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Introduction Projections for benchmark scenarios DM @ future colliders in context

Outline of this talk

Introduction: the European Strategy effort and structure for DM@(future) colliders

Choice of benchmarks and projections
« Wino/Higgsino dark matter
 Higgs decays to invisible particles
 Simplified models: generic vector/scalar mediators
A brief look at dark photons (visible/invisible decays)

« Collider DM results in context
» Benchmark models and relic density

« Comparison of future colliders and direct/indirect detection

Open points for discussion

Plots and material (unless otherwise specified)

coming from Briefing Book of European Strategy of Particle Physics
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Introduction

Projections for benchmark scenarios

DM @ future colliders in context

Context: update of the European Strategy of Particle Physics

https://europeanstrategyupdate.web.cern.ch/about

The European Strategy for Particle Physics provides a clear prioritisation of European ambitions in advancing

the particle physics science. The Strategy is due to be updated by May 2020 to guide the direction of the field
to the mid-2020s and beyond.

> 2017 >> 2018 >>

o -

organisation &
input preparation

Council launches the

Strategy Update process
and establishes the PPG

and ESG

by community

consensus building

: Physics results zfppean'ng :
1 after May 2019 will be taken
! into account in the process :

\/ Dec 18.2018 Jan 20-24,2020
Call for proposals Closing submission Strategy Update
for venues for Open L of community input Drafting Session
Symposium and Ealliosclniiclopht I Bad Honnef, GE
Strategy Drafting | | -
Session March.2018 /" May 13-16,2019 Lo
Call for nominations of Open Symposium ==
PPG & ESG members Granada, £S March.2020
| | Strategy Update to
June 14.2018 y be submitted to
Council decision on Sept.2019 Council
venues and dates Physics Briefing
I Book available
‘/ consultation &

From H. Abramowicz's
talk @ EPSHEP'19

ECFA/EPS-HEPP
session during

EPS2019 in Ghent
13/07 afternoon

H. Abramowicz, 2019/07/13:
”Are we ready to recommend a future facility in Europe?”
No, but National Inputs [recommend]:

Council to approve
Strategy Update

‘ ...Synergies with Astroparticle Physics” — dark matter!
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Submissions to the European Strategy

Guidelines Submitted Input
EE 160/ 160 p Enter #1d or search string Y &)
In order to submit input, you need to have a registered account at CERN. 5. A European Data Science Institute for Fundamental Physics
If you do not have one please fill in the form under

https://account.cern.ch/account/Externals/RegisterAccount.aspx
In order to facllitate the deployment of modem data sclence technologles (e.g., Deep Learning) Into theoretical and

avrartmantal racaarch In Rinh anarmy nhuelsre W nanet that tha rraatinn nf 2 Enranaan Data Salancn Inetitirtas far

1. Main document: Please prepare a pdf file containing a cover page (title, abstract, name of the contact 112. A European Strategy Towards Finding Axions and Other WISPs
person and his/her e-mail address) and a comprehensive and self-contained description of the proposed

input (maximum 10 pages). This document should address (when applicable) the scientific context,
objectives, methodology, readiness and expected challenges.

2. Addendum: Please also prepare a pdf file containing information on the following topics (where
relevant): interested community, timeline, construction and operating costs, computing requirements.
The name of this pdf file should be as follows: "Addendum-NN.pdf", where NN is the file-name of your
main document.

3. Submitting input: Select the “Submit input” tab and then click on the "Submit new abstract” button and The current generation of short baseline neutrino experiments Is
upload both the main document and the addendum following the instructions in the "Attachments” field. ADIFOACIING INTHNSIC SOUTCE NTWEATIONS 11 the knowledae or Tiox
Once submitted, both documents will be passed on to the Physics Preparatory Group (PPG) and the
European Strategy Group (ESG), and made public in January 2019 for consideration before the Open
Symposium from 13-16 May 2019. Please copy the abstract of your input into the field labelled

Since the last update of the European strategy on particle physics (ESPP) the

Intaraet In himnathatical varr waalkhr Intara et nAa alim nartinrlae Anihhed \WiSPe

57. A high precision neutrino beam for a new generation of short baseline experiments
Neutrino physics (accele...

70. A memorandum by the Global Neutrino Network as input to the update of the European
Strategy for Particle Physics

“"Content”. Please also indicate one or more submission themes (tracks) to which your input relates: R o
o Large experiments and projects The Global Neutrino Network Is an assoclation of the neutrino telescope projects targeting the Investigation of cosmic
o Naﬁonalmdmaps and atmaenhari~ naitrinae In thae anarau ranan fram oV ta Ravand Ba\? Tha main erlantfis Ahlinstlone ara the
o Accelerator Science and Technology
o Beyond the Standard Model at colliders (present and future) 143. A New QCD Facility at the M2 beam line of the CERN SPS
o Dark matter and dark sector (accelerator and non-accelerator dark matter, dark photons, hidden
sector, axions)
o Instrumentation and computing '(rms‘docﬁu m ?m sun:maﬁns’?s "':?"”'“ lmu st:, fnml}M}y re{ch andq')mptiuzlv e:\e s' SOf ‘a fme-rfhg“:?}‘m{m —~
o Electroweak physics (physics of the W, Z, H bosons, of the top quark, and QED)
o Flavour Physics and CP violation (quarks, charged leptons and rare processes) 110. A next-generation LHC heavy-ion experiment
o Neutrino physics (accelerator and non-accelerator)
o Strong interactions (perturbative and non-perturbative QCD, DIS, heavy ions)
o Other (communication, outreach, strategy process, technology transfer, individual contributions,...) Theprgseﬁmdo«hmmer:trdlscustes ph:\ffmf mmgac&neftge'ngrm?mtfnpu;:osedmgrmm "HC asafolfow-‘

.and many more here

Emna;;e;:hm. L Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting
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Context: structure of the European Strategy

Physics Planning Groups / chapters of the Briefing Book:

Electroweak Physics (physics of the W, Z, H bosons, of the top quark, and QED) Keith Ellis Beate Heinemann
Flavour Physics and CP violation (quarks, charged leptons and rare processes) Belen Gavela Antonio Zoccoli
_> Dark matter and Dark Sector (accelerator and non-accelerator dark matter, dark photons, hidden sector, axions) Marcela Carena Shoji Asai
Accelerator Science and Technology Caterina Biscari Lenny Rivkin
_’ Beyond the Standard Model at colliders (present and future) Gian Giudice Paris Sphicas
Strong Interactions (perturbative and non-perturbative QCD, DIS, heavy ions) Krzysztof Redlich Jorgen D’Hondt
Neutrino Physics (accelerator and non-accelerator) Stan Bentvelsen Marco Zito
Instrumentation and Computing Xinchou Lou Brigitte Vachon

H. Abramowicz - EPS-HEP 2019

oo— ) Dark Matter and Dark Sector ParaIIeI Sessnons May 13-14, 201 9
BETT "- . B v oy . 2ol o g Pl 2 3 a G I \ H 1
Sesslon 1 (1 5 hours) Introductlon and Synergles Scnentmc Secretary K. Zurek & European S"""""”) B Ig Q u eSt I O n S

Talk 1: Dark Sectors and DM Models: from Ultralight to Ultraheavy (25+5) H.Murayama (Berkeley and Tokyo) 3
Talk 2: Dark Matter Direct Detection Searches (25+5) J Monroe (London)
Talk 3: Indirect DM Detection Overview (15+5) C. Weniger (Amsterdam)
Session 2 (2.5 hours) — DM at Colliders (joint w/ BSM) Scientific Secretaries: C.Doglioni (Lund), M.McCullough (CERN) 3 . X .
Talk 4: How can/will Direct and Indirect DM Searches guide DM Searches at Accelerators? (25+5) M. Lisanti (Princeton) . 1) How do we search for DM, dependlng onits propertles?
Talk 5: Theory: DM at Colliders (25+5) M. McCullough (CEBN) 3 : : : :
Talk 6: Experiment: DM at Coliders (25+5) C_Doglioni (Lund) What are the main differences between light Hidden Sector DM and WIMPs?
+  Discussion for Sessions 1 and2 7 (60) Al , 1 How broad is the parameter space for the QCD axion?
Session 3 (1.5 hours) — Axions/ALPs - Scientific Secretaries: J.Jaeckel (Heidelberg) , B.Doebrich (CERN) i :
o Tk 7: Ulra hoht DM (ALPS) Theory and Overview =5 2) What are the most promising e_x_p_e_nmantal programs, approva)d or proposed,
- Talk 8: ALPs: Lab Searches (15+5) A_Lindner (DESY) to probe the different DM possibilities in a compelling manner?
P O
5 3) How to compare results of different experiments in a more model-
:- Session 4 (2.5 hours) - Fixed Target/Beam Dump - Scientific Secretaries: G.Kmjaic (Fermilab), K.Petridis (Bristol) Independent way'7
39 *  Talk 10: Theory and Overview (25+5) C. Frugiuele (Weizmann)
[ * Talk 11: Lepton Beams: LDMX@eSPS (NA64++ AWAKE ++) (12+3) B._Poettgen (Lund) H : : : : 3 H :
3 1D e e P OBOE OCD Pt f ey 4) How will direct and indirect pM Detection experiments inform/guide
Talk 13: General Perspective (15+5) C. Vallee (Marseille) accelerator searches and vice-versa?
Discussion for Fixed Target/Beam Dump (70) All

M. Carena and Shoji Asai - Granada Symposium, 2019

meeam L Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 5
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DM @ future colliders in context

Context: structure of the European Strategy

Working Groups / chapters of the Briefing Book:

Electroweak Physics (physics of the W, Z, H bosons, of the top quark, and QED)
Flavour Physics and CP violation (quarks, charged leptons and rare processes)

_’ Dark matter and Dark Sector (accelerator and non-accelerator dark matter, dark photons, hidden sector, axions) Marcela Carena Shoji Asai

Accelerator Science and Technology
_> Beyond the Standard Model at colliders (present and future)

Strong Interactions (perturbative and non-perturbative QCD, DIS, heavy ions)

Neutrino Physics (accelerator and non-accelerator)
Instrumentation and Computing

Topics in BSM

1) Electroweak breaking dynamics and resonances (EWSB/NewR)
Andrea Wulzer (CERN) & Juan Alcaraz (CIEMAT)
Composite Higgs, top partners, particles associated with EW symmetry
breaking, heavy Z’ and W’

2) Supersymmetry (SUSY)
Andreas Weiler (TUM) & Monica D'Onofrio (Liverpool)
Collider searches, motivations for supersymmetry after the LHC, unexplored
corners, new models

3) Extended Higgs sectors & High-energy flavor dynamics (Ext-H/FD)
Veronica Sanz (Sussex) & Philipp Roloff (CERN)

Two Higgs doublets, singlets, new particles accompanying the Higgs,
leptoquarks, particles related to flavour dynamics at the EW scale, rare top

,  4) Dark matter (DM)
Matthew McCullough (CERN) & Caterina Doglioni (Lund)
Collider searches, simplified models, comparisons with direct/indirect
searches
5) Feebly-interacting particles (FIPs)
Gilad Perez (Weizmann) & Gaia Lanfranchi (INFN, Frascati)

Long-lived particles, right-handed neutrinos at the EW scale, dark photons at
 Colliders, dark scalarirelaxion, ALPs at colliders s

< - < - 2 - - e 2 - oS N ~ z _ -

S - ~a 5 g . N T5—=

Keith Ellis Beate Heinemann
Belen Gavela Antonio Zoccoli
Caterina Biscari Lenny Rivkin
Gian Giudice Paris Sphicas
Krzysztof Redlich Jorgen D’Hondt
Stan Bentvelsen Marco Zito
Xinchou Lou Brigitte Vachon

H. Abramowicz - EPS-HEP 2019

The four big questions for BSM (@colliders):
+ To what extent can we tell whether the Higgs is fundamental or
composite?
¢ EWSB/NewReson, SUSY

+ Are there new interactions or new particles around or above
the electroweak scale?
e EWSB/NewReson, SUSY, Ext-H/FlavorDyn, DM, FIPs

+ What cases of thermal relic WIMPs are still unprobed and can
be fully covered by future collider searches?

e DM, FIPs, SUSY

+ To what extent can current or future accelerators probe feebly
interacting sectors?

e FIPs, SUSY

i _&iudice and P. Sphicas - Granada Symposium, 2019
Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting
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European visions: APPEC, ECEA, NuPECC Mo n ik

Astroparticle (APPEC)  Particle (ECFA) Nuclear physics (NUPECC)

CERN Council Open S um on the Upc

‘ ‘European Astroparticle European Strategy m,opean!na.eg»
for Particle Physics

13-16 May 2019 - Granada, Spain

2= Physics Strategy
APPEC 2017-2026

Carlos Salgado

José Santizgo

https://cafpe.ug;?:/eppsu2019/ E] [=] ' 'm(( NuPECC

eppsu @pcgr.org

. st e Long Range Plan 2017
<Con St T oiccun [ AR @ 1 O i Perspectives

P o fm () = in Nuclear Physics

Astroparticle, particle and nuclear physics in Europe have strategies and plans
that recognize the importance of synergies between the different fields
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Benchmarks of choice (for WIMP DM)  wuicsscn

European Strategy "big question”

Problem: unable to

What cases of thermal relic WIMPs are still unprobed
and can be covered by collider searches?

» Large number of model possibilities for WIMPs, even limiting to the simplest
models (see e.g. LHC Dark Matter Forum/WG documents)

cover all cases!

SM DM SM SM DM SM SM h S t/(b)

q q
N/ ,. . .
N/ LN N DA%
ﬁ /g:\ gqx /gq gq 9zzn \ oM 3 DM gﬁ\ Ja 9 DM
SM DM SM DM \ SM SM DM M DM . om t/(b)

Ann.Rev.Nucl.Part.Sci. 68 (2018) 429-459

» Any benchmarks chosen will be only examples - what to choose and why?
* Wino/Higgsino DM: simple extension of SM portals within SUSY framework
* Higgs portal DM: newly discovered Higgs, simple interaction
e Simplified models of vector/scalar-mediated DM:
» Vector/axial vector: visible and invisible signatures
* Scalar: cross-sections are small = good future collider probes

-----
.........
........

cumnramacs AT LAS Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 8
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ChOice Of benChmar kS https://abstrusegoose.com/406

”"Why comparing future colliders using such simple models?”
”Do we think DM is all made of a single WIMP model?” o necessarily...)

o
SPATLAS
EXPERIMENT . . -
Key particle discoveries
1900 1910 1920 1930 1940 1950
1895 1905 1915 1925 1935 1945 1955
1897 1919 1923 1932 1937

electron proton photon neutron muon .
. antiproton

nnnnnnnn

* Lesson from SM: most common particles discovered first

1962

muon neutrino 1983

1976 W&z bosons from DM ATLAS feature
e 1960 1970 ““ 1980 1990 2000
- -?
Qua:g:?uds) char1rr917q4uark g1l?11,)9n top quark 2012

electron neutrino tau neutrino

1977

bottom quark Higgs boson

» Even simple models can encapsulate relevant experimental characteristics
representing wider classes of theories

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting
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Results for Wino/Higgsino models

DM @ future colliders in context

* Viable thermal relic WIMP candidate in SUSY:
lightest neutralino - pure Wino/Higgsino
* Also standalone model of "minimal DM”

arXiv:1802.04097, arXiv:0706.4071, arXiv:1705.04843

Indirect Detection Pure HiggSinO ] 90% CL Direct Detection Projection ]
FCC-hh Indirect Detection |
LE-FCC FCC_hh | Pure Wino |
FCC-eh LE-FCC |
HE-LHG FCC-eh |
] HE-LHC
HL-LHC 20, Disappearing Tracks | | _ . ‘
************************************************************ HL-LHC | 20, Disappearing Tracks -
CLIC3000 Kinematic Limit: Vs/2 | |Eessmmmmmmmmmmmmmmm -] oo Sooooo !
CLIC1500 | 20, Indirect Reach | CLI1C3000 ] Kinematic Limit: Vs /2 |
1 CLIC1500 | 20, Indirect Reach
ILC |
ILC | |
Gl Caeo | | CLIGs0
FCC-ee ] . [Fcc_te
f ) : ) |
CEPC | Thermal European Strategy, ; Thermal European Stva!eg) ]
0.1 0.2 0.5 | 2 5 0.1 0.5 | 5 10 50
M, [TeV] M, [TeV]
« /)
ATLAS Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting

European Researc h Council
stablished by the Euroge: EXPERIMENT

10
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Higgs portal: direct searches and coupling fits

Higgs to invisible constraints

interpreted as Higgs Portal models arXiv:1903.03616
om Bl (< %,95% CL.)  Bryy (< %, 95% C.L.)

q q DM SM
¢ / < o.02
H

W \

q q ID“A ShA ¢ K
. |
arXiv:1905.03764 used for plots used for plots
Collider 95% CL upper bound on BR;,, [%]
Direct searches | kappa-3 fit | Fit to BR;,, only
HL-LHC 26 1.9 1.9 0.0 04 08 1.2 1.6 2.0 0 ] 2 3 4
HL-LHC & HE-LHC 1.5 1.5
FCC-hh 0.025 0.024 0.024
HL-LHC & LHeC | 2.3 I S B 1.1 H 1ggs @FC WG Kappa-3, May 2019
CEPC 0.3 0.27 0.26
FCC-ceray 0.3 0.22 0.22 Bl FCC-ee+FCC-eh+FCC-hh CLIC3g
FCC-eesg5 0.19 0.19 Bl FCC-eez65+FCC-eenq ILC500+ILC350+ILCxs0
ILCys 0.3 0.26 0.25 FCC-eeaup ILC»s0
ILCs0 0.22 0.22
CLIC330 0.69 0.63 0.60 CEPC B LHeC ([ky| < 1)
gﬁg'-‘m 82? 3‘;(1) B CLIC3000+CLIC;500+CLIC3g0 HE-LHC (|xy| < 1)
2000 ' ' m CLIC;500+CLIC3g0 HL-LHC (|xy| < 1)
' Precision Hisgs Phusi All future colliders combined with HL-LHC
. recision Higgs Physics at
LHeC 5.5 (2_Slgma’ no SySt°) High-Energy Electron-Proton
HE-LHeC 3.4 (2-sigma, no syst.) Colliders, LHeC Higgs Study
I FCC-eh 1.7 (2-sigma, no syst.) ;r:;apr;g;ézuelos etal in
cwmomncoms A LA Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 11
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Results for simplified models: vector/scalar

Axial vector Scalar/(pseudoscalar) Yuka‘w/a couplings
. [0
/ — / — _ : =, : § : nr
‘Caxial-vector — _gDNIZpX7“75X — Yq 2 : Zuq7u75Q' ESCH]?II‘ — —YDM ('DYY — Yq \/5 Yq49 ;
g=u,d,s,c,b,t g=u.d,s.c.b,t
FCC-hh (Dijet) 1 | [HE-LHC gom=1,gq=1 ]
HL-LHC (Dijet) Dijet 5 =1/4 HL-LHC t+MET
FCC-hh 1 FCC-hh .
gom=1,9gqo=1
LE-FCC LE-FCC
HE-LHC Monojet HE-LHC Monojet
HL-LHC gom=1,90=1/4 { | [HL-LHC
CLIC3000 gom*ge=1/4 CLIC3000 gom*ge=1
CLIC3g ] CLIC3g0
Monophoton ILC
L P ’ Monophoton
FCC-ee FCC-ee
{ \ Vg
European Strategy; . European S“Meg)

CEPC Axial-Vector | [CEPC Scalar |

0.1 0.5 1 5 10 0.1 0.5 l 5 10
*”.\chiumr IIC \ ] A”‘\lcdi;,ml» I TeV ]

mppm = 0.45 Mpyeq

Note: strong constraints from
Visible searches are

Mpeq [GeV]

coupling-dependent e [HCTA Teach
o AN 200012
cmmmancons V] LAS Caterina Doglioni - 20.  1g00l—— : : : ing 12
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Scalar mediator, comparison of lepton colliders

Example of DD reach for leptophilic DM model

eNo summary plot for scalar mediator and lepton colliders
e|n order to compare to DD, one would need:
1) quark couplings (DM-nucleon interaction)
2) model-dependent statement for quark/lepton
coupling ratio
— only compare mediator/EFT reach at fixed mDM
with the same coupling assumptions

m
- "y
e 9
g <

DAMA/LIBRA (30)

. @ 9
w
& £ 08

=
@
-

Axial-Vector cross-section (rf/’e (cm?)
— - —r — — —r y
(@]

o @
g 9

SK,yx =¥ (00%CL)  __ ——"
L L Lol L R SRS | L PR S B A
06 1 2 34567 10 20 30 100 200 1000
WIMP Mass m, (GeV/c?)

—

C:.
w
©

Scalar mediator, fermion couplings = 1, gDM = 1, mpm=1 GeV

o |[LC (@ 90% CL): [M. Habermehl’s thesis]
- sgrt(s)=250 GeV, 2/ab : 1250 GeV
- sgrt(s)=500 GeV, 4/ab: 2710 GeV
(@95% CL, 10/ab): about 150 GeV lower

e CLIC (@95% CL, 5/ab, no beam polarization):
[private communication with U. Schnoor, J. J. Blasing, A. Wulzer, CLIC Collab.]

- sqrt(s)=3000 GeV: 4600 GeV
e CEPC results w/o systematics also available: [arXiv:1903.12114]
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DM @ future colliders in context

Collider, direct and indirect detection

European Strategy "big question”

How will Direct and Indirect DM Detection experiments inform/guide

accelerator searches and vice-versa?

* Why we need complementarity:
» DD/ID can discover DM with cosmological origin

DM

DM

Indirect Detection

SM DM

SM SM SM
DM

DM DM SM SM

Direct Detection Particle Colliders

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting
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Collider, direct and indirect detection

European Strategy "big question”

How will Direct and Indirect DM Detection experiments inform/guide

accelerator searches and vice-versa?

* Why we need complementarity:
» DD/ID can discover DM with cosmological origin
» Colliders can produce DM and probe the dark interaction

SM DM DM

DM SM SM SM = SM DM
H Ki —

DM DM

DM SM DM DM SM SM - SM

Indirect Detection Direct Detection Particle Colliders

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 15
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Complementarity of DM experiments e iy i

European Strategy | How do we compare results of different experiments
“big question”

Comparisons are possible only in the context of a model
Essential to fully specify model/parameters and be aware of limitations

10—34 All limits at 90% CL
i — Vector, Dirac, gg = 0.25.gpy = | ]
— Uncertaintics
! . — LUX
'E 10736} — crEssT-1I 1
oy 9, ~—— CDMSLite
SM SM —_ .
= 10738 1
5
o | |
Z 1074
) —42 LHC Dark Matter Working Group
a 10
SM DM = { https://arxiv.org/abs/1603.04156
- > 1o#
For more thoughts on upper bounds to collider sensitivity: [0~ - T oy
arXiv:1810.07705 and DMWG meeting June 2017 l 10 10° 10

Mpm [GCV]

Complementarity of colliders with direct (indirect) detection
El)erformed within the chosen benchmark models & parameters

crmemmmencns AT LAS Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting
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https://arxiv.org/abs/1810.07705
https://indico.cern.ch/event/563066/contributions/2306614/attachments/1340042/2017991/DMWG-09-20-16.pdf
https://indico.cern.ch/event/783977/contributions/3467001/

2
o, (x-nucleon) [cm?]
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Higgs portal, plot for direct searches

* Limits on BR can be translated to

107%

107

1074

107%

107

DM

q DM
limits in the DM-nucleon plane v/ DM
W

8mi 2 my .
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Scalar mediator, hadron colliders and direct detection

* Limits on scalar mediator mass/scale canbe . (_(,qg,DhI)2(125(;exf)1( i Y2
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translated to limits in the DM-nucleon plane |
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Scalar mediator, hadron colliders and direct detection

« Limits on scalar mediator mass/scale can be o0t ot (w)2(125(}e\/)4( i Y7

. . . 1 1 GeV
translated to limits in the DM-nucleon plane
Preliminary, Granada May 2019
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DM @ future colliders in context

Complementarity in summary plots

‘ Synergy = complementary reach for future colliders and direct detection

Preliminary, Granada May 2019
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f \
European Strategy,

Collider discovery of invisible
particle needs confirmation of
cosmological origin from DD/ID

DD/ID discovery needs collider
understanding of nature of
interaction

A future collider program that
increases sensitivity to invisible
particles coherently with DD/ID
serves these purposes

Other experiments looking for
invisible particles and their
mediators may also be able to
reach these regions

@  Synergies with also in non-WIMP DM, for DD and beam dump experiments
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Indirect detection plots with pseudoscalar mediator

. . . . 3m? 92 g3\ M m2
) CO”Ider |ImItS On pseUdoscalar medlator <O"Ure]>q B 2F'l’é (A’[Em(] o 47]71’%)1\1)2 + ‘7\11?19(ng19(1 Vi 771%;1
mass/scale can be translated to limitsin = %2 9hu
1 L. . (ovrel)g = 27302 (Af,%md - *ilm%m)Q + “/\Il?]e(irzled zq: " Jpsendosaler a
the velocity-avg DM annihilation plane
arXiv:1603.04156
_'_'_' 10'20E T T T T T 7] —Fermi(bbonly)
I(D J‘,:\\ Astrophys. J. saj (2017) no 2, 110
o 10721 1 E=HESS (bb only, proj.)
‘ E PRL 117 (2016) 111301
g 10722 | 1 E==CTAGC (bb only, proj.)
I/_\I 1 0'23 - X = Ell-:(-lzvr.mi-.l-LSST (bb only, proj.)
\B/ 10724} _/ “=HL-LHC, 14 TeV, 3 ab"
: e - HL/HE-LHC Report: arXiv:1902.10229
10720 —~ — 1 —HE-LHC, 27 TeV, 15 ab"
......... 4_________________..----"‘E HL/HE-LHC Report: arXiv:1902.10229
1076 ; 3~ FCC-hh, 100 TeV, 100 ab™
1 0_27 r : PRD 93 (2016) 054030
1072°} é
1029}
-30 ;
10 E Pseudoscalar model, Dirac DM J
10-31 ! 9oy =19,=1 :
10_32 : o All limits at 95% CL ] p \
1 O 1 02 1 03 1 04 European Strateg’

mpm [GeV]

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 21


https://arxiv.org/abs/1603.04156

Introduction Projections for benchmark scenarios DM @ future colliders in context

Indirect detection plots with Higgsino/Wino
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-
-
-
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DM mass [GeV]

As shown 1n Chépter 8, Wino DM can also be
probed with the FCC-hh [443] and LE-FCC, while slightly lighter Wino-like dark matter would
be already accessible for HE-LHC [443] and CLIC;q, [345].

e (59
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Introduction Projections for benchmark scenarios

DM @ future colliders in context

Light DM prospects (a quick overview)

* Four benchmark models for dark sector searches:

» Dark photon, Heavy Neutral Lepton, Dark Higgs, Axion-like particle

» Benchmark with thermal dark matter interpretation: dark photon (invisible
decays) = complementarity of collider and non-collider experiments

Invisible dark photon decays

Visible dark photon decays

Pseudo-Dirac Fermion Dark Matter

4 ?
/ _MifiBggne, e, N

/ D, ", ¢

...........

NA62-dump, 2024++

SeaQuest, 2021++
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FCC-eh (3ab™)

_ 4
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S
3
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1072 107! I 10 107 10° ;
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Note: HL-LHC and FCC projections assume 8 TeV trigger thresholds...essential to
think of future collider detectors, trigger & DAQ together with physics
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Light DM prospects (a quick overview)

» Four benchmark models for dark sector searches:
» Dark photon, Heavy Neutral Lepton, Heavy Higgs, Axion-like particle
» Dark Higgs portal sensitivity comparisons of future colliders

D N

HL/HE-LHC: indirect Higgs;
ee: Vs>M,— ZH*; Vs=M,— uuH*;
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Conclusions & outlook (from European Strategy)

Huge progress planned on DD and ID front
Future colliders can follow: essential complementarity between

DM SM

B:E cosmological origin nature of the DM-SM interaction ‘g{"~
S”}:{M DD/ID/astrophysics colliders(/beam dumps) s’ M

DM DM

This talk covered simple models used for comparison and contextualization
- SM-DM interactions mediated by Higgs boson / EW bosons (SUSY)
- SM-DM interactions mediated by new BSM particle
Strengths in WIMP searches both in future (lepton and) hadron options:
- combined FCC program shows best sensitivity to benchmarks

- still, needs complementary experiments (DM = WIMP only)
- lepton colliders can also probe large parts of phase space thanks to precision environment

Next 10 years: hope for concerted effort (including tools & foundations)
between DD/ID/colliders/other experiments

to discover and understand a possible particle nature of DM
= . - o — E—— 25
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Open points from the European Strategy experience

(to be taken up for Snowmass? We decide together!)
On benchmarks:

* Missing in terms of signatures & benchmark models:

> t-channel simplified models (only s-channel considered)
> Long lived collider signatures beyond disappearing track (connections to EF8 and EF9)
> Also the hardest to make projections for without a precise detector simulation

On comparison plots with DD/ID/other experiments:

* Canwe have an open discussion on how to improve those plots

together with Cosmic & Underground frontier? E.g.
*  Current ESG DM summary plots only show hadron colliders, how to add lepton colliders?

*  Showing a single simplified model / o(1) coupling is not representative, how to improve?

* How todisplay effect of uncertainties?

* Canwe solve the “can colliders go below 1 GeV WIMP” question?

* Do we also want to compare to direct detection for minimal DM models (Wino/Higgsino)?

* ...many other points came up during the discussions with DM & dark sector European Strategy convenors

(Marce;‘l‘,g_:'Carena égd Shoiji Asai), to be continued
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Closing remarks

How to make the most of the European Strategy for Snowmass

* Remember that the purpose and organization of the two efforts is different
* As members of the Snowmass community,
we are encouraged to come up with our own big questions
* More of this in today & future discussion session

* We want to build upon what we have learned, without duplicating work...

* ...but we want to fill the gaps, if any
* Thisis a great time to update studies and start new ones!

Form for interest in the group: [link]
- can be used to inject ideas and topics into this group

- could be useful if you have ideas and are looking for collaborators
- does not substitute Letters of Intent, but could be seen as an informal step towards those

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 27



https://docs.google.com/forms/d/e/1FAIpQLSeFRaT5iUx4GYrypEiM-T6VId1b8y8Isqaruk714Yomw-9mOQ/viewform?usp=sf_link

Thanks for your attention
(and thanks to the junior physicists who worked
on many of those European Strategy plots)!

CLICdp projections: Scalar projections: Direct Detection: Indirect Detection:
Ulrike Schnoor (CERN) Marco Rimoldi (DESY) Isabelle John (Lund) Boyu Gao (OSU)

with Andrea Wulzer, with Francesca with CD, Emma Tolley, with Emma Tolley,
Philipp Roloff, Jean- Ungaro, Hideki Antonio Boveia, Linda Carpenter,
Jacques Blaising Yukawa, Oleg Brandt Jocelyn Monroe Antonio Boveia,

Christoph Weniger
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Introduction Projections for benchmark scenarios DM @ future colliders in context

V. Shiltsev’s talk @ Granada

A (tentative) timeline of future colliders nesmiogumisososs:

- Technology for lepton colliders ready earlier than for high-energy hadron colliders

:
» Example: magnets & accelerators
Proto/pre- : s
. ., SRF-Lcice A Construction Operation
From C. Biscari's talk i
@ EPSHEP19 NRF—LC Proto/pre-series  Construction m
14T Nb,Sn magnets ready for
Hadron Collider (CC) a collider following
8~(11)T Proto/pre- : HLLHC ? ‘
NbTi /(Nb3Sn) series  Construction \ on ’
15;1 ;T Short-model R&D  Proto/Pre-series Con struc Operation
)
1:;;1 g: Short-model R&D Prototype/Pre-series Construction
3
Note: LHC experience: NbTi (10 T) R&D started in 1980’s --> (8.3 T) Production started in late 1990’s, in ~ 15 years

A.Yamamoto

20IE--I---W----H----E----E ]

CEPC 240 GeV

Lepton | ¢ 250 GeV ] 500 GeV & 350 GeV
Colliders | Fccee z W 240Gev | 350-365GeV

pegren | e B mseenoens
Colliders | e -

Figure 13. Sketch of timeline of various collider projects starting at the "earliest start time" stated in the respective documents.
For FCC-eh/hh this figure assumes that it is not preceeded by FCC-ee. If it comes after FCC-ee it would start in the early 2060s.
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Introduction

Projections for benchmark scenarios

DM @ future colliders in context

Input scenarios for colliders, from Higgs PPG

Collider | Type Vs P %]  N(Det.) Linst L Time Refs. Abbreviation
[e/e™] [10°#]ecm~2s~! | [ab~!] [years]
HL-LHC pp 14 TeV - 2 5 6.0 12 [10] HL-LHC
HE-LHC pp 27 TeV - 2 16 15.0 20 [10] HE-LHC
FCC-hh pp 100 TeV - 2 30 30.0 25 [1] FCC-hh
FCC-ee ee M, 0/0 2 100/200 150 4 [1]
2My 0/0 2 25 10 1-2
240 GeV 0/0 2 7 5 3 FCC-eep4
2myop 0/0 2 0.8/1.4 1.5 5 FCC-eesq5
(+1) (ly SD before 2m,, run)
ILC ee 250 GeV  £80/430 1 1.35/2.7 2.0 11.5 [3,11] ILC»5
350 GeV  £80/£30 1 1.6 0.2 1 ILC359
500 GeV  £80/£30 1 1.8/3.6 4.0 8.5 ILCsq9
(+1) (ly SD after 250 GeV run)
CEPC ee My, 0/0 2 17/32 16 2 [2] CEPC
2Myy 0/0 2 10 2.6 1
240 GeV 0/0 2 3 5.6 7
CLIC ee 380 GeV +80/0 1 1.5 1.0 8 [12] CLIC3gg
1.5 TeV +80/0 1 3.7 2.5 7 CLIC; 509
3.0 TeV +80/0 1 6.0 5.0 8 CLIC3000
(+4) (2y SDs between energy stages)
- 0.8 1.0 15 [9] LHeC
- 1.5 2.0 20 [1] HE-LHeC
- 1 1.5 2.0 25 [1] FCC-eh

https://arxiv.org/abs/1905.03764

Full programs include earlier versions / CoM energies
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Broad categories of searches for DM@colliders

Generic searches More specific searches

D, T, ... = jets

SM 99999» DM o

SM DM

— the way we think of benchmark

) W, Z = leptons, jets...
models influences searches P :

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 34
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DM @ future colliders in context

Introduction Projections for benchmark scenarios

Many different benchmarks for collider searches

Simple models  More complex/complete models

Simple DM mediation Supersymmetry: Wino/Higgsino

SM o SM DM Z
:> Med.
DM p % . ~0
Aﬂ SM SM Igll\\/lll L P L. W e, Xl
SM mediator Beyond-SM mediator e .
p St ey X1
L . . . X1
Z/Higgs portals - Vector-like mediator \’\_\
SM SM DM SM SM
d q DM \< / \ / Wi
W g 9, 9, C .
- / / B g\ /q_-\ (Simplified model diagram)
" \ o e Y [HEP 03 (2018) 160
g DM - . . . , .
q Scalar-like mediator A. Weiler and M. D’Onofrio’s talks @ Granada
and Two Higgs Doublet Models Also: DM models with

e long-lived particles

74 " G. Perez and G. Lanfranchi’s talks @ Granada
ox S g R. Poettgen and A. Vallier’s talks @ Granada
A ] o . _ .

" 020/05/14 - Snowmass EF10 Kick-off meeting
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Searches for DM @ colliders (“MET searches”)

example DM process

Process of interest: e/q g/y DM
invisible (DM) particles
produced in association with
radiated recoiling SM particle <

e/q DM

Production of invisible particles e/q gy g
Iscommon in the SM:
backgrounds need precise
estimation

! "

input from theory/precision machines

R
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DM @ future colliders in context

Searches for DM @ lepton colliders

Events/ 4 [GeV]

7| Vs=380 GeV, 10°(6 (170°, E Y10 GeV, ['L=10001b"

10 {i%%%% B?:e*e‘iij Y> ° f ‘ ¥ bM
cetiie B2:e'e — ete

1 06 ) — s:e+ee'e — 5{165{61 yY, m =120 GeV
10° '=— X
10k e bM

3
10 il / o y v
N , ///

0 50 100 150 200
J. J. Blaising, CLICdp EY [G eV] ¢ v

+ other backgrounds, e.g. W t-channel...
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Searches for DM @ hadron colliders

o)

8 10} T,

c : - — / V DM
é 108 | z O(J) =1.8 l'(J) =2.6 q g

ﬂ ’: ------ Pseudoscalar+J (m M—JTeV)x:!

5 1 07 J Pseudoscalar+JJ/J Merged (mm=3TeV)x3

> ,.e®®8. mEmemes Scalar+J (m_ =3TeV)x3

o 10° S med

Scalar+JJ/J Merged (mm=3TeV)x3
E/ > 200 GeV =

DM

1.2
1.15
1.1
1.05 P

0.9
0.85

O 8 5000 10000 15000 20000

S+B/B

arXiv:1509.02904

+ other backgrounds, e.g. W, top

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 38


https://arxiv.org/pdf/1509.02904.pdf

Introduction Projections for benchmark scenarios DM @ future colliders in context

Searches for DM @ hadron colliders - with heavy quarks

Events / 20 GeV

e.g. stransverse mass M2
for semi-invisible decays

2
+
i
3
&
A
o
S
()
®
<

b W} W 9
X X
=< 4
¢/a X -7 X
g t g t
(a) DM+t (b) DM+ Wt (c) DM+Wt (d) DM+bb
LU L L L B I B IR
10° == ATLAS Simulation Preliminary == >tandardModel ..
E (=14 TeV, 3000 fb”, DM#{WE g Single top . More sophisticated searches
B =1 GeV, g=1. iV ] . .
o 00 7 1 GEV: 010 S Others - when using other objects to
e tt+¢ m(¢p) =400 GeV 3 . . . .
L e Wi m() =400 GeV discriminate signal/background
10° tt+a m(a) =400 C:‘aeV_E

\\\\\\\

10 S 3 S Visible decays of the mediator

s——— e— ] 7 FRPRRRS relevant in all cases
—> connection with EFO3/EFQ09

100 120 140 160 180 200 220 240 260 280 300
arXiv:1902.10229 and ATL-PHYS-PUB-2018-036 My, [GeV]
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Searches for DM using other signatures

ILC: H=inv.,, Z—QqQ

3 B iosmuaion | 227 E
"MET+X" searches also include the following ~ 14005 N zmocey =hv4 =
. g - pol(e e”) = (+0.8,-0.3 o .
signatures: 2 12000uy 20 %7 Eagﬁ,w E
Q 1000 T Hosinvisible BF 10%
L” C for illustration 1
- "Intermediate” radiation (e.g. Higgs-strahlung) SO0 E
600 —
- MET =DM o oM _ ]
< 400F =
- X =decay products of the o 2oof. E
particle that radiated S = :
h DM d POO 110 120 130 140 150 160
the mediator SM arXiv:1903.01629, p60 Recoil Mass [GeV]
LHeC: ZZ fusion eq = eqZZ — egH
. DM
- Vector Boson Fusion N U A LALLM
- M ET = DM W H / 3502_ Eproton=7TeV, J.Ldt=1 ab-1 _Evijg.cal (Br=100°/°)_§
. = Zje 3
- X =forward jets W \ 00k - Wie -
250 W je 3
. 9 DM 200;_ Otr{er _;
Sensitive to a variety of models, e.g. Higgs decays 150 CutBased -
to DM (see later), ' ‘Zg* E
pure WIMP triplet, ofs :
0 100 200 300 400 500 600 700 800 900 1000

arXiv:1902.10229 and ATL-PHYS-PUB-2018-038
+ others...

B ¢ (KX
5 ATLAS Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting
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LHeC Higgs Study Group, G.~Azuelos et al, in preparation.

Precision Higgs Physics at High-Energy Electron-Proton Colliders,
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Higgs portal model

Afie1203.036018 - Different kinds of dark matter
1 1\ N .
ALy =—5Mxx -7 ’;’\XX@@XX | Majorana fermion DM
, | 1 « Scalar DM
. TAMf2Q2 4 - T 2 « Vector DM: would need more advanced UV
AES o QA/[SS 4)\55 4)\HSS(I) e5 ’ completion, not covered here, see e.g. arXiv:
1512.06853

Lambda for fermion EFT: assumed 1 TeV

* How to detect invisibly decaying Higgs:
» directly (MET searches)

q q DM
VBF signature
W \

q q DM

Higgs-strahlung signature

* indirectly (deviation of SM coupling through fits, using k-framework)
* including only o x Branching Ratio (BR) measurements/ratios, no high-pT Higgs
keeping SM BR fixed, only allow invisible BR to float in the fit (subtracting SM)

» Drawing from work by Higgs Physics Planning Group (PPG), arXiv:1905.03764

coerommscns ATLAS Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting 41

fpear Commiszian EXPERIMENT



https://arxiv.org/abs/1905.03764
https://arxiv.org/abs/1512.06853
https://arxiv.org/abs/1512.06853
https://arxiv.org/pdf/1903.03616.pdf

Introduction Projections for benchmark scenarios DM @ future colliders in context

BSM mediators, Dirac DM

Vector/axial vector mediators

Scalar/pseudoscalar mediators

Yukawa couplings

[0
N/ — _— 7 NN/ NS / , -
Lyector = _gDMZ;/LXfVMX — Yq E ZZLQ’}’“(], Lscalar = IODMPXX — Yq \/6 E Yqq9 ;
q=u,d,s,c,b,t = g=u.d.s,c,b,t

0}

J— /_,1' /_/l', * — ) e / , A N
Laxial-vector = —9DM Z,LLX’# T5X — Yq E : Z,uq/)l V59 Epseudo—scalar = —1gpMPXV5X — 1Yq 7 E Yqq759 ,

¢

qg=u,d,s,c,b,t “ g=u.d.s.chit

arXiv:1603.04156 & references

 How to detect new scalar mediators of DM:
* invisible decays (MET searches)

q q
SM  SM DM t/(b)

\<_/ S/F/ B S’/_P< .

/gq gx\ % SN % 9 p
DM g

SM DM 9 t/(b)
Vector & scalar: mono-jet or mono-photon searches Scalar: also in association with heavy flavor quarks
(also: single top, Wt signatures)
- visible decays of mediators back to SM . "o
» especially relevant in case of dijet/dilepton decays gl"gx<SM A-top signatures
+ also 2HDM+pseudoscalar (HL-LHC benchmark) T G

arXiv:1902.10229 and ATL-PHYS-PUB-2018-036
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Introduction Projections for benchmark scenarios DM @ future colliders in context

BSM scalar mediator

Yukawa couplings

» Dark matter type considered:

b
£sc:alar = —9DMPXX Yq \/‘; E Yq 49 »

= g=u.d,s,c,b,t ¢ Dlrac fermlOn DM
‘Cpsoudo-scalar = —lgpMPXT5 X — LYq \/§ Z Yqd754 , RE|IC denSItYZ nOt entll’6|y prObed
g=u.d.s.cb.t

arXiv:1708.02245 & references

DDvs Q. vs FCC
Also includes lepton couplings, requiring quark couplings for DD comparisons

3 35003—- iia,v;‘g:” 3
« How to detect new scalar mediators of DM: €l 100250 100 Tov ¢
* invisible decays (MET searches) o
q q :
t/(b) 15001~ p
DM 9 - 3

S/P/ £< DM 1000_5— V
9, g)\ 9 9N pm 500
g ; ),-"'J 0

DM t/(b) ol
g 0 1000 2000 3000 4000 5000 6000 7000

Myeq [GEV

Mono-jet search In association with heavy flavor quarks
(or mono-photon) (also: single top, Wt signatures)

* visible decays of scalar/pseudoscalar mediators
 especially relevant in case of 2HDM+pseudoscalar
(HL-LHC benchmark)

arXiv:1606.00947

4-top signatures

arXiv:1902.10229 and ATL-PHYS-PUB-2018-036
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Introduction

Projections for benchmark scenarios

DM @ future colliders in context

Results for scalar mediators

u

Hadron colliders

- DMF scalar ///

1 LA L Ll

A

lllll

—— 20%,300 b ' 14 TeV 1
—— 15%,3ab " 14TeV |
— 15%, 15 ab 27 TeV ]
| i 1 1 PR S S |
10 10°
M [GeV]
L]

<2200
(0]
S.2000
=
o
E1800
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1400
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800
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200

100 TeV JUJ

100 TeV J

14 TevJ/N

14TeVJ

100 TeV JAJ(100 ab™)

v Wall(g=1)

v Wall(g=1)+Light Flavor

1600

1400

mylGeV]

1200

1000

800
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400

200

Lepton colliders

e
[ Centre-of-mass energy Scalar, 20years ILD
- H20 combined

[ —— 500GeV (10%,40%,40%,10%) 4
F —— 350GeV _p -0, (- +)=(50%,50%) -
[ -~ 250GeV . (5%, 45%,45%,5%) ]
- — H20: (5%,67.5%,22.5%,5%"
; —— :
— |2o“~\ ]

—-H20 7

\\.

1

50 100 150 200 250

M, [GeV]

M. Habermehl's PhD thesis

exclusion limits scalar DM for CLIC-3000

— scalar, no syst.

----- scalar, with syst.

0

J. J. Blaising, U. Schnoor, A. Wulzer, CLICdp
Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting

P PR P S B PR R PR
3000 4000 5000 6000 7000 8000
m..4(GeV]

45


https://arxiv.org/pdf/1509.02904.pdf
https://cds.cern.ch/record/2651134/files/1902.10229.pdf
http://inspirehep.net/record/1717582/files/Moritz_Habermehl_PhD.pdf

Introduction Projections for benchmark scenarios DM @ future colliders in context

Inputs for scalars, HE-LHC and HL-LHC

https://cds.cern.ch/record/2650173/files/report-2.pdf

T ) f
1
1

: 10-1 e R 3 B
ol _ Song | B -
_____________________________ —20%3001‘911Tevf — o 20%, éoogf_qg'fﬁgTev i
___________________________ —— 15%,3ab " 14TeV | 1 —— 15% 3ab 14TeV |
. I —— 15%,15ab 27 TeV — 15%, 15ab 27 TeV |
: | I 1 | 1 1 | 1 | 1 I . 1 ..... |]11 . 1 111111 g

2 3 2 3

10 10 10 10
M¢ [GeV] M [GeV]

a

Fig. 3.2.4: Values of the signal strength p that can be excluded at 95% C.L. as a function of the mass for DMF
scalar (left) and pseudoscalar (right) mediators. The reach with 300 fbo ! (LHC Run-3) and 3 ab™* (HL-LHC) of
Vs = 14 TeV data is given for a 5-bin shape fit with 20% (green curves) and 15% (red curves) errors. A hy-
pothetical shape-fit scenario based on 15 ab™ ' of Vs = 27TeV of data (HE-LHC) and 15% systematics is also

shown (blue curves).

Caterina Doglioni - 2020/05/14 - Snowmass EF10 Kick-off meeting

46


https://cds.cern.ch/record/2650173/files/report-2.pdf

Introduction Projections for benchmark scenarios DM @ future colliders in context

Inputs from luminosity-scaled FCC-hh

Phil Harris, luminosity rescaling

— 2200
<2200 o = 100 TeV J/IJJ
3 e D PP RPRPS 100 TeV JUJ S 2000~ 100 TeV J
Sogpol- I\ e 100 TeV J = [ 14 Tev JIJJ
= - s 14 T v JIN) £ 1800F ev
ED1800__ — 14 TeV J — 14 TeV J
e L T 100 TeV JUJ(100 ab™ = 100 TeV J/JJ(100 ab™)
1600 - —y (g=1) 1600 — FermiLAT (u=1)
- — ] (g=1)+Light Flavor ~
- :_ 1400 :—
1200 :_ 1200 :—
1000 [ 1000E
800 [ B \ 800~ ho
600 R 600~ "
400 :_. QSM= 400 — : . gcs “1_.
- : ':,; ““““ a ar
200 Scalar 200 A
o : L . v O -{ 1 1 1 I 1.1 1 1 ] 1.1 1 1 I 1.1 1 1 I 1.1 1 1 l 1 1 1 1 l 11 1 1 I 1
0 500 1000 1500 2000 2500 3000 3500 4000 450% 0 500 1000 1500 2000 2500 3000 3500 4000 4500
m,..4GeV] m,..q[GeV]

mediator limit @ 100/tb: 3200 GeV mediator limit @ 30/tb: 2500 GeV
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Example: systematics for Higgs to invisible (ILC)

Akimasa Ishikawa, slides from ILC meeting 2014

Systematic From 2016 data This analysis
e-ID 1%(gsf)H1%(idiso) 1%
1D 1%(reco)H1%(id)$50.5%(iso) 0.5%
e-veto 0.6%(gsf)H1.5%(idiso) 1%
p-veto on QCD V+jets 5%(reco)®H5%(id)P2%(iso) 2%
p-veto on EWK V+2jets 10%(reco)$10%(id) F6%(iso) 6%
T-veto 1-1.5% for QCD-EWK 0.5-0.75%
b-tag-veto 0.1% (sig) 2% (top) 0.05% (sig) 1% (top)
JES 14%(sig) 2%(W/W) 1%(Z/Z) 4.5%(sig) 0.5%(W/W) 0.2%(Z/2Z)
Lumi 2.5% 1%
QCD multijet 1.5% 1.5%
Theory on W/Z ratio 12.5% 7%

ggH normalisation 24% 20%
QCDscale_qqH t%.%{;o i ‘}3{2
QCDscale_accept_qqH 2% 1%

pdf _qgbar 2% 1%
pdf_accept_qgqbar 1% 1%
QCDscale_ggH2in 40% 20%
QCDscale_YR4_ggH t‘:; 67{;0 t24 {;o

pdf _gg 3.2% 1.5%
UEPS 16.8% 9%
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Introduction DM @ future colliders in context

Projections for benchmark scenarios

Higgs portal, plot for direct searches

* Limits on BR can be translated to DM

limits in the DM-nucleon plane

8mi f& mp 7
=TIy —— —g [ — ), arXiv:1708.02245
v2Bm; (my +mpy)2" \my )’

where gg(z) = 1,
gr(x) = 2/(2* —4), B = \/1 —4m2/m3, v = 246 GeV

DM

o
AN

q
WoH
(15) W

OxN

d q DM

o, (x-nucleon) [cm?]

Preliminary, Granada May 2019
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- 1 . DARWIN-200 (proj.) L HL-LHC DARWIN-200 (proj.)
_45 JCAP 11 (2016) 017 47 JCAP 11 (2016) 017
10 " ¢ — HL-LHC: BR<1.9% 10 — HL-LHC: BR<1.9%
C Higgs PPG, arXiv:1905.03764 Higgs PPG, arXiv:1905.03764

= HL-LHC+HE-LHC: BR<1.5%

Higgs PPG, arXiv:1905.03764

— FCC-ee/eh/hh: BR<0.024%

Higgs PPG, arXiv:1905.03764

= HL-LHC+HE-LHC: BR<1.5%

Higgs PPG, arXiv:1905.03764

— FCC-ee/eh/hh: BR<0.024%

Higgs PPG, arXiv:1905.03764

_a6 | ~ _48
10 7 E 4 — CLIC,,,: BR<0.60% 10 — CLIC,,,: BR<0.60%
E 5 Higgs PPG, arXiv:1905.03764 Higgs PPG, arXiv:1905.03764
- - —CL|C1500: BR<0.41% ~e_=--_1 —CL|C1500: BR<0.41%
B 7] Higgs PPG, arXiv:1905.03764 T Higgs PPG, arXiv:1905.03764
I~ 7 =—CLIC,,,,: BR<0.3% 7 =CLIC,,,,: BR<0.3%
—47 Higgs PPG, arXiv:1905.03764 -49 Higgs PPG, arXiv:1905.03764
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E Burepean Sltmtegy E Higgs PPG, arXiv:1905.03764 E Higgs PPG, arXiv:1905.03764
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L Higgs Portal model 4 _Tﬁgégzj gﬁ:&sozséi;o L Higgs Portal model i _?Eg:;: aBngzgs 0223;0
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Indirect detection plots, without gluon contribution

* Limits on pseudoscalar mediator mass/scale
can be translated to limits in the velocity-
averaged DM annihilation plane arXiv:1603.04156

3Im2 2.2 2 —
(OVpel)g = 3 My 9q9DM DM 1 my
2mv% (Myoq — 4mpyn)? + Mg e Mpm

med med

— Fermi (bb only)
Astphys. J. 834 (2017) no 2, 110

1—10_20 ——TT T

mt/) 1 0-21 = HESS (bb only, proj.)
E PRL 117 (2016) 111301
o 10722 = CTA GC (bb only, proj.)
— 5 arXiv:1508.06128 a
~ 10723 Fermi+LSST (bb only, proj.)
B o4 | - arXiv:1802.01055
<~ 10 —HL-LHC, 14 TeV, 3 ab"
o5F . | LT tieiiiieaenss HL/HE-LHC Report: arXiv:1902.10229
1077} — HE-LHC, 27 TeV, 15 ab’"
_26 i TEee ., HL/HE-LHC Report: arXiv:1902.10229
1 O == ECC-hh, 100 TeV, 100 ab™
1 0-27 PRD 93 (2016) 054030
1028

Scalar model, Dirac DM

1029}

10-30; gDM=1’gq=1
31 Collider limits at 95% CL,
10"k indirect detection limits at
3ol 90% CL
10 | Il‘lml2l IHHHIBI T 104 f i
1 O 1 O 1 O 1 O European Strategy,
mpm [GeV]
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Introduction

Uncertainties on DD for comparison to colliders

Projections for benchmark scenarios DM @ future colliders in context

» DD is subject to astrophysical uncertainties, how much does it matter
when comparing to collider searches? Note: collider searches have uncertainties too!

Scalar Higgs Portal

Scalar Higgs Portal

1
|
|
|
|
0.100} | 0.100
|
I
/|
\ -
% oo10F "~~~ 7~ ‘|: e ‘o P % 0.010
b . ¢ 7 ps
~< , 4' 7’ ~
\ . 4
'\ .. . 11~
v he.e’ /
\
0.001} .- { 0.0
1074 104
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Figure 21: Impact on direct detection constraints of deviations from the SHM. In the left
panel, shown is the effect of varying the astrophysical inputs, as performed in Ref. [302].
The blue region between the dashed cyan and blue lines represent the variation of the
XENONIT exclusion bound with the astrophysical inputs while the black solid lines rep-
resent the limit adopting the SHM. In the right panel, the conventional excluded region
arXiv:1903.03616 above the solid blue line is compared with cases in which the DM distribution adopted in
the SHM is replaced by the outcome of the hydrodynamical simulations indicated in the

European Re: ch C

3
Extablizhed by the Suropean ccrl

en{)lot [291]. In both panels, together with the direct detection excluded regions, we show
the (black) isocontour of the correct DM relic density according to the WIMP paradigm

nd the excluded regions by the invisible width of the Higgs boson.
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Uncertainties on DD for comparison to colliders

» DD is subject to astrophysical uncertainties, how much do they matter
when comparing to collider searches? Note: collider searches have uncertainties too!

Isabelle John, Lund University Master’s thesis in preparation

— 107

€ '§ — CRESST I — LUX
: arXiv:1711.07692 PRL 118, 021303 (2017)
(&
—_— 1 0—38 — Phys. Rev. Lett. 116, 161302 (2016)
= = 3 = DarkSide-50 Baryonic Uncertainties
(@] : arXiv:1802.06994 arXiv:1612.02010
@ 1 0_39 rescaled from 2015 data
9 "§ — XENONA1T R = 8.5 kpc, v_ = 180 ks,
; 40 | arXiv:1805.12562 po =0.055 Gev/cms
= 10 | Uncertainties: arXiv:1806.08714
- — - SHM _ _ Ro=8kpc, v =230 ks,
o) _ N p_=0.466 GeV/cm®
107 CRESST Il = - :
; =10 R, = 7.5 kpc, v, =312 ks,
1 0-42 . - p,=1.762 GeV/em®
arkSide-50 =
- MW:-like halos
Xiv:1601.04707
1 0—43 E ?c-:sc“alxled from 2013 data
= -« Al (v =223 kmis)
= peak
1 0_44 I E3 (v =289 kms)
L DM distribution
-45
10 / ||| arxiv:1901.02460
E -
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N - - - =
-47
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direct detection limits at 90% CL
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1 10 10 10
m_[GeV]

Figure 5.1: Exclusion plot with direct detection searches, including all deviations and uncertainty bands for direct detection limits.
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Introduction Projections for benchmark scenarios DM @ future colliders in context

Collider reach and relic density e tlk by A Krellersiad

European Strategy | What cases of thermal relic WIMPs are still unprobed
"big question” and can be covered by collider searches?

 Very simple model, so careful with taking relic density at face value
» If Higgs portal is to make up 100% of DM, can exclude using DD and colliders

Scalar Higgs Portal Fermion Higgs Portal — HL-LHC: BR<1.9%
. 1 U v TR : v Higgs PPG, arXiv:1905.03764

1 ———————— - - .. 3 N
: 3 Br(h-inv) ‘\‘ -“._ N \ Br(h—>inv) — HL'LHC"‘HE'LHC: BR<1 .5°/O
. ! ‘-‘ \
_— . O \

Higgs PPG, arXiv:1905.03764
...................... \...........: B R P T . \
0.100 : ' [0 TR 010 PR V——. .

— FCC-ee/eh/hh: BR<0.024%
Higgs PPG, arXiv:1905.03764
_______________________\.'-‘_ ____________ e — CL|03802 BR<0.60%
W Higgs PPG, arXiv:1905.03764

=CLIC,, : BR<0.41%

1500°

XENON1T/DarkSide Excluded _

................. (PR S W S veat: EFT validi
0.010 v : = v Caveat alidity Higgs PPG, arXiv:1905.03764

0.010} -~ in Higgs-DM O ity =—CLIC,,,,: BR<0.3%
interaction not

Higgs PPG, arXiv:1905.03764
guaranteed beyond — CEPC: BR<0.26%
HL-LHC v s, LZIXENONNnT

Brinv

PLANCK

0.001} Higgs PPG, arXiv:1905.03764

—ILC__: BR<0.25%

250°
Higgs PPG, arXiv:1905.03764

— ILCsOO: BR<0.22%

Higgs PPG, arXiv:1905.03764

FCC : BR<0.22%

ee,240°

Approximate % LZ/XENONNT __.

: X 0.001}
Future colliders reach Yoy

Approximate
Future colliders reach

1074}

e
,,,,
o

______________ 1074} DARWIN """,
E | | | | Higgs PPG, arXiv:1905.03764
107° : — FCC..: BR<0.19%
1 2 5 10 20 50 1 2 > 10 20 >0 e
m,[GeV]

Higgs PPG, arXiv:1905.03764

mg[GeV] _ S : | |
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Higgs portal and relic density, beyond mpu/2

Scalar Higgs Portal

1 Scalar Higgs Portal 1 —
' ' : Br(h-inv)
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Figure 22: The same as the left column of Fig. @ but assuming that the WIMP DM
candidate contributes only a fraction f = 10% of the total DM component of the Universe.
In contrast to Fig. 19, the black isocontours have been labelled as “thermal production”

since they do not correspond to the experimentally favored value of the relic density.
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Fig. 60: Mass limits for scalar mediator models (top left panel), pseudo-scalar models (top right panel), vector
models (bottom left panel), and axial models (bottom right panels) at 100 TeV colliders. The neutrino wall af-
fecting the direct detection experiments is green for all plots expluding the pseudo-scalar mediator, where the
projected indirect detection limit using FERMI-LAT and HESS projections data [308] is shown. The relic density
is additionally computed all allowed mediator and DM masses are contained within the relic density lines.
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