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+ Motivation for Dark Matter at colliders

+ EFT and simplified models
» ATLAS and CMS Dark Matter searches
+ Prospective for Run-li

» Conclusions

All ATLAS and CMS public results:

https:/[twiki.cern.ch/twiki/bin/view/AtlasPublic
https://twiki.cern.ch/twiki/bin/view/CMSPublic
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Motivation for dark matter
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WIMP is “our” favourite candidate

+ WIMP is even capable of doing a

miracle 10 r a—l-_zlalumr
2 A cold thermal relic with weak scale 5|
mass (few GeV to few TeV) and 0 !

ALM

interactions (<ov>=3 x 1026 cm3/s) -

=10 neutralino ¥

E:l
» Naturally accounts for the required

I"'.".E I'I':Iinul / Fh'
a

relic abundance - l £
. -20 axion a axino I ’
+ The WIMP miracle! 25 | Yo i
neutring
» Other alternatives exist (axions, sterile | pyoroe e
neutrinos, etc) but they are not part of - N y
. i eV keV  GeV OUE
this talk. Also LHC SUSY searches e R

Involving missing transverse energy 1081 (mypg/ GeV)
from LSP are not covered here.
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WIMP — SM interactions and detection

+ Some kind of interaction is
expected between WIMPs and

SM particles Indirect detection of annihilation

+ Current experiments probe 2 SM< Y
different scales: [5
» Direct detection O(10 MeV) §
+ Indirect detection O(100 GeV) §
» Colliders O(1TeV) bl
)
» They are complementary under S y
some conditions g M X
5 >

Production at colliders
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Effective operators and simplified models

+ EFT operators are convenient for representing DM - SM

interactions with very few parameters: scale of the interaction M x

(or A) and DM mass, e.g. Lo = l\/}f XY*xqvuq

» These operators could arise from integrating out the heavy-
mediator with mass Mined = v/9q9x Mx

» EFT approach is valid for a momentum transfer Q+r < Mmed
+ Simplified models constitute a good alternative but involve

additional parameters (mediator mass, couplings, and decay
width) " 4
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ATLAS and CMS Dark Matter searches

m +» Dark Matter searches at ATLAS

and CMS could be categorized
In three main lines (not fully
Independent though):

+ Mono-X searches (X=boson)

+ DM with heavy flavour

+ Higgs to invisible searches in
Higgs-DM portal models

+ Results are interpreted using
EFT (with or without truncation

ATLAS and CMS are general-purpose
experiments with nearly full solid angle :
coverage and excellent performance for Qtr < Mmed) and using

tracking, calorimetry and muon spectrometer simplified models
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Monojet searches
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Typical analysis strategy:
+ Select events with high pT jet(s) and large transverse momentum

» Veto electrons/muons/(taus and tracks) to reject leptonic W/Z
decays.

» Cut and count experiment at different pT and MET thresholds.
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http://arxiv.org/abs/1502.01518
http://arxiv.org/abs/1408.3583

Monojet searches

+ Main backgrounds: £ = Wi e
L% 10° B ET *>150 GeV =E';b§ﬁ°g?e o
Z(vv)+tjets, W(lv)+jets with lost |, L= %g{:_'fﬁiﬁ.-m
Iepton 10 :“_”"_I.2:"'"""'"5:.:”____1_ - :éfgfpwi:'hz;&;{m eV
+» Estimation of the EW 1 e
. 107 ket =
background is based on o s
leptonic W/Z control regions
» Transfer factor method: s _
N T 400 600 800 1000 1200

MC TF

ET™ [GeV]

+ Theoretical and experimental
uncertainties largely cancel out
In the TF
V4 v q

! v : + Statistical uncertainties from
* CR usually take over the
) | . 2 systematics (particularly at high
’ T jet Jet MET)
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Monojet EFT results
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+ Results are interpreted in terms of exclusion limits on WIMP-
nucleon cross section

2 ATLAS limits are done with the truncation Q+r < M ,.q. Need
agreement on common procedure.
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Monojet simplified model results
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Monophoton simplified model results
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.012008
http://arxiv.org/abs/1410.8812

MET+W/Z — hadrons

250 ATLAS 2031b” 5=8TeV —Fgfa‘}f}ﬂét' s
i i "'35“r‘3_9"’_] - Wziolu/et
sy 0 | | - Dlgcsnrj it
el 2 444/ uncertainty .
% o WI v
- y g Wi i e
d X d w E 100 B 4 | i f’;ﬁ ?/%
50 : _:
+ High boson pT with high ET T T ST e e

I35 , cmiss — 5(u=d) x20
E SR: E]™ > 500 GeV - D5{u—d) x0.2

missing transverse energy

+» Boosted regime: use single fat %
jet (AR=1.2) for W/Z — jj £
reconstruction @

+ Constructive and destructive S —
Interference in W diagrams m ., [GeV]

play important role
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http://prl.aps.org/abstract/PRL/v112/i4/e041802

MET+W/Z — hadrons limits
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+ Strong limits in the case of constructive interference.
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MET+W/Z — leptons

19.7 i (8 TeV)
T Ty
%11 0° CMS __SSMW — v, Bw — () v
6104 u 4 ETes M = 2000 GeV B . single t
— __HNCCl— v, [Joy
-..._._103 A = 4000 GeV .QDD
i) DM, A=200Gev, [BDiboson
5102 M, =300GeV, E=+1 | oo
lﬁ 'lﬂ ﬁsﬁt UMCET.
"
+ Dark Matter production with 10"
W/Z-boson decaying to leptons 102 L |
+ Bosons recoil against the pair 10°
of dark matter — look for 10 -
- 500 1000 1500 2000 2500
excess of events at high MET M. (GeV)

» Use transverse mass Mt for W
and invariant mass M, for Z as
discriminant
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012004
http://link.springer.com/article/10.1007/JHEP09(2014)037
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MET+W/Z — leptons
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+ Limits on the suppression scale as a function of dark matter

Mass

+ Also simplified model limits in the scalar-mediator theory
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DM with heavy flavour

+ Some EFT operators "
enhanced for heavy flavours " X
m =y
O — B s ’ X
scalar Z M ;:P\T qaxx A3
q b g )
+ May arise from from integrating
out a scalar mediator with R — S
. . © 3— ATLAS —— ) ta
couplings proportional to quark g "F sstev. pat-zser 38
@ - (d) SR4 +iets
mass mg. £ of =1 one
i = —> 7 Syst
N P ereeee DM+ (10 GeV), D1
» Look for events with high MET 22 | Vo
and b-tagged jet(s) F ’ :
2 .F E
_ . _ E 21%// F st 5ty WWM
» Signal regions normalized from 150 200 250 300 350 400 450

) ETss [GEV]
control regions
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http://epjc.epj.org/articles/epjc/abs/2015/02/10052_2015_Article_3306/10052_2015_Article_3306.html
http://cds.cern.ch/record/1697173
http://arxiv.org/abs/1504.03198

DM with heavy flavour

Full leptonic ttbar

Vs =8TeV,L=19.7 fb’

Singlet ----- M, =600 GeV

_qal.-
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D 100 :%:;ﬂgg:ﬁ 1 Bl Wijets — M, =1GeV

Events / 40 GeV
<

0 100 200 300 400 : 0 100 200 300
ET* (GeV) M. (GeV)

+ Different analysis approaches for the different ttbar decay
channels (all-hadronic, semi-leptonic and di-leptonic)
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http://epjc.epj.org/articles/epjc/abs/2015/02/10052_2015_Article_3306/10052_2015_Article_3306.html
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DM with heavy flavour

Semi-leptonic ttbar g ¢+ gy

+ Full leptonic ttbar 250 -
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» Better limits from the semi-
leptonic ttbar.

+ Collider limits are competitive
for DM mass below 10 GeV

107
m, [GeV]
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Simplified Models Single Top

+ Single top+MET predicted by
many BSM

+ At least 3-jets with one b-tag

19.7 b (8 TeV)
o T T T T T T i T T I T T T T T
> 60 —CMS ¢ data ;
o f 0 Wajets 10 e 19.7107 (8 TeV)
© 50 Ijﬁﬂets ié .CI’H‘ISIH ----- vector signal
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Q 40 v e d limi
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- N * (700 GeV) S \. [ ]195% coverage
20’ :_ = .1 - "
: E '}
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- @
ot 2
S 15F L1 H @
:(E 1 f ‘k &‘%5{\\. S LYLW : ;\‘; ‘.\".\‘_& ]
%0.5§—§ - 107,
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m(3 jets) (GeV) m (GeV)
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http://arxiv.org/abs/1410.5404
http://arxiv.org/abs/1410.1149

Invisible Higgs decay

q

q

» The discovery of the Higgs at a mass of 125 GeV opens the
door for realistic searches for invisible Higgs decays

» The SM H— ZZ — vvwv has a BR of 1.2 x 10-3, below the
sensitivity of current analyses

» However DM could have substantially large Yukawa couplings
to Higgs leading to BR(H — invisible) much larger than
predicted in SM (if DM mass < my/2)

» Vector boson fusion (VBF) and associated vector boson
production (VH) with different topologies have been explored
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-004/
http://arxiv.org/abs/1504.04324
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.201802
http://link.springer.com/article/10.1140/epjc/s10052-014-2980-6
http://cds.cern.ch/record/2007270

VBF H — invisible

Events/0.5 TeV
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103_F - vy = I 80 =':f_::,
- - Other Backgrounds 3 + 1acD
: —&— Data 2012 ] 60 =$:p

& — Signal (x1)
=l ] gg—n- H {11]

10°?

ATLAS Preliminary

10 20.3fb", 8 TeV

» Look for two forward jets with large invariant mass m;jj (above 1
TeV) and large n separation (typically An; more than 3.5)

+ Main background from V+jets and VBF EW production

+ Itis one of the most sensitive channels to look for invisible Higgs
decays
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VBF H — invisible

d 19.2 fb" (B TeV)
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+ Similar expected limits on BR(Higgs — invisible) between CMS
(<35%) and ATLAS (< 29%) for my=125 GeV

» Observed: ATLAS <35%, CMS <47%

+ Scan as a function of the Higgs mass assuming SM couplings.
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VH (H — invisible)
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VH (H — invisible)
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+ Limit scan as a function of the Higgs mass assuming SM

couplings.

+ Limits on BR(Higgs — invisible) less stringent than VBF channel
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DM-Higgs portal
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& =8.0 TeV, L= 18.9-19.7 i (VBF+2ZH)

4 2
I ‘1rmv mj"-:-f M E=70TeV, L=4.91"(ZH)

05N = m 02 B (M, + my)?’

BiH—+ inw) < 0.57 & 0% CL
m,, = 125 Gal/

" A
VN md v2B(md, — AMEmZ, + 12M2) (My + mn )2’

—_——
— T et

CRESST 2u

—— - KENON1DH(2012)
------- KENOM1D[2011)
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B CoGaNT|2013)90% 0L

[ CoGaNT{2013)95%0L

COMS (20131855 0L

COURP{2012)

— - LUX[90%CL)
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N

DM-nucleon cross section o ,f{ ~ [Pb]

102 10°
DM Mass M, [GeV]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.201802
http://link.springer.com/article/10.1140/epjc/s10052-014-2980-6

Prospects for Run-Ill dark matter searches

Monojet selection

3000 — : : : e
- ATLAS Simulation Preliminary EFT -
2500 D5, m, = 400 GeV —
- 5% syst

2000 %" r:-:l‘ gsugw-c:tln

+ Monojet analyses using similar
strategies as in Run-I are
expected to surpass previous
limits with only 5/fb at 13 TeV

+ Harmonization of DM searches : :
ongoing within the ATLAS/CMS 500 o :

—a— MET > 800 GeV

15001

Suppression scale M, [GeV]

1000}~ —e— MET > 400 GeV

Dark Matter Forum et
' 20 .?9'5 _!9,2 ‘;9'3 el
https://twiki.cern.ch/twiki/bin/view/LHCDMF/WebHome ° & o i1 001,
D;gramwThgmaSJacques experimentalx The Forum addresses:

signature

< Set of prioritized simplified models

overlap with _
other searches, 3 Benchmark MC generation for common

:i,,t::,'[z:,';ﬁ'tation models (treatment of details,
systematics, etc).

production
mechanism

© mediator type
and characteristics

(mass, width..) X # Common procedure for EFT validity
exchange channel . treatment

coupling to SM coupling to DM
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http://cds.cern.ch/record/1708859
https://twiki.cern.ch/twiki/bin/view/LHCDMF/WebHome

The LHC is up and running at 13 TeV!!

The CMS experiment team celebrated when the first collisions occurred

LHC Pagel Fill: 3746 E: 6500 GeV t(SB): 00:00:00 21-05-15 09:22:18

BEAM SETUP: ADJUST

6500 GeV I(B1): 1.84e+11 1.85e+11

FBCT Intensity and Beam Energy

Updated: 09:22:19 Stable Beams at 13 TeV

Intensity

BIS status and SMP flags
Link Status of Beam Permits
Global Beam Permit

Comments (21-May-2015 09:22:03)
test collisions at 13 TeV

Setup Beam
Beam Presence
Moveable Devices Allowed In
Stable Beams
AF5: Single_2b+1p_1.1_1 PM Status B1

EXPERIMENT

Status B2




Conclusions

» Dedicated ATLAS and CMS |
dark matter searches using

multiple final states.

+ Interpretation of the results
done in the context of EFT and

simplified models.

Don't you think we
, Should add something for

+ No signal discovered yet —
complementary results to other
Dark Matter experiments

» But run-1l has just started... stay
tuned!!

“Whal do you mean, il’s a stari? Thal's il
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Additional material
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MET+W/Z — leptons

10-34
DE E I I Ll Illlllth_Als 1 IIE;JIIIII D&:I 1 I IIIIII i | I IIIII I | I||I||| 1 I I IIIIII
35 —— mono-W lep, o
(] 10 ——d—— ATLAS mono-W lep, D5d ATLAS1 90% CL
e -
= 103 - -©-- ATLAS mono-Z lep, D5 20.3fb" Vs=8TeV
O 1097 \ ~— ATLAS mono-et 7 TeV, D5 o
B T T T LT~ L . -
@ 0% R
% 10-39
40 M. o Lo e
O 10 N spin-dependent
Q \
10—41 - J— ~u—
ZI 42 1---"' I \ :‘.#_.....-—
< 10 s e iy
43 . -
10 spin-independent ATLAS Wieo ba PICASSO 2012
1044 = mono-Wiep, B8 siMPLE 2011
. LUX 2014 --E- - ATLAS mono-WiZhad, D9 __ _ |cocube WW
105k - - CoGeNT 2010 f }
4gE — XENON1002012 ==-El-- ATLAS mono-WiZ had, DSc - ATLAS mono-jet 7 eV, D9 —— jceGube bb
107°F — SuperCDMS 2014 = = A== ATLAS mono-WIZ had, D5d -=©-- ATLASmono-Zlep, D8 ~ —— COUPP 2012
10—4? 1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIIII 1 | IIIIIII | 1 IIIIII| ] 1 IIIIIII
1 10 10° 10 10°

m, (%" m [GHV
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.012004
http://link.springer.com/article/10.1007/JHEP09(2014)037
http://arxiv.org/abs/1408.2745

EFT operators

Name | Initial state Type Operator
C1 qq scalar %%XTXGQ
C5 ag scalar 4;{1% x"xas(GS,,)?
D1 aq scalar %ix@q
D5 qq vector 312 X1 XV
D8 qq axial-vector ff XYY XTYuY°q
D9 qq tensor 1"‘}3 XoHY xqo v q
D11 gg scalar 4;43 xxas(Gg,)?
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