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Dark matter

- -rotational velocity

Dark matter presence is confirmed | IS
by the study of galaxy rotation HEEEEE VT — T

curves and from the study of the RS 8 4 |
CMB aﬂISOtrOpIeS ** 5‘I"W:Iis;tammfmmt:tmte_r[Iillnlftﬂ;:::ars]

Dark matter + dark energy form ~
95 % of the Universe.

Weakly Interacting Particles
(WIMPs) are the best candidates
for dark matter particles

Dark Matter

Dark Energy




Models of dark matter production at colliders

* Effective field theories (EFT) : Approximation of contact interaction through
heavy mediator.

Name | Initial state Type Operator
 Results parametrised and a few parameters: scale of _T - — -
, . , ) qqg scalar —g- ‘qq
interaction M-and WIMP’s mass. "
C5 g9 scalar mxf\as(Gﬁu)Q
« Poor approximation when interactions momentum D1 » scalar ™ 2l
transfer larger than intermediate state’s mass. L
p D5 qq vector m\”)‘“XQ"m(l
q N D8 qq axial-vector ﬁg—{q“qf’\(jﬁmqf’q
D9 qq tensor ﬁ{a‘“’xgauyq
D11 qg scalar ﬁg\"\/as(Gﬁu)Q
T Effective interactions coupling
X WIMPs to SM quarks and gluons
EFT operator

 Simplified Models: Reduce a complex model to a simple one with DM, using

explicit mediators. .

 Additional parameters are need (mediator mass,
couplings and decay width).

e Searches more model-dependent, but models valid at mediator
all energies. q



Dark Matter in ATLAS

 Dark Matter searches all rely on high amount of transverse momentum
imbalance in the detector, indicating the presence of weakly interacting
particles that escape undetected.

Search strategies based on looking for events with high E7miss

o jet + Eymiss
© Y+ E7msS > Mono-X
e W=/20 + Ermiss (had, lep)
o tt+ E7miss (OL,1L)

« b/bb + Epmiss )

AN

> Heavy flavor

* Results interpreted using Effective Field Theories (EFT) and with simplified models.
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Mono-jet + E7miss

Selection:

o Event categorised in 9-E77ss bins : Eymiss> 150, ..,700 GeV
o Leading-jet pr: prifead) > 120 GeV

o Jet recoils against DM pair: pri-lead) > 0.5xErmiss

o veto events with leptons and isolated tracks.

o A¢(jet,Ermiss )>1.0

Events / GeV

Data/SM

— Look in a region with high E7miss
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(arXiv:1502.01518v1[hep-ex])

INn most cases the most sensitive of the mono-X channels.
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MOnO-jet I ETmiss - backgrounds (arXiv:1502.01518v1[hep-ex])

Main background are EW processes
with intrinsic E7y™ss, accompanied by
jets.

Z(vv)+jets : irreducible background.

W(tv)+jets: with unreconstructed or
misidentified lepton.

Both estimated from data using leptonic
Z or W control regions (CRs).

In this case, CRs are Z(?f)+jets and
W(tv)+jets events with identified
leptons.

Event count from CR extrapolated to
signal regions (SRs) using transfer
factors.

Events / GeV

Z(t!)+jets control region

ATLAS
(5=8 TeV, 20.3 5 SM uncertainty

Z(~ uu) CR, EM™>150 GeV Bz

—e— Data 2012

ll)+jets

=

Di-boson =
B 1 + single top =
E

[ w(= v)+jets

100 200 300 400 500 600 700 800 900 1000

Di-muon invariant mass [GeV]

A

TF

CR for bkg x > SR1
TF

CR for bkg y —> SR2

TF

=
var2



MOnQ-jet = E-,-miSS = results (arXiv:1502.01518v1[hep-ex])

c'\I—1O-28 T T ||||||| T T ||||||| T T |||||||
S ol ATLAS oeor | mRRE >
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8 N-h truncated, coupling = 1 — I)_(UX 2(%101(3) 99%0//0 (él[
- . ; — Xenon %
? 10 zo- ~t~ru~ncated, max coupling —_CMS BTeV D5
o TTe-l CMS 8TeV D11
S 10°%°
S
D 1038
S
c 1 0%
ol
= 10
s 10
spin-independent
10'46 | | IIIIII| | | IIIIII| | | IIIIII|
2 3
1 10 10 10
WIMP mass m, [GeV]
°

1 020

ATLAS 90% CL — COUPP 90% CL

2.1028 - wD8: %"y 5 1%  5=8TeV, 20.3fb" — SIMPLE 90% CL

cC S= W= — PICASSO 90% CL
v D9: %0""xGo, . q

"g 1 0'30 —_ truncateé coupling = 1 — Super-K 90% -CL

O ’ IceCube W*W" 90% CL

2 anf T truncated, max coupling —CMS 8TeV D8
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S
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ATLAS limits shown (by dashed lines) for several EFT operators.

e all measurement are consistent with SM.
e truncation procedure applied to ensure EFT validity

+ each experiment has its strength

Complementary of direct/indirect detection and colliders.



MOnQ-jet = E-,-miSS = results (arXiv:1502.01518v1[hep-ex])

« more model parameters
« complete description for physics at
the LHC 1

%I 3.5F .. m,=50GeV, I'=M_ /3 _:

I':' — mX;SO GeV, F;Mmed/&c ATLAS E

o« Simplified model(Z’-like mediator) = 8F . n-ocev.rm.s  1s=8Tev, 203"
results also available 250 e E

5 -- EFqTXIimits | E

EEIIII|IIII|IIII|IIII|IIII|IIII|IIII|

10
M_.q[TeV]

(ATL-PHYS-PUB-2014-007)

- ATLAS Simulation Preliminary
D5, m =50 GeV
5% syst

n<\/ gSMgDM<4n

3000

 Improved sensitivity expected with first
months of LHC run 2.

2500

2000

l

e stronger focus on simplified models in
run 2.

1500

Suppression scale M, [GeV]

1000 —eo— MET > 400 GeV

—&— MET > 600 GeV

500
—4— MET > 800 GeV
0 19 I7 I7 I7 I7
Tey 47~e|/ 47~e|/ 4Te|/ 4 ol
» 20 H-1 S fh-1 25 o1 300 fb-1 00p 1



(arXiv:1411.1559v2[hep-ex])

Mono-photon+ Epmiss

e Sensitive channel because of well-measured gamma and mostly EW

backgrounds.
. Y
Selection: g X ; ! .
o At leat 1-isolated photon (pr¥) > 125 GeV)
o No leptons v
o At most one jet. , X q *
o Ap(y ,ETmss )>0.4 EFT Simplified model
o Ermiss >150 GeV
— Look in a region with high Ermiss E SATLAS T T T T T e 3
o 10 [Ldt=2031" Vs=8Tev YIZ(:W) _
g ?—LW‘ -z{/V/\,ZV-fjetl,\’;)op,diboson §
Main background: 2 10 g —Jea =
L% ///// uncertainty 3
o Z(vv)+y , W(fv)+y : estimated in data control 10 ’
. T
regions 1 W,

o W/Z +jets: estimated using data-driven jet—>y

mislD factor

/////////

200 250 300 350 400 450 500 550
E™S [GeV]

o
(o))
o

Data/Bkg
() -k
Q1 O1

¢

* No excess observed in signal region
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Mono- ph0t0n+ E-’-mlSS results (arXiv:1411.15659v_[hep-ex])
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S = 4 expected + 20 = S 4 ~-32— LUX 2013 90%CL — Xenon100 90%CL A- DB: ATLAS BTeV a1 90%CL—
c - \s=8TeV, f Ldt =203 -+~ truncated, coupling=1 - @ 107 —8— D5: ATLAS 8TeV g=4x 90%CL o D9: ATLAS 7TeV g(_1‘) ]
I H ] — . = ° : e -
_f_-_) 900 m truncated, max coupling J é -6 BZ: 2%22 31% g(=1_§90%CL —— D8: ATLAS 7TeV 1(2% =
€ 800 - o : eV y(xx 7
— S G G ST RS T S S G T AT G - (@] 1 0'36 —
— = Z
o 700 = .
2 600 El
o - .
o) — -
S00E E —
= = spin-dependent — p|CASSO 90%CL
400 ... o o = — Super-K 90%CL .
~ - 1044 ATLAS IceCube W*W"90%CL
300 - | | | Ldt=203 o' @=8|Tev 5
-l__ Illl I I I I Illll I I I I Illll | L1111l | L 11111l | L 11111l | L1 111l | L1 1111l | L1 111l
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m, [GeV] ” .
X%
. . l;‘ B T T T | T T T T LI | T T T T T T 1T ]
* all measurements are consistent with the SM. © 2.5 -+ m,=50GeV, I=m/3 -
'-: - —— m,=50 GeV, I'=m,/8x ATLAS i
. . E » | --x-- m,=400 GeV, I'=m,/3 Vs=8 TeV,det=20_3 o™ |
* truncation procedure applied to ensure EFT 5 [ 0GRS i couping -
AL = i u . i
valid lty' % 15 :_ - -~ EFT DS limits B
O r B
* limits for three EFT operators (D5, D8 and D9) & i -
- =50 GeV 1
* For very high mediator mass, limits should 050 Foreic0 G ]
approach EFT (green dashed lines) - -
0 B N |
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Mono-W/Z+ Emiss ( hadron iC) (arXiv:1309.4017[hep-ex])

e ‘Boosted’ analysis : W/Z have large enough pr that R X
decay jets merge into a large-radius jet (fat-jel)

Due to interference effects mono-W can be more sensitive

Selection: . ¥
o At least a large radius jet (pr >250 GeV)
2 AT Ae o a e Ty e Data ]
o myet €[50,120] GeV Boso JTue X ™ aim -
= - r__l o e/u/t)+jet -
o Lepton and photon vetoes £ 2001 | | B Diboson E
. | L%’ - | /) uncertainty .
o overlap between narrow jet (priet>40GeV) 1901 — (=) x100
d the fat-jet 100_%//%////@ W/M _-Tﬁdﬂ E
and the fat-je : i i Tl ///
o 2 signal regions with: E77ss>350, 500 GeV R S— | E
— Look for an excess in the mjet distribution 0__‘;:'____
> :' rr7 T T T T ':
S :zgs& ETS® > 500 GeV N E
Main background: 5 255_ E
o Z(vv)+jets , W(fv)+y : estimated in data control & 205— b E
regions 12_ F M W E
o W/Z(e/u/t)+jets o Wi /
o Estimated from data control region % 60 70 8 90 110[Ge \1/ ]20

jet
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Mono-W/Z+ E-’-miSS ( had_) = results erxiv:1509.4017hep-ex))
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S
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ATLAS 20.3fb" {s=8Te\

\
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|

|
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 When up-type and down-type couplings of W have opposite signs, ratio of
mono-W >> rate of all other mono-boson production.

e |imits for four EFT operators (C1, D1, D5, D9) .
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Mono-W/Z+ Ermiss (lep.)

e (Clean signatures with leptons at the final state.

Z— {+f- (arXiv:1404.0051v3[hep-ex])
o Two leptons with opposite charge (¥=e, u)
© mee €[76,106] GeV

o Jet and third lepton vetoes

o Main background: dibosons

— Search for an excess in events with high Eymiss

W—- v (arXiv:1407.7494v1[hep-ex])

o One lepton (electron or muon).

o e-channel : Et>125 GeV and Ermss>125 GeV

o u-channel : pr>45 GeV and Ermiss>45 GeV
W(tv) tail, Z(€%¢)
misidentified lepton, leptonic taus in W(tv),

Z(tt), dibosons
mr = [2prET™iss(1-cosp.v)]'2

— Look for an excess in events with high mr
13

o Main background:

8
% 107 -+ Data WZ
10 W/Z+jets ZZ—lvv
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100 T | m, =200 GeV
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Mono-W/Z+ Ermiss (lep.) : results

1 ()5 E T T T | T T T | T T T | T T T | T T T | T T T | T E
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e e e BT T eeal
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10%
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10 —— LUX 2014
1 0-45 - = =- CoGeNT 2010

ATLAS mono-jet 7 TeV, D5

—— ATLAS mono-W lep, D5c
=& ATLAS mono-W lep, D5d
\ ==©== ATLAS mono-Z lep, D5

--------
________
-
-

-
.=
-

spin-independent

XENON100 2012 ==Fl== ATLAS mono-W/Z had, D5c

ATLAS
20.3 fb

N

—l— ATLAS mono-W lep, D9

= =[=]= = ATLAS mono-W/Z had, D9
ATLAS mono-jet 7 TeV, D9

— PICASSO 2012

90% CL
\s=8TeV

SIMPLE 2011
IceCube W'W'
IceCube bb

10 SUperCDMS 2014 = ~A- - ATLAS mono-WiZ had, Dsq B = ~©-= = ATLAS mono-Z lep, D9 COUPP 2012
10-47 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 |||||||
1 10 10° 1031 10 102 10°
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Stronger limits on M- when W/Z decay hadronically
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Heavy ﬂavor+ E-’-miSS (arXiv:1410.4031v2[hep-ex])

 Dark Matter search in final states with heavy flavour motivated on a

variety of grounds. L
Simplified model

EFT
b,t _
b <
X d)* b
A < X > ’
X
I T 9
b g b,t
In effective scalar-mediated interactions, b-flavored DM(b-FDM) model,
DM couplings largest to massive quarks motivated by Fermi-LAT excess

* Analysis uses 4 signal regions defined to target DM production with :
e 1or2 baqguarks
e (tpair with all-hadronic or semi-leptonic decays
* Large Eqmiss

e Selection in each region optimised wrt targeted final state and background
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Heavy ﬂavor+ E-,-mlSS (arXiv:1410.4031v2[hep-ex])

S 10° g T T Y ot = 2 10° ';4'-”'_;4'3"'”II"'Illlllllllllolllllaété"lHHIHIE
1o ATLAS : 3 O] : =
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102 e T 10? =
= By Lo . 5
10 = : ammanwm s 10 = B reeaas NI Y-S
= i ! = —
1 i L 1 7 vakKia 1 = | I F—
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7o) 106 UNLEELLE LR INLEL L LR BELANL LR L LR 'Il:)'at' LA DL L = : L e e e e e e e e L e o e e e e e LS m e :
S ATLAS ) — 8 o[ ATLAS —°— Deta N
5 10°E- Vs=8Tev, [Ldt=203f 1 Single to 3 = ys=8Tev, [Ldt=2031b" CJd E
k2 S _ gle top 0 = [ Single top =
S (c) SR3 tt(oL) 3 V+iets P -~ (d) SR4 3 V+ets .
o 10° [ Other = ry
; o 102 tt(‘l L) [ Other —
3 77277 Syst i = — U Syst. E
10 DM+ (10 GeV), D1 - i DM (10 GeV), D1
102 10 §_ llllllllll_é
. -1 o
e i 1 G H
107 g — 107 = : -
o 15 / 2 = =
g - WKM%#W#W s b _=
S 05 /% W < 15/// //////// /////////W e /
0 02 03 04 05 06 07 08 09 1 55 200 450
R ET [GeV]

* Data/SM comparisons in the different Signal Regions (SR). Good agreement.

» Mr = /(1] + B2 — (p) +ph)?

 t{(OL) uses a Razor variable (R) as discriminant .
(arXiv:1006.2727[hep-ex]) 16 . MR =

¢ EP (o} +pk) — By (5] +BF)
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Heavy flavor+ E

;‘ 2007 T T T T TTTT T T T T TTTT T T T T TTTT | ]
o 180] ATLAS ~ SR4
O - 20.3f07, (s =8 TeV -+ SR3 1
= 160p (a) Scalar (D1), 90% CL = SR2
140 = SR1_
120] TN s
100, . .

2 - H.\‘\ v, .

801 T

60t — LY

i W.:“A "

40t B R

: ey

20 Qﬁé]

: 1 1 L1111l | 1 1 L1111l | 1 1 | | :

1 10 107 10°

m, [GeV]

limits for three EFT operators (C1, D1, D9).
limits in top-quark SR better than in

e D1

mono-jet, as scalar operators proportional to

quark mass.

Exclusion countour in b-FDM model :
e Fermi-LAT interpretation suggests mpw

~35GeV

e For this mpm, simplified model excludes
mediator masses in range [~300, ~500] GeV
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iss » results

(arXiv:1410.4031v_2[hep-ex])
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mono-H (into two b-quarks) + DM o ve suwmittea soon)

 Following Higgs discovery, mono-Higgs production in association
with dark matter provides very interesting final states . Higgs not
emitted from initial-state quarks, but from physics related to DM

production.
q,9 / ]’L
/
/
/
————— X
h, Z,~
q,9 X
EFT contact operator Z’ mediator in 2HDM
> LA LU L L EL L B L B AL B B B
° » . ] _ ®© 10° = ATLAS Preliminary Resolved SR e Data =
Higgs boson final states as a high-momentum bb system © T emsrov. 2001 Zswor -
. . > B COW(=)/Z(—I)+ets N
O Apmin(ji ,ETT )>1. §E B e, Dimee
i - FZ E"': B Multiet .
o Two signal regions have been considered : ol ™ i 2 SHDMAE 1000 Gov—
o a pair of small radius jets (resolved) L o _
o single large radius jet (boosted) N - ;
o Mbbz/Myer€[90,150] GeV = % — ' //? """"" :
. . ] S— S oI 00 Ut —
o Large cuts in E7™ss from 150 GeV to 400 GeV R S L/ A

E™ [GeV]
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mono-H (into two b-quarks) + DM o ve suwmittea soon)

\'s=8TeV, 20.3fb™
xv"xB.HD'H
Fermionic DM

T T T TT II| T
ATLAS Preliminary — h—bb observed -
---- h—bb expected -
[ =10 uncertainty
[ ]+20 uncertainty |
~@- g=1 trunc.

-@- g=4m trunc.

95% C.L. A lower limit [GeV]

//////////////// NI PP PP I I PP I I ISP PP I IIID
/////////////////////////////////////////////////{é;
B 7
I I it
1 1 111111 1 1 1 1 1111 1 1 111117

Boosted SR is used to interpret 95% CL limits on
the suppression scale A or coupling parameter A

for EFT models.

Resolved SR sets 95% CL upper limits to exclude
portions of parameter space of the Z-2HDM
Parameters spaces below the limit
contours are excluded.
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S
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S
.....
-

///////////
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...............................

3
1 10 10° 10
m, [GeV]
E;‘ 8(”) : LI | LI | LI | LI | LI | LI | LI | LI I:
[0} — 1 H OHDN T eor =
8 750 :_ATLAS Preliminary z-2HDM """ o o (10" 3
— _ -1 I BT —
E< 00 :_\@_8 TeV, 20.3 fb tanp=1 " Expected limit (=107 1
650 ]
600 =
550 f— —f
500 =
= " -
450 — 7 A —
wf L e E
350 |- A\
C . \% -
300 C1 o1 i i 111 1 I R B R \El 11
600 700 800 900 1000 1100 1200 1300 1400
m,, [GeV]

19



I T T T I T T T I

Toward LHC Run 2.
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Early DM analysis plots from Run 2.
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Conclusions
* Broad variety of DM searches in ATLAS
* All data consistent with SM expectations
e Significant regions of parameter space have been scanned.

 Limits on New Physics using both EFT approach and simplified

models.

e Excellent complementarity of ATLAS results and those from direct and
indirect dark matter search experiments.

e Sensitivity increases significantly with 13 TeV.
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Backup slides
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mono-H (into two b-quarks) + DM o ve sumistea soony

Resolved Boosted

A¢min(ﬁ%niss, i) > 1.0 > 1.0
. 2<nj<3 ny 21
Jet multiplicity Nk > 2

J

b-jet (60% eff.) pr

p7' > 100 GeV

b-jet multiplicity

np = 2 (60% eft.)

npux = 2 (70% eft.)

Jet pr

py? > 60 GeV when n; = 3
py: > 100 GeV when n; = 3

pyl > 350 GeV

Ad (E’rrlpiss, ﬁ"rI‘niSS)

<m/2

Dijet separation

AR(j1, j2) < 1.5

Invariant mass

90 GeV < mp,p, < 150 GeV

90 GeV < my, < 150 GeV

miss
ET

> 150, 200, 300, or 400 GeV

> 300 or 400 GeV
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Effective Field Theories

SM SM
Lefr = E : CXO(X7 q) + CXO(X7 C) X
quarks
SM X
. . one
\/ 1
Gx _ < gqu) — ( N parameter O EFT operators
My M. (+ x mass)
WIMP-DM (x) ID interaction Operator Gy
Dirac scalar D1 quarks XXq9 mq /M.
Dirac vector D5 quarks XY*XG7.q 1/M?
Dirac axial-vector D8 quarks XYY XG7uY’q 1/M?
Dirac tensor D9 quarks XY XG0 11 q 1/M?
Dirac scalar D11 gluons XX G v GHY as/4M>
complex scalar CT quarks xxqq mq/ M=
complex scalar C5 gluons XTXG“,,C’“’ a5/4Mi
Each operator O can be classified in a systematic way. Different
signatures have different sensitivity to each operator.
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Effective Field Theories interpretations

Results are translated in terms of lower limits on M,

1/y
MImIt — pEeT ( ot )
* >

Oexcl

(y depends on the operator)

At the LHC energy, EFT assumption (Qganst << Mmeq) might not
hold. To verify this we need to assume something about the
underlying physics

Different truncation strategies are used:

* assume simplest interaction structure and correct the cross
section for only valid events (Qgansr < f(8q8x s M«))

e Evaluate the fraction of valid events Ry, using an effective
coupling Qpranst < ZerM-x




Simplified models

e Reduce a complex model to a simple one with DM, a mediator
between the SM and the Dark Sector, one interaction channel

* Few free parameters: m,,cq, Mpm, gsm, oM, T med
+ nature of mediator and DM and their interaction

m
\(,/

coupling to SM

production
mechanism

diagran by Thomas Jacques
experimental
signature

mediator type

and characteristics
(mass, width...)
exchange channel

X

overlap with
other searches,
literature,
implementation

X

coupling to DM

e Simplified models can (also) be systematically classified

e They are always theoreti

cally valid, although is up to the

theorists to re-connect them back to the complete models



HF + DarkMatter

Op1 = Z ,’3‘3‘ XXq9 Oc1 = Z M2

quarks ~ *

* my motivated by MVF constraint, enhanced coupling to top
quark

* investigation of bottom quark couplings interesting in case of
only down-type interaction.
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