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Fundamental Open Questions in Particle Physics
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€ I. What is the origin of mass? | —ooderouon
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o - Why are the vector bosons Z and W are massive o

S , 5

< whereas the photon is massless? 2 1

§ - Is there a Higgs boson - or even more of them ? ;]
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5 I. What is the origin of Dark matter in our Universe ? L y—

S - Is a fundamental particle responsible for it? I

B -

e - Isthere a new symmetry in nature? " L

g => Does Supersymmetry exist and can it explain DM? -
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2 Ill. What is the origin of the matter-anti-matter NG
asymmetry in Our Universe? 18 _e'xn.n'“'“'mim'sckiugsg =T ‘%I U L B

- Does the answer lie in in CP violation? Iy, o

- Neutrino masses and mixing - how do they fit in

the picture?
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Very Strong Evidence for Dark Matter Today!

Galactic rotation curves

Gravitational lensing

Light element abundances |, ~

CMB anisotropies

Large scale structure

Etc...

DM Searches @ collider & Direct Detection O. Buchmiuiller
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Dark Matter Searches

Direct Searc

Do r
é»«‘ [{‘

-~
—

-
- \.I . \
piuprdod: 2010-Dub08 0559 3511 CMTI042558 &ESY}

nil 7z

=
2D

139770 ! 4594198 \




N
)
L
(&)
|
o
)
(/p)
}
(&)
el
B
©
=
=X
L S
©
]

VEIRNLIOTTO ! 4994198 \

Imperial College

London




Imperial College
London

Dark Matter Searches
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Dark Matter Searches at Colliders
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Direct Searches |
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" The Large Hadron Collider at CERN
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DM Searches @ collider & Direct Detection O. Buchmiuiller
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" The Large Hadron Collider at CERN
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LHC : 27 km long
100m underground
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" The Large Hadron Collider at CERN

T N e T e e P e a s

LHC : 27 km long
100m underground

General Purpose,
pp, heavy ions

DM Searches @ collider & Direct Detection O. Buchmiuiller

:entrll detector

electromagnetic
_calorimeter

W
Pt L aaoot +TOTEM
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" The Large l_;’_‘ﬁgrog CR)mQ[der a't CERN
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100m underground
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General Purpose,
pp, heavy ions
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vacuum chamber

central detector

electromagnetic
_ calorimeter

" hadronic

calorimeter

. Heavy ions, pp

F O )

+TOTEM

Diameter: 15m
Weight: 14500t
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" The Large Hadron Collider at CERN

o o e———

pp, B-Physics, —
CP Violation

LHC 27 km long
100m underground

characteristics

! General Purpose,
pp, heavy ions

DM Searches @ collider & Direct Detection O. Buchmiuiller

widh:

+TOTEM

Wt etghts " 500t
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15 thousand million years
1 thousand million years
I h e b I g 300 thousand years g e
Lt o
by

3 minutes

10—5 seconds

10—12 seconds

10—34 seconds

: Electro-weak phase transition
/(ATLAS CMS )

! QCD phase transition
. (ALICE...)

1027 degrees

1075 degrees

1070 degrees

10° degrees

w radiation

€ positron (anti-electron)
o  particles @ proton

Tlgma LHC studies the first

the weak force

i | nydrogen 10-10 -10-% second after

Ez; : L deuterium
2 anti-quark r .
e

e the big bang!!

>, electron LI lithium
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(i.e. a famous model ...but only
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Why is SUSY so attractive?

1. Quadratically divergent quantum corrections to the
Higgs boson mass are avoided Mmgysy ~ 1 TeV

- 2 2 i
- Ampy = f(my — mf) 60 - e l/a,
,° " ™. Korrekturen (A?) e L

ohne Supersymmetrie
Y A o so b
v e chpim O [ o e D F
40 - ’

f
30 -

(Hierarchy or naturalness problem)

20 -

mit Supersymmetrie

2. Unification of coupling constants of the © ¢1/a,
three interactions seems possible o e b Ll

0 10° 10" 10"

energy (GeV)

DM Searches @ collider & Direct Detection O. Buchmiuiller

3.  SUSY provides a candidate for dark matter,

The lightest
SUSY particle
(LSP) '

4. A SUSY extension is a small perturbation,
consistent with the electroweak precision data

MHiggs (GeV)

15
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Why is SUSY so attractive?

DM Searches @ collider & Direct Detection O. Buchmiuiller

Quadratically divergent quantum corrections to the
Higgs boson mass are avoided Mgysy ~ 1 TeV

- 2 2 i
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Unification of coupling constants of the © ¢1/a,
three interactions seems possible o e b Ll

0 10° 10" 10"

energy (GeV)

SUSY provides a candidate for dark matter,

The lightest
SUSY particle
(LSP) '

A SUSY extension is a small perturbation,
consistent with the electroweak precision data

MHiggs (GeV)
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Supersymmetry

Extension of the Standard Model: Introduce a new symmetry
Spin %2 matter particles (fermions) < Spin 1 force carriers (bosons)

Standard Model particles SUSY particles

Higgs

DM Searches @ collider & Direct Detection O. Buchmiuiller

& SN

Quarks o Leptons . Force particles

Gravitino

Squarks  Sleptons o Susy
Force particles

1\B+L+2
New Quantum number: R-parity: Rp = (—l) _— +1 SM particles
R-parity conservation: -1 SUSY particles
» SUSY particles are produced in pairs
* The lightest SUSY particle (LSP) is stable

17
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What do we call a “SUSY search”?

The definition is purely derived from the experimental signature.
Therefore, a “SUSY search signature” is characterized by
Lots of missing energy, many jets, and possibly leptons in the final state

Missing Energy:
* from LSP

Multi-Jet:
 from cascade decay (gaugino)

DM Searches @ collider & Direct Detection O. Buchmiuiller

Multi-Leptons:
 from decay of charginos/neutralios

RP-Conserving SUSY is a very prominent example predicting this
famous signature but ...

18
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What is its experimental signature?
2... by no means is it the only New Physics model predicting this experimental
E pattern. Many other NP models predict this genuine signature
S
g
- - Nwimp
5 ! L
s Ne St Missing Energy:
S Ng NS * Nwimp - end of the cascade
g N1 . _
g q ' v Multi-Jet:
E N2 NS .. Nwimp * from decay of the Ns (possibly via
A heavy SM patrticles like top, W/Z)
5 \ a

\ Q b Multi-Leptons:
= T « from decay of the N’s

Model examples are Extra dimensions, Little Higgs, Technicolour, etc
but a more generic definition for this signature is as follows.
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Inclusive SUSY Searches in 2013

% MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
E ';' 1000 I I I I ILl‘_\I.\I I I I I | I I I I I[ [ [ I | I I I I | I I I I |
S v 7 N || 95% CL limits. 03YS" not included. -
g % [ LSP . TLAS P rellmln?a'r‘y'“" -~ Expected  Q-lepton, 2-6 jets i
= 900 — IS _ 4 m== Observed  ATLAS-CONF-2013-047 —
< <3 3 N L de=2017 207 fo 15 =BTe - Execsd  Olepton, 7-10 jets ]
B L \ me Observed ~ ATLAS-CONF-2013-054 7
Q — —— Expected (-1 lepton, 3 b-jets —
9] 800 — 7~ \‘.\_ qu = 1 800 Gev === Observed ATLAS-(FI)ONF-2013-(J)61 —
9 B ~ s —— Expected  1-lepton +jets +MET 7]
o : \ ‘ v T -'r -------- === Observed ~ ATLAS-CONF-2013-062 7
= - \ \ \ - - Expected  1-2 taus +jets +MET -
& 700 — \ \ === Observed ~ ATLAS-CONF-2013-026 —
L — \ ! Expected  2-SS-leptons, 0 - =3 b-jets ]
3 — ‘-\ ‘\ Observed ~ ATLAS-CONF-2013-007 ]
5 B | =
O 600 — —
8 E </» Mg = 1400 GeV
g . Y - | ]
6 -
5 500 —
© L
(9p] I
= - < .
400 — - :
- | 1 i. i |
— | | |
300 \ | i i i
| l\\ | I | | \\l | I | !l | | | I l | | | ll I | | |l | | I | |I | | |
0 1000 2000 3000 4000 5000 6000
m, [GeV]
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Inclusive SUSY Searches in 2013

my, [GeV]
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700

600

500

400

300

LEP &
Tevatron

1000

MSUGRA/CMSSM: tan(B) =30, A0 =-2m,, 4 >0 Lepton & Photon 2013
I I I Il_l:\l.\l'\ I I I LI I I I LB I I | I I I I I I I I

—7 X B, L [ 95% CL limits. agua” not included.

—LSP 3

I|IIII|IIII|IIII|IIII|IIII|IIII|I

[N i === Observed

== Expected  (-lepton, 2-6 jets

ATLAS-CONF-2013-047
O-lepton, 7-10 jets
ATLAS-CONF-2013-054

0-1 lepton, 3 b-jets
ATLAS-CONF-2013-061
1-lepton +jets +MET

N = = Expected
S === QObserved
= = Expected

m=== Observed
\\\ - = Expected

'rll‘l‘ﬂu|||||||||||||||1

\ \ "T ________ === Observed  ATLAS-CONF-2013-062
\ \ \ == Expected  1-2 taus +jets +MET
\ \ mm= Observed ~ ATLAS-CONF-2013-026
\ L Expected  2-SS-leptons, 0 - =3 b-jets
\ Observed  ATLAS-CONF-2013-007
_____ N ( |

.-—_—___.
o e -

11111111

2000 3000 4000 5000 6000

m, [GeV]

The LHC has pushed the mass scale in constraint SUSY models
to a new level!
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Inclusive SUSY Searches in 2013

MSUGRA/CMSSM: tan(B) =30, A =-2m, 1 >0 Lepton & Photon 2013
1000|IIIILlI\IIIIIIIIIIII‘III|IIII|IIII

——. \ \[ 95% CL limits. ogq‘éﬁ; not included.

\ATLAS P rellmlnary 7| == Expected 0-lepton, 2-6 jets
4 m== Observed ~ ATLAS-CONF-2013-047
L dt=20.1-20.7fb"; \s =8TeV .
4 - = Expected  Q-lepton, 7-10 jets
=== Opserved  ATLAS-CONF-2013-054
Expected (-1 lepton, 3 b-jets
Observed  ATLAS-CONF-2013-061
Expected  1-lepton +jets +MET
Observed ~ ATLAS-CONF-2013-062

== Expected  1-2 taus +jets +MET

— N\~ ~A ATI AC AARNE DN1D NANE

Bottom Ime today:
Impressive variety of powerful SUSY

l
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1|llilII]_I!IJlL-ﬂ'r'r]‘I"11||"||||||||||||||||

searches have been executed
but onIy I|m|ts (at Ieast so far).
. 1 1 l.\ 1101001 | 1 1201001 || 1 13010101 1 1 1401001 | 11 ISOIOOH 1 1 16000
LEP & . . m, [GeV]

Tevatron B The LHC has pushed the mass scale in constraint SUSY models
= @ {0 anew level!
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CMSSM: Evolution with time

1000 2000 3000 4000
m,[GeV]

X2increase from
bluish to reddish

MaSTEeRcope
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2 2500 45.0
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@ 2000 40.0
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S 1500 | | {35.0
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Global Fit to indirect and direct
constraints on SUSY!

Other “fitter” groups find very similar
results: e.g.

SuperBayeS: arXiv:1212.2636
Fittino group: arXiv:1204.4199

Source:
http://mastercode.web.cern.ch/mastercode/
Observable Source Construnt Ax® Ax Ax®
Th./Ex. (CMSSM) | (NUHM1) (*SM7)
e [CeV] I 1732 £ 0.00 0.05 0.06 .
Aol (Mz) 32 0.02749 + 0.00010 0.009 0.004
Mz CeV 1% O11875 + 0.0021 T7x10 © 025 -
Tz [GeV] 26 / 134 2.4952 + 0.0023 + 0.001susy 0.078 0.047 0.14
Thad 105] 6] / 134 11,540 = U.087 750 757 754
Ry 26 / 134 20.767 £ 0.025 1.05 1.08 1.08
An (L) 6| / 144 001714 £ 0.00005 073 0.60 0.81
A P) 26 / |34 0.1465 + 0.0032 011 0.13 0.07
Re 6] / 134 031620 £ 0.00068 035 039 037
R 26! / 134 01721 £ 0.00S0 0,002 0,002 U.002
Ap,(b) SREE 0.0992 + 0.0016 717 7.37 6.63
Am(c) 76 7 144 00707 + 0.0035 PE RS 080
As 26 / 134 0.923 + 0.020 0.36 0.36 035
A 6] / 134 0,670 + U027 0005 U.005 U.005
A¢(SLD) 26 / 134 0.1513 + 0.0021 3.16 3.08 3.51
sin On (Qrs) 26| / 134 0.2324 + 0.0012 0.63 0.64 0.50
Mw [CeV) 6] / 144 B0.500 + 0.003 + U.010susy 177 1.90 P
an " —an = / [A2,54 (W2 LS8+ 2 0susy) = 10 © 135 T.80 11.10 (N/A)
My, [GeV] 7 / 55,56 > 1143751 55usy] 0.0 0.0 0.0
BRy 35 / @3 1.117 + 0.076gx p 1.83 1.09 0.94
+0.082g + 0.0505y5y
BR(B, > p'p) [29] / A1 CMS & LHCH 0.04 0.44
BRg.. [29] / (46 1.43 + 0.43sxpsH 143 150
BR(Ba—»p™p) 29] /146 < 4.6[+0.01gygy]| = 107~ 0.0 0.0
BRE 7 a7)/ |4b] 0.09 + 0.32 0.02 < 0.01
BR;;‘:;'Z“ 29 / 3% 1.008 + 0.014gxpTH 0.39 0.42
BR,, > 39/ |50] <45 0.0 0.0
AMg 9 / BL52 0.97 + 0.01gxp = 0.27sm 0.02 0.02
AN T
— |29 / BBUS1.52 1.00 £ 0.01pxp £ 0.13sm < 0.01 0.33
aMpy
Acg 19 / 5152 1.08 + 0.1dsxp,a 027 037
Qcpuhb 811 / 09 0.1120 + 0.0056 + 0.012susy | 84x10° 0.1
ay 75| (m o, 07" ) plane 013 0.13
e T B T (miox iy /2 Plane 155 T
H/AH* 21 (M 4, tan 8) plane 0.0 0.0
Total x°/d.or. Al Al TRR22 | 2T |
p-values 15% 16%
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CMSSM: Evolution with time M9 TERceze
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D 15000 o el | {35.0 135.0
O /4 ‘ ot B 5 | o~ | ~
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SUSY Status — post 7 TeV LHC data

» Constrained SUSY models like the CMSSM are
severely put under pressure by the LHC limits!

» Experiments define new benchmarks and less
complex SUSY models in order to present the
interpretation of their searches.

» Aided by the discovery of a Higgs boson, the
focus of the experimental search strategy and
corresponding interpretation shifts towards other
scenarios like “Natural SUSY” (i.e. 3" generation
squark searches).
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Interpretation in Simplified Models

CMSSM What the individual searches

pair Production % are sensitive to is much more
Q

~ % simple
» 5%
580 /

Q,Q
11%
600
NQ‘ )
: 11%

536 100%

— (>u)

Q2

86% of all hadronic
production in LM1 consists
of “simple” decay chains.

DM Searches @ collider & Direct Detection O. Buchmiuiller

This makes it particularly

amenable to being
approximated well with a
3-particle OSET.
N/ N - .
X 0

Simplified model spectrum (SMS)
with 3 particles, 2 decay modes v N
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SMS: a few interesting features

% 9 _l I | ~I~ .’l I | I~ | I~ | I 3
g o 8001~ pp—>§4,§—q7; m@>>m(@) 2
@ O - . ©

> | emmaa +
c: 3, % 200 Expected Limit =10 exp. c
5 o 2 = | oNtONtL+16 theory =
é é > 600_ — §,+9,, T+d+S+¢ ;
o © —_—
5 8') .E 500 — uL onIy §
g = i 1 o
-0 doop o UE P 10"
® % Z s= X
g Fe  TEpgLT T T o >
S M o
§ o5
s < 200 1072
o o -

Y o &

2= 100

c =

O 10°
300 400 500 600 700 §OO 900 1000
squark (GeV)
mgM#= 0.8 TeV : Best limit in plane Assumes 100%
BR for decay chain

considered. 27
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How to summarize SMS limits?

Approach taken in the 2012 and 2013 Experimental SUSY PDG reviews
[OB & Paul De Jong]:
http://pdg.Ibl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

Model Assumption mg m;
mg & mg 1400 1400
CMSSM all mg - 800 31200 ppoggg-autim@on® I1° g
= [ ----- Expected Limit +1c exp. 2
all mg 1300 - Z1000[- —— GNLOWLL 41 ; theory -
L reliminary, 11.7 f6", Vs = 8 Te 31 E
Simplified model gg Mo =0 - 900 800k oM Frolminen 1T S el i
mgo > 300 - no limit : =
1 600 E 10 13
Simplified model Gg Mg = 0 750 - 4;{ b
mgo > 250 no limit - : ! 102
200
Simplified model Mgo= 0, mgz = mg 1500 1500 - H
~ o~ e _ N S L T 1 A T P PO 10_3
94. 99 mgo= 0, all mg 1400 - 40 G0 B0 fooR 1200 400
mzo= 0, all mg - 900
1

This was an appropriate approach for the rather limited amount of inclusive searches

and corresponding SMS interpretations available in 2011 (7 TeV).
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How to summarize SMS limits?

Approach taken in the 2012 and 2013 Experimental SUSY PDG reviews
[OB & Paul De Jong]:
http://pdg.lbl.gov/2012/reviews/rpp2012-rev-susy-2-experiment.pdf
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf

DM Searches @ collider & Direct Detection O. Buchmiuiller

Model Assumption mg m;
m; ~ mg 1400 1400
ChaQana all an o onn S P o] L A L T '{.10
It is a challenge to do justice to the many searches and limits that |
Simpli have been established so far =)
- even more so to put it all together into the/a "bigger picture". i _'10_1
Simplified model 3§ mgg = 0 50 - 4; !~
Mo > 250 no limit . 200; : R
Simplified model ~ mgo= 0, mz~m; 1500 1500 ' B | 4'
94,99 mgo= 0, all mg 1400 - 7400 600 800 1000 igzlmon(j('(j\z})oo 10°
mso= 0, all mg - 900

This was an appropriate approach for the rather limited amount of inclusive searches
and corresponding SMS interpretations available in 2011 (7 TeV). 29

95% C.L. upper limit on o (pb)
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M sp
[GeV]

1000 -+

>

Mass / GeV

What are representative
SMS limits on the different
particles?

charginos/ L gz
' 1

300 neutralinos
400 ;’3 H* @: & — b
300 Higgs
sector sleptons
200 IR
, ix j—,\:ﬁf:;:. . ",l
o M Ay LSP
Mgysy
[GeV]
500 750 1000 1250 1500 3¢
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M_sp

[GeVI ¢ Note: The following results are based
1000 4+  on PDG review September 2013.
http://pdg.Ibl.gov/2013/reviews/rpp2013-rev-susy-2-experiment.pdf
750 L What are representative
SMS limits on the different
particles?
gluino/
=z squarks |
O
g oor P —=
> i IR b
charginos/ b
500 T 500 neutralinos /! b
400 - ’;{3 H* ﬁ XZ:I' K —— h
oo~ Higgs !
3 sector sleptons
200 ~ f{ ;;;_e;;? Xg —-nl-,"—' i
250 T 100 - U h 5 :‘:f‘?;"bp; LSP
Msysy
[GeV]
0 —t t + —

250 500 750 1000 1250 1500 371
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Direct squark production — chosen limits

= ~ 0 q b
)] %
E (2. _____ \“(1) _____ i,(l) \‘(l)
5
o : . 2
S 7 ————— X8 T g X X1
S [Gws. | .
g [_/4 . Sbottom pair production, b, b :
ol = CMS Preliminary, 19.5 b, /s = 8 TeV — 600 e — .
(9] g%b'd o o 1 =] C ATLA'S p 'I : ! “t Observed limit (41 5250 f; production, f> 1%,
(el pp — 44,9 — gq%. NLO+NLL exclusion 10 LO B LElNnany, s T T T T T T L
NG _ 1 = c o~ I Expected limit (+1 )y @ - = Observed limit 11(7320:/) u
O = =Observed = 10y, 3 SE 500 | 201" \sBTev o 97 a0l ATLAS Preliminary —— . Expected limit (+10,,,) |
9:" & 500| ::: Expected = 10 yperiment 7] @ i e s e- CDF 2.65 fi & L flepton + jets + E™= Expected limit (HCP12) i
af & ] & - Al limits at 95% CL : : T Al limits at 95% CL
= 5 v - ° [ I pos2f?! | 300 4 .
3 B P PO 1 =21 ¢ a00L i | det:ZU.?fb,\@:STeV ]
N 400 —q,+q,, (U.d;sC) = < L N A —— ATLAS 2.05 b \s=7 TeV - N
5 B JIEEEE sl s C A - 250 o~ -
o C B QS 4 c C L . L A I X i
= S RS \ ] < 300F s o - 200~ L s S\ —
8  300- N\ o 10T E - I A g AN |
@ ----- “‘ “\ : E E : . 1 50 I . ’ g " \“\ “‘\\“ ]
S . € 200 | - o A 1
é 200 P = ) £ C i 100~ KW \ ‘-‘ —
v ] 10 L ] < Wit
O | = . : F i ]
© R C 100 . - S E 7
& o \ | BE x, : 11 -
¥ 1 - v < H & ! Il | | ! ! 1
s HHmm‘\"H"\me”um“m'“h%10-30 I ] %00 350 450 sé)o 680 I7(130 800
a 300 400 500 600 700 800 900 1000 0 ol e b PR
100 200 300 400 500 600 700 8 m; [GeV]
m, (GeV) m; [Gev] T
CMS-SUS-PAS-13-012 ATLAS-CONF-2013-053 ATLAS-CONF-2013-037
Signature: Jets + EMss+H; Signature: 2 b-jets + E{™'s Signature: 1Lepton + jets +
Limit assumes all 15t & 2" gen E mis

squarks to be mass degenerate
or only one light squark!
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M sp
GeV]

Direct squark
mgsusy — Mg

1000 4 G — qX]CMS-PAS-SUS-13-012

750 —+

b — by ATLAS-CONF-2013-053
t — tx ATLAS-CONF-2013-037

250 500

BR=100%

all limits are
observed nominal
95% CLs limits
RP conserved

750

Mgysy
[GeV]
t +—>
1000 1250 1500 33
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M sp Direct squark Gluino mediated
[GeV] A msysy = Mg Mmsusy = Mj

. 0 N

- - - - q q O
1000 4 ¢ — ¢X7CMS-PAS-SUS-13-012 9 = q4x3
CMS-PAS-SUS-13-012

U7, — wX CMS-PAS-SUS-13-012
g — bEX(lj
CMS-PAS-SUS-12-024

b — by ATLAS-CONF-2013-053
f — tx) ATLAS-CONF-2013-037
g — ti

ATLAS-CONF-2013-061

750 =+

500 —+
BR=100%

all limits are
observed nominal

e 95% CLs limits
RP conserved

250 T
‘ Mgysy
[GeV]
0 —

250 500 750 1000 1250 1500 34



DM Searches @ collider & Direct Detection O. Buchmiuiller

M sp Direct squark Gluino mediated
[GeV] msusy = Mg msusy = Mg

1000 L G — gx\cMs-PAS-SUS-12-028 7 — qqx°
U7, — U)X ]CMS-PAS-SUS-12-028 Q& ATLAS-CONF-2013-047

b — by g j — bby”

b — by ATLAS-CONF-2013-053 g — 0bX3

t — £V ATLAS-CONF-2013-037 CMS-PAS-SUS-12-024

g — tt_X(f
ATLAS-CONF-2013-061

750 —+ Direct stop in “qgap”
msusy = Mg
f— CX? ATLAS-CONF-2013-068

5% WbXO CMS-PAS-SUS

1 -13-011
Direct slepton
500 -+ p
- = - Direct X1 / X2 BR=100%
ATLAS-CONF' L] msyusy = m_+ = m.,o
2013-049 ' Xi Xz all limits are
+ 0/7: 7 observed nominal
IR + X xa(light 1) 95% CLs limits
250 -+ C e Xlixg(hecwy [) RP conserved
CMS-PAS-SUS-13-006
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[GeV]
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M sp Direct squark Gluino mediated

1000 L G — gx\cMs-PAS-SUS-12-028 G — qx°
U7, — UXCMS-PAS-SUS-12-028 Q& ATLAS-CONF-2013-047

7 0 L ~ 7.0

b — by ATLAS-CONF-2013-053 Q g — bbxy

~ ¢

t — £V ATLAS-CONF-2013-037 ¢ CMS-PAS-SUS-12-024

/ ~ .0

750 - Direct stop in “gap” 4 g = 1ix1

msysy = mj
. k &
t — CXl ATLAS-CONF-2013-068

E% be(ll CMS-PAS-SUS.
Bottom line:

500 -+ Direct si » No sign of a SUSY (DM) signal (yet)

ATLAS-CONF-
2013-049

o 80T Msusy =muE =g

- X xa(light 1)
e XEXS (heavy 1)
CMS-PAS-SUS-13-006

l

ATLAS-CONF-2013-061

X7 » ATLAS and CMS have adopted a simplified model approach
- == as the main tool to characterize their “SUSY searches”

all limits are
observed nominal
95% CLs limits
RP conserved

Mgysy
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Direct Searches
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Direct Detection Experimets: Examples

COUPP CDMS

CoGeNT

DM Searches @ collider & Direct Detection O. Buchmiuiller

(+ EDELWEISS,
DAMA, EURECA,
ZEPLIN, DEAP, ArDM,
WARP, LUX, SIMPLE,
PICASSO, DMTPC,
DRIFT, KIMS, ...)
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Dark Matter Searches: Direct Detection Experiments

WIMP-nucleon cross section (cm2)
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-
\ - -
L N -
~ -
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New 2013 Lux
85.3 live-days of data
with a fiducial volume

of 118 kg. Conservative
assumptions!

Improved results

expected soon!
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WIMP-nucleon cross section (cm2)
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Direct Detection Landscape in a nutshell!
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Direct Detection Landscape in a nutshell!
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SUSY & Dark Matter: Evolution with time ma@
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What to expected for SUSY?
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What to expect for SUSY (pMSSM)
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Xenon100 & Lux
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What to expect for SUSY (pMSSM)

-----

Removing

collider limits
(mainly LHC)
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What to expect for SUSY (pMSSM) ~ MasTeRec.)

5
E

o 107

5 Xenon100 & Lux o

g 44

0 Y - .

8 10 e 37

g ) " ‘ 27

- _. 10 e

()] | i [ '

= o~ -50 | ‘ — 26

S e 10 Removing g : N
g = 102} coliider limits , | | {257
£ = . :

S - -54 mainly LHC | 154

3 S 10 i ( y ) ] ) |

= ) | | |

- 10°°] I | Neutrino noise { [

SUSY summary:
€ There remains still a lot of unexplored parameter space in SUSY
€ Large regions are within the neutrino noise region

€ LHC searches are can probe regions not accesible to DM Direct
detection experiments
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———

ecnni:
Dark Photon
Light &

Force Carriers V

The Theoretical Landscape of DM Theories

[from T. Tait]

R-parity NMSSM
MSSM violating

Supersymmetry

S

Theories of
Dark Matter

Little Higgs
QCD Axions

Axion-like Particles

Littlest Higgs
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Dark Matter Searches: Direct Detection vs Colliders

DM DM
fime R
Direct Detection Experiments Collider Experiments
» DM-nucleus scattering > Pair-production of DM
» missing energy S|gnature

(mass ~ GeV — TeV)

Germanium

/evcon energy

E~3V (tens of keV)

ooooo
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Monojet analyses better than direct detection?!

—10% ;
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Claim [often madel]:
For low mass and the entire spin-dependent case monojet limits
are stronger than direct detection limits!
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Effective Field Theory (EFT) Interpretation

q

§ Example of considered operators:

d —_ J—

-% Oy — (XWUX)(QVMQ) Vector operator, s-channel Yq X
2 YV A2 S

: q X
:é) OAV — (XV“W5X)§C]W“’V5Q) Axial vector operator, s-channel

° A

g Assumption of EFT

a If the operator (e.g. V or AV) mediator is suitably(!!) heavy it can be integrated out to
obtain the effective V or AV contact operator. In this case (and only this case), the
contact interaction scale A is related to the parameters entering the Lagrangian:

A — Mmedz’ator
v Yq9x

(relation in the full theory)
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Moy (GeV)

100

Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

one diagram
approach\/q“‘& W&mplmed model”

l0g1o(ogrT / OFT)

I Region |

1000 Region Il

| Region Il

10

] — )
L O =4 N w s~ o N

Use vector and axial-vector mediators (e.g. Z ) as example - scalar are similar in conclusion!

Compare prediction of FT with EFT in m_ .4 — mp,, plane.
Three regions become visible:

Region |: EFT and FT agree better then 20%

» EFT is valid!

Region II: EFT yields significant weaker limits then FT
» EFT limits are too conservative!

Region IlI: EFT yields significant stronger limits then FT
» EFT limits are too aggressive!
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Validity of Effective Field Theory Limits

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

q Bottom line:

FT
EFT The EFT is an inappropriate tool to describe collider one diagram
aPPTOAC searches and thus MUST NO BE USED to compare nplified model”

; Direct Detection and colliders.

Use vector ar ] ) hilar in conclusion!
We need to find new ways to do this!

10G1(CEFT 7 OFT)

D collider & Direct Detection O. Buchmiiller

Compare prediction of FT with EFT in m_.4 — mpy, plane.

L Region | Three regions become visible:

7
6
5
4+ Region I: EFT and FT agree better then 20%
1 5 > EFTisvalid!
2
1
0
-1

1000 ¢ Region |l

Mmeq (GeV)

Region II: EFT yields significant weaker limits then FT
» EFT limits are too conservative!

Region IlI: EFT yields significant stronger limits then FT
» EFT limits are too aggressive!

| Region Ill N
100 £ L

10 100 1000
Mpp (GeV)
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Minimal Simplified Dark Matter Model

ks,
2 Based on work from :
£ OB, S. Malik, SM DM
53_ M.Dolan,C.McCabe
© Mmed h |
5 S-Channe
g EEEEERN
> 84 &b
£
& SM DM
%I
® T : : :
gl Define simplified model with DM Consider comprehensive set
5| (minimum) 4 parameters of diagrams for mediator
(9]
=
“|Mediator mass| DM mass Dirac Scalar - ,
. Vector Axial-vector
(Mmed) (Mbwm) fermion real
Majorana | Scalar -
8q gDM : Scalar Pseudoscalar
fermion | complex
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Dark Matter Limits from Direct Searches: Today

5 Examples: CMS monojet search
£ and recent LUX result: q —
5 interpretation in simplified models
5 1 000 L L L L L L e
g - - \ Axial vector
a = 90% CL limits ; ¢ (mo)
g _ —1 X LT
5 800f ‘5’ \ gg=9om ] )
p S | —— LHC8:20fb™" ]
= _ o | T Luxeoy
5 600f o 1 Assumes:
0 > | | > couplings to all quarks
g 2 \ Collider I » 9=gpy=T1
= & 400 1 » width calculated from g
: : Direct Detection experiments
200_ 1 and collider are complementary
probing different regions of
_ the relevant parameter space!

O e g pym g p—m T 1 M TR L
0 2000 400 600 800 1000 1200
Mineq [GeV] 70
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The Vector Case

(o4 T T T T
- Vector \ :
90% CL limits
gq:gDM:1 \
—— LHCS8: 20 fb™ \
10%F  — — LUX (2013) \ ;

mpn [GeV]

DM Searches @ collider & Direct Detection O. Buchmiuiller

10%F 3
: \
|
_ / _
I / ]
107} _ :
_______ | _— — ]
10! 102 103 10* 10°

Mmeq [GeV]
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mpm [GeV]

-
o
N

The Vector Case

-
(@)
w

10%F"

TTTT T T T T TTTTT T T T T TTIrr]

107}

Note: Vector scales like Atomic number squared (~130")
while AV scales like the spin ( ~1).

Vector \ 1 While for Axial-Vector collider and DD
90% CL "T1'ts \ | are complementary in the full parameter
Jg=Iom= 1 \ | space, for the pure Vector case, DD limits
—— LHC8: 20 fb~
are strong EXCEPT for low DM masses!
— — LUX (2013) ; J
/} a
/
|——- - /
S
)
)
S B
7 - Vector
I /</// 90% CL limits
1:1__1 1_1 1: -Tl R Lol L 11“11- gq:gDM:1 |
10 10° 10° 10* 10° —— LHC8: 20 1b" |
— — LUX (2013)
Mneq [GeV] 0l |
10’ 102 103 104 10°

Mmeq [GeV]
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Future Projections

& p000f T T T T T e
= _ L _ 1 : Vecto .
£ Axial Vector LHC14:300 b | Projected 90% CL limits \ o
3 Projected 90% .. HGC14: 3000 fb™" Jo=Gom=1 -,
S | CLlimits i ——17:10tonyr T \ |
§ 1500r 9¢=9om=1  i--- ypackground {, Gb-—-—-—.—- -7 \ b
:&3 - ‘ Il e 10 :_ ‘A . \ I‘ 3
) |7 S| | \ :
8 (O] i /' |‘ \ CD_ ' l‘
50 . L S | |
S <100 - SR | . -.
s L S \ . . % 2 -
8 P | [— LHC14:300 67" | | | %
F 500} v 1 }—-— LHC14:3000fb7"| : |
S ! S r— — LZ:10ton yr | ;o
3 _ .. ‘ 140"} = = - v background | I CLARNE
= 3 + i C . -
[a) i |~....... | —————_—— —i :

O L - 11l L1l Lol 1 14 1: Ll 1

0 2000 4000 6000 10" 102 10° 10°

Mned [GeV] M 1eq [GeV]
Compare:

LHC @ 300/fb and HL-LHC @/3000/fb
with Direct Detection:
Lux-Zeppline (~2025) and Neutrino noise border
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Future Projections

% 2000F ~ T v T T 1'_10—' AR EREE NG
£ Axial Vector | —— LHC14:300fb™" 1 | | Vector '
:g) PrOjeCted 90% Il‘ —-.= LHC14: 3000 .I:b—1 1 i . ) Projected 90%
' CL limits e | al i | CL limits
© s : LZ: 10 ton yr {8 : il
s 1500F gq:gFM:1 \- == vbackground 1 | | 9q=9pm=
5%1 \ '/"‘i‘\‘\ % 6_ E __!__——_’///’-:
59 ool g Lo Ol T T
pre] 1000_ '/ “ \ S| [ .
2 T , N 3 | .
g E -_— |‘ \ E 4‘ E ) .
e Y ' . I
% [ \ \ E , —=— LZ:10 ton yr _
g 00 DO 1ol | ---- LHC8: 20 b |
3 RN : | — LHC14:300fb™" |
3 [ | === LHC14: 3000 o]
[ ) ..."-: O L N R B SR S SR S R
0
0 2000 4000 5000 O 2000 4000 6000 8000 10000

Mneq [GeV] Mineq [GeV]

Important complementarity of the two experimental approaches will
allow good coverage of the relevant parameter space!

Big discovery potential!
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Summary

» So far the origin Dark Matter has not revealed itself!

» Both the LHC as well as Direct Detection
experiments are probing very interesting regions in
the parameter space!

» WE need to better work out the complementarity
between collider and DD
» Effective Field Theory is not the answer!
» Simplified models might be helpful!

» The forthcoming data taking campaign of DD
experiments as well as the high energy running of

the LHC starting 2015 will be our next very (as in
very) real chance for discovery!

The story continues ... stay tuned!

DM Searches @ collider & Direct Detection O. Buchmiuiller
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Outlook: 8 TeV vs 14 TeV

Use parton luminosities to illustrate the gain of 14 vs 8 TeV

5

E

2

g Higgs: " ratos o o paomtomvastos. L,

= - ratios o parton luminosities: ” |

§ pp > H, H>WW, ZZ and vy [ 14 TeV /8 TeV and 33 TeV /8 TeV / : /' ~5.0TeV

& mainly gg: factor ~2 - N

s sus(\a( I

= - squarks/Gluino

% SUSY — 3™ Generation: = 100 . gga MSTV 4

£ Mass scale ~ 500 GeV = I

° gqqand gg: factor ~3 to 6 i I

] k= |

5 SUSY — Squarks/Gluino: E o 3 .

s Mass scale ~ 1.5 TeV /1;;932\, ' |
qq,gg,q9: factor ~40to 80  [---- - R |

, 1 = 2‘?0%“.L.O. |

VAR 10 100 10000
Mass scale ~ 5 TeV M

qq: factor ~1000 Increase in energy will help a lot!

Not just for SUSY...
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DM Searches @ collider & Direct Detection O. Buchmiuiller

o < oy

Q)

<

Early SUSY Search Strategy at the LHC

Gluino - Gluino

+,0 +,0
l ol | x | ~X
[ x50 |7
| — T
gqqttbbth - qa th bbtt  qq thbbtt 99 thbbtt
wz0 w*z°% ¢
wEz0 ¢
Squark - Squark
l O | X" | x =0
J x=° |7
| | T
gt b g tb gtb atb
w*z0 w*Zz0° ¢
w*2z0 ¢
Squark - Gluino
] 0 T
l_ | X:t,o — Xi’o
| v | —
qtb q t_b g tb qgtob
qq tE bbb qq tt bbb gth 4tb
W ESA EIA

Search Signatures

» SUSY-like decay chains range from short to long

and simple to very complicated.

» All physics objects, MET, jets, leptons, photons, b’s

taus, tops, W, Z, etc are involved

» Comprehensive coverage of all possible signature

requires a topology oriented search strategy:
References Analyses

0- 1-lepton|] OSDL | SSDL =3 2- y+lepton
leptons leptons | photons
Jets + Single [ Opposite- fSame-sign]  Multi- Di-photon | Photon +
MET lepton + sign di- jdi-lepton +] lepton +jet + lepton +
Jets + lepton + jets + MET MET
MET jets + MET
MET

Already in less then two years of operation
ATLAS & CMS managed to carry out
the full list of these core

“SUSY References Analyses”!
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Validity of Effective Field Theory Limits

D collider & Direct Detection O. Buchmuiller

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

EFT

approach

q

g X q g9 X
o FT
Z :
one diagram
—s Q “simplified model”
X q %

2500 S ™
= i Region 1l Region I Region 1
- & 2000} '
< [ mpm=250 GeV
S 1500F —— T'=/Mtypeq/87
R [ — = F:mmed/'?:
5 1000}
- i S
@) - | ) ]
& 500 XY x)@v.ra) 1
3 [ A2 |
0 '. — 1 1 1

100

1000
Mmeq |GeV]

710000

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!

Three Regions as function of mediator mass:

Region |: Heavy m,,.4

» EFT is valid!

Region [I: Medium m, .4 — Resonant enhancement
» EFT limits are too conservative!

Region lll: Low m,4

» EFT limits are too aggressive!
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What those this imply on model-dependences of EFT limits?
20 Look at EFT validity in mp,, — coupling* plane!
1. Must require m .4 < T eq
2. Region in which EFT is valid (20%)
15 : e ) :
3. Require compatibility with relic density
- 4. Require theory to be perturbative (<41)
&0
o5 10 When we also require that the region/theory
must be perturbative:
VO9qGy < 4T
> only a very small region is left!
0

10 100 1000
mpMm [GeV]

This together with the observation that all DM theories for which the EFT is valid must
have m .4 <[4 I€ads to the conclusion the the EFT only applies
to a very (as in VERY) small class of DM models.
EFT limits of monojet searches are therefore highly model-depended!
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Why is SUSY so attractive?

1. Quadratically divergent quantum corrections to the
Higgs boson mass are avoided Mmgysy ~ 1 TeV

- 2 2 i
- Ampy = f(my — mf) 60 - e l/a,
,° " ™. Korrekturen (A?) e L

Y A o so b
- e i ¢-----O-----¢ -
40 -

f

30 -

(Hierarchy or naturalness problem)

20 -

mit Supersymmetrie

2. Unification of coupling constants of the © ¢1/a,
three interactions seems possible o e b Ll

0 10° 10" 10"

energy (GeV)

DM Searches @ collider & Direct Detection O. Buchmiuiller

3.  SUSY provides a candidate for dark matter,

The lightest
SUSY particle
(LSP) '

4. A SUSY extension is a small perturbation,
consistent with the electroweak precision data

MHiggs (GeV)
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Dark Matter from invisible Higgs searches

g WZ Fusion ~ Higgs-Strahlung
£ q W, Z
<
O
@
: DM
S H ><
: DM i' DM
©
D -
g , “ DM
5 Example CMS 4
pre] CMS Preliminary
a—) 3 5 % :I I L I L I L L L I L I L I L I I:
25T eswciimis CMS Preliminary 3 3SF T gbserved e E
8 @”— 3 - Observed limit (s=8TeV L=19.6fb" Q - XpeCteg Vs=7 TeV, [ L=5.1 fb" ]
- = =19 B E ted = 1 . 1
Cf)) b§ S Expected limit % 2.5 5 Eigzztg s 2(; V=8 TeV, [ L=19.6 fb —
F /:« 25 [ Expected limit (1) T - ]
% £ C Expected limit (2 o) % 2 :_ _:
K 1 2k X . .
=T o 15[ -
m 1.5— c C N
X C o r ]
. E T -
0.5F o 05F .
: I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I o\o E E
1000 — I1 50 200 250 300 350 400 LD O v b b b v b v by v b s Iy
my, [GeV] o 105 110 115 120 125 130 135 140 145
M, [GeV]
BR(H->invisible) < 68% @ 95%CL BR(H->invisible) < 75% @ 95%CL
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Dark Matter from invisible Higgs searches

Status 2012 CMS only: ogr (Pb) [arXiv:1205.3169v3]
VBF: BR,,..visibie < 68% @ 95%CL A\ ! ' ek |
VH BRH->invisibIe < 750/0 @ 95O/OCL 10 =7 .".‘. XENON 2012 . Vector

Naive combination: ~ 50% @ 95% CL

DM Searches @ collider & Direct Detection O. Buchmiuiller

BRy.-invisibie Pirect vs Indirect 10
| 50 ShIAISI ﬁ,:elli:':i[:?:yl |(|§|=| |71T|elvl. !_l"l 15]1lflt);1l ﬁ |=|8|;r?\|/||7: |1|g|‘? lﬁ?:_
£ 4 5; Ky, kg ky' 1, — Observed E »
Q F KorekeBRggy 1 e torsmu |3 10
N 4.0 - =
355 Direct Indirect :
= Irec /! .
3.0__ /; ~64% -
2 5 ~50% /| @95%CL 3 (GeV)
“E @95%CL ' . , , o
2.0F = Assuming the experiments are able to maintain
1.5E E trigger and analysis acceptances, the LHC will
1 05 : provide a VERY powerful comparison of
E : indirect & direct measurgmept of FH_>i.m,isib,e.
0.5¢ v E In the (near) future this might provide
et 7 1 1 Losaaliag Lo Viiiia Ladiviiiig losuiiiiay ] 1 1
0.05 02 04 o6 o8 ] a stringent constraint for M,,< M,,/2

wsk
py)
99
w
=
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What those this imply on model-dependences of EFT limits?
20 f' Relié delllgit'y Bl '\',' S | Look at EFT validity in mpy, — coupling* plane!
too large \

15F Theory is non— f
| perturbative

8q 8y

10

5L

T [ R
mpMm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 84
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Model-dependences of EFT limits
20 jl Relic; deI'lSit'y DAY Look at EFT validity in mp,, — coupling* plane!
too large \
‘\ 1. Region in which EFT is valid
15+ ; _ '
! T};g%ﬁiggg f \1 For this we calculate the minimum coupling
S o0 T i - T m:mmed/ACMS
o5 10 ‘ that the simplified model must have for the
. EFT limits to apply. This is defined by region |
\,\ P (i.e. better then 20% agreement of FT and
5‘_ i EFT).
- EFT limit applies f

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT



Imperial College
London

Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density

When exclude the region in which relic
abundance is larger then the observed
value of Q,,h?=0.119 only mediator masses
above a few hundred GeV fulfill this.

8q 8x

10 100 1000
mpm [GeV]

* Coupling chose such that CMS EFT limit on A applies to FT 86
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

Must require m_,.q < I eq

Region in which EFT is valid (20%)
Require compatibility with relic density
Require theory to be perturbative (<4)

o~

When we also require that the region/theory
must be perturbative:

VO9qGy < 4T

only a very small region is left!

10 100 1000
mpMm [GeV]

EFT limits of monojet searches only apply to a very (as in VERY)
small class of DM models!
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Model-dependences of EFT limits

Look at EFT validity in mp,, — coupling* plane!

1. Region in which EFT is valid (20%)
2. Require compatibility with relic density
3. Require theory to be perturbative (<4m)
_ 4. Mg <l neqg ALWAYS!

Do - ]

°§. i | | We also find that for all DM models the EFT

o5 10

- | 41 Is valid the mass of the mediator must be

\ 7/ | Smaller than its width!

5[ ] - .
| EFT limit applies f O 1 _ In the reaming part of the plot:
" = L1 V9q9x > 2

0 [ ' a particle-like interpretation of the mediator

10 o 160 o '”1600 is doubtful because of M.y < eq!
mpMm [GeV]

See discussion about equation 3.5 in
arXiv:1308.6799 for further details.
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What those this imply on model-dependences of EFT limits?
20 Look at EFT validity in mp,, — coupling* plane!
1. Region in which EFT is valid (20%)
15 2. Require compatibility with relic density
3. Require theory to be perturbative (<4m)
- 4. Mg < T heqg ALWAYS!
&0
o5 10
5
0
10 100 1000

mpMm [GeV]

The observation that all DM theories for which the EFT is valid must have m_ 4 < g
and the small class to models it applies in any case leads to the conclusion the EFT
only applies to a very small class of DM models.

EFT limits of monojet searches are therefore highly model-depended!
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Alternative Interpretation Ansatz: Simplified models

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

q g X q g X

EFT
approach ‘

q X q

FT
one diagram
“simplified model”

X

DM Searches @ collider & Direct Detection O. Buchmiuiller

After three years of operation at the LHC the landscape for interpretation of
searches has changed dramatically — new superior & modern approaches
have replaced in many areas longstanding traditional ones (e.g. SUSY
searches)
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The proposal
9 _| T | ~|~ ~| T | |~ | |~ | T 3
2 8001~ pp—§§ g q¥ ; m(@>>m(@) !
< m WU e
: 200 Expected Limit =10 exp. c
= " oNLONLL 11 G theory =
600~ ____ q + q T+d+S+¢ -
B o
500—"" uL onIy §
| CMS, 11.7 fb" —
| ; O
400 s =8 Tev 0
300 &
200
100~ <2
O 10°®
300 400 500 600 700 800 900 1000
squark (GGV)
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DM Searches @ collider & Direct Detection O. Buchmiuiller

The proposal
9 _| T | ~|~ ~| T | |~ | |~ | T 3
2 8001~ pp—§§ g q¥ ; m(@>>m(@) !
< m WU e
: 200 Expected Limit =10 exp. c
= " oNLONLL 11 G theory =
600~ ____ q + q T+d+S+¢ -
B o
500—"" uL onIy §
| CMS, 11.7 fb" —
| ; O
400 s =8 Tev 0
300 &
200
100~ <2
O 10°®
300 400 500 600 700 800 900 1000
squark (GGV)
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The proposal

Mpy (GeV)

(0]
o
o

700

600 —

500

400

300

200

100~

0

300 400 500 600 700 800 900 1000

_l T | ~|~ ‘_'l I Jl I~ | I~ | I
PP —> 49,9 — qi_ ; m(@)>>m(q)
----- Expected Limit +1 0 exp.

oNLONLL 11 5 theory
— q +q T+d+S+¢

| ——- ul_ onIy

[ CMS, 11.7 b’
\s =8 TeV

95% CL upper limit on o (pb)

m (GeV)

med
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The proposal

Mpy (GeV)

(0]
o
o

700

600 —

500

400

300

200

100~

0

300 400 500 600

| I | ~I~ ‘J I ~0| I~ | I~ | I
PP — 49,9 — g ; m(g)>>m(q)
Expected Limit =10 exp.

oNLONLL 11 5 theory
— q +q Ti+0+S+¢

| ——- uI_ onIy

[ CMS, 11.7 fb’
Vs =8 TeV

95% CL limiton A

/700 800 900 1000

m (GeV)

med

Very similar to limits
in SUSY simplified
models —
rnmed’ mDM, A
and possibly
some variation
of rmed
will cover the full
problem!
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The proposal

% 9 _| I | ~|~ ~| T | |~ | |~ | | I |_ 10

T 2 800" pp—§§,§— q%,; m@>>m(@) .

ccs _ 7007777 Expected Limit +1 o exp. 0 -

0 o

5 S - oNLO+NLL .1 5 theory | 41 €

o  —q +q,, u+d+S+C 1 3 et

5 500" U_only - %

g 400L CMS; 1.7 1t g ©

g) | Vs=8TeV . | § Very similar to limits

0 300 N | 1 o in SUSY simplified

I I \ i - models —

% If CMS is interested, we would be available to help &g 10® Mimeg> Mpw, A
and possibly

with the implementation of simplified models for the ati
monojet search! somsf vrarla 'on

\‘\\' \\‘\ : : : d

OL" "| | \|\ \f' L | L | ‘ I ’ Il : | L ‘|‘| o

107 will cover the full
300 400 500 600 700 800 900 1000 roblem!
m._ (GeV) - |

med
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Beyond EFT limits: Simplified models
% Working out the complementarity between direct DM detection experiments
§ and collider based DM searches!
107 ——
£ 1o GO
5 CMS limit
g 107371 __1000F Region Ii stronger
7 R T TR
g 107 2 | Region I
° E
= , - , . -~ L
g 107 (v x)@nr’q) g 1004
g A2 | PICASSO, SIMPLE or
2l 10740} CMS (EFT) COUPP limit stronger
a 10—41/’.-7-.—: TR M 108 . . ... P AT s
1 10 100 10 100 1000

mpm [GeV |

EFT limits give the impression that monsjet
searches outperform direct detection BUT EFT

only applies a VERY small class of DM models.

mpwm [GeV]

Simplified model limits give a much better
Account of the REAL complementarity and
thus seem superior for a comparison.
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3uchmdller

|

0SS section [cm

Beyond EFT limits: Simplified models

Working out the complementarity between direct DM detection experiments
and collider based DM searches!
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CMS (EFT) .

oo 1000
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EFT limits give the impression that monsjet
searches outperform direct detection BUT EFT

only applies a VERY small class of DM models.

Mmed |GEV]

=

1000
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100 1000
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10

Simplified model limits give a much better
Account of the REAL complementarity and
thus seem superior for a comparison.
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Monojet and Monophoto (plus E;™'ss)

Monojet: hard jet + E;™iss

q

X

—_
:.
N
<
1]

S .F
-30 [
c 10

s=8TeV
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Monojet and Monophoto (plus E;™ss)

Monojet: hard jet + E;™ss
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Validity of Effective Field Theory Limits

D collider & Direct Detection O. Buchmuiller

Recent work from OB, M.Dolan,C.McCabe: arXiv:1308.6799
» Compare Effective Field Theory (EFT) with Full Theory (FT)

EFT

approach

q

g X q g9 X
o FT
Z :
one diagram
—s Q “simplified model”
X q %

2500 S ™
= i Region 1l Region I Region 1
- & 2000} '
< [ mpm=250 GeV
S 1500F —— T'=/Mtypeq/87
R [ — = F:mmed/'?:
5 1000}
- i S
@) - | ) ]
& 500 XY x)@v.ra) 1
3 [ A2 |
0 '. — 1 1 1

100

1000
Mmeq |GeV]

710000

Use vector and axial-vector mediators (e.g. Z’ ) as example - scalar are similar in conclusion!

Three Regions as function of mediator mass:

Region |: Heavy m,,.4

» EFT is valid!

Region [I: Medium m, .4 — Resonant enhancement
» EFT limits are too conservative!

Region lll: Low m,4

» EFT limits are too aggressive!
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