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Relic density of heavy neutralinos
The Sommerfeld enhancement (Hisano et al. 2004,6, Arkani-Hamed et al. 2008)

® Heavier neutralinos difficult to detect both at LHC and at ID/DD
experiments, however situation can change if annihilation enhanced by
the Sommerfeld effect

® The Sommerfeld effect may have a large effect on the annihilation rate of
SU(2) charged neutralinos, already studied to a great extent!

® Enhancement factor S(v) for charged particle annihilation due to
Coulomb potential if v < wa well known (Sommerfeld ‘31),

T 1
v 1—e 7a/v

S(v) =

® Large corrections also occur in general if also mass of mediator (M)
such that My < aMg = Yukawa potential V/(r) = —2e~Mwr

r

Aim: to calculate the relic density in
general MSSM in wino-like region including
the full effect of the Sommerfeld
enhancement

Z/wih <SS e

X

1Cirel|i et al. 2007,8,9, Hryczuk et al. 2010,14, Slatyer (et al) 2008,13,14, Fan et al 2013, Cabrera et al 2015
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The Sommerfeld Enhancement

(Beneke, Hellmann, Ruiz-Femenia 2012,14, Hellmann, Ruiz-Femenia 2013)

Fab(P5T1Ly), Bap(P5TELy):
absorptive part of Wilson
coefficients of local four-fermion

(Wi QP — @ o) | [0 o — (W operators.
Sommerfeld factors computed by
solving Schrédinger eq. for
Qb[(:s)zwith leading-order
—" ~~ - N——— Yukawa /Coulomb potentials
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Sommerfeld factors (S,[f(2°T1L,)]) given by:
Ls)]" s LS

[ ga )} fb>2X—>XX(2S+1LJ) ¢ga )

F(25+1 —
Sa[f( LJ)] - ?a>§X_>XX(25+1LJ)

2 . . . . . y
¢§;,S) is the (xx)p component of the scattering wavefunction for incoming state (x ), with quantum nos.
L, S evaluated for zero relative distance and normalized to the free scattering solution.
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Details of the calculation

Based on Beneke, Hellmann, Ruiz-Femenia (2012,13,14):

® Mixed neutralinos possible (beyond pure wino- or higgsino scenarios),
including off-diagonals in potentials and annihilation matrices

® Partial wave separation for P- and O(v?) S-wave (beyond leading order
S-wave included)

In addition, the (to become public) code includes:

® [nclude exp.constraints on MSSM parameter space: b — sy, my,
(g —2),, p, DD and theoretical constraints on Higgs potential

® |nclude exact 1-loop on-shell mass splittings and running couplings

® Allow extraction of separate exclusive final states to obtain indirect
detection results

® Accuracy at O(%), dominated by theoretical uncertainties due to EFT
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Results

the pure wino with non-decoupled sfermions

u=2M, My=3M>, M;=10 TeV, tanB=15

u=2M,, M\=3M,, M4=10 TeV, tan=15 |\u|=2M>, M |=3M>; Ms.tanS

1 T T T T
0000 i ‘v‘ A T Iy 10000 ™ - A 10000 : -
Pertwrbative | G | i [ Sommerfeld | Y0095 s : (@)
| [ DR S T ; 007 i / _&&[nhz)
8000/ | 005 ‘oge i /0B [ 7/ enhanced ol o e
! . o / !/ il I ..
R R A Y S 8000F | ! / 8000 10
i i (A ;o | E
Y AT S R Y R e " 0.05 o
= 0‘03 ol Y B f )03 7 045, | | ). -
1005 01188/ Ry I~ i ; P _
R e s E 6000 03 Fosl T soo0
g | [ S | ;7 S L 0.6
1 1 7 1 ‘ 2 =
i = [ 03] ¥
! I I X
4000} 4000p |/ 4000 04
/, , 02
2000f/" /7 L sfermion co-annihilation 7 2000y " L sfermion co-annihilation 2000 sfermion co—annihilation
// s L L L L -~ Il Il Il Il 0
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
M, [GeV] M, [GeV] M, [GeV]

® As the sfermion mass decreases the annihilation rate is suppressed due to
t-channel interference and therefore the correct relic abundance is
obtained for lighter neutralino masses of ~ 1400 GeV

® The correct relic density is moved from 1.5-2.1 TeV up to 2.4-2.7 TeV

® The resonance of the Sommerfeld effect is seen at around 2.4 TeV
leading to the largest effects for the lightest sfermion masses

The Relic Density of Heavy Neutralinos

Aoife Bharucha aoife.bharucha®@cpt.univ-mrs.fr



Results

the wino-higgsino admixture

My=12 TeV, M =2M,, M,=10 TeV; tan=15 My=12 TeV, M,=2M,, M4=10 TeV; tanB=15 Myg=12TeV,M;=2M>,M,=10TeV; tans=15
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® As the Higgsinos annihilate less strongly, they dilute the wino annihilation
® The correct relic density is moved from 1.7-2.2 TeV up to 2-3.3 TeV

® The position of the resonance in the Sommerfeld effect is seen to be a

function of u, and largest effects are seen for n — M, = 100 GeV for the
chosen parameters
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Results

the wino-bino admixture

U=2My, My=4 TeV, M4=10 TeV; tanB=15
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® The correct relic density is moved from 1.5-1.8 TeV up to 1.8-2.9 TeV

® The position of the resonance in the Sommerfeld effect is seen to be a

-0.6

function of My, and largest effects are seen for smallest splittings between

M2 and Ml
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Results

the wino-bino admixture-the affect of additional parameters

tanf=15, My=12 TeV, M4=10 TeV
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® The position of the resonance for bino-wino case is in fact strongly
dependent on choice of parameters controlling mixing, i.e. u, tan

® As the mixing is increased the effect is enhanced, i.e. when |u| decreases,
tan 3 decreases or when p < 0
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Summary

® Developed code and performed scan for relic density (RD) including the
full Sommerfeld effect (SE) for wino-like region in general MSSM with
accuracy O(%) and running time O(mins)

® For the pure wino the effect is ~ 600 GeV but the sfermions alone can change value of

M, giving the correct wino mass by several hundred GeV

® For mixed wino-Higgsino scenarios:

O Correct relic density for My from 1.75 TeV to 3.3 TeV, resonance depends on

splitting and therefore mainly on p© — M»

® for mixed wino-bino scenarios:

O My 1.8 TeV up to 2.9 TeV to satisfy RD constraint, resonance/splitting depend on
tan 8 and pu.

O Maximum possible LSP mass > 4 TeV for pu is small and positive and tan 3 is small.

Outlook: Public code to become available with and indirect detection rates
including full SE
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Indirect detection

Limits on the wino and wino-like DM
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Effect of remaining parameters
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More details of calculation

Beneke, Hellmann, Ruiz-Femenia 2014

Coupled Schrédinger equation: ([—
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Ranges of parameters

Parameter Range
1-5TeV
| M| M, — 3 M,
|1] M = 3 M

M 1.25 — 12 TeV

1 —10 TeV

5-30
|Af| 0-8 TeV
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Mixing
M
Wino-Higgsino mixing depends on if 0, < 1 where 0}, = (¢ + sp)cw z
V2(p — M)

oM.+ = m.+ —m-o is given b
X7 x5 T e 4

4 2 _ 22
1 my, Ms (c5 — s5)
smoy = % e

m2 1) M:
Z 2 H 2 2
6m>~<Ir ’:% (CW (1 $52/3) <1 ) + 25y, (1i52,8)v )

1

a \/5(5/3 :l:C,B)mW

SzﬁSgwM%
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Wino-bino mixing depends on if 8, < 1 where 6, =

m Mo . sl
siv— (525-1-7) _512/V5M1’ if u > 0 or 2?/,2 <1
5m>~<+ ~
1 2
m
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