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What is Dark Matber?

/ CMB Measurement \ / Particle Physics Theory \

Standard particles SUSY particles [

- 0o 20
Tl SID
% so0o F N AT @
& : Sen. @ (@M
qu:liq IIIHJ-—'
o = A Minimal Supersymmetric Standard Model
= .:.E aped o
g = { - (MSSM)
-500 - ' _ 4 -=200
; & lll:l 20 EAI}D iﬂIGCI iﬁlﬂl} EJD:DD 2500
Multipole {

: : ~0 .
* lightest neutralino X1 is a good
Planck Collaboration, arXiv:1303.5076

* precise determination of relic density cold DM candidate
by PLANCK to * theoretical prediction of relic density

possible
QCDM}LQ — 0.1199 + OOOQy \ QCDMtheoret. /

Need of precise theoretical prediction to meet experimental precision
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Theor. Prediction of DM Relic Density 2

°* number density of DM in the early universe
can be described by the Boltzmann equation

n+3Hn = —(oegv)(n® — nZ,)

* relic density inversely proportional to cross section

1 Par&cte

QX h2 X @ Phjs&cs _
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Jungman, Kamionkowski, Griest, Phys. Reports 267 (1995)
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* coannihilation processes can get important when particles almost mass degenerate
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Current Status of Theor. Calculation

* Public tools evaluate the relic density for a specific parameter point in the MSSM

\
MicrOMEGAS DarkSUSY Superlso Relic MadDM
S C%%Igngar, Boudjema, et al. , CPC (2002) Gondolo, Edsjo, et al. , JCAP (2004) Arbey, Mamoudi, et al. , CPC (2010) Backovic, Kong, et al. , (2013)
Caley VE) tree L
MJ;QE-EQM Cvel

determination of
(disYavoured region of
parameter space

1 biel
Qxh2 X @ E;;sf,z:

* precise relic density determination by PLANCK

r 3

Qcepvh? = 0.1199 + 0.0027

Planck Collaboration, arXiv:1303.5076

\. J

[T ) increase precision by going to NLO for cross section
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I1I. The Tool
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* SUSY-QCD corrections to all relevant processes for the relic density calculation

Xi Q Xi q

q; V.H q5° q

* providing a tool which extends public tools like micrOMEGAs and DarkSUSY

* allows for more precise constraints on the MSSM parameter space
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* SUSY-QCD corrections to all relevant processes for the relic density calculation

V. H §
qJ e ) b« q
4 V.H 45 q

* providing a tool which extends public tools like micrOMEGAs and DarkSUSY

* allows for more precise constraints on the MSSM parameter space
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Work flow and Implementation

g Spectrum Calculator h
e.g. SPheno
sparticle mass spectrum,
mixing matrices,
\_ precision observables Y

!

4 MicrOMEGAS

integration of Boltzmann equation, etc.

cross sections which are provided by
DM@NLO supersede CalcHEP cross

sections

\_

o

( )
Output
theoretical prediction of neutralino relic
density based on NLO cross sections
th}redicted
. J

tree

Input R
input parameters according to Les
Houches Accord (cMSSM, pMSSM,
etc.)

‘ )
\

CalcHEP

calculation of all relevant (co)annihilation
cross sections at tree level

J
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Neubtraline Annihilakion

" Tree level

o
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=
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Neubtraline Annihilakion

* Example: Dominant Z-exchange

x10°
o _ _
% .4 20% correction
3
~4 compared to
£5 micrOMEGASs
1.2[ )
I . N
| R ' .
08---"
- — one-loop
I ---- micrOMEGAs
o.6p-- == tree-level
0 50 100 150 200 250 300 200 250 300 350
P, (GeV) m, (GeV)

* effective Yukawa couplings not always sufficient, e.g. for dominant Z-exchange

* shift of about 100 GeV in physical mass plane

B. Herrmann, M. Klasen and K. Kovafik, Phys. Rev. D 79: 061701 (2009), arXiv:0901.0481 [hep-ph]
B. Herrmann, M. Klasen and K. Kovafik, Phys. Rev. D 80: 085025 (2009), arXiv:0907.0030 [hep-ph]
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Extension to Gaugine (Codannihilation 2

" Tree level ) q

iﬂf:l: q XD";:I: q

W—-—-—-

H* l
THOC i

1 M""‘"‘*—-—-—-._ q

X0/= q 70/ q
Mgy g 1 e | Mgt I Mo ‘ Z16 “w ‘g 2111 ‘ 1mp0 {230 h*  BR(b— s7)

738.2  802.4 J1288.4 1294.5' 802.3 | 1205.1 | -0.996  0.049 -0.059  0.037 | 126.3 0.1243  3.0-107*
830 1.0m
g
* pMSSM with relaxed GUT assumption 820 28
~ 810 0'83
X?Xit — tb 430% > 800 0'7(2@
-0 ~0 . & o 0.6
X1X2 % bb 230% EN | O.SE
= S
-0 ~0 _ 780 s
\_ J 770 103%
=8
760 10.28
* Shift of relic density band by about 10 % e 7
with respect to micrOMEGAS 720 730 740 750 760 770
M, in GeV

B. Herrmann, M. Klasen, K. Kovafik, M. Meinecke and P. Steppeler, Phys. Rev. D 89, 114012 (2014), arXiv:1404.2931 [hep-ph]
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NeuﬁratinamSEap Coabhwnihilabkion

Light stop scenarios motivated by plenty of reasons:

* for meeting the “right” relic density

* favoured scenario for electroweak baryogenesis

* large stop mass splitting favoured by Higgs mass

Xt:At

q

— p/ tan

m2 ~ m?3 cos® 23 + 39 t [ln =21y i (1 : )}
17 t SUSY SUSY Mgsusy = VMg My,
tf, production, t— b 13 /> Wb ¥ /T[>t Status: ICHEP 2014 tf, production, t—>c ¥ /= Wb /t—> 17, Status: ICHEP 2014
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d 'q - ., = 450 — == l — tx OL 1406.1122 0L [1208.1447] ] = 430 C =3 t — txo OL 1406.1122 0L [1208.1447) -
’ ~ ol - == l i~ tx 1L [1407 0583] 1L [1208.2590] 1 ol r == t — tx 1L [1407 0583] 1L [1208.2590] ]
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Neuﬁraimcw%ap Coabhwnihilabkion

Tree level

i‘,lr
o
-0
xlr
P 1

y,

J. Harz, B. Herrmann, M. Klasen, K. Kovafik and Q. Le Boulc’h, Phys. Rev. D 87: 054031 (2013), arXiv:1212.5241 [hep-ph]

J. Harz, B. Herrmann, M. Klasen, and K. Kovafrik, arXiv:1409.2898 [hep-ph]

13.12.2014
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Neuﬁraimcw%ap Coabhwnihilabkion

Tree level

-
.

Virtual corrections
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Neuﬁraimcw%ap Coabhwnihilabkion

Tree level

Virtual corrections
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1

e

Julia Harz DM@NLO - a tool for a precise prediction of the Dark Matter relic density 13.12.2014




Neuﬁraimcw%ap Coabhwnihilabkion

Tree level

\_

Virtual corrections
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A few technicalities...

* hybrid on-shell / DR renormalisation scheme

0S 0S 0S DR DR 0S DR _ N
[m£17m817m52 At 7Ab mt ,mb ] :->[ mt279t79b ]

input parameters dependent parameters

1073

* 2-cutoff phase space slicing s.w. Haris, 3. F. owens, Phys, Rev. D65 (2002)

real __ __soft hard hard “;

g — 0 (AE) + Ucoll (AE7 AH) + O-non—coll(AE7 AH) 104 0 2

/ ﬂ x iﬂ q ;g’ 40.0 g

eikonal hard-collinear pure 2—3 “"“‘“‘*“-‘v/"/ 10 -

approximation approximation processes ‘?’iﬂmﬁj 2
- 'E?vf § g 10 -

* Jocal on-shell subtraction (DS) / “Prospino® scheme

W. Beenakker, R. Hoepker, M. Spira, P.M. Zerwas, Nuclear Physics B 492 (1997)

|~/\/l|2 - |MreS|2_‘Msub‘2 + 2Re(-/\/ljes-/\/lrern) # -/\/lrem‘2

res
2112
msI’
b2 el 2
M = Mecslym

(pi —mi)? + mily
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Neuﬁraimcw%ap Coabhwnihilabkion

1800 1.0 1800 : 0.50
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€ S
= o
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£ 10158
0.15 § 1400 |
1400 | S
~ 10.10
~07 10.10 =0
X(l)tl N bw—l— Xltl — th
1300 ' ' ' - ' 0.05 1300 : : ' : ' 0.05
200 250 300 350 400 450 500 200 250 300 350 400 450 500
J. Harz, B. Herrmann, M. Klasen, K. Kovafik and Q. Le Boulc’h, Phys. Rev. D 87: 054031 (2013), arXiv:1212.5241 [hep-ph]
J. Harz, B. Herrmann, M. Klasen, and K. Kovarik, arXiv:1409.2898 [hep-ph]
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Neuﬁraimcw%ap Coabhwnihilabkion
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J. Harz, B. Herrmann, M. Klasen, K. Kovafik and Q. Le Boulc’h, Phys. Rev. D 87: 054031 (2013), arXiv:1212.5241 [hep-ph]
J. Harz, B. Herrmann, M. Klasen, and K. Kovafrik, arXiv:1409.2898 [hep-ph]
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ov (1078 Gev™?)
.

_ gtree {O.treefo-HD}
JH[] {O.I'ILD‘{O.MU)
R O-NLU (G-NLUfgtIee }

40 % correction
with respect to micrOMEGAS

Neu&raimoﬂS%oP Coabhwnihilabkion
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1
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Qgoh? 0.1136

BR(b — sv)[3.25-107*

—_—
= —

- — otree (Gtree,GHD)
S (oM0/gH0)

J— NLO (O.NLDIUtree )

100 200 300 400
p.m (GeV)

7 mA M

M, Ma, M; [ T

5.8 2925.8 948.8  335.0

1954.1 1945.6  3215.1

1578.0 609.2  3263.9 |2704. 1!

J. Harz, B. Herrmann, M. Klasen, K. Kovarik and Q. Le Boulc’h, Phys
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N@.ME%‘QLLMQ*S%QP Coannihilakion

NN
—  rel.corr.(%)

326 328

330

M, (GeV)

oo w W
L o un

oo
o

> o < o~
L ] (9] L ] 9]
Total contribution of DM@NLO processes (%)

n
i

Yit1 — tg |23%

Yit1 — th° [23%
Yit1 — tZ° | 5%
Xit1 — bW |10%
Yix, — tt |15%

D corr | 167

18 % correction

with respect to micrOMEGAs
y,

* correction of 80 % of all processes, 65% of them are coannihilation processes

* shift of the cosmologically preferred region of parameter space

J. Harz, B. Herrmann, M. Klasen, K. Kovafik and Q. Le Boulc’h, Phys. Rev. D 87: 054031 (2013), arXiv:1212.5241 [hep-ph]

J. Harz, B. Herrmann, M. Klasen, and K. Kovafik, arXiv:1409.2898 [hep-ph]
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S%QP Annihilaktion

(ree level \ G V, H
el M\\ ”,’
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+ Coulomb enhancement

\

during freeze-out stops are moving slowl
J P J y exchange of n gluons generates

. contributions can become large correction factor ( Qs ) »
"“"" resummation necessary (%
. J
J. Harz, B. Herrmann, M. Klasen, K. Kovarik, and M. Meinecke, arXiv:1410.8063 [hep-ph]
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SEQP Annithilation

10° prrr T e e T
£, & —»h° 1 (scenario la) V.H
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> J
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4320
. 10 2300}
E ' 4275
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_ §3 2100F 140 fEH
* small v: steep rise due to Coulomb corr. scenario la/b ol
e (M0 95
* large corrections (~ 35% shift NLO/tree) 0001 —_— e
- — ()full 50
— rel.corrin %
' ' ' 1900 700 8CI)O 9CI)O IOIOO 11|OO 12|OO >
correction of ~ 50% on the relic density M in GeV
1
My, Mgy Mo | mpo  Mpygo Mg+ ||Z)—Lc],1§|2 VARY) 2 VARY:! 2|E1R|[|b — §7Y) da, |Qi[1;h.2|

mgo Mg, mg,
758.0 826.1]{1435.1 1260.5 1986.7 1986.8|128.8 1917.4 1919.6| 0.9996  0.27  0.74 | 3.1-107* 284.107'!|0.1146|

J. Harz, B. Herrmann, M. Klasen, K. Kovafik, M. Meinecke, arXiv:1410.8063 [hep-ph]
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IV. Conclusions
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Conclusions & Qubtloolk

| * current tools calculate relic density just
on an (effective) tree level

* we provide SUSY-QCD corrections to

>
=
O
=i )
\ N. @ El )
\ : i i
\
\
\
\
)

. Vo (almost) all processes . s
Q\CXQ * significant corrections of 10% - 50% expected g, q
J

i VH * we provide tool linkable to MicrOMEGASs for i .

Cj:: precise parameter studies and global fits C(

q; V.H
o
Webp://dmnlo hepf / o
P mihlo heprorge.orq ko)
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Uncertainties Entering the Calculation

Arising from cosmology Arising from particle physics

» choice of cosmological model
Hamann, Hannestad, et al. , Phys. Rev. D (2007) ¢ three'bOdy pI’OCGSSGS

Yaguna, Phys. Rev. D (2010)

* variation in hubble expansion rate . determinati f :
Arbey, Mahmoudi, Phys. Lett. B (2008) e ermlna IOﬂ O Amgsgarﬁgc)ts:mE%(gog)s
Allanch, Belanger, JHEP (2004)

orod, Phys. Rev. D (2005)

 effective degrees of freedom of . .
ﬁglsmn of (co)annihilation cros

the universe .
Hindmarsh, Philipsen, Phys. Rev. D (2005) - _SeCtlon O-Eﬁ. .D

Precision data from CMB measurements
PLANCK: ~ 2% uncertainty
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Theoretical Prediction of Dark Matter Relic Density #

°* number density of DM in early universe Effective cross section
can be described by Boltzmann equation ™ '

n+3Hn = —(0ug,) (n° — nzq)

n?q ’I’L?q
(Ot V) = Z(Uimﬁn—zqniq

iJ

o Vv (GeV-2)

nfq —(m; —my) —(m; —my)
xexp T  =exp *™x
ned

* assuming lightest stop being the NLSP

f
-
b
by

mgl — m>~<(1) ET

AM =

mi? - - - - i
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Interesting for the right Relic Density

°* number density of DM in early universe

can be described by Boltzmann equation

n+3Hn = —(0ug,)(n° —nZ)

cq
e
nitn;’
(Tetv) = Y {030i5) o~
ij
neq —(m; —my) —(m; —my)

Zl?mx

1
X €ex T
n¢4d b

= exp

* assuming lightest stop being the NLSP

mg — Mgo

AM =

. Relic density

].D 1 T
PLANCK data R
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admixture of neutralino-stop coannihilation processes can be important to achieve
the right relic abundance and not to overclose the universe
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Interplay of Virtual and Real Corrections

« contribution of the different corrections to the total coannihilation cross section
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I:> contributions still contain uncancelled logarithms
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Scale Variation
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Intermediate On-Shell States

* with m; > my + m an intermediate on-shell state can occur as soon as \/5 > My

——— -

by

* Jocal on-shell subtraction (DS) / “Prospino® scheme

W. Beenakker, R. Hoepker, M. Spira, P.M. Zerwas, Nuclear Physics B 492 (1997)

|M|2 = |Mre8|2_‘MSUb‘2 + 2Re(M Miem) + |~/\/lrem|2

res

* “counterterm” consists of Breit-Wigner weighted on-shell squared matrix element
‘2 2F2

Msub
‘ (pf —m¢)* + m§

res

2 ‘Mres‘

pt _mt

° resonant propagators are regularized by Breit-Wigner propagator

t consistent, width independent, gauge invariant treatment
| retaining interference terms
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