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Where is New Physics?
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Where is New Physics?

‘ Data: no answer so far, everything agrees with Standard Model ‘

Theory: answer = attitude towards the hierarchy problem

[2 Why not my = ANP ? (e.g. ANP = MPlanck)]

1 The Fermi scale is “natural” [= Anp < TeV]

A mechanism screens my, from scales higher than Myp, for any NP

Examples:  Supersymmetry composite Higgs models

“Standard” approach on Dark Matter:

it is a byproduct of theories that solve the HP, e.g. Neutralino in supersymmetry



Where is New Physics?

‘ Data: no answer so far, everything agrees with Standard Model ‘

Theory: answer = attitude towards the hierarchy problem

[E why not my ~ /\Np ? (e.g. /\Np = MPlanck)]

2 Short distance assumptions [Axp =777]

3 Multiverse: Fermi scale anthropic, near-critical, .. [Axp =777]

2 has two more requirements than attitude 1:

i) no problems from gravity ii) know all physics up to Mpianck (or o) }




Where is New Physics?

‘ Data: no answer so far, everything agrees with Standard Model ‘

Theory: answer = attitude towards the hierarchy problem

[~ why not mj, =~ Axp ? (e.g. ANP = Mplanck) ]

2 Short distance assumptions [Axp =777]

3 Multiverse: Fermi scale anthropic, near-critical, .. [Axp =777]

2 has two more requirements than attitude 1:

i) no problems from gravity ii) know all physics up to Mpianck (or o) J

2 and 3 open new avenues for Dark Matter model building
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Can DM provide an indication for a NP scale?

Not really
. ) the;rr;al Planck scale
Ultra—light scalars, axion Vs particles 10,111{ 1 101° 1020 103 1040kg
}liiii?il——‘TllmISEIIII:I!%%%
107% 1072 10710 1 10 10 10%%eV L
Primordial
Taow weak scale black hole Solar mass
[courtesy of Marco Cirelli]
.. thermal
Less ambitiously: ]
particles
how far can we probe the “thermal relic WIMP" paradigm? 10!
weak scale

Unitarity bound: Mpy < 80 + 120 TeV  Griest Kamionkowski PRL 1990
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EFT approach mostly used till now

©® Model-independent

® easy comparison collider - direct detection
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General strategy: effective field theories
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Lot of recent activity Busoni et al 1307.2253 and 1402.1275,
Buchmuller et al 1308.6799,...

Abdallah et al 1409.2893

Need to go to benchmark/simplified models!
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Minimal Dark Matter: intro Cirelli Fornengo Strumia hep-ph /0512090

Philosophy: Focus on DM, and try to preserve SM successes (flavour & CP, ..)
+ DM stability, adding the least possible ingredients to the theory

Approach: add to the SM extra particle x
and determine its “good” quantum numbers

“good” = i) stable ii) lightest component neutral iii) allowed

’ L= Lsu+cx(iD— M)y ‘ [—l—c (|Dux|> — MZ|x|?) if scalar, c = 1 or 1/2]

other terms forbidden by Lorentz + SM symmetries (fermions)/by hand (scalars)

’ M, is the only one free parameter, fixed if we impose thermal relic abundance! ‘

[In “standard” SUSY many parameters obscure phenomenology]



Minimal Dark Matter: candidates

Allowed: x neutral under g,~, and almost under Z (direct detection)

= x = n-tuplet of SU(2), Y=0

Stable: No renormalizable nor dim-5 operators that lead to decay

= first candidates are n = 5 fermion and n = 7 scalar

Lightest component neutral: Mg — Moo ~ Q(Q + 2X)AM

0y
W, Z W, Z "
T ¥ AM21P — 164.5 4+ 5 MeV
B fr ,,,,,,, i _ DS W Ibe Matsumoto Sato 1212.5989
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Minimal Dark Matter: candidates

Allowed: x neutral under g,~, and almost under Z (direct detection)

= x = n-tuplet of SU(2), Y=0

Stable: No renormalizable nor dim-5 operators that lead to decay

= first candidates are n = 5 fermion and n = 7 scalar

Lightest component neutral: Mg — Moo ~ Q(Q + 2X)AM

0y
W, Z W, Z "
T ¥ AM21P — 164.5 4+ 5 MeV
B fr ,,,,,,, i _ DS W Ibe Matsumoto Sato 1212.5989

Avoid g» Landau pole before Mp; =- n not too large

In practice: n < 8 for scalars, n < 5 for fermions
[issue from 2-loop? Nardecchia et al, work in progress]
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Relic abundance

Typical WIMP candidate — Mpwn ~ TeV expected

Fermion triplet with Y =0 (‘wino’)
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Summary of candidates

Table from Cirelli Strumia 0903.3381

Quantum numbers DM can DD Stable?
‘ SU(2)L U(l)y Spin | decay into H bound? ‘
2 1/2 S EL X X
2 1/2 F EH x x
3 0 S HH* Vv X
3 0 F LH i x
3 1 S HH,LL X X
3 1 F LH X X
4 1/2 S HHH* X X
4 1/2 F (LHH") x x
4 3/2 S HHH X X
4 3/2 F (LHH) x x
5 0 S | (HHH HY) Y x
5 0 F — v v
5 1 S | (HH*H*H*) x x
5 1 F - x v
5 2 S | (H*H*H*H*) X X
5 2 F — X Vv
6  1/2,3/2,5/2 S - x V
7 0 S — Vv vV
3 1/2,3/2... &S - x v

Masses if x thermal relic: | M3 ~3 TeV Ms ~10 TeV M; ~ 25 TeV




MDM and vacuum stability

Standard Model vacuum is metastable

(if BICEP confirmed, NP could be necessary to correct A running )
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Why an EW fermion triplet?

Quantum numbers DM can DD Stable?
SU(2) U(1)y Spin | decay into bound?
3 0 Fl| aD | v | x |

— Stable if one imposes L or B — L or discrete subgroup (already in the SM!)

[also kills all higher-dimensional operators that could make it decay]
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Why an EW fermion triplet?

Quantum numbers DM can DD Stable?
SU(2) U(1)y Spin | decay into bound?
3 0 Fl| aD | v | x |

— Stable if one imposes L or B — L or discrete subgroup (already in the SM!)

[also kills all higher-dimensional operators that could make it decay]

— Not a big issue for my = does not worsen fine-tuning

M? n(n® —1) M?
2 2 _
om- = (@)’ 2 -5 (6In 2 1)

M, < 1.0V/A TeV to have less than (100/A) % fine-tuning

[5-plet My, < 0.4VA TeV, 7-plet M, < 0.06vA TeV]
Farina Pappadopulo Strumia 1303.7244

— Helps with unification of gauge couplings
see e.g. “Split SUSY without SUSY" Frigerio Hambye 0912.1545

[Same running could put 5-plet in trouble, stay tuned with Nardecchia et al]
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Why an EW fermion triplet?

— Connection with SUSY with heavy scalars James Wells hep-ph/0306127

Keep all good features of Supersymmetry
DM, unification of gauge couplings,...

And accept a tuned my, (e.g. anthropic)
Tscalars |
m, , | Messnosheswy Hogses
— All other scalars are heavier
— Higgsinos also heavier if p ~ ms/»
— Wino LSP candidate for Dark Matter!
-
‘ bino See also:
 wino Arkani-Hamed Dimopoulos hep-th/0405159
Giudice Romanino hep-ph/0406088

Arvanitaki Craig Dimopoulos Villadoro 1210.0555

D’'Eramo Hall Pappadopulo 1409.5123
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Indirect detection: ingredients

Fermion 3plet, M = 2700 GeV
1072
Sommerfeld enhancement

DM DM - W*W~

even more important than in abundance )

computation, since here % \
vV ~ 10_3C ® 1072 DM DM - yy \
Franceschini et al 0802.3378, WARNING: old — 1072 | \‘\
3 1073 : 1072
8




Indirect detection: ingredients

Fermion 3plet, M = 2700 GeV
107

Sommerfeld enhancement

DM DM - W*W~

even more important than in abundance
computation, since here

Bin cm’fsec

v ~1073%¢

\
107 DM DM - yy

Franceschini et al 0802.3378, WARNING: old — N

1073 : 1072

v ray lines: smaller cross-sections

but | features in  spectrum enhance sensitivities




Indirect detection: constraints

oMB - Large astrophysical uncertainties
y-line - [shaded = different astro assumtpions]
ydSph § i
vHL {—
¥ LL . Assume all DM made of EW triplet
efl RS
7 | R
500 1000 1500 2000 2500 3000 excluded by HESS y—line searches at 95% CL
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"E 1072“
Iy vt 1 e
g EinQ17
Will CTA improve substantially? Voo
10
Currently unclear
see e.g. Bertone et al. 1408.4131 10728 Hus
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Direct Detection
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Future colliders?

“The community needs studies of what could be probed at a 100 TeV machine
and not elsewhere, and it needs them soon”

Michelangelo Mangano, 100 TeV kick-off meeting, Feb 2014, CERN

Currently unclear where particle physicists will put (EU? China? ???) money:

HL-LHC /s = 14 TeV, 3000 fb !, ~ 2025-2035
HE-LHC /s = 33 TeV, needs new technology
FCC-pp /s ~ 100 TeV, start ~ 2040(7),

needs ~ 100 km tunnel & new tech.
ILC /s =0.5—1 TeV, maybe Japan soon
CLIC /s up to 3 TeV, needs new tech.

TLEP /s up to 500 GeV, higher luminosity,
needs ~ 100 km tunnel
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A pure Wino at colliders

DM not detected in collider: look for missing transverse energy + SM radiation)

M,+ — My, =165 MeV > m; = lifetime 7 ~6cm ~ 0.2ns

Almost all xTs decay to o + soft pions before reaching detectors

= x7 add to the signall
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A pure Wino at colliders

DM not detected in collider: look for missing transverse energy + SM radiation)

M,+ — My, =165 MeV > m; = lifetime 7 ~6cm ~ 0.2ns

Almost all x*s decay to xo + soft pions before reaching detectors

= x7 add to the signall

4 channels: Monojet Monophoton  Vector boson fusion Disappearing tracks

at LHC14 with L = 3ab™?, and at a 100 TeV p — p collider, for L = 3,30ab !

For a recent study of Monojet and Disappearing Tracks see Low Wang 1404.0682
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Monojets + missing energy

Backgrounds: mainly Z — vy, W — fv (+ mistagged lepton)

Cuts: inspired by rescaling of 8 TeV searches, optimized on a grid

S

/B+Q2B2+6252

Significance = i.e. includes statistics + systematics
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Monojets + missing energy

Backgrounds: mainly Z — vy, W — fv (+ mistagged lepton)

Cuts: inspired by rescaling of 8 TeV searches, optimized on a grid

Monojet

6 T T T T T T 3
100Tev, 30ab~1
SIEEEEEEEE - — = - - I 100Tev, 301 ]
4: B 47ev, 302 ]
8 I 1
g r —  1%syst
£ 3 — 5syst ]
g I
o _I
20 R e
1t
oL, . .
500 1000 1500 2000
M, [GeV]
Significance = i.e. includes statistics 4 systematics

/B+a2B2+5252
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Monophoton + missing energy

Qualitatively analogous to Monojet, but photons also from final state radiation!

s o~
Xo a : Xo Q : Xo
w* s we X
\
Xo q X0 q X0




Monophoton + missing energy

Qualitatively analogous to Monojet, but photons also from final state radiation!
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Forward dijets + missing energy (VBF)

Backgrounds: again mainly Z — v, W — fv (4 mistagged lepton)

Delannoy et al. 1304.7779, studied VBF at 14 TeV and found sensitivity over 1 TeV! }

20/29



Forward dijets + missing energy (VBF)

Backgrounds: again mainly Z — v, W — fv (4 mistagged lepton)

Vector boson fusion

(= — 1]
100Tev, 30201
S8 Ul Gt 100Tev,3ab1 ]
s I 147ev, 3071

8 I

é 1% syst

= 3¢

£ 70 5% syst

S T

o [

PIR W . R ]
10 ]
oL, A

B0 1000 T80 2000
M, [Gev]

Delannoy et al. 1304.7779, studied VBF at 14 TeV and found sensitivity over 1 TeV! J

Discrepancy not solved, we find a higher background count at high MET cuts...
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Summary of missing energy + SM radiation

Tools used: Madgraph5.v2 + Pythia 6.4 + Delphes (CMS card)

Backgrounds: simulations validated with available 8 TeV CMS and ATLAS analyses

Cuts: fixed values chosen on a pre scan, those with higher impact left free

For example VBF:

Cuts 14 TeV 100 TeV 3 ab™' 100 TeV 30 ab™!
ErlTeV] 04-07 15-55 15-55
pr(inz) [GeV] | 40 (1%), 60 (5%) 150 200
M, [TeV] | 15 (1%), 1.6 (5%) 6 (1%), 7 (5%) 7
A 3.6 3.6 3.6 (1%), 4 (5%)
Ad 15-3 15-3 153
pr(js) [GeV] 2 60 60
pr(f) [GeV] 20 20 20
pr(7) [GeV] 30 40 40

Take-home messages

— | Complementary to Indirect Detection, will not cover thermal relic mass

— Systematics understanding will be crucial, today we are at ~ 5%, not 1%!

— going from 14 to 100 TeV will increase mass reach by a factor 3 +- 4
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Disappearing Tracks - Introduction

M, + — My, =165 MeV > m, = lifetime 7 ~6cm ~ 0.2ns

Almost all xTs decay to xo + soft pions before reaching detectors
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Disappearing Tracks - Introduction

M, + — My, =165 MeV > m, = lifetime 7 ~6cm ~ 0.2ns

Almost all x*s decay to xo + soft pions before reaching detectors
Feng Strassler 1994
{ Feng Moroi Randall Strassler Su 1999

Low Wang 1404.0682

ATLAS performed this analysis at 8 TeV!

T [ns]

Current strongest limit on pure Wino

My, > 270 GeV

No background in the SM, but from detector:

— interactions of charged hadrons in detector

\s:BTeV.de(:ZO.S o’
— unidentified leptons

Observed 95% CL lmit (+10,.,,)
......... Expected 95% CL imit (=10,,)
ATLAS (18 = 7 TeV, 4.7 o', EW prod)
ALEPH (Phys. Lett. BS33 223 (2002))
L L 7 ‘Stable’ %,

50 200 250 300 350 400 450 500 550 600
m.. [Ge’

— mis-measured tracks, dominant at large pr

100 1
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Disappearing Tracks - Strategy

’ We mimic the ATLAS analysis‘ [we cannot simulate backgrounds]
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Disappearing Tracks - Strategy

’ We mimic the ATLAS analysis‘ [we cannot simulate backgrounds]

We require: i) high-pr jet i) large missing energy iii) track with high pr

100 TeV pp collider
) ) M=2 TeV
Track reconstruction becomes solid

at ~ 30 cm from pipe 10

Tracks/ cr

DISCLAIMER: of course we cannot foresee
future detectors, but such a study useful
also for their characterization

10

(AL L S L) e B R

60 70
Track length [cm]

. © mis-measured tracks dominate
Assumptions e
for background: © their shape is the one fitted by ATLAS o & pre
pT
© their cross section scales as the one for pp — vivjet

Then we quantify uncertainty on bkg with a factor of 5 up/down
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Disappearing Tracks - Results

Disappearing Tracks
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Potential to probe thermal Wino!
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Disappearing Tracks - Results

Disappearing Tracks
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Summary of pure Wino phenomenology

Summary of constraints (solid edge) and reaches (dashed edge)
“"\‘“‘\““\““\““““‘\““

T ]

LzgE : : — Ref. [76]

antiprotons |- : : - Ref. [23]
I I

HESS GC y-line - || ! ! — Ref. [23]
I I
I I
I §\

Mono—jet [0 14TeV @3abt = J thiswork
T T T 100 TeY @3abt LR
(=N

Mono-photon : k] : - thiswork
=R
(=N

VBF | L - thiswork
I I
I I
I I

Disappearing tracks | | | — thiswork
f ]
' ]

T T T T T I S O Y S R
500 1000 1500 2000 2500 3000 3500 4000
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Indirect detection good probe
but large astro uncertainties + assumes all DM = Wino

LHC14 poor reach, 100 TeV could probe masses up to thermal (and beyond?)
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Other electroweak multiplets?



A fermion quintuplet

Originally “the” Minimal Dark Matter candidate, cause automatically stable

Mihermar =~ 10 TeV
AM ~ 165 MeV

Indirect signals at p= 103

Direct Detection: poor prospects 1072 g7
100 TeV collider: , 103 U

2 ww
very unlikely to reach thermal mass E o2

=}

:
Indirect detection: 107 -
depends on position of Sommerfeld 102
peaks, precise computation needed 0 2 4 6 8 10 12

DM mass in TeV

OLD Cirelli Strumia Tamburini 0706.4071
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A scalar triplet

Needs extra symmetry to be stabilised, e.g. 2>

Mtherma] ~ 2.5 TeV
AM ~ 165 MeV

emerges as “techni-pion” in scale-free models with strong interactions
Antipin Redi Strumia 1410.1817

P = vy

Direct Detection: poor prospects

100 TeV collider:

maybe disappearing tracks

Indirect detection:

precise computations available

M [TeV]

Bauer Cohen Hill Solon 1409.7392
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ConCIUSionS mainly based on Cirelli Sala Taoso 1407.7058

An EW fermion triplet to make Dark Matter )

[needs non-standard attitude towards hierarchy problem]

V'stable by B — L (or discrete subgroup)

v'not big contribution to my

v helps with unification of gauge couplings o /

v stabilizes EW vacuum

v'mimics Wino LSP/provides benchmark

Summary of

Rel. [76]

Phenomenology hard to see, need 100 TeV?

Ref. (23]

o ——— e 1231

thiswork

Outlook/in progress: other multiplets

ID prospects

50 100 1s0 200 250 3000 a0 4o
M, [Gev]



