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JUTLINE OF THE WORKSHOPS

MIAPP: Dark MALT MITP: Effective Theories and DM
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Theoretical Physics

DARK MATTER: ASTROPHYSICAL PROBES, LABORATORY TESTS, AMD THEORY
ASPECTS (DARK MALT 2013)

Applied to discuss interplay Invited by the organizers
between theory, collider and to present and discuss Run-1
other experiments in DM ATLAS results on DM

This Science Coffee:
an ATLAS experimentalist’'s perspective on DM
after presentations and discussions
with theory/Direct Detection researchers

o\ V]
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MY (FORMAL) INTERESTS IN THESE WORKSHDDS .

UNIVERSITY

» ATLAS Astroparticle Forum:
- Mandate:

» Enhance contribution of ATLAS searches and measurements to
open problems in cosmology and astrophysics

» Perform joint measurements with other experiments towards
answers to those problems

« ATLAS/CMS Dark Matter Forum
- Mandate:

e Agree upon benchmarks models for DM searches at ATLAS and
CMS for the upcoming LHC run

 Establish solid grounds of comparisons between experiments for
Contact Interaction benchmark theories (“Effective Theories”)
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APz WHAT WE KNOW ABUUT DARK MAT | @

UNIVERSITY

F. Zwicky — Coma cluster: mass vs light output V. Rubin - Velocity of gas near Andromeda galaxy

v(kmls)

Expected
from

luminous disk

R(kpc)

10

M33 Rotation Curve

Planck — Dark matter vs standard rnatter composition
using CMB (temperature) fluctuations
20 1 3 g ( p )

-NOW

PRI 26.8%

Chandra/Hubble (NASA) - Visible mass of bullet cluster o After Planck

@dark mass inferred from gravitational lensing
ATLAS
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WHAT WE DONT ENOW ABOUT DARL MATTER

Tim Tait, DM@LHC 2013

UNIVERSITY

FFESH

MSSH R-parity

viakting

Supersymmetry

Warped Exira

Litrle Higgs
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https://kicp-workshops.uchicago.edu/DM-LHC2013/depot/talk-tait-tim.pdf

WHAT WE DONT ENOW ABOUT DARL MATTER

Tim Tait, DM@LHC 2013

UNIVERSITY

MSSM Re-parity MMESH

Supersymmetry

EEEEE

Force Carriers

Theories of
Dark Matter

Litrle Higgs
QCD Axicns

What the h*** are you

Lintlest Higgs

EXPERTMENT C. Doglioni - DM Workshop Summary - Lund Science Coffee 6


https://kicp-workshops.uchicago.edu/DM-LHC2013/depot/talk-tait-tim.pdf

WHAT WE WOULD LICE DARK MATTER [0 BE

(Our) preferred DM candidate
matches cosmological observations (e.g. thermal relic density):
dark, stable, cold, weakly interacting with SM
particles, mass of up to a few TeV = a WIMP

UNIVERSITY

Complementarity between different experiments:

Indirect detection Direct detection Colliders
X
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CEEPING OUR MINDS OPEN

http://en.wikipedia.org/wiki/Streetlight effect

UNIVERSITY

A story that an Iranian neutrino physicist told
me during one lunch at MIAPP. (credits also to A. Boveia)

One late evening Nasreddin found himself walking home. It was only a
very short way and upon arrival he can be seen to be upset about
something. Alas, just then a young man comes along and sees the
Mullah’s distress.

"Mullah, pray tell me: what is wrong?”

"Ah, my friend, I seem to have lost my keys. Would you help me search
them? I know I had them when I left the tea house.”

So, he helps Nasreddin with the search for the keys. For quite a while the
man 1is searching here and there but no keys are to be found. He looks over
to Nasreddin and finds him searching only a small area around a street
lamp.

"Nasreddin (17th-century miniature)
Topkapi Palace Museum Library

"Mullah, why are you only searching there?”

"Why would I search where there is no light?”
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http://en.wikipedia.org/wiki/Streetlight_effect

LARGHING FUR DM UNDER/AWAY EROM STREETLIGATS

UNIVERSITY

b N A R Another workshop needed:
: o http://tomerv.wix.com/lightdm
5 - —4
0f . .. :
. Selected topics in today's talk:
5 | neutrimo v :
- 1 * Interpretation of hints from the galaxy
e -10 *utralino
s i renme X . — Galaxy center photon excess
© 15| =
:}:j 15 | . | E_ d - 3.5 keV photon line
= 20 f axion a AXino X 2 | « Details of WIMP dark matter
25 ‘ﬁtgﬂlﬁno N | . - Comparison of Colliders and Direct
0 | Detection experiments
m L I ]
[ gravitino g, ] * Contact interactions and their validity
-35
‘ v v ey \ ; * Low-WIMP-mass results from CRESST
H& ] ¢ LY GUE .
40 e 1 — : — Searches for DM (and mediators) at
18-15-12 -9 6 -3 0 3 6 9 12 15 18 Lliders
log,(mp,, / GeV) co
ATLAS
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http://tomerv.wix.com/lightdm

UNIVERSITY

HINTS FROM THE GALAXY 2

Slides and pictures taken from:
» C. Weniger - Annihilation Phenomenology (MITP Workshop)
« C. Weniger - Fermi Gamma Ray Excess (MIAPP workshop)
« H. Min Lee - SUSY Higgs portal and gamma-ray lines (MIAPP workshop)

ATLAS Science Coffee, Lund University, 16/04/2@15


https://indico.mitp.uni-mainz.de/getFile.py/access?contribId=22&sessionId=31&resId=0&materialId=slides&confId=25
http://users.ph.tum.de/ga24wax/2015_W1_slides/Weniger.pdf
http://users.ph.tum.de/ga24wax/2015_W1_slides/Lee.pdf

PHUTONS EROM DARK MATIER

DM annihilation processes

Gamma-ray lines:
Two-body annihilation into
photons

Bremsstrahlung:

Photon production in "hard
process”

UNIVERSITY

@ \ =4 v
[Bergstrom & Snellman (1988)]
HI—{IZHL'\'IL PR HHTI Pl {];-'“1 -, |.|.-

Box-shaped spectra:
Photons from cascade decay

Continuum emission:
Photons from neutral pion decay

o T Q . "

®\\¢,,
o

[e.g. Ibarra etal. 2012] ' -~

@ C. Weniger
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WHEREZHOW 0 LOUK. FOR PHUTONS FROM DM €

UNIVERSITY
Fermi La rge Area Telescope Dark Matter annihilates in _the GC r:r;?: galaxies to
https://www-glast.stanford.edu/ photons , which are detected by Fermi, HESS, .. .

some particles AN Expement

Indirect detection
X SM

Potential targets for searches with photons

Signal is approx. proportional to column square density of DM:

2
Extended or diffuse: X ds PDM Point-like:
(for observations with JLo.s, (for observations with
gamma rays) gamma rays)

X SM - brightest DM source in sky
- but: bright backgrounds

.' D
| Anticoincidence o
T = Detector (background rejection i ﬂﬂ_ﬁ!.![l]p!

A | - nearly isotropic SR - bright enough?

[~ -only visible closeto < = ' - boost overall signal
ﬂ = Galactic poles \-‘@\ y
............ T~ Particle Tracking - angular information O
_}’ 1l Detectors - Galaxy clusters?
[ ]
i B S [review on N-body simulations: Kuhlen,

Calorimeter

Vogelsberger & Angulo (2012)] - harbour small number of stars
(energy measurement) . - otherwise dark (no gamma-ray
C. Weniger emission)

) 5
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https://www-glast.stanford.edu/

STARGHES N THE CENTER OF GALAXY , IN A NUTSHELL,

UNIVERSITY

Pion decay

DM searches in the inner
Galactic region with Fermi LAT A

—mm——— -

Inverse Compton

Fermi LAT; > 1 GeV

Subtract
1) Known point sources
2) Diffuse foregrounds

Bremsstrahlung

Do residuals look like this?

@ C. Weniger
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o URY AND GHARAGTERIZATION U AN EXGES:

First paper: http://arxiv.org/abs/1010.2752

106
5

)

—
o
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(9]

(9]

- < 05

Lo ! s | | L s [ 1 |

a T M
mp, =28 GeV, XX-bb, y=1.1 ]

ov=9%x10"2% cm?®/s

50.0100.0

UNIVERSITY

Residuals can be
fitted with signal from
DM annihilation into b-quarks
— fueled b-flavored
Dark Matter models

More recent analysis presented

at MITP workshop:
http://arxiv.org/abs/1409.0042
Channel [1{}-25{3;51 1) [éli}.,;] Yiin p-value
qq 0.837013 238702 267 022
ée 1.2410-13 382730 236 037
bb 1.7510-28 487783 230 035
it 58048 173.3F2% 430 0.003
99 216403  575%73 245 0.32
WEW- o 3527048 s047lY 367 0.026
ZZ 412798 01201 353 0.036
kh 5331068 o5 7431 995 (.13
rtr 03371005 0061107 335 0.055
[ p 157503 523305 43.0 0.0036]
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http://arxiv.org/abs/1010.2752
http://arxiv.org/abs/1409.0042

UPDATED STUDY OF THE EXCESS buosemsormatsnaoncocz

Excess morphology:

UNIVERSITY

- Excess is spherical, uniform, behaves like a power law

Uncertainties on spectrum:

- New estimation of theoretical and empirical systematics

— Treatment of correlated uncertainties in fits

Characterization of excess in terms of DM annihilation:

- Good fit for gluon and (heavy) quark final states, but preference
for higher DM masses wrt previous studies

- Exclusion of WW/ZZ-annihilating DM (w/caveats), but not HH

— Not excluded: point sources, lepton burst events
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http://arxiv.org/abs/1409.0042
http://arxiv.org/abs/1411.4647

LCAMPLE REQULTS s HITS WITH UNGERTAINTIES

LU ND
UNIVERSITY
1{:]_5:"""I T L B B B T L B B B B
i — — broken PL --=- DM 77~
- [ ee--- PL with exp. cutoff ) GC excess spectrum with
IE - - Dhr]: EfJ stat. El.l'.l{i COIT. S}'Ht-. errors |
h
W 1070 F e
L : —EII_'I.]_:._I;:_EI __
& [ — L _.-"r.-h';'-. H‘:I‘_‘I
- L T =T VER |
3 AT - JRENE S
SR I_ | ' ——'~£
= 07l l ‘ 1~ - il
..-;h - - —
% S f~
1{:]—._'-1 L ol L 1 L ||||I;I II'. " e aaal
10° 10? 10°
F eV
Spectrum Parameters _ 2 /dof p-value
p X %
broken PL a1 = 1427032 g = 2.6310 035, Ehreak = 2.067032 GeV  1.06  0.39
DM yy — bb ov) = 1767023 x 10726 em®s™1, m,, = 49757 GeV 1.08  0.36
XX —0.27 X A
DM yy — éc ov) = 1.2575%. x 1072 cm® s, m, = 382735 GeV  1.07  0.37
XX 0.18 X
PL with exp. cutoff Feut = 2.5370L GeV, a = 0.94575-3¢ 1.37  0.12
DM vy — 777 ov) = 0. 33”+U 047 10726 cm®s™ . my, = 96+ GeV  1.52 0.06
XX 0.048 X 0.91

ATLAS
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SLARGHING FUR K=RAY LINES

XMM Newton

UNIVERSITY

http://xmm.esac.esa.int/

H.MinhLee Sjonal samples

® Bulbul etal [XMM-Newton

Perseus cluster

Nearby clusters: Coma, Centaurus, Ophiuchus

All stacked 73 galaxy clusters
= F = 3.55 - 3.57+£0.03keV at 2 3o.

Chandra excess from Perseus,
no line from Virgo cluster.

® Boyarsky et al |XMM-Newton

Perseus cluster
{ = £ ~ 3.5keV

Andromeda galaxy (M31)

154 28 228 Hed
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http://xmm.esac.esa.int/

[HE A-RAY LINE AT 30 KLV

O,
5
?(0!)‘-&5‘3 >

UNIVERSITY

X-ray line from galaxies """"'ee

® Monochromatic photon lines probe well indirect
signals of dark matter due to directional information.

® X-ray spectra (XMM-Newton) of various galaxy
clusters and Andromeda show an unidentified
line signal at 3.55 keV at ~40.

n.16
r T T T T T T T - T T T T T T
' { 2 = Wil OE_certer —8— _ |
- Ww aseoo200y  ON Py B Raprias B
M 4 BMs E H c-.:m ‘?:'-‘:Lbﬁt‘:_-_‘
e 1 i 0.28 [— i
3 -

.22

REsOUES  Flue (ens s "kev')

==
=
== |
) 1=

=
£ |
Korma 11
T |
Es A
I)fl |

5 . a.m" B ‘t 305 v
ooz f ! | | SE el [— —
s ! ' - - _f__ I:ji 107 [~ ] { { E ¥ { E { T
= a0 — 3 2107 T -f
o | oang e g {m
= o 7 207" ; t J. I
| | | '!-11]": - i I |" I
] 2 34 16 iR rl .
Energy (keV) Energy Lkev)

[Boyarsky et al, 1402.4119;

[Bulbul et al, 1402.2301] 1408.2503 (also Milky way)]

154 28 229 ey

Possible interpretations: Sterile neutrinos, Axion-like scalars, Magnetic DM,

)

SUSY Higgs-portal models...or none of them? http://arxiv.org/abs/1408.1699
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http://arxiv.org/abs/1408.1699

FUN FROM A POPULAR AEP BLLG. ...

http://resonaances.blogspot.com.br/2014/@3/weekend-plot-all-of-dark-matter.html

UNIVERSITY

Damon
Boehmot H
100 | m
: Pamelon ]
500 Hooperon m ]
_ Cres%on _

Collaron.Wem'gon
u [

CDMeson Mother of Bert&Ernie

Agelyears]

05|

Bulbulon
0.1} ] ]

il
10—7 10—4 0.1 100

mpw [GGV]

105 108
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http://resonaances.blogspot.com.br/2014/03/weekend-plot-all-of-dark-matter.html

UNIVERSITY

WIMY DARK MATTER

« Slides and pictures taken from:

* R. Strauss - CRESST low-mass results (MIAPP Workshop)
 Discussion on DM at colliders (MITP workshop)

¢ Mini-workshop on DM at colliders (MIAPP Workshop)

ATLAS Science Coffee, Lund University, 16/04/2@15


http://users.ph.tum.de/ga24wax/2015_W1_slides/Strauss.pdfhttp://users.ph.tum.de/ga24wax/2015_W1_slides/Strauss.pdf
https://indico.mitp.uni-mainz.de/getFile.py/access?contribId=40&sessionId=29&resId=0&materialId=slides&confId=25
http://users.ph.tum.de/ga24wax/2015_W1_slides/collider.pdf

RE0S| DIREGT DETEGTION IN A NUTSHELL

CRESST

http://www.cresst.de/exp overview.php

Exclusion Plot — Comparison of Results

. _ - — e
Direct detection A et | R
X X L [ & Signal claim
U -
E = = =
e, L Exclusion limit
e
2
E 107 F
=
= Larger
= detector
%, 107k etec
SM SM =
= L
= Lperformance
s L T, & -8 heoretica
. [
+———thermal coupling § L
_ TES o -
hght I : ]1 tah b ]{] I;l l]li:-_l.l-_-.w.. :
detector || | e - 10 0°
( farpet WIMP Mass [GeV/c™]
Raimund Strauss, MPI Munich
phonon . reflective and
scintillating
housing R. Stl’aUSS
h +———— thermal coupling

EXPERIMENT
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http://www.cresst.de/exp_overview.php
http://www.dkpi.at/wp-content/manual-uploads/vces2014_talks/01-fr/10-Schieck.pdf

DELEGTUR IMPROVEMENTS FUR LOW-MASS SEARCH

http://arxiv.org/abs/1407.3146

Upgrade towards CRESST-11.:

- Radio-pure, scintillating support structure

UNIVERSITY

» Backgrounds from previous Pb support structure problematic

- New design for scintillating target (at TUM)

- Veto of low-energy surface backgrounds

e Using scintillating module shell signaling alpha particles

- Low trigger threshold (.60 keV)
- Background-free from 12 keV

» Using a single upgraded detector module,
29.35 kg/live days (2013)
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http://arxiv.org/abs/1407.3146

light yield

PRINGIPLE AND PRAG DEIELI]

UNIVERSITY

1 efy exposure: 29 kg-days
v :-.{
E :v'i?":!
k) g
E
18 0.8 j, i 206ph recoils:
% i__. 5- . h Run32: 8.1 events Run33: 0 events
E-U 6 " o Degraded alphas:
5 4 . Run32: 6.9 events Run33: 0 events
=045%". / '
o ~ . . .
0 0 2 HE |'_ I/
- — __» — Ca . .' / 0,Ca, W
0 20 40 60 80 100 120 140 0 T 50 100 150 200 250 300
i . energy [keV] * Foil events can be tagged
Raimund Strauss. MPI -.,'.-_Il.l-._l.l‘.eco‘l EllEl‘gy [k'EV] acceptance region Raimund Strauss, MPI Munich by a different pulse shape 48
R. Strauss

e Exploit light yield to distinguish recoil types

e Much less background than previous run (Run32)

£
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UNIVERSITY
50+ 1 .
PTa ) on | — all events
= accepted evenls
sl :
- =2
* surface 2 ¢ Em_ |
- avents 23’0— 5 'V
: Ll et o 1
_;E 1?9T3{M1:| 0 ' iﬂidlr. lJH‘ {.Ill L lr ‘ll
o 20H o 1 2 3 4 5 6 7 8 9 10
Q Energy [keV]
(8]
- W
25 30 35 40 45 50 55 60

recoil energy [keV]

0 10 20
Energy [keV]
acceptance region (E, = 0.6 - 40keV) 56

30 40

« 79 events in red found in acceptance region
* No reliable background simulation yet: set limit, treat as signal

 Bonus: previous CRESST excess has been excluded and understood
@Syossible background from support structure)
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NEW

M1

WIMP-nucleon cross section [pb]

Coherent Neutrino Scattering on CaWO,

2 3 4 5 6 %éé;b 20 30
WIMP mass [GeV/c]

WIMP-nucleon cross section [cm

LUN

UNIVERSITY

FIG.5. WIMP parameter space for spin-independent (~A2) WIMP-
nucleon scattering. The 90% C.L. upper limit (solid red) is de-
picted together with the expected sensitivity (1o C.L.) from the
background-only model (light red band). The CRESST-II 2 ¢ con-
tour reported for phase 1 in [3] is shown in light blue. The dash-
dotted red line refers to the reanalyzed data from the CRESST-
IT commissioning run [24]. Shown in green are the limits (90 %
C.L.) from Ge-based experiments: SuperCDMS (solid)[7], CDM-
Slite (dashed) [25] and EDELWEISS (dash-dotted) [26]. The pa-
rameter space favored by CDMS-Si [4] is shown in light green (90 %
C.L.), the one favored by CoGeNT (99 % C.L. [2]) and DAMA/Libra
(3o C.L. [27]) in yellow and orange. The exclusion curves from lig-
uid xenon experiments (90 % C.L.) are drawn in blue, solid for LUX
[6], dashed for XENON100 [5]. Marked in grey is the limit for a
background-free CaW Oy experiment arising from coherent neutrino
scattering, dominantly from solar neutrinos [28].

Bonus: previous CRESST excess has been excluded and understood

(possible background from support structure)
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PRUEGTIONS FUR FULL GREGST=Il/ UPGRADES

UNIVERSITY
Expected Sensitivity with CRESST |l
e
10-1 : EEFEHEREE: 1 CiiEiiiimiiaioiiiazoin 10-3?
i GE expenments g

T 107 | 4107
EI. -3 : : -39 'EI'
S 107 Riresstrumaizy 1} 10 ¢
'.3 o § znln}mgdaus BN 40 ..E..

............................................. o u
$ 10 N 110 9
tn
0 10" @
5 o

dz W

E EaWD praje:cte 10 E
% -7 :f'.!'.'.TE_r.’r'.'.‘:'.?Fj..E.E.‘.'ff?.rﬂr.‘. l4pd3 B
S 10 Pisokgyearsi 1IN {10 9
] ; =
g 10°) 210 %'
= 00 10*‘5 =

- Coherent Neutrino Scattering on Cawo, ~ * = - =~ “eemm———

10-10 ; P ; P i . . 0.45
1 2 3 4 5678910 202 30 106
WIMP mass [GeV/c'] -

@ Talk by J. Schiech
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http://www.dkpi.at/wp-content/manual-uploads/vces2014_talks/01-fr/10-Schieck.pdf

PRUJEGTIONS FOR FULL GRESST=I1/ UPGRADES

Expected Sensitivity with CRESST |

ection [pb]
=

innd GE‘ Expenments

| crESSTITUMATSNGY
""" g zum}:akgdays

S SR ""{:RESET»tQmm ;zﬂgg] R EHE 'Iﬂ'

. 2
action [cm7)

My (ATLAS) quest1on at both workshops

WIMP-nucleo
o
En

why are there no colllder 11m1ts in this plots?

CaWO, projecte: s e
improved. perfnrmance v, G S
[EEI kg- years]ﬁ

- Coherent Neutrino Scattering on CaWO,

1 2 3 4 5678910 20 30 1040

WIMP mass [GeWt_:z]
Talk by J. Schiech
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http://www.dkpi.at/wp-content/manual-uploads/vces2014_talks/01-fr/10-Schieck.pdf

COMPLEMENTARITY OF DARK MATTER SEARGHES

LUND
UNIVERSITY
ATLAS: arXiv:1502.01518 C t
- CMS: arXiv:1408.3563 aveat:
3 ATLAS | emc. | moavaiernse 4 Model-dependent comparison
L4103 . D1 %3 Is=8TeV, 20.3fb" E 8RES§1T ggz/o oL Need b
c QCeNT. 99% eeds agreemen
§ pubimmms o B y -
3 ' * K CDMS, low mass on benchmarks and assumptions
b —_- truncated coupling = 1 — LUX 2013 90% CL
o 1 0-34 _ - -~ truncated, max coupling — Xenon100 90% CL
2 — GMS 8TV D11
O € ° [ ] (]
5107 especially on contact interaction
C ° °
$10°® benchmark models: only valid if
D : _
?3 1 0_40 ] “ DM
a8 :
g 10-42 3 g . h{[
10748 i DM

1 10 10 10° . . .
WIMP mass m, [GeV] (a problem for LHC energies, not for Direct Detection)
X

Complementarity of DD/ID and colliders:
@ this plot can still outline strengths of each of the
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http://arxiv.org/abs/1502.01518
http://lanl.arxiv.org/abs/1408.3583

LT VALIDITY AT GOLLIDERS: UPTIONS DIGLUSSED

* Do not consider EFT as a benchmark at all
Pros: Focus on simplified models
Cons: Theory community appreciates simplicity of EFT

UNIVERSITY

 Keep EFT, untruncated
Pros: Keeps things simple for whoever knows how to use it
Cons: Will be misinterpreted, can't be compared to direct detection

* Truncate EFT (two methods available)
Pros: Consistent procedure, established within ATLAS
Cons: Model-dependent, takes away from EFT simplicity

Only provide high-mediator-mass limit for simplified models
Pros: Equivalent to EFT to all effects, avoids validity problem by explicitly
mentioning presence of mediator

Cons: Needs EFT for models without clear UV completion/limit
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HAVORED OPTION BY MITP WORKSHOP PARTIGIPANTS

LUND

UNIVERSITY

Suggestion: experimentalists only give a Contact Interaction limit
from models with explicit mediator, with very high mass mediators?

M* [TeV]

.......... m,=50GeV,r=M__ /3"

—_— m,=50GeV,I'=M

/3
/81

med 3
med/ 8T J-Ldt=25f

med

med

.......... mx=400GeV,F=M
— m,=400GeV,I'=M
N \{@ contours
[ ] non-perturbative regime /
- == EFT limits

ATLAS Simulation Internal —
\s=14TeV, E?'SS>4OO GeV

b/

Don’t want to use CI
model here (it would
be too conservative)

Region of interest for
EFT limits: Mmed > X

3. Find x. We would need to study

the “turn-on”
Here 7 4

Cannot use an EFT

—_ here (it would contain

invalid events)
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1/N dN/dy

MORE ON CUNTAGT INTERAGTIONS A LOLLIDERS

DM

Dijet angular distributions a, 8
probe contact interactions

\s=8TeV, 17.3 fb‘1 ATLAS Prel|m|nary e N
e — Q, & q, 8 T
1 @ Data — SM predlctlon T

(UN) dNidy -
=
]
=
o
=
S
o5
W

0.06="""
_ + i [ Theoretical uncert. === SM, no EW correction _| QCD
A L C|,A =8TeV, n =+1 - d, 8 {4, 8 | Graphics by N. Zhou, F. Ruehr
0.0a o CLA=12 Tev'nan 1 / \ P /
0.02— _ N> E Monojet
0.04E | = 0 g]=
ey El - - {s=8TeV, 17.3fb™': A>8.1TeV
0.03E"" L8 ¢ 26<m<32TeVE - -
E : = 2.5k B s-771ev, 2.2fb ' A>7.5Tev
0osE = Thm <26 Tov ;tnnnmmmnnmmm Perturbativity
0.04E = 2F — can reinterpret constraints
0.03F e <20 TeV = E iIn EFT framework for DM:
008 = : Excluded region
0.03E~ 12<m <1.6TeV = 1E
0044 | - :
0.03E- 0.8<m <1.2TeV 3 0.5F
0.04E4 | E n
0.032_ TV§ O-IIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
= 06<m <08TeV = o 1 2 3 4 5 6 7 8 9
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TALC-OME MESSAGE FOR COLLDER SEARCHES

UNIVERSITY

» Guiding principle for choice of Run-2 benchmarks:

How would a DM signal look at colliders?

Ly

Less Complete

Effective Field Theories EFT Validity

issues:
Simplified — sensitivity of
Modek LHC to explicit
mediators

UV Complete Run 2 searches
. . shift focus to
in presence of mediators:

@ Direct searches for mediators sim pllﬁed
@ Constraints on existing mediators More models

Additional handles at colliders

@ Additional search signatures L = Complete

Ol1Ce




STARGHES FOR MEDIATORS (LOND ATLAS R0D) ..

UNIVERSITY

Dijet and dilepton searches
probe mediators directly

If it bleeds decays
in quarks, gluons
or leptons
we can kil discover it

ATLAS arxiv: 1407.1376
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= , o
S . = B ——CDF1.1ffb o ATLAS 1/fb e
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http://arxiv.org/abs/1407.1376

SLARGHED FUR MEDIATORS (LUND ALLAS GROUP) L

Dijet and dilepton searches
probe mediators directly

If it bleeds decays
in quarks, gluons
or leptons
we can kil discover it

- o)

http .//arxiv. org/abs/15®3 05916

10* . e d
g;}= 3/2, g; =1/6 ] B Level-2 Event Filter
: Clagéeel};ts B Sinplcjots ™ Full-fledged jets
| DD constraints - ngh Level Trlgger 3

<" LHC jj-—— 'g Low-mediator-mass reglon
Jet+MET searches ]
fonstraint | (not covered by high-mass
- dijet searches) will be investigated
? perturbativity by Lund ATLAS group
10 r B E— (see my Nov 6™ Science Coffee)

07 10 10°
m, [GeV] o
muRglagensity C. Doglioni - DM Workshop Summary - Lund Science Coffee 34
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http://arxiv.org/abs/1503.05916

Problem: dijet search background estimation fitted to data

Fyx(m;)

may not be sensitive to wide resonances
-» Dijet angular searches are good tools to also look
for wide s-channel DM mediators

A
New Physics
ff
QCD /
\ y
~
-~
—
N( v, — v,
F,(m,)= _{ N =)= 00)
- Ny -y <17

dijet mass m;
Graphics by F. Ruehr

C. Doglioni - DM Workshop ©_ ... _.

UNIVERSITY

arXiv:1210.1718
= 0.3 | | T | | |
: JLdt =4.81fb", \s=7 TeV
| ——— QCD Prediction
0.25 — [ ] Theoretical uncertainties
[ ] Total Systematics
B ] data
0.2 -====eee- Contact Interaction: A =7.5TeV | :
R QBH (n=6) :M_=40TeV
. g=m_=25TeV
q .
0.15 B Lower boundary of search region :....:
0.1
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http://arxiv.org/abs/1210.1718

MORE ON LHC RUN-2 SIMPLIFIED MODELS: DM FORUN

UNIVERSITY

ATLAS/CMS Dark Matter Forum:
experiment/theory discussion towards early Run-2 DM searches

e This Forum will agree upon:
Many possibilities

to be used as building blocks: - Prioritized set
Diagram by Thomas Jacques . Of Simpliﬁed mOdels
experimental . .
signature X - Common model implementation
, and details (e.g. matching, scales)
overlap with

@ other searches, towards MC generation of benchmarks

literature,
it N\ mplementation  _ FFT validity assessment procedure
: mediator type
and characteristics

(mass, width..) X
exchange channel .

production
mechanism

This Forum will document:

coupling to DM models and choices

(arXiv write-up + SVN repository)

coupling to SM
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LIST OF SIMPLIIED MODELS AND PARAMEIER SUAN

e First guiding principle: how will (WIMP) DM look like?

UNIVERSITY

* Further guiding principles for benchmark model choices:

- Practical for experimentalists (MC generation)

— Useful for theorists and DM community as a whole

. =

* Does the kinematics change between model/model points
* Does the model add new, uncovered signatures?
If so, we need to generate these models/model points
If not, we give theorists sufficient information to reinterpret

Write-up: outline other benchmarks and possibilities to be investigated in future searches

)
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ECAMPLE = JET4+MEL, LIST OF SIMPLIFIED MODELS

Benchmark models for jet+MET searches:

1. s-channel vector/axial vector mediator

2. s-channel scalar/pseudoscalar mediator
(top loop explicitly calculated)

3. t-channel colored scalar mediator

)
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JELHMET 2 SUAN FOR o=GHANNEL MEDIALURS

Free parameters: mediator width, couplings, m_ , m

UNIVERSITY

Mediator

3. DM/mediator masses:
- scan based on on/off-shell regions
- scalar and pseudoscalar grid takes into account ttbar threshold

310

mpn g '.-" -N@ K
‘f\ 10°F E
’ o F o o o o 3
’." \LN'“‘ on-shell [ off-shell transition i ]
-\:\'{“ 102k o ) o o |
We need to populate the off-shell region close to the E

2 mDM = mMed limit for low mediator masses.

10t

There is no dependence along these lines F

(different mDM for fixed mMed up to the 2 mDM = mMed limit) -
. 1 1 L1 el | 1 I II| | ] || 1 L1l

> D. Salek’s talk at DM Forum 12/@3/2@15 1 10 107 10° 10*

Med
Jmf:u(:diulc:r ©
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https://indico.cern.ch/event/379191/session/2/contribution/8/material/slides/0.pdf

JELHMET 2 SUAN FOR o=GHANNEL MEDIALURS

Free parameters: mediator width, couplings, m_ , m

UNIVERSITY

Mediator

1. mediator width:

- use minimal width (no additional visible/invisible decays except
for quarks and DM), for all MET+X searches

- upper bound on width — upper bound on couplings

2. couplings:
- no dependence on kinematics on coupling chirality
- cross-section scaling along lines of constant width — fix one
coupling, scan on other coupling

@ D. Salek's talk at DM Forum 12/03/2015
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MENTARLTY WILH SIMPLIEED M

Suggestion from MIAPP discussion:
complement DM-nucleon plots with the following plots

UNIVERSITY

10007 V1l Axklvehr g=ga=1 | =
‘g'll 0% CL limits 1 _‘,.-*"'
800+ % —— LHC&:M=DM ] 104} =" Vector:90% CL limita |
r !\\ — — LHCEEFT 1 ."'J Bo=50m. Moea=200 GaV
B _ [\ == Wxana | = % —— LHCS: MEOM — >
2 [ ' .4 — — LHCS: EFT S o of
& o0y \ \"\ rh"'l';{t? -1 4 ;'; —-— LUK 2013 C «—relic abundance 10 o
] | Voo - | ¥ 400l = n =
' 3 I
£ 400t Y 1+ = | g o
| Vet | = s
- = 1 =
] | E —
C . o)
.- . 102} = 8
> ) 1 / = =
nl— ----- = e i i 4 i i i i i i i 3
0 200 400 800 800 1000 1200 oo 02 04 06 08 10 12 14 — 1 |
Mneq [GEV] e, Gowa N § =
E . ; : ~ : 10 = ] i3S
e00 L Axial vector: 90% CL limiks /| 1 1 ool _ = e
L Gy=Gonn, Moo =500 GaV / / | —
. —— LHCB: MEDM ‘ 1 —=
500f — — LHcs: EFT ! 1 080 ,
P == wxomta [ H - ATLAS, (s=8TeV, 20.3fb
< 400; 020}
5 I = -2 1 1 I ] -4
o = 10 " 5 10
F 200¢ = 0407 Vectar 90% G L limits 1 10 10
E \ g =200 GEV, Mg =500 Gev m, [GeV]
00t 0.05} LHCE: M2DM
[ — — LHCS: EFT
[ "\ —-— LUX2013
100} oo2F s
} . N,
8' . U.[y . : . .
0 02 04 0B 08 10 12 14 01 002 005 040 020 0680 1.00
8y Gom s

X)) Proposal slides from Bristol workshop (1407.8257)
|
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https://twiki.cern.ch/twiki/pub/LHCDMF/WebHome/proposal_vector_scalar_schannel.pdf

LONGLUSIONS

UNIVERSITY

Dark Matter: extremely active topic in HEP
all researchers benefit from cross-talk for dedicated period of time

— workshop format very useful in bringing together theorists and
experimentalists (shall we try and organize one ourselves?)

Selected messages from today's talk:

Interpretation of hints from the galaxy:

— Non-understood excesses and interpretations exist:
let's use them as guidance for searches, while still keeping the
door open for non-standard-WIMP DM (model-independent)

Details of WIMP dark matter, colliders and DD

— Discussion of benchmarks crucial to fully exploit complementarity

— Colliders are best suited to search for DM mediators: eagerly
awaiting for Run-2!

)

él!r,ﬂé C. Doglioni - DM Workshop Summary - Lund Science Coffee 42




MUST IMPORTANT LEGSN LEARNED @

Don't follow Dark Matter theorists to breakfast
or this will happen at 9 am: § ¥

MIAPP: Dark MALT

DARE MATTER: ASTREOPHYSICAL PROEBES, LABORATORY TESTS, ANMD THECORY
ASPECTS (DARK MALT 2015)

MITP: Effective Theories and DM

> :
9 o gri
Instltute ' .'.'. 3 '
1

&X/) —
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LUND
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THEURY-EAPERIMENT INTERAGTION EUR JETMET .

NLO reduces uncertainties

arXiv:1310.4491, Emanuele Re's talk
4 jets

N

<
=

LO | ATI;AS |

o
o

o
in
T

=
I

{J'(pp —5_" + .E?‘.r.]lss} [pb]
=]
2o

0
0.1 Oy
1.1
. . 1.0
Naive monojet |
, . = 0.9 3
doesn't quite capture 0.8 i
all QCD effects 0.7 |
10 20 50 100 200 500
Ov m, [GeV]

ATLAS 8 TeV analysis:  aras axivis0201518
use NLO signals, release jet veto (but keep monojet-like topology)
— improvements in EFT limits
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http://arxiv.org/pdf/1310.4491.pdf
http://arxiv.org/abs/1502.01518

INTACT DTERAGTIN VAIDTY: TRNGATIN (4TS,

UNIVERSITY

i Valid if
Connect mediator mass and EFT scale A:
Qtr < Mined need information on theory completion
(minimal constraint) — coupling-dependent condition,

; precise and well-defined within choices

Operator(s) Relation between My,eq and M. Coupling term range

D1 Med = /Va&x VM3 /mg 0 < \/VaBy < 4

C1 Mumed = Ya e Ca M2 /myg 0 < yoAGn < (7)°C
D5, D8, D9 Mmed = +/Zq8x M. 0 < \/Bq8yx < 4m

D11 Mmed = /38y M. 0 < Yag, < V16m
Ch Muped = wa)\xg M. 0 < / 3)\;:':3\ < A/

Key parameter for truncation: Rtﬂt fraction of events passing  Q,, < Mueq

ll'lLf_‘l

Two equivalent procedures:
cross-section truncation, corresponding only to valid events(used in 8 TeV papers)
erative rescaling of M* limits after determining R (used in 14 TeV studies)
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ALTERNATIVE GI TRUNGATION

UNIVERSITY
do /dE s
Naive EFT 1
s-channel mediator -+ P — A
t-channel mediator f'EFT o ‘U_r::' (f'r f X) ( Z Drw? f-j‘)
ST e flavours
Eem< Meut
Mcut = g*M*
M., 5 - only depends on
em parameters of the EFT
» We restrict the signal to the events for which 8 0pposed to needing

information on UV completion
Eem < My |5 (still, physical interpretation

where FE.y is the total invariant mass of the hard final states of th requires assumptions)
reaction:

- can be scanned

Ean = V&= [ (#(DM1) + p(DMy) + pGer))

o Indeed, the following always holds:

signal signal
true model > qurnes . EFT .
P Ecm“:ﬂ'fcut
Thus we obtain conservative but reliable limits.

Davide Racco

Robust collider limits on heavy-mediator Dark Matwer
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http://arxiv.org/abs/1502.04701

ALTERNATIVE GI TRUNGATION i

UNIVERSITY

Comparison with the simplified model

1500

== Simplified Model
=== Majve EFT
— EFT, Mcul.:n]mcli

1 Direct comparison with

...... ======mmm==s=======ee—o—em simplified model:

shows very (too?) conservative
region after truncation

1000+

M, [GeV]

1000 2000 3000 4000 5000 6000 7000

M eal [Gﬁv-l
@ Blue line: from model-independent limit, with the identification
2m _
M, =——, Mo =m.
gDMm

@ Red lines: only from the resonant production of the mediator.
The EFT limit is complemented by the limit from the resonant production.

&)
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