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The ILC

@ Alinear ete collider.

@ Total length 31 km

@ Ecys tunable between 200 and 500 GeV, upgradable to 1 TeV.
@ Polarisation e™: 80% (e*: > 30%)

® [ L ~250fb~"/year

@ 2 experiments, sharing one interaction region.

@ Concurrent running with the LHC
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The ILC is not LHC

@ Lepton-collider: Initial state is known.
@ Production is EW =
o Small theoretical uncertainties.
No “underlaying event”.
Low cross-sections wrt. LHC, also for background.
= Trigger-less operation.
High precision (sub-%) measurements needed, to extend our
knowledge beyond LEP, Tevatron, LHC.
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The ILC is not LHC

@ Lepton-collider: Initial state is known.
@ Production is EW =
o Small theoretical uncertainties.
No “underlaying event”.
Low cross-sections wrt. LHC, also for background.
= Trigger-less operation.
High precision (sub-%) measurements needed, to extend our
knowledge beyond LEP, Tevatron, LHC.

= for detectors:
@ Low background =- detectors can be:

e Thin : few % Xg in front of calorimeters

o Very close to IP: first layer of VXD at 1.5 cm.

o Close to 47: holes for beam-pipe only few cm = 0.2 msr un-covered
= Area of Suisse Romande (or Schleswig-Holstein, or Conneticut)
relative to earth.

@ Importance of hermeticity for the searches: v~ rejection !
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SUSY with no loop-holes

Loop-hole free SUSY searches

@ Allis known for given masses, due to
SUSY-principle: “sparticles couples as
particles”.

@ This doesn’t depend on the SUSY breaking  »
mechanism !

@ Obviously: There is one NLSP.

LSP LSP
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SUSY with no loop-holes

Loop-hole free SUSY searches

@ Allis known for given masses, due to
SUSY-principle: “sparticles couples as
particles”. LSP ISP

@ This doesn’t depend on the SUSY breaking  »
mechanism !

@ Obviously: There is one NLSP.

So, at ILC :

@ Model independent exclusion/ discovery
reach in My, sp — M, sp plane.

@ Repeat for all NLSP:s.

@ Cover entire parameter-space in a hand-full
of plots

@ NLSP search «» “simplified models” @ LHC!
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SUSY with no loop-holes

Simplified models

@ Simplified methods at
hadron and lepton
machines are different
beasts.

@ At lepton machines
they are quite model
independent, at LHC
model dependent.
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SUSY with no loop-holes

Simplified models

@ Simplified methods at
hadron and lepton
machines are different
beasts.

@ At lepton machines
they are quite model
independent, at LHC
model dependent.

@ A few examples (ue.
arXiv:1308.1461)

o jix NLSP

@ 71 NLSP (minimal o).
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SUSY with no loop-holes

Simplified models

@ Simplified methods at

hadron and lepton 3 250 5

machines are different 5, | ERd

beasts. ol — Discovry 150 [ L8P -5 |
@ At lepton machines 100 roo| e

they are c At ILC P

independ: Both discover and exclude NLSPs up to | s sk sis-sis

model de| some GeV:s from the kinematic limit ! Hhoon (650
@ A few exampies (ms. = < 250

arXiv:1308.1461) %2507 %200

=200} — Exclusion =

o jix NLSP

o 71 NLSP (minimal ¢). ™
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SUSY with no loop-holes

No loop-holes

@ Compare with LHC, here e e e
Atlas (arxiv:1403.5294v1): o | ATLAS S Gpcerved it (£1 6%05)
. . g¥300 J.Ldt=2o.§ fo, 5=8 TeV =nnv Expected imit (+1 0,)
e Di- and tr|'|ept0n Fnn-win2'x ATLAS 4.7 16", \§ = 7 TeV
Searches M~0 — M 4 250 | m=myp Alllimits at 95% CL
’ X2 )?1 ’ r 3L+2L combined &V o,
Br(x — W(*)/Z(*)X?):'I . 2002— & @\// o
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SUSY with no loop-holes

No loop-holes

@ Compare with LHC, here e e e
Atlas (arxiv:1403.5294v1): o | ATLAS S Gpcerved it (£1 6%05)
. . g¥300 ILdt=20.3 fo, 5=8 TeV =nnv Expected imit (+1 0,)
e Di- and tr|'|ept0n Fnn-win2'x ATLAS 4.7 16", \§ = 7 TeV
Searches’ M)zo — M—-j:, 250 — e =y Alllimits at 95% CL
-2 >(§1 E 3L+2L combined /\4\@ ’L‘(\'i‘
BI’(X — W(*)/Z(*)X1)=‘| i 200 o & w7
@ Note cut x-axis! ts0f- "
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SUSY with no loop-holes

No loop-holes

@ Compare with LHC, here % 30 rreerrrrprrrrrrrrprrrerprerer ey
©) v
Atlas (arxiv:1403.5294v1) 30 ATLAS Observed mit(153%5) ]
. . _[Ldt=20.3fo",\s=eTev »»»»» Expected lmit (£10,,)
e Di- and tr|'|ept0n Lo w08 ATLAS 4.716% \s =7TeV |
SearCheS, M~0 = M~j:, 250 M=o Alllimits at95% CL
X2 X4 3L+42L combined &

7

Br(x — W()/Z050)=1. 0
@ Note cut x-axis! Here is LEP 10
Y7 only, any decay-mode!

S NS NS R S

O g T T

100

50
0 AP U TR DU DU B [
50 100 150 200 250 300 350 400 450 500
n}nf[GeV]

2%

Mikael Berggren (DESY) Discovering SUSY and DM at ILC ICHEP14 7/15



SUSY with no loop-holes

No loop-holes

) Compare with LHC, here  § 30 e e
)
Atlas (arxiv:1403.5294v1) 30 ATLAS Observed lmi (+163%)
. . I Ldt=203 fo’, 158 TeV --ooo Expected limit (+10,,p)
e Di-and tr|'|ept0n L5~ W2 ATLAS 4.7 b, \s =7 TeV
250 M =mg Alllimits at 95% CL

searches, Mig = M)aj:,
Br(x = Wt /ZM{9)=1. 0
@ Note cut x-axis! Here is LEP 150
Y7 only, any decay-mode!
@ Below thick line: Can't fulfil
gaugino-mass GUT-relation.
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SUSY with no loop-holes

No loop-holes

@ Compare with LHC, here

Atlas (arxiv:1403.520av1):
e Di- and tri-lepton

searches, Mig = M)aj:,
Br(x = Wt /ZM{9)=1. 0
@ Note cut x-axis! Here is LEP 150
Y7 only, any decay-mode!
@ Below thick line: Can't fulfil
gaugino-mass GUT-relation.

@ Discovery projections to 14

TeV 300/3000 fb~*

(arxiv:1307.7292v2)..
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No loop-holes

@ Compare with LHC, here 5 30 rrerrprrrprrrrrerrrprrrrpreerpreer e
©)
Atlas (arxiv:1403.5294v1): S ATLAS Observed it (41685
R : 300 _[Ldt=20.3 fo’, \s=B TeV -----
e Di- and tri-lepton EF WL
searches, Myo = M+, 0 M=
2 X1 3L+2L combined

Br(x - W®/ZM{9)=1. 20
@ Note cut x-axis! Here is LEP 10
Y7 only, any decay-mode!
@ Below thick line: Can’t fulfil
gaugino-mass GUT-relation.

@ Discovery projections to 14
TeV 300/3000 fbo~!

(arxiv:1307.7292v2)..
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No loop-holes

@ Compare with LHC, here 5 30 rrerrprrrprrrrrerrrprrrrpreerpreer e
L Y
Atlas (arxiv:1403.520av1): S ATLAS Observed fmit (£163%57)
; : 300 _[Ldt=20.3 o, \s=8 TeV -----
e Di- and tri-lepton EF WL
250 me=mp

searches, Mig = M)aj:,
Br(x = Wt /ZM{9)=1. 0
@ Note cut x-axis! Here is LEP 150
Y7 only, any decay-mode!
@ Below thick line: Can't fulfil
gaugino-mass GUT-relation.
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SUSY with no loop-holes

No loop-holes

@ Compare with LHC, here

Atlas (arxiv:1403.520av1):
e Di- and tri-lepton

searches, Mig = M)aj:,
Br(x — W) /Z(:){9)=1
@ Note cut x-axis! Here is LEP 10
Y7 only, any decay-mode!
@ Below thick line: Can’t fulfil
gaugino-mass GUT-relation.
@ Discovery projections to 14

TeV 300/3000 fb—1
(arXiv:1 307.7292v2) .
. and now the ILC
at 500 GeV...and 1 TeV
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No loop-holes

%
, '

@ Compare with LHC, here = § 30— .,,.,...,_,.,[,,.,[,,,.,.,,./4.',,,,.,,,_,,,P
o i
Atlas (arxiv:1403.5294v1): S ATLAS _’.-Obsewed.,muosusv, i
. . 300 _[Ldt 20307, 158 TeV £~ - 1
e Di- and tri-lepton EE - WIRLE
250

1,
"\T m '/

3L42L conbined 4‘*

searches, Mig = M)aj:,
Br(x — W®)/ZM0)=1. a0
@ Note cut x-axis! Here is LEP 150
Y7 only, any decay-mode!
@ Below thick line: Can't fulfil
gaugino-mass GUT-relation.
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TeV 300/3000 fb—1 e
(arXiv:1 307.7292v2) .
. and now the ILC
at 500 GeV...and 1 TeV=- Lots of plain vanilla SUSY to explore at ILC! J
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Natural SUSY: Light, degenerate higgsinos

@ Natural SUS);: , ,
utan B—m
°omg =2 H1—tan26 =2

e = Low fine-tuning = 1 = O(weak scale).

o If multi-TeV gaugino masses:
e §9, %5 and ¥ pure higgsino. Rest of SUSY at multi-TeV.
° Mi?,z’ M)’qi S
@ Degenerate (AM is 1 GeV or less)
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utan B—m
o m; =2 H1—tan26 =2

e = Low fine-tuning = 1 = O(weak scale).
o If multi-TeV gaugino masses:
e §9, %5 and ¥ pure higgsino. Rest of SUSY at multi-TeV.
° Mi?,z’ M)’qi S
@ Degenerate (AM is 1 GeV or less)
@ To detect: Tag using ISR photon, then look at rest of event:
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Natural SUSY: Light, degenerate higgsinos

@ Natural SUS);: , ,
, tan? B—m
o m; =2 H1—tan26 =2

e = Low fine-tuning = 1 = O(weak scale).
o If multi-TeV gaugino masses:
e §9, %5 and ¥ pure higgsino. Rest of SUSY at multi-TeV.
° Mi?,z’ M)’qi S
@ Degenerate (AM is 1 GeV or less)
@ To detect: Tag using ISR photon, then look at rest of event:

SUSY signal and ~~ background

Signal Two photon background
VB oy y
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Natural SUSY: Light, degenerate higgsinos

@ Natural SUS);: , ,
, tan? B—m
o m; =2 H1—tan26 =2

e = Low fine-tuning = 1 = O(weak scale).
o If multi-TeV gaugino masses:
e §9, %5 and ¥ pure higgsino. Rest of SUSY at multi-TeV.
° Mi?,z’ M)’qi S
@ Degenerate (AM is 1 GeV or less)
@ To detect: Tag using ISR photon, then look at rest of event:

SUSY signal and ~~ background ... and with an ISR photon in addition

Signal Two photon background Signal Two photon background
Wy y VT ay y
B
L L L | L LI L
z z — z z
] ] ] ] o 5
e W
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Natural SUSY: Light, degenerate higgsinos

@ Studied model points:

o e e e R A S A
° dm1600 A(M)=1 6 Gev’ é E ATLAS === Observed limit (+1cj5.07)
mp=124 GeV, Myo=164.2 &0 [La-2aw’ feTev s cupmeaeimeros
1 =t =0

)0 () 20
X’| ’1’2 - W x’| z X1

ATLAS 4.7 fb", \s =7 TeV

m.=m, Al limits at 95% CL
2

3L+2L combined A o
& L

GeV.

e dm770: A(M)=0.77 GeV,
mp=127 GeV, M;,=166.6 200
GeV.

;o
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H. Sert, F. Brummer, J. List, G. Moortgat-Pick, T. Robens, K. Rolbiecki, M.B., EPJC (2013) 73:2660 [arXiv:1307.3566v2]
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Natural SUSY: Light, degenerate higgsinos

@ Studied model points:

150

@ Very hard for LHC.

100

5 380 T T T T
e dm1600: A(M)=1 6 Gev’ 5 r ATLAS === Observed limit (+13)
mp=124 GeV, M>20=1 64.2 300~ Ldt=20310", 158 TeV === Expected imit (+16,)
GCV 1 E i:iﬂwuz?zui? ATLAS 4.7 b", \s =7 TeV
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H. Sert, F. Brummer, J. List, G. Moortgat-Pick, T. Robens, K. Rolbiecki, M.B., EPJC (2013) 73:2660 [arXiv:1307.3566v2]
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Natural SUSY: Light, degenerate higgsinos

@ Studied model points:

@ Channels: Only efe™ —§9¢3
or {7 %5 in s-channel (no {0%%
due to weak isospin, no
t-channel due to higgsino
nature)
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H. Sert, F. Brummer, J. List, G. Moortgat-Pick, T. Robens, K. Rolbiecki, M.B., EPJC (2013) 73:2660 [arXiv:1307.3566v2]
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Natural SUSY: Light, degenerate higgsinos

@ Few-body decays and R @
radiative decays (for 3)
(calculated with Herwig).
WH/z* I
f'/f
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Natural SUSY: Light, degenerate higgsinos

@ Few-body decays and R @
radiative decays (for 3)
(calculated with Herwig).

@ Separate %7 from {9: Either Wzt !
semi-leptonic f.s.: Only %5, or
~: only 3. 7
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Natural SUSY: Light, degenerate higgsinos

@ Few-body decays and
radiative decays (for 3)
(calculated with Herwig).

@ Separate %7 from {9: Either
semi-leptonic f.s.: Only %5, or
~: only 3.

@ E s gives reduced v/s':
“auto-scan”. End-point gives
masses to ~ 1 GeV.

Mikael Berggren (DESY)
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Natural SUSY: Light, degenerate higgsinos

@ Few-body decays and
radiative decays (for 3)
(calculated with Herwig). R

@ Separate %7 from {9: Either [
semi-leptonic f.s.: Only %7, or [
~: only 3. S i ]

250 300 350 400 450 500

@ E,sp gives reduced Vs’ \s/Gev
“auto-scan”. End-point gives
masses to ~ 1 GeV.

@ Close to end-point, E; gives
A(Mf(?, M>~<1i) to ~ 100 MeV.

E*/GeV
o
|
Eal
=
<
o
=
S
N
o

205 5 ' B
FO%X, Y dmM770

I — simul. data - <SM>

Events/0.1 GeV
T

10F AM™ = 0.81+0.04 GeV ]

0 0.5 1 15 2 25
E*/GeV
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Natural SUSY: Light, degenerate higgsinos

@ Use to extract the
model-parameters u, My and
M, (little tan 5 dependence).

@ ;. can be determined to + 4 %.
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Example: Light Higgsinos

Natural SUSY: Light, degenerate higgsinos

@ Use to extract the 510 : : -
model-parameters p, My and Sof Swdg e E
M, (little tan 3 dependence). of k E

@ s canbe determinedto £4%.  f | E

@ Limits on My and My after ok . i
[L£=2ab ",

@ For both models: Sign R - _
determined, allowed lower and ~ =*f “"=0e® E
upper limits on My (for oF K,,\'
dm1600 also for My). °F E

"o e M,/ TV
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Only WIMPs

@ Cosmology = 25% of universe = Dark
Matter

@ One possibility: WIMPs (). What if this is
the only accessible NP ?
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Only WIMPs

@ Cosmology = 25% of universe = Dark
Matter

@ One possibility: WIMPs (). What if this is
the only accessible NP ?

@ Search for direct WIMP pair-production at collider : Need to make
the invisible visible:
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Only WIMPs

@ Cosmology = 25% of universe = Dark
Matter

@ One possibility: WIMPs (). What if this is
the only accessible NP ?

@ Search for direct WIMP pair-production at collider : Need to make
the invisible visible:

e Require initial state radiation which will recoil against “nothing”

e LHC: pp — xxg or xxv
o ILC: ete™ —xx~ (Full simulation study. c. Bartels, J. List, M.B. arxiv:1206.6639v1,

and A. Chaus, Thesis,in preparation.
@ Model-independent Effective operator approach to “?”
e Exclusion regions in M, /A plane, for each operator.
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Example: Only WIMPs

Backgrounds and Signal extraction

Irreducible Backgrounds

@ ee — vvy
e Recoil-mass peaks at Mz
e “switched off” by P(e~)=1.
@ ete v etey
e mimics signal if eTe~
undetected
e crucial to apply veto from low
angle calorimeter

Mass & o from spectrum shape

@ fractional event counting: Weight
events by Spin/v/Bpin
@ Include systematic errors.

[ E— polarised beams

10'

signal

P(e~,e")

vy | eteTy

(0%, 0%)

67% | 23%

(+

80%, —60%)

25% | 75%

Mikael Berggren (DESY) Discovering SUSY and DM at ILC

ICHEP14 13/15



Comparison with current LHC Results

Vi D5
@ Examples: 500
™ . F 72000 'Ple.e)= — 1270V, 3ab ]
e Vector operator (“spin 4000F  CFO%S0%) Tinvsmont &
. [ __ 500fb"Pee’ ]
independent”), S, = 1/2 SN ol 2 ok
. . 3000
e Axial-vector operator (“spin = 87— — — — —
1 = o
dependent )’ SX - 1/2 < 20001==.=.—..=.—.—.::.—.:—. .......... =
LHC data: CMS PAS EXO-12-048,projections: arXiv:1307.5327 1000k
,/7//
10
5000, ‘Axial-vechlo_r}:pel"ator (D8)
[ }onoomtpmg): —_ 14T693m
4000k ‘*80:%""{0%’ -+ 14TeV, 300 h
— e T — oMSBTeV, 1950 "

10°
M,[GeV]
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Example: Only WIMPs

Comparison with current LHC Results

@ Examples:
e Vector operator (“spin
independent”), S, =1/2
o Axial-vector operator (“spin
dependent’), S, =1/2
LHC data: CMS PAS EXO-12-048,projections: arXiv:1307.5327
@ LHC reaches higher masses,
ILC smaller cross-section.

5000r

Vector operator (D5)

4000[-

3000

A [GeV]

2000F

1000k

F 2000t "Ple.e’)= — 147V, 3ab 1
%,-60% ; ]
(+80%,-60%) 147TeV, 3001 &

LHC™

Axial-vector operator (D8)

4000F
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Example: Only WIMPs

Comparison with current LHC Results

@ Examples:
e Vector operator (“spin
independent”), S, =1/2
o Axial-vector operator (“spin
dependent’), S, =1/2
LHC data: CMS PAS EXO-12-048,projections: arXiv:1307.5327
@ LHC reaches higher masses,
ILC smaller cross-section.

Note:

@ LHC curves assume pure
coupling to hadrons, while

o ILC curves assume pure coupling
to leptons.
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Example: Only WIMPs

Comparison with current LHC Results

@ Examples:
e Vector operator (“spin
independent”), S, =1/2
o Axial-vector operator (“spin
dependent’), S, =1/2
LHC data: CMS PAS EXO-12-048,projections: arXiv:1307.5327
@ LHC reaches higher masses,
ILC smaller cross-section.

Note:

@ LHC curves assume pure
coupling to hadrons, while

o ILC curves assume pure coupling
to leptons.

o Not a priori comparable; rather
complementary!
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At ILC:
@ Loop-hole free discovery potential for SUSY, up to the kinematic
limit.
@ Includes a vast region of moderate-to-small LSP-NLSP
mass-differences, not explorable by hi-lumi LHC.
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@ Even in natural SUSY scenarios where the only sparticles below
the multi TeV range are almost mass-degenerate higgsinos: ILC
can discover, and determine model-parameters, high-mass sector
ones included.
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@ Loop-hole free discovery potential for SUSY, up to the kinematic
limit.
@ Includes a vast region of moderate-to-small LSP-NLSP
mass-differences, not explorable by hi-lumi LHC.

@ Even in natural SUSY scenarios where the only sparticles below
the multi TeV range are almost mass-degenerate higgsinos: ILC
can discover, and determine model-parameters, high-mass sector
ones included.

@ In searches for dark matter, ILC yields orthogonal information to
LHC and direct searches.

@ Tests contact interaction scales up to 3-4 TeV.

@ In addition: WIMP property determination (mass: 1-2%, helicity
structure, spin of mediator) = model discrimination

Mikael Berggren (DESY) Discovering SUSY and DM at ILC ICHEP14 15/15



Conclusions

Conclusions

At ILC:

@ Loop-hole free discovery potential for SUSY, up to the kinematic
limit.
@ Includes a vast region of moderate-to-small LSP-NLSP
mass-differences, not explorable by hi-lumi LHC.
@ Even in natural SUSY scenarios where the only sparticles below
the multi TeV range are almost mass-degenerate higgsinos: ILC
See also: The other side of SUSY at the ILC

Poster Precision measurement of SUSY at the ILC, presented by
J. List

LAU ana airect searcnes.
@ Tests contact interaction scales up to 3-4 TeV.

@ In addition: WIMP property determination (mass: 1-2%, helicity
structure, spin of mediator) = model discrimination
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Thank You !
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