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What is Dark Matter? #
/ CMB Measurement \ / Particle Physics Theory \

Standard particles SUSY particles
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. . ~0 .
* lightest neutralino X1 is a good

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

possible
QCDM — 01199 1 Oooy \ QCDMtheoret. /
Need of precise theoretical prediction to makbch experimental precision
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Theoretical Prediction of Dark Matter Relic Density #

Jungman, Kamionkowski, Griest, Phys. Reports 267 (1995)
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°* number density of DM in the early universe
can be described by the Boltzmann equation |
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* relic density can be determined by solving
the Boltzmann equation
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Neutralino-Stop Coannihilation at Tree Level

* 8 different final states have to be considered O B2 1 particle
x X @ physics

* gluon, Higgs and electroweak vector bosons in the final
state
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E> calculating loop corrections to increase theoretical precision
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... and at one-loop level including SUSY-QCD

* tree level with gluon in the final state

a1 122 22
i Y

°* NLO corrections give rise to propagator corrections, vertex corrections and box diagrams
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... and at one-loop level including SUSY-QCD

. . . Y, . .
* NLO corrections glve rise to propagator / QX corrections and bOX dlagrams
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... and at one-loop level including SUSY-QCD
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Impact on the (Co)annihilation Cross Section

Comparison of tree-level, one-loop and MicrOMEGAs result

1.2 T EN—— qid
0~ I
' Xt —1g G T 122 T e
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- — gtree {Jﬂﬂfa-tree)

f;‘: 0.8 oMl (olLO/gM0) i
ree . Bel t al.
& — o (o"otee) KmICFOMEGAS C(e)ri?)%?.rPehy:Commun.182:842-856 (2011)\
0 0.6 preliminary arXiv:1004.1092 [hep-ph]
= o4 uses effective tree-level cross section
~ 0.
o

o
N

* SUSY-QCD corrections lead to a relative

1.8 A . .
= | - correction of up to 40 % on cross section
O 1.4} . : :
T | \wnh respect to default micrOMEGASs /
1.0 _T |—||T T|ﬁ Tlﬁ P R A S o B A SR A o]
100 200 300 400 500
pem (GEV)
O, h? Xt — tg X1t — th® Yixy — tt XUt — bW T >
0.1135 22.8% 22.7% 14.9% 10.4% 70.8%
M, M, M, Mg, , M; Mg, M; T} ma L tan 3 Mo mi, mpo
335.0 1954.1 1945. 3215.1 1578.0 609.2 3263.9 2704.1 948.8  2929.8 5.8 338.3 375.6 121.94
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Impact on the (Co)annihilation Cross Section

Comparison of tree-level, one-loop and MicrOMEGAs result
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* SUSY-QCD corrections lead to a relative

1.8

= | - _ correction of up to 40 % on cross section
O 1.4 — : i
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M, M, M, Mg, , M; Mg, M; T} ma L tan 3 Mo mi, mpo
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E> NLO calculation crucial for an uncertainty estimation of the
theorekical cross section!
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Impact on the Neutralino Relic Density

Impact of all NLO-corrected channels on the relic density
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large relative corrections on the relic density with respect to
V' default MicrOMEGAs (¥ 20%)
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DM@NLO - A Tool for an improved Relic Density Prediction &

° current public tools: calculation (" Spectrum Calculator C Input )
based on (max.) effective tree level caleulation of sparticle mass g | S0 TR0 PEEIEES
) spectrum, mixing matrices, 2ccor INg t0 Les Houches
recision observables ccord within a model of the
P D  MSSM D
* DM@NLO provides (co)annihilation 1
processes including O(as) SUSY- (T MicOMEGAs ) uee [ CalcHEP 3
QCD Corrections mteg;gtlon of Boltzmann 4D-G+ﬁ‘ calculation of all relevant
gﬁousz Iggctions which are (co)annihilation cross sections
provided by DM@NLO AL ree level y
° ' ' supersede CalcHEP cross
DM@NLO will be publically & In o NLO
available as Fortran librar .
y 1 ( DM@NLO h
4 Outout N calculation of all maintained
o inte rface to MICFOM EGAS P cross sections including SUSY-
theoretical prediction of QCD corrections at NLO
: : neutralino relic density based 3
(link to DarkSUSY In progress) on LD ross sectons DM@NL
- \ thredicted D \
° easy to use, ability to perform broad
parameter scans
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Conclusions

* precise determination of dark matter relic density by PLANCK

Qepy = 0.1199 £ 0.0027
* need of a reduction of uncertainties in the theoretical prediction oY \CX :(I

* calculation of (co)annihilation cross section at full next-to-leading T ST
order including SUSY-QCD =k

* e.g. neutralino-stop coannihilation can be important in order to
obtain the relic density in the right ballpark

£ ~
ntribution (%)

* impact larger than current experimental uncertainties

DM@NL@

http://dmnlo.hepforge.orqg/
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T ® .
nihilation co

335
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http://dmnlo.hepforge.org

Backup
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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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Neutralino-Stop Coannihilation and the Relic Density

* huge variety of processes are
contributing to the relic density

n+3Hn = —(0ug,) (n° — nzq)
eq
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® Our case:

assuming lightest stop being the NLSP

mg — Mgo

AM =

— o exp 7 —exp © ™x

. Relic density

10

PLANCK data

10° }

10 5% 0.1

ot

0.4

processes can be important to get the right relic abundance

——>[ right admixture of neutralino-stop coannihilation and stop-stop annihilation

0.5
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What about collider searches...

t.t, production Status: Moriond 2014
;‘ _||||||||||.|.|||||||||||||I|l'l'IIIIIIIIIIII|_|1|IIII|IIII|_1IIIII|_
QD 600 — ATLAS Preliminary L,,=20-21fb"(s=8TeV L =4.7f" Vs=7TeV
o B =—— oL, T1—>1%0 OL ATLAS-CONF-2013-024 OL [1208.1447] 7
[ === — ~ -
_ T — 1L, t— 1t} 1L ATLAS-GONF-2013-037 1L [1208.2590]
?N : = (Observed limits o Tj—)i')_(ﬂ 2L [1403.4853] 2L[1209.4186] :
E 500 I === Expected limits L N T;)Wbif N 2L [1403.4853] |
| = 0L mono-jet!c-mg,p—)c%o OL mono-jet/ctag, CONF-2013-068 i
| All limits at 95% CL — oL, m.= miﬂ + 5 GeV 0L [1308.2631] . i
B IR "{1'_) bif m =106 GeV 2L [1403.4853] 2L [1208.4305], 1-2L [1209.2102] |
~ x
| CDF 2.6 fb" [1203.4171] e Lt b¥%', m_=150 GeV 1L GONF-2013-037, OL [1308.2631] . .
400 — 2L, ?1 — by, mfl =m; - 10 GeV 2L [1403.4853] - -
— == 12, ”1‘1 =b if, m =2 M. 1L CONF-2013-037, 2L [1403.4853] 1-2L[1209.2102] -
1’1 1 —
iy ~0 7 ~0 7 ~0
t1—>cx1 [t—W bx1 /t1—>»tx1

300

200

100

0
m; [GeV]

1
| Neutralino-Stop coannihilation strip very hard to probe
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...and a 126 GeV Higgs ...?7

* Higgs mass corrected by dominant one-loop corrections

3 2,4 M2 X2 X2
m%o ~ m2Z cos® 23 + 92 m; [ln SUQSY + Qt (1 — ; )}
Ty my Mgygy 12Mgygy
with X, = A, — pu/tan and Msysy = /mj,my,
* Stop mixing matrix
m: 0 _ i Mg +mi + (I3% — eqsingy) cos 28m3 ms X, vy
0 mé me Xy Mé + m? + e, sinjy, cos 28m?%

maximal contribution from stop mixing for |.X;| ~ \/E/MSUSY

r . . . . N
__> Neutralino-stop coannihilation interesting for collider phenomenology
T k as well as for relic density
J
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Treatment of divergences

o _ / d0_v1rtual 4+ / do_real _ ﬁnite
2—2 2—3

hybrid on-shell / DR renormalisation scheme

* UV divergences:

0S 0S 0S
[mtl , mbl , me

DR DR 0S DR ~ ~ (-~

Independent parameters

* |R divergences:

dependent parameters

2-cutoff phase space slicing

pJ_ | 1073 c!utoff dependenc!e le—9,
; k 4 O-C';flllfd 10-4 H10.4 _E
o-nhoann-jcoll o 40.0 4'.;
0" = *M(AE) 4+ oo (AE, A) + opi ((AEAQ) o f S
/ \‘1 \J : -0.8
eikonal hard-collinear pure 2 — 3 | 2
. . . . 107° L 5_4 i_3 .
approximation approximation processes 10 ot o 10
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Renormalization

I:> aim: Renormalization scheme which is valid over a wide parameter space
for all (co)annihilation processes within DM@NLO

» relevant parameters: m; ,m; ,m;_; Ap, Ay, My, mp, my,, 05,607 g
Iui'!
e 9
.-'i_:FI d
|:> choice: hybrid on-shell / DR renormalization scheme:
: 0s 08 DR
+input parameters: Mg, my>, My , AR, AP, m$®, my
Annihilation . E*l Coannihilation , '62
RO =-n-n-- « HE ==---- «
™ by 7
~ Ty, Ab ~ Ty, Ab‘}mt} At
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Renormalization (cont.)

+ input parameters: mg’, mp°>, m;”, ADRADR 08 DR

mass extraction:

MS, SM (mb SM NNLD} mﬁ? SH(Q) conversion} mﬁ, EH(Q threshold mﬁ? HEEM(Q)

m 7
b running b b corrections b

Baer, Ferrandis, et al., Phys. Rev. D 66 (2002)

- dependent parameters: m;,,0;,0;

__oraL
( mgl 0 ) - ME (ISL—EQ sh;)cos28m% + mg mg(Ay — p(tan §) 214 ) iyt
aL

0 mgg mg(Aq — f (tan B8) =2 ) M{EU py T € s, cos2fmZ + mg

- choice of 84, 0;such that 8; remains stable

1
0l = < _
’ (U U, + Ufleqz)

E> UV finite calculation obtained
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Real Corrections

« Kinoshita-Lee-Nauenberg theorem: TH S
= -~ & ’ ':;: d-l'."_;.\_ ’ ‘;:
PRLE 7o E 9y i [V
JNLG = dﬂ'thual + dJIEE.l ﬁﬂltﬂ 7’ q - ' !
) 243 I S S S R
K 11T ko & g & ‘qg.?-?"’
al a4 3
= 8 - BV b 8V R
g: LRy Er - g: & b

« example: infrared divergent vertex correction

il.l ]-: ol . i )
-3 1’ i 7 I .
y .m_ﬂ + t rr -+ _ - — f|n|te <: i ~ -i' P
Y - £ = - _ .
f . N -

- e
q- :c I1|

« soft and collinear divergences

1 1 w—0 W
@p+k : R = Bk ™ ol ~ o) oo

only soft, no collinear divergences in case of the Higgs final state
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Phase Space Slicing (one cutoff)

« phase space is devided in soft and hard part by cut off AE
o.snﬂ:

Jreal — JEQFL{.&EJ + .‘_‘Iha‘rd£ﬂEJ k

« use eikonal approximation in soft limit

M = Ay(p + k)

P,
/ Py
AE

hard
0]

(;%J;itﬂ:jg —ig,T*v* )Ju(p)e;, (k) ;9*9%
Ao(p + k) :k >
N p
M = Ay (p)u(p)™——(g,T*) with  k* — 0

£
p-k

(d_cr) __(d_cr) xgﬁcm—ﬂf d° 'k 1 [_ 2p1 - o }
dﬂ soft dﬂ 0 8‘?’1’3 |§|E&E {:27!')‘5_4 ZE;E {:pl*k){:k*pg)

Veltmann, 't Hooft, Nuclear Physics B 153 (1979)

3|8

do —g2Cr [ 1 :|
= [ — ] x ST
( )m:rft (dﬁ>ﬂ Sﬂ-g €
|:> a finite total cross section is achieved
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Intermediate On-Shell States

* with m; > my + mw an intermediate on-shell state
can Ooccur as soon as /s > my I
£y

* similar to the already considered tree level process ¥°t; — tg which further decays

to t — W= :> double-counting

* local on-shell subtractions (DS) introduces kind of counterterm, “Prospino®

SCheme Beenakker, Nuclear Physics B 492 (1997)

IM? = [Myes|*—[ML]* + 2Re(M] ;Miem) + [Mreml’

counterterm consists of Breit-Wigner weighted on-shell squared matrix element

212
aub2 _ mily 2
Mreel = G —miye - miry Wreshions
resonant propagators are regularized by Breit-Wigner propagator ! » :
p? — m? p? —m? +iml

I:> consistent, width independent, gauge invariant treatment retaining interference terms
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Interplay of different (co)annihilating Channels

1800 T T T .'[ T 0-50 1800 T T T T T 0.50
0.45 0.45
1700 | 0.40 1700 0.40 %
i g
0.35 = 0.35 1
< 1600/ < 1600 32
3 030%5 3 0.30
O cC o o
— (@] [ c
o 0255 o 0.25.9
< 1500} 2 = 1500/ 5
0.20 £ 0.20 &
e
S 5
0F 10.10 ~0F 10.10
Xit1 — tg Yit1 — th
1300 : : : : : 0.05 1300 ' ' ' ' ' 0.05
200 250 300 350 400 450 500 200 250 300 350 400 450 500
M, [GeV] M, [GeV]
1800 : . 1.0 1800 . . . _.r . 0.50
0.9 0.45
1700 | 0.815 1700 0.40
(ho) gﬂ
07" 035 !
— 1600 o — 1600} 1=
> 0.6 % 0.30 S
O o L) S
o 055 o 0.25 &
S 1500) B = 1500 s
0.4 % 0.20 £
..E o
o O
1400 030 1400 | 0.15
~0~0 /7 0.2 .= {0.10
— tit; —
1300 ' : : Xle : 0.1 1300 : : : 1 1 : gg 0.05
200 250 300 350 400 450 500 200 250 300 350 400 450 500
M, [GeV] M, [GeV]
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Interplay of different (co)annihilating Channels

/

1800 0.50 1800
0.45
1700} 1700+
0.40 5
0.35 T—
— 1600} 0:5 — 1600 | ~07
3 ) 4 030% 3 ) 4 22.76% Xxit1 — tg
— e — ~
o 0.25 & ~0
= 1500 2 = 1s00| 22.72% xit1 — th
0.20 £ -0 ~0 _
5 14.94% xix; — tt
0.15 ~
1400 | i ~
1400 10.43% X{t; — bW
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Xit1 — tg X1t >z
1300 ' ' ' ' ' 0.05 1300 . . . . 9.19% tity — gy /
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04=§ my = 12194 GeV
=
o
1400 030 1400 | oo
55(1)56(1] — t% o 51;1 — qq o
1300 ' : : . : 0.1 1300 : : : ' ' 0.05
200 250 300 350 400 450 500 200 250 300 350 400 450 500
M, [GeV] M, [GeV]
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Impact on the (Co)annihilation Cross Section

1.2 SRR ARRRAREAS 1.2 e S
- T —th - : Th —tg
— 1.0__ - - o' (og0/otree) - 1.0 _ - - gtree (gHDjgtree)
L osl: of (M) T o8 0 (oMo |
(‘5 i —  gMLO ( om.-u ,;c:-tree) ] 8 N oﬁNLt.] lotree) |
w 0.6 preliminary - w 0.6 preliminary _
9 i : IC)
T 04+ — 0.4
- .
o | S
0.2+ 0.2

[
un

|_I

co

E 1.0[ B E 1.4 .
- 0.5 i._..i fli i.i il._.i.._.._rl_..i f.i :.i j.._. - l.D_T'_"T A A S A A e S A A A R
100 200 300 400 500 100 200 300 400 500
pem (GEV) pem (GEV)
o —f
. riree (g0 /gtree) | / e I
o M0 (L0 jgM0) : elanger et al. \
> . Comput.Phys.Commun.182:842-856 (2011)
S o0 (oMM0fotree) * mIcrOMEGASs arXiv:rOO4.§)92 [he|:-ph]
% preliminary -
2 PN uses effective tree-level cross section
S — e
\ : * SUSY-QCD corrections lead to a relative
= W § correction of up to 40 % on cross section
¢ P - - e - | \with respect to default micrOMEGAs
' 100 200 300 400 500
Dem (GEV)
Julia Harz SUSY-QCD corrections to Neutralino (Co)annihilation and their Impact on the Relic Density 09.06.2014 .




Scale Variation

1
gHR < [t < 2PR

| b o et o vt L L e I | ! T e L e
O~ 0 : ] 0~ :
3.0 it —=th’ (Scenario ) | 2.0 it —»tZ° (Scenario 1) -
. - - a.:ri:i: {l‘.THC Ilu'crt.ri:i:} . - - D.:ri:i: {':}.HC Ilu'crt.ri:i:}
th - g0 (oNLO/gMD) h 1.5 g0 (oNLO/gM0)
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