13 TeV mono-jet results with simplified models

359" (13 TeV)

1073
107%
10732
1073
1073
107

—

[aV]

21040
U)E -41
2510

10742
1074
10744
107
10746

Sensitivity extends to arbitrarily light DM \0/3
_ (but dependent on mediator)

e 10%
O, 38
2 \

39
%10

CMS Preliminary
Vector med, Dirac DM, gc| =0.25, 9ou= 1

""" CMS exp. 90% CL
— CMS obs. 90% CL
— LUX

— CDMSLite

= Panda-X Il

(SST-“

N T—— T -__r
g E ATLAS 90% CL limits 7
—_— = Vs=13TeV, 3.2 b ~ XENON100 "l
- — -==- LUX —
o i 1 PICO-2L
-33_ _
§ 1070 ' - PICO-60 5
= - 5 —— Axial Vector Mediator
\?5 — 7'- Dirac Fermion DM =
- 7 =025,g =1.0
081036.— 3 S
1072 . = .
e . =
. Spin-dependent -
l Ll lllllll 11 lllllll L 1111111 Ll 111111[ L
3
1 10 10° 10 10
m, [GeV]

Ar A -1iaAa=+_1n

35.9 fb' (13 TeV

S

\Y

—

o
[e]

o paa
CMS Preliminary [ zov)-+iets
[ ] wiv)+ets
] wwwzizz
- Top quark
] zvan, y+ets
[ Jacp

-
o
()]

monojet

Events / Ge
=)

—
(@)
w

102

—
<
T IIIII|T| T TTTIT

Higgs invisible, m, = 125 GeV

Axial-vector, m_  =2.0 TeV
med

IIIIIL|J 1 IIIIIII| 1 IIIIIL|J 1 IIIIIL|J 1 IIIIIII| 1 IIIIIL|J 1 IIIIIL|_|_

B
o
P
©
(]
o
«
©
o]
400 600 800 1000 1200
miss
E; " [GeV]
1 10 10° 10° 10

m, [GeV]

1400

UU!.}JUD ddVAY dVVIN\'uUUIJIlU v} IUIJULU IJU!}!IUW!O WUJ} uu!.}c'auca_'_

36



Gomparison to Non-collider searches for Dark Matter

35.9fb™ (13 TeV)
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Already Many MET+X Searches Done with 13 TeV Data by Last Summer

) 4 Dataset CMS Documentation
jet or V (hadronic) 2016, 129 fb EXO-16-037 Eiko Yu
photon 2016, 12.9 fb EXO-16-039
Z (Il) 2015, 2.3fb EXO-16-010
Z () 2016, 12.9 fb EXO-16-038
Higgs (bb) 2015, 2.3fb EXO-16-012
Higgs (vy) 2015, 2.3fb EXO-16-011
tt (semilep+had) 2015, 2.21b EXO-16-005
t (hadronic) 2016, 129 b EXO-16-040
Analysis Dataset Public link
Production search:
m‘SS—I—Jet 2015 Paper: EXOT-2015-03 Steven Schramm
Emiss | 2015 Paper: EXOT-2015-05
Em‘SS+Z(—> 17) 201542016 | Note: ATLAS-CONF-2016-056
ER+W/Z(— qq) 2015 Paper: EXOT-2015-08
ERSS+H(— bb) 2015 Note: ATLAS-CONF-2016-019
ER*+H(— 7) 201542016 | Note: ATLAS-CONF-2016-087
RIS H(— €60 2015 Note: ATLAS-CONF-2015-059
Emlss—l—b-Jets 201542016 | Note: ATLAS-CONF-2016-086
mls‘°’-|—tt (04) 201542016 | Note: ATLAS-CONF-2016-077
ERsS 4 tf (14) 201542016 | Note: ATLAS-CONF-2016-050
mlSS-I-tt (2¢) 201542016 | Note: ATLAS-CONF-2016-076
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Publishing Results with 36/fh...
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Dijet Resonance Searches circa 2013

Coupling of new particle to quarks

Dobrescu, Yu Phys Rev D 88 035021 (2013)
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Data Scouting, Trigyer-Level, and Real-time analysis

Usual collider detector readout: record everything for a collision

DM interactions are rare

because coupling is tiny

Bandwidth = Rate * Event Size

For signals buried in huge background, reduce data size/complexity to increase rate of recorded data
ATLAS: factor O(100x) increase in event rates
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. Physics Letters B 754 (2016) 302-322
ATLAS Dijet Resonance Searches at 13 TeV arXiv:1703.09127

Data-driven background fit
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DM interactions are rare

ATLAS Photon+Dijet and Jet + Dijet ATLAS-CONF-2016-070

Trigger on an ISR photon to avoid the high thresholds of the jet triggers

because coupling is tiny
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GMS Jet + Highly-hoosted Dijet CMS PAS EXO-17-001

Collimated into single jet
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ATLAS Dijet Resonance Searches

Coupling of new particle to quarks

Dobrescu, Yu Phys Rev D 88 035021 (2013)
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Latest Dijet Resonance Searches...

coupling, g
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Latest Dijet Resonance Searches...
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ATLAS MET+X and Dijet Searches

DM Mass [TeV]

—
N

0.8

0.6

DM S|mp||f|ed Model Exclusions

Benchmark model points: LHC DM WG, arXiv:1703.05703

Dijet + ISR

/

S

1/

Ll Ll r s I L}

\"lz

Dijet

Axial-vector mediator, Dirac DM

94 = 0.25, 9= 0, 9,

All limits at 95% CL

=1

ATLAS Preliminary March 2017
—r 1 oo T

> 25

. . .
Mediator Mass [TeV]

= Dijet

Vs=13TeV,37.0 b
arXiv:1703.09127 [hep-ex]

Dijet 8 TeV
Vs =8TeV,20.3fb"
Phys. Rev. D. 91 052007 (2015)
Dijet TLA

Ys=13TeV,3.4 1"
ATLAS-CONF-2016-030

Dijet + ISR

Ys =13 TeV, 155"
ATLAS-CONF-2016-070

Emiss+,Y
Ys=13TeV, 36.4 b
CERN-EP-2017-044

Em'ss+jet
Ys=13TeV,3.21b"
Phys. Rev. D 94, 032005 (2016)

51



ATLAS MET+X and Dijet Searches

DM Mass [TeV]
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A"_As MET+X and niiEI searches Benchmark model points: LHC DM WG, arXiv:1703.05703
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ATLAS MET+X and Dijet Searches

DM Simplified Model Exclusions
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ATLAS MET+X and Dijet Searches

DM Mass [TeV]

DM Simplified Model Exclusions

Benchmark model points: LHC DM WG, arXiv:1703.05703
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6, (DM-nucleon) [cm®]

Benchmark model points: LHC DM WG, arXiv:1703.05703
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G, (DM-neutron) [cm?]
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G, (DM-proton) [cm?]
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Benchmark model points: LHC DM WG, arXiv:1703.05703
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) PICASSO
s [arXiv:1611.01499]

PICO-60
[arXiv:1702.07666]

Super-K (bb)

107 '
[arXiv:1503.04858]
IceCube (bb)
1 1 1 L1 111 I 1 1 1 L1 111 I L 1 1 L1 111 I

_45 [arXiv:1612.05949]
10 > 3 IceCube (tt)
1 10 10 10 [arXiv:1601.00653]

Dark matter mass m,,, [GeV]

107%
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. q q X & 8
Future: Extended Scalar Sectors
The DMF report recommended several types of scalar
sector models: ————

» P S, P P
mono-jet-like models (intentionally simplistic) ~~ X
- scalar/pseudo-scalar 's-channel” models — not

gauge invariant 4 X & X
and three examples of more complex sectors with q h
mono-V/H signatures: /

7z

- Z'> DM DM with h
- singlet S5 DM DM with mixing to h
- 2HDM+Z' (Ao->DM DM)

q X
Since the DMF report, the community has produced S
more coherent surveys of these kinds of models and f‘ﬁ_.b’.f"
some proposals to replace the above. i h, 5\\ X
Yx
- Add mixing with Higgs sector (SU(2).) (=> at least (
two scalars) q X
. . .. 4 h & h
- Forces VV coupling of DM mediator, through mixing K o
with Higgs b,6 /’ gl
=> Mono-Higgs, Mono-W/Z t hSp, s\ g X — X
=> diboson decays ' ' (
8 X & X
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. a . - 1 1 1
Scalar singlet mixing with SM Higgs, +DM V = Viiggssm — 5 MssS® + 7258 + 5 Aus®T DS

- Mixing angle small due to combination of H-=invisible,

precision Higgs constraints, direct detection m -
Lints—n = —(hcose — ssine) Z ?lfifi — ypmu(scose + hsine)yy
=> small cross sections (small €) 7

. : 3/2
Exceptions: _ ygsin®e 4ms
- weak bounds for DM >~QO(1 TeV) h
- gap in constraints for ms~my and DM>O(10's GeV) I N
i ) i; fffff s ;; s/ ¥
07 = ) 9 , ’
0.6' ! " g q » ' « v /
0.5F + S & v ) 1 vi
, 0.4 [E— A
| o
5] q R
0.3_ 4 ) JJJJ
ot
0.2} g
q S
0.1¢ T:;Ll:;ll;%vcev SIDD v P n <
- exclude iggs invisible wi ’:*w“ . R
OO:.. L 3 1asin L 3 i T L1 ......: gl:e—exclluddedd?yigvgconstr:ilnts ah }:—it[- ,} 7
10° 10° 102 10° 104 | T
my, (GeV) 2 S }
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. a . - 1 1 1
Scalar singlet mixing with SM Higgs, +DM V = Viiggssm — 5 MssS® + 7258 + 5 Aus®T DS

- Mixing angle small due to combination of H-=invisible,

precision Higgs constraints, direct detection ms
. L 7 . —
Lints—n = —(hcose — ssine) Z ?fifi —ypu(scose+ hsine)jyx
=> small cross sections (small €) 7

: . 3/2
Exceptions: _ ygsin®e 4ms
- weak bounds for DM >~QO(1 TeV) h
- gap in constraints for ms~my and DM>O(10's GeV) T T e N TN
(A . vvz v: 77777 . ': . » v
» y ol \ . .
300} 1 v 1 \
= Destructive interference of h
© g !
o and s occurs when mg ~ my, -
< 100f . Y% ¥ Hjif
~~~~~~~~~ »
RS | ——sine=104 ! °
! 5o, | ----sine=10.03 SIDD 9 o 9_ S
30f/ - /3 | . o s g
; Red - For sin € = 0.4, this region excluded T‘V___:_’_.- t?ﬁf
Ll 1 by Higgs invisible width. Ml S pn
10 30 100 300 1000 3000 No corresponding bound for sine = 0.03. h

my (GeV)
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Extended Higgs sector and singlet (2HDM+S)

Introduce an additional Higgs doublet and a
separate scalar

- generalization of scalar singlet mixing
model

- one doublet to be SM-like (alignment limit)

- mix the additional doublet with a singlet to
mediate DM interactions

=>h, H, Sin Bell et al, or h, Ho, H+-, A, ao in
No et al., etc.

Substantial mono-h, mono-Z, and
VBF+invisible signatures

- lots of different pheno, depending on
hierarchy of scalar masses

e.g. resonantly-enhanced (Jacobian) mono-
h, mono-Z (mono-W)

ma > Mg +myp my, > Mg +mgz

------ \\ (Resonant) mono-h/mono-Z o
' (moho-W)

g o« (Assume a Decays invisibly) ¢

a

1 y y p 1
max o ——/(m% —m? —m2)2 = 4m? m? T~
ET 9 ma ( A h u) h"a El 2”)””

dG [ fb ] o %2"\1=0.3 TeV
— | A7 m,=0.6 TeV
dE, GeV o Zag g Tev
- \Z/?ﬁimp
B VViggiqq
B Z+jets

tt+jets

N\

| IllIIlll lllll|,|,|,| Lo

107!

102

107

1075 100 200 300 400 500 600

£, [GeV]
Representation in Bauer, No, YR4, etc.

mp, Mg, Ma, Mg+, M,
v,tan B3, cos(8 — a),sin 6

mief, Yy, >‘3

2 2 _12)2
\/(m”“ —my —m?)

7
—4m5m?
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Many variations

Two scalar doublets means

- additional constraints from Higgs measurements, precision

EW observables, flavor physics....

- lots of parameters - requires careful evaluation of constraints
to understand 1) where colliders are uniquely sensitive 2) how

to simplify parameter space

Coupling of DM and SM fermions to scalars of similar form to

H+S model, but

- couplings not subject to Higgs invisible width constraints on

the mixing angle

(can even get tan beta enhancement)

- interference effects possible for m1, m2 very different to h
=> gaps in direct detection coverage at low mDM
- more freedom in Yukawa couplings for fermions (u,d,lepton)

but needs more care to avoid substantial flavor-changing

interactions

Type |, ll, X and Y, with Natural Flavour Conservation (NFC):

Type | cotf cotf cotf
Type ll —tanpf cotf —tanpf
X (lepton specific) cotf cotf —tanp
Y (flipped) —tanpf cotf cotf

Type lll models, with Minimal Flavour Violation (MFV):
= Yukawa Aligned model
= 2-generation model

Type |, tan B = 1 (the “plain vanilla” case)
1000f" |7 " "7t T T

Type |

tanB=1
— Mg,=100 GeV
—  Mg=300 GeV
—  Mg=500 GeV

SIDD

100

— ]
10 30 100 300 1000 3000
my (GeV)
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Many variations

Two scalar doublets means

Type |, ll, X and Y, with Natural Flavour Conservation (NFC):

- additional constraints from Higgs measurements, precision Type | cot B cotf  cotB
EW observables, flavor physics.... Type Il —tanf  cotp  —tanp
X (lepton specific) cotf cotf —tanp

- lots of parameters - requires careful evaluation of constraints v fiipped) —tanB  cotB  cotf

to understand 1) where colliders are uniquely sensitive 2) how
. . Type Il models, with Minimal Flavour Violation (MFV):
to simplify parameter space - Yukawa Aligned model
= 2-generation model

Coupling of DM and SM fermions to scalars of similar form to
H-+S model, but _Typell, tan § =1,10

Type |l
—  Ms;=200 GeV, tanB=10
- Ms,=200 GeV, tanB=1
—  Ms=500 GeV, tanB=10
P Ms,=500 GeV, tanfB=1

- couplings not subject to Higgs invisible width constraints on

the mixing angle
2 EE 1000}

(can even get tan beta enhancement)

1
!
i
1
!
]
I
!
I
1
i
!
I
!
]
!
!
I
I
1
!
!
]
!

Ms, (GeV)

- interference effects possible for m1, m2 very different to h

=> gaps in direct detection coverage at low mDM VAR

-
-
-
——————————

- more freedom in Yukawa couplings for fermions (u,d,lepton)

but needs more care to avoid substantial flavor-changing (AT
1 30 100 300 1000 3000

interactions
m, (GeV)
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The higger picture

MSSM+S
DMF pseudoscalar 4\ /

NI\/ISSM
DMFscalar

Higgs mixing </ \_

arXiv:1701.07427

Simplified dark matter models with
two Higgs doublets: I.
Pseudoscalar mediators +

°V
Vv

Martin Bauer, Ulrich Haisch, Felix Kahlhoefer

(Submitted on 25 Jan 2017 (v1), last revised 8 Feb 2017 (this
version, v2))
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Searches for long-lived particles

Dark matter very weakly-coupled to the SM
through light, long-lived particles

- Displaced decays (e.g. displaced / emerging jets)

- Collimated decay products (lepton jets)
Current detectors not designed for
- reconstruction of very odd physics objects

- triggering on displaced decays of neutral long-
lived particles

- triggering on ‘low’ energy physics
Partial wish list

- Better online reconstruction capability
- Timing information and dE/dx

- Detector design for very displaced objects
cases (e.g. disappearing tracks)

107"

1072

107

New Heavy Particle(s)

Strassler

107
- B .
107 =
-~ Orsay/E137/CHARM/UT0
_6 1 Illlllll 1 Illlllll
1073 1072 107"

Hidden Sector
Dynamics

A\

Curtin, Essig, Gori, Shelton

.uw

A "

.
S ———

Red: pp~>Zp~¢*l~

Blue: h»ZZpy-4¢
Solid: LHCS, 20/fb
Dashed: LHC14, 3000/fb
Dotted: 100 TeV, 3000/fb

EWPT w/ Central Values @ ILC/GigaZ:
as currently measured (purple dotted)
assuming x§M = 0 (green dotted)

10°
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susv nark Ma"er JHEPOQ9 (2016) 175 — Dark matter interpretations of ATLAS searches for EW SUSY at 8 TeV

[p— UL T T T T T L T
g | ATLAS Simulation oy g '°
O, Samples from the initial likelihood scan_:- % . o ATLAS 1M 0.9
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e . ] ; 1P 0.6 55
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susv nark Ma"er JHEP09 (201 6) _37 é)M Sirnpllifit?dII\IIIc?quI Exclulsiolnsl . ATLAIS Prellimilnalryl M?r.‘?l,‘ 2017 V
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© | ATLAS Simulation = 107F ET+y 3 e
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TE’ i g —> 3 = Dijet
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: 1 0_45 E; arXiv:1608.07648; arXiv:1602.03489
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_47 Vector mediator, Dirac DM 3
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48 ATLAS limits at 95% CL, direct detection limits at 90% CL
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Additional Slices



Detector performance in MET+X and di-X searches

Consider narrow mediators
decaying to dijets

Sensitvity depends on mass resolution
(=peak sharpness), which in turn depends
on

Generated events

e Jet algorithm (see “jetography”: http://
arxiv.org/abs/0810.1304)

e Calorimeter resolution

o Calorimeter depth (leakage)

900
800
700
600
500
400
300
200

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIL

1000

—+— 4.0(E) _ /E = 50%/VE ® 15%

IIIIIIlllIII]IIIIIII]IIIIIII|IIIIIII

PYTHIA8+Delphes, 100 TeV
m(q*) = 40 TeV
——

(E)

2. G(E) JE= 50%/VE ® 5%
of
(

/E= 50%/VE ® 3%

o(E),_ /E = 50%/VE ® 10%

!HllllIlllllIlllllllllllllllllllllllIllll[_

Olllllllllllllllll 11 1 lllllllllllllll

26000 28000 30000 32000 34000 36000 38000 4000042000 44000

T 1| nvve . | acennce | aarnead from 100 Ta\/ NC

Delphes Sim.

m; [GeV]

Boosted objects needed for scalars
(everything from the ttbar system
merges)

Ultimate calorimeter granularity
required

Substructure techniques

How to trigger?
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High
Luminosity
LHC

LHC / HL-LHC Plan

LHC
LSt EYETS 14 TeV 14 TeV

13-14 TeV energy

injy upgrade 5t07x

splice consolidation SPS cryogenics Point 4 :‘ m)m al

7 TeV 8 Tev button collimators cC dispersion |nctreyrc'71|g|]gn HL-LHC installation ]u}nnr )Sity
R2E project suppression ons i

collimation s

207 Roois Raos oo Booo Povee Boceo Bzooe Pooes |11

radiation
damage
75%

2 x nominal luminosity s
nominal nominal luminosity

—
experiment upgrade |[F—""
luminosity | experiment beam pipes / phrase 1 experiment upgrade phase 2

luminosity
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TABLE L
=

operatornd  O)

Dirac ferm =2

—
Name

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14

cl
2
C3
C4
€5
C6

R1
R2
R3
R4

10
Example: scalar mediator
1 Fraction of events where momentum
transfer is appropriate for EFT
ATLAS
\s=8TeV, 20.3 fb™
Observed limits, 95% CL
10" D1:%xaq
10 20 100 200 400 700 1000 1300
m, [GeV]
U Ep— TG/ TIVE %
é’zég mq//2M§2 - heavy mediator, non-perturbative couplings
X°qv°q im,/2M>
X 6,,G"" asq/SME - light mediator (EFT incorrect theory)
x2G,, G* ia,/8M?

a7
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Eur. Phys. J. C (2015) 75:299

ATLAS 8 TeV Mono-jet Result: Gonnecting EFT limits to Non-collider WIMP Searches

C\I'_|10-28 T T T TTTT T T T IIIIII T T T IIIIII
Some lessons: g 100 ATLAS . Sch::C Zl(_) . B DAMALIBRA, 3o
T = 4 D1:7x0a =e 18V, <8 JCoGeNT, 99% CL
e Once the WIMP is light enough (below the scales | & 0 05: 71" g”g SOt I CDWS, 1o
. . O ¢ xx + C5: %G CDMS, low mass
of the cuts on MET and jet pr), colllider searches Q . gaff — - lncated, couping = 1 — LUX 2013 90% CL
. .o . 8 10 -zon _tfuncated, max coupling — CMS 8TeV D5
are insensitive o the WIMP mass—can continue S CMS 8TeV D11

the ~same limit below 1 GeV S
] ] [} [} [} [ ] . m ol
e The mono-jet search is insensitive to differences in _ -
Lorentz structure T
e These n|cer complement the non-collider searches a4E
T — =ROTTTITER Spin-independent
1 I 1 1 1 1 11 11 I 1 1 1 1 111 I '46 1 1 | I | 1 1 I | II 1 1 | I II
ot 2 3 10 2 3
10 10 10 1 10 10 10
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(\'|_|1O-26 T T T T T TTT T T ||||||| T T ||||||| T T T TTTT T T T T TTTT
ATLAS 90% CL — COUPP 90% CL 95% CL (s=8TeV, 20.31b"
21028 - w D8: 74"y @y °a Vs=8TeV, 20.3fb" — SIMPLE 90% CL —> uT, 4 years)
E 30 v D9: %0""To,,q _ : g:,%grsi%goz/él?l_ 1 0-20 Mejorana qq, Einasto profile)
= 10 — - truncated, coupling = 1 lceCube W*W" 90% CL o1 2 x (HESS 2011 (xx),, sorana ™ qg, NFW profile)
o - - - truncated, max coupling —CMS 8TeV D8 10 D5: %y"xqv 4 — (XX)
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m D8: xvvxqvvq—%x%)
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