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DM at Colliders Y

* Properties of DM ~10 GeV

- Pair produced (stable)

Effective Field
Theory (EFT)

’rrl'rl?' Visible
X »« @/
boost from mediator causes
large MET/pt almost
independent of
DM mass X

- Mediating particle (M*) not directly observed —

X Invisible
» Collider signature: mono-'X" (sort of a misnomer)
L XXaq
« Sensitive to spin-dependent and independent M s s
dark matter and for low masses XYY Xqvuy q
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DM+b potential \ﬁ

New processes: = approx CDMS signal region
b | . X L% . Ll@lﬁslon Tn fro'm'n'lo'n'q—'bl search -
bg — xxX +0b
gg — xxX+bb =
| ‘ b 3 B & with b
99 = xx +tt v withb +top .,
10-44+t _W
| — 8TeV, 20 fb~!, inclusive |

""" 8 TeV, b-tag, b production only
1046 — 8 TeV, b-tag ENON XT N
- = 14 TeV, 100 fb~! DS

109 10! 102 103
mx [G@V]

« Extended mono-X approach to complex topology with focus on interesting region

 New signal processes and higher order calculations
(arxiv:1303.6638, arxiv:1211.6390)

« DM + b very powerful for quark mass dependent operators

* Focus here of items of general interest for collider DM analysis
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Coupling Group

Generated two signal models:

The Model

Common selection: O lepton + jets + MET

‘mono-b’; Requesting b-quark in final state, otherwise consistent with existing
mono-jet signals (jet mult. < 2)

‘ttbar+yx’: Quite different topology to mono-'X’ but great sensitivity

LHC 14 TeV, 300/fb , spacing: 25 ns, pileup: 50 events/crossing

LHC 14 TeV, 3000/fb (HL-LHC) , spacing: 25 ns, pileup: 140 events/crossing
HELHC 33 TeV, 3000/fb samples, pileup: 250 events/crossing

Operator

Model signal regions differ in jet multiplicity

Operator Structure

Coefficient '}

Scalar

quark

D1

xXXqq

Particularly interested in quark mass dependent operators

Signal samples according to Snowmass recommendations:

Vector quark

D5

XX qv.9

Tensor quark

D9

X" xqowq

Gluon

D11

XX G G

Fermion DM

Bjorn Penning, EF Snowmass Seattle, July 2", 2013

Complex scalar DM

Coupling Group | Operator
Scalar quark C1
Vector quark C3

Gluon C5

Operator Structure | Coefficient |

x'xqq
X' 0, xav"q
X x G,y GH

Tuesday, July 2, 13



https://twiki.cern.ch/twiki/bin/view/AtlasProtected/TeV
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/TeV
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/TeV
https://twiki.cern.ch/twiki/bin/view/AtlasProtected/TeV

# Signal Discrimination
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» Kinematic dependencies for various dark matter

MasSesS
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Signal Discrimination

hip
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« Possibility to apply significantly looser kinematic cuts
than in monojet final state
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Signal Discrimination \ﬁ

0.024F=T I B B L B L 0.1— —
- Delphes 3.0.9 B B N
0.0225 \s =14 TeV E : \s =14 TeV :
0'02:_ — M, =1000 96}//02, tt production _: 0.08+ i:laelljd:r_doB-tagglng |
0.018;— ——— M,=1000 GeV/c?, b pr Bﬂuction _; . : M, =10 GeV/c? :
0.016:— —— WiZ+jets, WiZ _: % L ‘L Background .
- ] (0] | M, =10GeV/c? tt production ]
% 0.014 li =] 0'06_ M, =10GeV/c?,b groduction 1
- S
= 0.012f - ; -
T 0.01 2 a i
“'F I | . S 0.04F ﬂLL —
0.008f- j = T - 1l i
0.006f - i ];
0.004[ = 0.02_—
0.002— - i
O:|||||||||||||||||||||||||||||||: _I e L - i ||=!- _________ ]
0 0.5 1 1.5 2 2.5 3 Q0 60 80 100 120 140 160 180 200
Ad Sub-leading Jet p_ [GeV/c]
> 16—
g L Vector J[ J[ * Limited set of discriminating variables, still
2 14— . T . . .
s L Axial looking into improvements
s Scalar +T
= B o NLO signal calculations:
o Pseudo-Scalar &
8— + T .
: | + - - stronger and more accurate/robust analysis
6 + :|:+ +
B + | .« e . . . e .
J Mﬂ | +'|i . Predictive in terms of kinematic information
- e [ S ot ¢
i3 ——-q.—h.-—-..-h*-—-:=—“—==?=£|s—$l M *  Thanks to Paddy Fox and Ciaran Williams
% 2{|30 4c|10 scl)o sclJo 10|00 12|00 14|00 16|00 18|00 2000 (FNAL) fOI" prowdlng MCFMdark

missingET

DM mass=300GeV

Bjorn Penning, EF Snowmass Seattle, July 2", 2013

Tuesday, July 2, 13



Effect of Pileup and Systematic i
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Constramts from mono-b searches b and t productlon

450
- = 8TeV, 20 fb~ ) , MET > 350 GeV
400 | - = 14 TeV, 300 fb~, MET > 600 GeV
- = 33 TeV, 3000 fb*1 MET > 1600 GeV
350p========-=------@===-o--__ -
PRELI \ll\‘Al{Y ..

300+ e,
— \\
% 250 | R
=, \Q
= 200} '

150F L o -

-
1006 _ _ _ ______ o RN
J (-3 -~ o _ — ~ °
- e
50 B S~ - - -
- )
10! 102 10°
mx [GGV]

* Sensitivity projections (not yet fully optimized) for

various scenarios
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Limits from mono-b search, b and ¢ production
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* Great sensitivity for selected operators
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Discovery Scenario

My

As requested: Discovery Scenario

Suppose we observe an excess, what to do next?

Bjorn Penning, EF Snowmass Seattle, July 2", 2013
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Discovery Scenario

P

Allowed region
from collider

» As requested: Discovery Scenario

>

My

* Suppose we observe an excess, what to do next?

Bjorn Penning, EF Snowmass Seattle, July 2", 2013
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Discovery Scenario i

Allowed region
“— from collider

>

My

* |Improve measurements and additional channels

« |dentify potentially responsible operators

Bjorn Penning, EF Snowmass Seattle, July 2", 2013 12
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Discovery Scenario

Allowed region
“—— from collider

>

My

« Infer order of mass/rate by fits to kinematic variables, e.qg:
- Study operators by comparing rates of mono-b plus tops+MET final stat

- Information about couplings to up and down type quarks

Bjorn Penning, EF Snowmass Seattle, July 2", 2013
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Discovery Scenario

Direct detection

Allowed region
“—— from collider

! Excluded by
4 direct detection

>
My

. Correlate with other measurements and experiments
(LEP/LHC/direct detection/relic density etc), e.g:

. Different sensitivities between direct and collider detection
Dirav vs. Majorana DM
Scalar vs Fermion DM

. Does ‘discovery region’ agree with relic density calculations?

Bjorn Penning, EF Snowmass Seattle, July 2", 2013
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Discovery Scenario g

N2r->»

d region
collider

My

. Correlate with other measurements and experiments
(LEP/LHC/direct detection/relic density etc), e.g:

. Different sensitivities between direct and collider detection
Dirav vs. Majorana DM
Scalar vs Fermion DM

. Does ‘discovery region’ agree with relic density calculations?
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Discovery Scenario g

N2r->»

d region
collider

My

Frontier crossing effort could lead to significant information for a
Dark Matter candidate

Thanks to Paddy Fox and Dan Hooper for help guiding my thoughts

Bjorn Penning, EF Snowmass Seattle, July 2", 2013 16
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Summary \ﬁ

« Tantalizing excesses for low mass
DM

‘Mono-jet’ and more complex EFT
signhatures have great physics
reach

Origin of Mass

«  Truly *first’ analysis and more
channels not yet explored:
(leptonic, VBF, mono-top, etc)

«  Affecting several frontiers U::""“u:'n"':‘:‘""‘
simultaneously A :;,,,‘;,,C,M

. Complementary to direct searches ? - 5

® L
lle up no primary issue ,)(& .. Q“O

«  Still evaluating high-pr effects, ’)@,}} é(\\o
selections and systematics Frontier The C°

«  http://kicp-
workshops.uchicago.edu/DM-
LHC2013/

Bjorn Penning, EF Snowmass Seattle, July 2", 2013 |7
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Summary

NrPrr->»

KICP Dark Matter Flub Workshop
« Tantalizing excesses for low mass Chicago, 11

DM September 19-21, 2013

‘Mono-jet’ and more complex EFT
signhatures have great physics
reach

«  Truly *first’ analysis and more
channels not yet explored:
(leptonic, VBF, mono-top, etc)

+ Affecting several frontiers D ARI< MATTER

simultaneously

« Complementary to direct searches e AT THE LHC

 Pile up no primary issue

«  Still evaluating high-pt effects, |
selections and systematics Qupising Gomestes.

l'ongyan L (Chacago/KICP)
Rocky Kolb (Chacago/KICP)
Saeah Alam Malik (Fermilab)

«  http:/kicp- e e
workshops.uchicago.edu/DM- e
LHC2013/

Bjorn Penning, EF Snowmass Seattle, July 29, 2013

Topics Include:

Monogets, Mono-photon, Mono-b
Effective Iaeld Theory approach
Theoretical improvements in calculations

® CHICAGO

18
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NLO/LO:dm300GeV

Higher Order Corrections

NLO signal calculations:

stronger and more accurate/robust
analysis

derive ‘theory safe’ selections
Predictive in terms of kinematic information

Thanks to Paddy Fox and Ciaran Williams
for providing MCFM _dark

16[—
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NLO/LO:cross-section
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arxiv:1211.6390 ) ;

k-Fac for various coupling
vs. DM mass

CrossSection:VNLONLO
CrossSection:ANLO/ALO
CrossSection:SNLO/SLO
CrossSection:PNLO/PLO
CrossSection:GNLO/GLO
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Optimized selections (shape?)

New discriminating variables

May reduce systematic effects

Not yet used in current limits!

Bjorn Penning, EF Snowmass Seattle, July 2", 2013
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dm mass

20

Tuesday, July 2, 13


http://arxiv.org/pdf/1211.6390.pdf
http://arxiv.org/pdf/1211.6390.pdf

(see arXiv:1109.4398v1, Fox et al.)

- Spin-Dependent (SIMPLE, Picasso)
Atlas limits stronger for axial vector (D8) and tensor (D9) couplings

WIMP-Nucleon limits

Comparison with direct detection experiments

- Spin-Independent (XENON100, CDMSII, CoGent)
Atlas limits stronger for scalar (D1) and vector (D5) at low my

ATLAS Prellmmary s =7 TeV, 4. 7fb1

_351 —  SIMPLE 2011 — D8: qqe (xx)DIraC
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WIMP annihilations into light quarks, interactions f

Relic abundance of WIMPS “ﬁ

Limits on vector and axial-vector interactions as cross section upper limits on

avor neutral

« Comparing to annihilations to bb from Galactic hig
observations by FERMI LAT

ATLAS Preliminary

N energy gamma ray

L IIIIIII|
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