lagrangian



•R-parity

+ for particles (antiparticles)

- for superpartners

If the R-parity is conserved:

-Lightest superpartner is stable – good candidate for Dark Matter 

-Superparticles are produced in particle collisions only in pairs



SUSY must be broken  

Soft SUSY breaking:   

Scalar mass parameters   Gaugino mass parameters  Trilinear couplings 
Higgsino mass parameter 

105 model parameters



Physical states – states with definite masses 

Chargino – mixture of corresponding winos and charged Higgsinos

Neutralino

Sfermions (Squarks, Sleptons) 1,2 

Wino

Photino

Zino

Higgs doublets and corresponding Higgsinos

-mixture of photino, zino
and neutral xiggsinos

-mixture of left 
-and right sfermions

Relevant only for the third generation of sfermions (stop, sbottom, stau)



All the vertexes and decay widths follow from the Lagrangian



2 complex scalar doublets => 8 degrees of freedom

As in the SM 3 Goldstone bosons are absorbed (“eaten”) by W± and Z

h, H – CP even scalars,
5 physics degrees of freedom                    A  - CP odd scalar,

H± - sharged scalars

2 complex Higgs doublets in MSSM

G0, G± - Goldstone bosons



MSSM potential after supersymmetry breaking   

2HDM type II with quartic couplings fixed due to the gauge nature

8-3=5 physics states
h, H – CP even scalars,
A  - CP odd scalar,                                                 
H± - charged scalars

Couplings are shared between the Higgses: 

MSSM



At tree level there are only two parameters: tanβ and MA

Why MSSM is not ruled out yet? Fortunately, top quark is very heavy! 



Available parameter range after all constrains ?

(Xt = 6 MSUSY  Maximal mixing scenario)

Mh
2  MZ

2 + mh
2

125 GeV2 91 GeV2 86 GeV2

Only two parameters at tree level

But large loop correction 

, MA
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HDECAY



- measuring deviations on couplings of the discovered state h
- new particles, new decays such as 

H  hh and A  Zh (if kinematically accessible)    

Search strategies       

Carena, Heinemeyer, Stal, Wagner, Weiglein„13                                

hMSSM

Djouadi, Maiani, Moreau, Polosa,

Quevillon, Rique (1502.05653)

Mh is fixed to be 125 GeV

Good approximate formulas
at loop level with only same 
2 parameters as at tree level



Decay modes depend on Higgs masses and couplings:

To fermions

To W,Z vector bosons 

To lighter Higgses

. . .



Loop decays for neutral  Higgses

5 5tg (1 ) ctg (1 )b tH tb
g m m       

Decays and production for charged Higgs



1803.06553

Neutral Higgses

HIG-20-016



Searches for charged Higgs
Charged Higgses are predicted in many BSM (2HDM, MSSM, NMSSM…)



1807.07915Charged Higgs



Searches for A/H in 4 tops

Searches for heavy H in WW



Exotic Higgs: 95 GeV excess 

Can be accommodated into N2HDM  (S.Heinemeyer, G.Weiglein)



MSSM





NMSSM

MSSM + a singlet chiral superfield

Physical Higgses:

SM           4 – 3 = 1       h     

MSSM     2*4 – 3 = 5      CP-even H1, H2; CP-odd A; charged H±

(2HDM)

NMSSM   2*4 + 2 – 3 = 7  CP-even H1, H2, H3; CP-odd A1, A2; charged H±

(2HDM + complex scalar)                        

- μ-problem is solved dynamically

- less fine tunning
compared to MSSM 

Fayet ‟75; 
Dine, Fischler, Srednicki „81;
Nilles, Srednicki, Wyler ‟83;
Ellis, Gunion, Haber, 
Roszkowski, Zwirner ‟85
Vysotsky, ter-Martirosian „86
…
King, Mühlleitner, Nevzorov‟12
Beskidt, de Boer, Kazakov „13
King, Mühlleitner, Nevzorov, Walz ‟14
…
…





SUSY

1. Cancellation of the leading scale dependence

=>

3. Unification of couplings 
in contrast to SM

2. Lightest SUSY particle is stable (if R-parity) – Dark Matter candidate

4. Fit of EW precision data

MH is protected!



SUSY searches

In order to establish SUSY one needs:

-find superpartners

-measure spins which should differ by ½

-demonstrate their couplings are the same

-their quantum  numbers are the same

…



SUSY searches
In order to establish SUSY one needs:

-find superpartners

-measure spins which should differ by ½

-demonstrate their couplings are the same

-their quantum  numbers are the same

…



Searches for strongly interacting superpartners

Gluino and squark
signatures:



Gluino decays to tt+LSP











Searches for  Stops





Neutralino LSP Gauge-mediated SUSY breaking





Many other searches for superpartners

R-parity conserving scenarios 

Gauge mediated scenarios

R-parity violating scenarios 







SUSY is one of the most attractive idea for BSM physics 

SUSY, if exists, is broken, and there are many possibilities:

Gravity mediation
Gauge madiation
Gaugino mediation
Anomaly mediation
Hidden sector mediation
… 

In general the unconstrained MSSM has 105 parameters 
(22 with reasonable assumptions)
(many parameter space points of are rulled out already)

Many nice SUSY feaches are due to additional global symmetry-
R-parity. Tiny deviations of R-parity possible leading to processes
with FCNC, lepton/barion number violation, proton decay…
But what is an origin of R-parity?...  



Supersymmetry Parameter Analysis:
SPA Convention and Project

0511344

The 65% and 95% CL regions favoured
by bs, (gμ - 2), WMAP data. 



Extra Dimensions

5D massless scalar field, M=0,1,2,3,4       

Dimension  x4 = y defines the circle with radios r :  y = y + 2πr 

Fourier expansion:  

Equation of motion gives:

Kaluza-Klien tower, KK modes with masses



ADD type models RS type models

Models with extra space dimensions

we are confined on some 4-dim. brane imbedded into higher dim. bulk 

with SM fields in ADD or RS bulk

KK-parity -> 
LKKP is a good DM candidate

UED type scenarios

Can unify the forces
Can explain why gravity is weak (solve hierarchy problem)
Contain Dark Matter Candidates 
Can generate neutrino masses

Many KK modes with small splitting.
It may give coherently an effect of the EW order 

The 1st KK mode may interact
with the SM particles at EW level  



1711.03301

D = 4 + n

Signature jet + MET

9811350



m2 = k2/R4
2 + l2/R5

2

mkk = 1/R4;  ξ = R4/R5

ξ = 1

1803.09678 0907.4993

2UED model



The Randall-Sundrum model

Two branes with tension at the fixed points of the orbifold S1/Z2:

The solution for the background metric:

The parameters k, Λ и λ1,2 satisfy the fine tuning conditions:

The hierarchy problem is solved if kL~ 35: 

at TeV brane M ~ MPl ·e
-kL

The linearized gravity is obtained by expanding around RS 
solution for the metric    

L. Randall and R. Sundrum, 
Phys. Rev.  Lett. 83 (1999) 
3370



In the unitary gauge  

- The radion is massless. 
- The coupling of the radion to matter on the brane is too strong and 
violates 4D gravity.
- Interbrane distance is not fixed.

The Randall-Sundrum model must be stabilized!

C. Csaki, M. Graesser, L. Randall and J. 
Terning, 
Phys. Rev. D 62, 045015 (2000)
C. Charmousis, R. Gregory and V. A. 
Rubakov, 
Phys. Rev. D 62, 067505 (2000)
C. Csaki, M. L. Graesser and G. D. Kribs, 
Phys. Rev. D 63, 065002 (2001)
G. F. Giudice, R. Rattazzi and J. D. Wells,
Nucl. Phys. B 595, 250 (2001)
K. -M. Cheung, Phys. Rev. D 63, 056007 
(2001)
......

The field φ(x) (when canonically normalized) 
is called the radion field

The distance between the branes along the 
geodesic



Stabilized Randall-Sundrum model

Stabilization mechanisms – extra scalar field

The physical degrees of freedom of the model in the linear approximation 

W. D. Goldberger and M.B. Wise, 
Phys. Rev. Lett. 83 (1999) 4922 

E. B., Y.S. Mikhailov, M.N. Smolyakov,
and I.P. Volobuev,
Mod. Phys. Lett.  A 21 (2006) 1431

 tensor fields bμν
n(x), n=0,1, … with masses mn

(m_0 = 0) and wave functions in the space of extra dimension ψn(y),

 scalar fields φn(x),  n=1,2, … with masses μn and wave functions in the space 
of extra dimension gn(y).

Effective Lagrangian of the model

Tμν - the energy-momentum tensor of the SM

The lowest scalar mode is the radion of the stabilized RS

O. DeWolfe, D.Z. Freedman, 
S.S. Gubser, and A. Karch, 
Phys. Rev. D 62 (2000) 046008

Solution of coupled Eqs for the 5d warped metric
and  for stabilizing scalar  field 

~ 1/MPl
~ 1/(MPl ·e-kL) ≡ 1/Λr



Searches for RS gravitons

Interferences   

E.B., Bunichev, Smolyakov, Volobuev
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