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Outline

Objective: Take a Simplified model
and calculate everything with better
precision.

Direct Detection constraints @ 1-
loop.

Include Renormalization Group
Evolution effects.

LHC constraints @NLO.

Understand importance of improving
precision. Is it worth the effort?
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A Simplified Model

 Construction—Inspired by more complete models,
consider models that contain dark matter as well as the
most important mediator(s).

e Example—Consider a class of models in which dark matter
interacts with quarks through colored scalar mediators —
looks like the MSSM, but simpler with three parameters;
dark matter mass, mediator mass, coupling strength.

{Mvac’jLagDM} Lint = Z gpm (G xXPrq + h.c.)

q:u7d787c7b7t

 Dark matter can be Dirac or Majorana fermion.

A. DiFranzo, K. Nagao, A. Rajaraman, T. Tait 2013



The Lagrangians

e (Colored scalar mediators
iInteract with quarks and
singlet dark matter.

 Three possible charges—
corresponding to three
possible models (ugr, dr, qL).

 Motivated by MFV we set
all masses and couplings
equal.

Lry = (0gp, @Y TY"“YPru+ h.c.)
+om? WYY g + O(YH)

(37 1)2/3

Log =Y _[(Dui) (D*i)) — My @i+ gpy @ XPru+ ghyy @ 0PLY]

u
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Loy =3 (D) (D#d) — M2 &+ gous & XPad + gy d dPiA]
d

— L 1
r (37 2)—1/6
Lo =Y [(Du@)"(D'G) — MZ G+ gpr (@ XPra+ G GPrY)]
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Rest of this talk— We will look at q.
model with Majorana fermions.
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Before we dive into the details...

Leading Order Constraints

Improved Constraints
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Direct Detection 101

Look for elastic scattering of WIMPS with nuclei.

d
A F4(E) + 5P - F2,(E))

dE 2402 (o

10~43
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e —— % 10—46;-
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]0—47 ‘“l, N N ...“.12 R N ......13 ) 4 ......4
0 94f 009 (1) ) ) ) 10 10 ‘ 10 10
94fc +0.09f, + 0.29( + 9 )+ 0.46( + 94 ) WIMP mass [GeV /c?|
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Direct Detection
Leading Order

u _ _ _ _
Mpp ~ 720 2l (@) — (0r*y°x) (@)
qrL X Sl
u T X 0 for Majorana SD
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e | O calculation tells us
that model has only a
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Spin Dependent
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e Limits from direct =
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Determine Wilson Coefficients for effective operators

Spin-2

(1) @)
= ~ _ g =. U~
famq XX 49 + mq— Xioty'x O, +
X

(1)

£y X(i0")(i0")x Oy,

X

(2)
L = fo XXG, G + 25 Riory 'y 04, + 95

Ty

X(10")(i0")x O,

2
X

Operators

Spin 0

Nuclear matrix elements

0.94f¢ + 0.09f, +0.29(¢5" + g5 + 0.46(g{M) + g{?))

Spin-0 Spin-0
Gluon Quark

Spin-2
Gluon

Spin-2
Quark

Tools: FeynArts, FORM, PackageX




Why RGE?

e Nucleon DM cross-sections at Non-Relativistic velocities.

* At what scale do we define coupling and masses? If at
scale u~0, then to compare with LHC we should run up. If
at uy~LHC energy, then to compare we should run down.

* RGE not necessary if no comparisons being made at
different energy scales.

Indirect

SM<\ /DM Mlﬁ,uh

Q Direct LHC

. / \DM Y Detection (TeV)

> (keV~MeV)
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Operators for Spin Independent Interactions

\J __

ﬁ 7 OC(JO) = Mgqq o

RGE

Spin Dependent Operators

Aq = 01" 59

e

R. Hill, M. Solon 2014

0

) = Ry

1O, He

. - — ]’.., e :
o) = GA,GAm | Spin 0| Sum Rules
e ee— jji —  Relate operators
OgQ)MV _ _GA/L)\GAVA i %(Géﬁ)Q ‘A
Gluon

Determine Anomalous dimensions

d d
O; = —;0;,

Ci = 75iCj

dlog u dlog 1

Evolve and Match at each threshold

ci() = Rij(pu, pn)ei(pn) -

ci(q) = Mij(1q)c;(1q)
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How important is RGE?
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|lci ()| ci(mt)]

How Importa

Gluonic spin-0 Wilson
coeffs increase by factor

50
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How important is RGE?
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How important is RGE?

— _ B Total
[ C l o
al c 08, = XXdq
: & | )
| Q I GZVG
3 £08| | ctocov, i 1 Tev, —— -
3 £ . ! my=10GeV, M- =1TeV, O
gl = ! gom=1
S| g ™
= | Gluoqic spin-0 Wilson B Vo
E coeffs increase by factor i 0.2 ‘\f{'*’:u;...
‘._,'é N \.\.\ “.."'""".""""ﬂr.:_-_:_—_ ____________
1 2 0.0 J/:\ e i
< '\  TTrmrmeemee ]
0 50 100 150 Y [GeV]

Spin-2 Wilson coefficients
do not run as strongly.

Factor ~4 enhancement in cross-section




Mg
Ms,

) + fQ(mq7 M@Lamx)

e For light quarks, large logs dominate the loop integral.

e Including RGE ensures large logs cancel

2
Mx9DM [ Hi
~ 3mag () log (—)
Ly 2m(MZF —m2)? v

+ ay(M;) log (%) (3” — Sas(pn) log (%» ]
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13

1500

2000




LHC Constraints

* (Colored scalar mediator pair production— production cross-
section (mostly QCD) depends on mass of mediator alone.

 Acceptance depends on mass of dark matter candidate
also. 5 2

i Q _
j§ . -
v e -
g e u
L x|

g
u

e Associated production of colored mediator and dark matter
candidate— depends on all three model parameters.

EIL//
g Cyxy  @sCDM
u
u
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Independent of
DM coupling (gowm)

Tools : FeynRules, NLOCT, MadGraph5_aMC@NLO, MadAnalysis5
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Complementarity of DD & LHC experiments
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Dark matter annihilation cross-section
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Conclusions

Simplified models— useful to capture essential features of classes of models; one can
make generic statements.

Importantly - one is able to compare constraints from experiments probing a wide
range of energy scales.

Can easily evaluate LHC constraints @ NLO precision — Madgraph UFO file available.

Demonstrated importance of going beyond LO for determining direct-detection
constraints (order of magnitude increase for this particular model).

Demonstrated importance of RGE effects (factor 4 increase).

Able to make proper comparison between experiments that operate at different energy
scales.

Tool to calculate direct detection constraints with RGE will be hosted on the msu
website soon. CalcHep model file to run with micromegas also available.
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my, = 2.2 MeV, mg=4.7MeV, mg,=95 MeV,
m. =13 GeV, my=4.2 GeV, m; =172 GeV,
myz = 91.188 GeV, «a4(my) = 0.1184,
m, = 0.9396 GeV m, = 0.9383 GeV .

fr.], = 0.018, [fr,],=0.030, [fr], =0.043,
[fr.],, =0.015, [fr,] =0.034, [fr,], = 0.043,

Jre|nnnLo = 0.80 .
u(2)], = 0.3481,  [d(2) +d(2)] = 0.1902,

_|_
+5(2)], = 0.0352, [c(2) +&(2)], = 0.0107 ,
G(2)] = [G(2)], = 0.4159 .

Au®P =0.84, AdP = —-0.43, As®) =—-0.09

Ay — Ad(p), Ad™ — Au(p), As(® — AgP)
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