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Physics at High-Energy e+ e- Colliders
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A MULTI-TEV LINEAR COLLIDER
BASED ON CLIC TECHNOLOGY

e High-energy e+ e- collider;, c.m.energy: 200 GeV - 3000 GeV

e Polarisation: 80% e- and at least 30% e+

* Integrated Luminosity: 100-250-500 /b / yr

* Experimental setup: * Well-defined initial state
* Pure electroweak production (small
theory errors)
* Triggerless operation

e Physics programme: Higgs physics, top physics, Electroweak physics,
QCD physics (jets, «s,fragmentation),  BSM searches

e Offers only possibility to scan over all states with EW quantum numbers in a certain range
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A MULTI-TEV LINEAR COLLIDER
BASED ON CLIC TECHNOLOGY

e High-energy e+ e- collider;, c.m.energy: 200 GeV - 3000 GeV

e Polarisation: 80% e- and at least 30% e+

* Integrated Luminosity: 100-250-500 /b / yr

* Experimental setup: * Well-defined initial state
* Pure electroweak production (small
theory errors)
* Triggerless operation

e Physics programme: Higgs physics, top physics, Electroweak physics,
QCD physics (jets, «s,fragmentation),  BSM searches

e Offers only possibility to scan over all states with EW quantum numbers in a certain range

PROCEEDINGS OF THE | Machine % L
WORKSHOP ON (TeV) (em s Y

PHYSICS AT FUTURE ACCELERATORS pp 16 10 - 10°*
LHC { { 1.3 10%
L . . P 1.8 10%
a Thuile (Italy) and Geneva (Switzerland) “ »
7 - 13 January 1987 CLIC e'e” 2 10 — 10
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A MULTI-TEV LINEAR COLLIDER
BASED ON CLIC TECHNOLOGY

e High-energy e+ e- collider;, c.m.energy: 200 GeV - 3000 GeV

e Polarisation: 80% e- and at least 30% e+

* Integrated Luminosity: 100-250-500 /b / yr

* Experimental setup: * Well-defined initial state
* Pure electroweak production (small
theory errors)
* Triggerless operation

e Physics programme: Higgs physics, top physics, Electroweak physics,
QCD physics (jets, «s,fragmentation),  BSM searches

o Offers only possibility to scan over all states with EW quantum numbers in a certain range

PROCEEDINGS OF THE | Madine | % L
WORKSHOP ON (devy | m = 9 1 Opportunities and Requirements for Experimentation
PHYSICS AT FUTURE ACCELERATORS { oo | 16| 107 10% at a Very High Energy e*e~ Collider
LHC 1.3 10
) ) @ { 1.8 10% May 1988
La Thuile (Italy) and Geneva (Switzerland) " " v
7 - 13 January 1987 CLIC e'e” 2 10 — 10
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The Virtue of Lepton Beams / Colliders

(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precision machines.”
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The Virtue of Lepton Beams / Colliders

(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precision machines.”
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A) Deep Inelastic Scattering: 1969, "“ =
SLAC: QCD/Quark Substructure  SEZFile®N s
(e~ beams)
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The Virtue of Lepton Beams / Colliders

(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precision machines.”
= *

B te ) cts: |D/9
DESY: QCD Force Carrier
Sewer Beams)
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The Virtue of Lepton Beams / Colliders
(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precision machines.”
B ) cts: [9/9
DESY: QCD Force Carrier

CERN: Weak Gauge Structure
(v, beams)
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The Virtue of Lepton Beams / Colliders

(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precisio mq‘chines.”

B ) cts: [9/9 -

DESY: QCD Force Carrier
Seme Deams)

—u _ B) Neutral currents: [973, Gargamelle,
.  CERN: Weak Gauge Structure
(v, beams)

_ A ||||I2l|u.L
C) Charm/tau d|scovery AT

SLAC: SM flavor structure
(e~ e™ beams)
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The Virtue of Lepton Beams / Colliders

(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precision machines.”
=

B ) cts: [9/9
DESY: QCD Force Carrier

A

3 ” A4 |||I§I‘Ium § O3
C’) Bottom osclllations: 1987
DESY: Top Quark mass

(e~ et beams)
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“Minimum Bias” BSM physics

* No obvious guideline for New Physics:
compared to W/Z, top or Higgs searches

* Several possible paths:
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“Minimum Bias” BSM physics

* No obvious guideline for New Physics:
compared to W/Z, top or Higgs searches

* Several possible paths:

Electroweak sector: spontaneously broken gauge sector (still unexplored)

Is there a Higgs sector ? Is the Higgs the Higgs ? [Higgs potential tomography]
Are there any particles with EW quantum numbers in a certain energy range?
Flavor sector: connection to the High-energy frontier ?

Existence of new neutral or charged currents ?

Is there a collider connection to the baryon asymmetry !

Is there a collider connection to the Dark Matter sector ?

Do gauge interactions unify?

Is there a new layer of matter (a.k.a. compositeness) !

* % % % % ok % % % %

Are there new symmetries (global, super, space-time) !
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“Minimum Bias” BSM physics

* No obvious guideline for New Physics:
compared to W/Z, top or Higgs searches

* Several possible paths:

Electroweak sector: spontaneously broken gauge sector (still unexplored)

Is there a Higgs sector ? Is the Higgs the Higgs ? [Higgs potential tomography]
Are there any particles with EW quantum numbers in a certain energy range!
Flavor sector: connection to the High-energy frontier ?

Existence of new neutral or charged currents ?

Is there a collider connection to the baryon asymmetry !

Is there a collider connection to the Dark Matter sector ?

Do gauge interactions unify?

Is there a new layer of matter (a.k.a. compositeness) !

* % % % % ok % % % %

Are there new symmetries (global, super, space-time) !

Make best possible use of LHC data (historical :
SPEAR+DORIS/AGS, PETRA+PEP/AGS+SPS, SppS/SLC+LEP |, Tevatron/LEP I

High-energy ete- only option of re-confirmation and diagnosis of LHC discoveries
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Paradigmatic Standard Candle Telescopes

3 main pillars of ete- physics:

|. Higgs Physics
S Heidi Rzehak’s talk
2. Top Physics

3. BSM Physics
(“direct searches”)

Standard (Model) candles can be used as

Telescopes for [indirect] BSM searches I I
Mi WU Mn
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Paradigmatic Standard Candle Telescopes

3 main pillars of ete- physics:

|. Higgs Physics
S Heidi Rzehak’s talk
2. Top Physics

3. BSM Physics
(“direct searches”)

Standard (Model) candles can be used as

Telescopes for [indirect] BSM searches i |
Ml M | Mﬂm

Search for anomalous Higgs couplings ~—— —— ——
Laww = 2m3y (2 + &) AW FWH— 4 LW e ’

34fTakubo et al: 1011.5805 .
2f 15_
2 0.5F
- Ay2=1(39% C.L.) ok
4 = Ay2=228(68% C.L.) : Sz
6F == Ay2=5.99(95% C.L.) o5k Va2
8f — Af "
10f 1.5t
a2k T4 321012 3 4
12} | |
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Paradigmatic Standard Candle Telescopes

3 main pillars of ete- physics:

|. Higgs Physics
S Heidi Rzehak’s talk
2. Top Physics

3. BSM Physics
(“direct searches”)

Standard (Model) candles can be used as
Telescopes for [indirect] BSM searches

Search for anomalous Higgs couplings

Lrww = 2mW ( ) hW—l_W’u’ Sl XW+ WHY:—

aF Takubo et al: 101 1.5805 2 15¢
2f 15_
of i I
o 0.5F
- Ay2=1(39% C.L.) ok
4 = Ay2=228(68% C.L.) ;
eF == Ay2=5.99(95% C.L.) 05k
8f e A
10f 1.5t
a2k 43240 1 2 4
12}
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Anomalous Top couplings as BSM probes

ILC, \s = 500 GeV

0%t AtrtrZ

f -1
Lumi = 500 fb ey
10%4 Composite Higgs with SO(5)/SO(4)
At ptpZ
P a— RS with SU(Z)RXSU(Z)LXU(I)X ‘SM/SUSY . . . PR
-80% ~60% -40% -20% 20% 40% 60% 80% RUR
LHC 300 fb-1

AdS, with Custodial O(3) A10%+

Richard: 1403.2893

BSM Physics at High-Energy ee Colliders

5D Emergent A

A RS warped with Hosotani mechanism

Little Higgs
—20%4# RS with Custodial SU(2)

Composite Top

CLIC 2015, CERN, 28.1.2015



Dark Matter Searches S Itay Yavin's talk

e Assumption: weakly interacting particle X b X

&
* ee — XX invisible, use bremsstrahlung:
ee = XXY (analogous to LHC: pp = XXj )

* |rreducible backgrounds: ee — vvy,
ee — eeY with ee lost in the beampipe

e Polarisation to suppress backgrounds: W exchange killed 6_|_

a lot by P(e+,e') Bartels/Berggren/List: arXiv: 1206.6639 X
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Dark Matter Searches S Itay Yavin's talk

e Assumption: weakly interacting particle X o X
* ee — XX invisible, use bremsstrahlung:
ee = XXY (analogous to LHC: pp = XXj )

* |rreducible backgrounds: ee — vvy,

ee — eeY with ee lost in the beampipe

e Polarisation to suppress backgrounds: W exchange killed 6_|_
a lot by P(et,e-) Bartels/Berggren/List: arXiv: 1206.6639 X
e Veto from low-angle calorimeter hits against radiative Bhabha —— polarised beams

* Search for signals in the photon recoil spectrum F

signal

10°F

10

||||||||||||||||||||||||||||||||||||||||||||

0 50 100 150 200 250 300 350 400 450 500
recolI[ eV]
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Dark Matter Searches S Itay Yavin's talk

* Assumption: weakly interacting particle X CoE X
* ee — XX invisible, use bremsstrahlung:

ee = XXY (analogous to LHC: pp = XXj )
* |rreducible backgrounds: ee — vvy,

ee — eeY with ee lost in the beampipe

e Polarisation to suppress backgrounds: W exchange killed 6_|_
a lot by P(et,e-) Bartels/Berggren/List: arXiv: 1206.6639 X
e Veto from low-angle calorimeter hits against radiative Bhabha —— polarised beams
° ° ° 104:_
e Search for signals in the photon recoil spectrum :
signal
Axial- D e
5000 e P P 5000 R -
N ILCZOOOfb 'Ple e)= hﬂrgam ] __20001b 'Ple )= 14TeV. 3ab :
4000F (80%-60%) . wtevaont 4 S 4000 (+80%.-60%) .. 147ev, 30010 - 102k
— 0%k ey — OMS8TeV, 195/ 1 — OO B0l aorl) — CMSBTeV, 195 -
>s000F T T T 4 ='3000F — ——————— e
§ F-mmm oo 18 Ee- - R !
< 2000 _ | 7 < 2000 A E 050700 750 200 250 300" 350 400 450500
e e e EEL L LR Ve R e 2ot - _\..§E ST TS ST TS ST ST FTT .—.'.\!: Syl ~ ] Mmo" [GeV]
1000f _ LHC ™ 1000 3,
G'/._— R el M P | G', L T TR sl
10 107 10 10 10 10° * Vector operator: “spin-independent”
M,[GeV] M,[GeV] * Axial-vector operator: “spin-dependent”
LHC accesses higher masses, TeV e+e- lower cross sections (few caveats)
CMS-PAS EXO-12-048; arXiv:1307.5327
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Model-Independent Electroweak Searches

* Main advantage of ee machine: perfectly defined initial state, elementary particle collision
e Testbed SUSY: Scan over all NLSP candidates
* Model-independent exclusion/discovery reach in
MnvLsp — Myrsp plane
e Examples: ip NLSP

~

71 NLSP min. ysec

Berggren, arXiv:1308.1461|

et f
\f\ < <LSP
e 7

e®.
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Model-Independent Electroweak Searches

* Main advantage of ee machine: perfectly defined initial state, elementary particle collision

e Testbed SUSY:Scan over all NLSP candidates

* Model-independent exclusion/discovery reach in

Mnvrsp — Mirsp plane

e Examples: irp NLSP

71 NLSP min. ysec

Berggren, arXiv:1308.1461|

et f
\f\ < <LSP
e 7

Discover/exclude close to
kinematical limit

L
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Lsp [GeV]
n
=

< 200

150 |

100

0

Lsp [GeV]
N
=

150 |

100

BSM Physics at High-Energy ee Colliders

50 |

50 |

NLSP : i

- — Exclusion

| — Discovery

0 50 100 150 200 250
My sp [GeV]

NLSP : %,

- — Exclusion

| — Discovery

0 50 100 150 200 250
My sp [GeV]

s00 b Exclusion
= Discovery
50 -
0240 242 244 246 248 250
M, op [GeV]
250
200
150 | | NLSP : 1,
s00 | Exclusion
= Discovery B
50 -

%00 210 220 230 240 250

M, sp [GeV]
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New Neutral Currents: Z’ searches

* Neutral current paved path to understanding gauge structure of the SM
* Promising way to go beyond: many GUT models predict additional neutral currents (Z°)
* High-precision high-energy e+e- measurements allows model discrimination

* Access to scales up to several tens of TeV!!

ALR

SSM I ITev

Osland et al.: 0912.2806

10 15
My (TeV)
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New Neutral Currents: Z’ searches

* Neutral current paved path to understanding gauge structure of the SM
* Promising way to go beyond: many GUT models predict additional neutral currents (Z°)
* High-precision high-energy e+e- measurements allows model discrimination

* Access to scales up to several tens of TeV!!

w1 Gl | :
M(Z’) =2TeV _ M(Z’) = 4TeV
ALR T '
ITeV | ' 7.7
— ] | SLH X SLH %
—— : e ] LR | LR
or o —_ -
o | KX . KK
1 Tev . LH | LH
.
] P I = - = . 8 . . . .
0.5 0 05 25 0 0.5
Cy C
Godfrey/Kalyniak/Tomkins: 051 1335
Osland et al.: 0912.2806

10 15
My (TeV)
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New Neutral Currents: Z’ searches

* Neutral current paved path to understanding gauge structure of the SM

* Promising way to go beyond: many GUT models predict additional neutral currents (Z°)

* High-precision high-energy e+e- measurements allows model discrimination

* Access to scales up to several tens of TeV!!

{ 1Ty —
ALR — J
1TV f

I TeV

SSM

1TeV ]

1TeV |

=

1TeV

.
1TeV {

Osland et al.: 0912.2806

10 15
Mz (TeV)

1ab”, P=0.8, P,=0.6,

AP/P=0.5%
ee—qq: ==
ee—uu: Asys=0.1% B2
ee—dd:

-1
LHC: L=100 fb

ee—hadrons

AP/P=1.0%

Asys=0.5%

L=10fb"
Ae=15%

* Contact interactions are sensitive to scales close to 100 TeV
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1ab”, P=0.8, e s
AP/P=0.5%

Pe+=0.0: Asys=0.2% [ Asys=0.5% ||

P +=0.6: aL=02% B4 aL-05%

S. Riemann: LC-TH-2001-007

ITITI]IIIIIIII]I]IITIIIIIIIIT]I
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High-Energy Electroweak Sector

e After discovery of light Higgs boson: what is left to do?
e Mechanism behind generating Higgs vev missing (= Higgs physics, trilinear Higgs etc.)

e Dynamics of electroweak interactions: =—> Multiboson Interactions (MBI)

* Processes: Dibosons, Tribosons,Vector Boson Fusion, Vector Boson Scattering

* By vector bosons EW bosons are meant, not the photon (though generally higher rate)
e Existing studies assume: P(e”) =80 —90% P(e™) =30—60%

e®.
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High-Energy Electroweak Sector

e After discovery of light Higgs boson: what is left to do?
e Mechanism behind generating Higgs vev missing (= Higgs physics, trilinear Higgs etc.)

e Dynamics of electroweak interactions: =—> Multiboson Interactions (MBI)

* Processes: Dibosons, Tribosons,Vector Boson Fusion, Vector Boson Scattering
* By vector bosons EW bosons are meant, not the photon (though generally higher rate)
e Existing studies assume: P(e”) =80 —90% P(e™) =30—60%

* |ongitudinal polarization of beams: (V-A) couplings of W/Z
* € and er different multiplets = access completely different couplings
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High-Energy Electroweak Sector

* After discovery of light Higgs boson: what is left to do?

e Mechanism behind generating Higgs vev missing (= Higgs physics, trilinear Higgs etc.)

e Dynamics of electroweak interactions: =—> Multiboson Interactions (MBI)

* Processes: Dibosons, Tribosons,Vector Boson Fusion, Vector Boson Scattering
* By vector bosons EW bosons are meant, not the photon (though generally higher rate)
e Existing studies assume: P(e”) =80 —90% P(e™) =30—60%

* |ongitudinal polarization of beams: (V-A) couplings of W/Z
* € and er different multiplets = access completely different couplings

Exploration of E-frontier >look for heavy objects, including high-mass V, V| scattering:
O requires as much integrated luminosity as possible (cross-section goes like 1/s)

F. Gianotti, CLIC Workshop, CERN, 02/2014
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High-Energy Electroweak Sector

* After discovery of light Higgs boson: what is left to do?
e Mechanism behind generating Higgs vev missing (= Higgs physics, trilinear Higgs etc.)

e Dynamics of electroweak interactions: =—> Multiboson Interactions (MBI)

* Processes: Dibosons, Tribosons,Vector Boson Fusion, Vector Boson Scattering
* By vector bosons EW bosons are meant, not the photon (though generally higher rate)
e Existing studies assume: P(e”) =80 —90% P(e™) =30—60%

* |ongitudinal polarization of beams: (V-A) couplings of W/Z
* € and er different multiplets = access completely different couplings

Lo 1 Limits usefulness to subprocess energies I
Exploratiol o(eTe” = VVV) x — inthe lower range where cross section attering:
O require:

S of fusion process still small /s)

UVBS(€+€_ N 1/I7W+W_) x log(s) 'orkshop, CERN, 02/2014

ete” - 277 7H
Ly WW  Presentin spectrum
~WWZ | L zz

— WW+ Complementary (and present at lower energies)

e®.
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High-Energy Electroweak Sector

* Vector Boson Scattering: access to New Physics in W, Z selfcoupl.  Beyer/|RR/Ménig ...., arXiv:hep-ph/0604048
e | TeV, I/ ab,full 6-fermion states, P(80% e-, 60% e+), binned likelihood
* Contributing channels: WW-WW, WW-2ZZ WZ-WZ, ZZ/—-77

Signal

I

e®.
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High-Energy Electroweak Sector

* Vector Boson Scattering: access to New Physics in W, Z selfcoupl.  Beyer/|RR/Ménig ...., arXiv:hep-ph/0604048
e | TeV, I/ ab,full 6-fermion states, P(80% e-, 60% e+), binned likelihood
* Contributing channels: WW-WW, WW-2ZZ WZ-WZ, ZZ/—-77

Irreducible
Background

e®.
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High-Energy Electroweak Sector

* Vector Boson Scattering: access to New Physics in W, Z selfcoupl.  Beyer/|RR/Ménig ...., arXiv:hep-ph/0604048
e | TeV, I/ ab,full 6-fermion states, P(80% e-, 60% e+), binned likelihood
* Contributing channels: WW-WW, WW-2ZZ WZ-WZ, ZZ/—-77

(Partially) reducible
Background

e®.

7¢%/ J.R.Reuter BSM Physics at High-Energy ee Colliders CLIC 2015, CERN, 28.1.2015



High-Energy Electroweak Sector

* Vector Boson Scattering: access to New Physics in W, Z selfcoupl.  Beyer/|RR/Ménig ...., arXiv:hep-ph/0604048
e | TeV, I/ ab,full 6-fermion states, P(80% e-, 60% e+), binned likelihood
* Contributing channels: WW-WW, WW-2ZZ WZ-WZ, ZZ/—-77

(Partially) reducible -~
Background W z v
W / W Z v
> \,\’\’\’\
W
Process Subprocess o [fb]
ete™ — veveqqqyg | WW — WW 23.19
ete™ — veqqqqg | WW — ZZ 7.624
ete” — viqqqq V-VVV 9.344
eTe” — veqqqq WZ—-WZ S8
ete” —ete qqqf | ZZ - ZZ 2.09
ete” —ete qqqq | ZZ - WTW~ 414.
ete” — bbX ete” — tt 331.768
eTe” — qqqq ete” — WTW~ | 3560.108
ete™ — qqqq oe — Y 173.221
etTe” — evqq ete” = evW 279.588
ete” — eTe qq olE T —=iE 134.935
ete” =5 X eTe” = qq 1637.405

L
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High-Energy Electroweak Sector

* Vector Boson Scattering: access to New Physics in W, Z selfcoupl.  Beyer/|RR/Ménig ...., arXiv:hep-ph/0604048
e | TeV, I/ ab,full 6-fermion states, P(80% e-, 60% e+), binned likelihood
* Contributing channels: WW-WW, WW-2ZZ WZ-WZ, ZZ/—-77

(Partially) reducible - o~
Background W z v
W ! W Z Ny
> \,\’\’\’\
W
SU (2). conserved case, all channels
Process Subprocess o [fb] coup;mg Vo ot
ete™ = veleqqqq | WW — WW 23.19 16772044 141 | 1.38
ete™ — veqqqqg | WW — ZZ 7.624 167°as LI 1.09
ete” — viqqqq V -VVV 9.344 4 T16r%as =
ete™ — veqqqq WZ —-WZ 132.3 3 1
elem — eve qqqq | ZZ — ZZ 2.09 Ry
ete” —ete qqqq | ZZ - WTW ™ 414. N
ete” — bbX ete” — tt 331.768 5
eTe” — qqqq ete” — WTW~ | 3560.108
ete™ — qqqq oe — Y 173.221 i
etTe” — evqq ete” = evW 279.588 2
ete” — eTe qq olE T —=iE 134.935 3
ete” =5 X eTe” = qq 1637.405 ) s el e A SR Ol )
-4 -3 -2 -1 0 1 2 3 4
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High-Energy Electroweak Sector

01 T T T | T | T I T I I T T | T T T T I T T T T T
i ete” — wWW ] 0.1F
peree : do E - .
0.01F | g [Tb/GeV] _
o 0.01E
0.001f _ 2

1074 - 0.001| i~

10-5 1 | 1 . 1 1 |

0 200 400 600800 1000 S [ S [ U
M, (recoil) p1 (W pair)
Boos/Kilian/He/Muhlleitner/Pukhov/Zerwas, 1998
|.6 TeV WW scattering
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High-Energy Electroweak Sector

0.1 L I 1 I ] T I 1
r eTe” — owwWW 0.1
I gocoo do
0o 0.01
0.001 —~
104 - 0.001

llllllll 1 11 1 1111

1

-5 1 |
107% 201
0.001
—4
10745
e®.

“¢+ J.RReuter

BSM Physics at High-Energy ee Colliders

L lllllll

i llllll'
|

T ll'

!
3
I
S
|

_____

_______

il -
- r .
- .

c

& |
5 g :
|

1 I L
200
p1(W pair)

Boos/Kilian/He/Muhlleither/Pukhov/Zerwas, 1998

|.6 TeV WW scattering

CLIC 2015, CERN, 28.1.2015



High-Energy Electroweak Sector

01 T I T T T T T T T T T T T 1 T T T T T T T T T T
r ete” — wWW i 0.1F
peree : do E - .
0.01F | g [Tb/GeV] _

[ 0.0l
0.001f | E

I

. 0.001| i~

107°

| i | 1 1 1 | 1 | | | | !
100 200 300

B JuC pL(W pair)
L m[fb/GeV] /\ i
' - | Boos/Kilian/He/Muhlleitner/Pukhov/Zerwas, 1998
0.001 & =
|.6 TeV WW scattering
- A— 1&00h" 1500

M (W pair)

* Interpretation as limits on Electroweak Resonances (| TeV):

Spins SIE— 08— ] = [ =2 Spint EE=E0 Bl a=—=)
0 1.55 — 1.95 0 ettt e i Laty | L0E
1 — 2.49 == 1 1L s | 0T =
2 3.29 — 4.30 2 3.00 | 3.01 | 5.84
* Results for | TeV, probably the best-possible measurement at Multi-TeV e+e-
* No final conclusion on LHC reach yet: Alboteanu/Kilian/|RR, 0806.4 145; Kilian/Ohl/JRR/Sekulla, 1408.6207
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Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)
* LHC searches:assumptions  Myo = M+ BR(%y - Wil)=BR(a s 2

S‘350-llllllll'lllllllllllll'llllllllllllll'l
()] -
V) - ATLAS == Observed limit (+1 G
to page 1)} -
'_pcg_ ) L dt = 20.3 fb 1. {§=8 TOV """ Exmcted limit (11 c"v)
ot oD 1") o0 =i") o0
LL->W LZ % ATLAS 4.7 ", {5 = 7 TeV
250 My = My All limits at 95% CI
3L+20 corr:ncuned 6\«., Q’d\
200

150

TR A S Y TR T B R | e
00 150 200 250 300 350 400 450

.SgPllllIlllllllllllllllllllllllllllll
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Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)
* LHC searches:assumptions  Myo = M+ BR(%y - Wil)=BR(a s 2

; 350 YY1+ TIi113 1 rTr1TTrTTyrrTryTT T LI | Ty LR B LI L] LI |
y D I I | 1 I 1 1 |
e LEP chargino search (all decay modes) -‘éx N ATLAS S Opserved Wi (8655)
o . . 300 =20 '1- """ imit (£lo :
e No gaugino-mass GUT relation below line : Jra g | W Eediikif
: LL=W L4 X ATLAS 4.7 6% \s=7TeV ]
250 - My =My Al firmits at 95% CL ‘

3L+2Lcur6md L4 A

C 72 PN ]
200 - ]

)

150 }

oooooo
-

100

Ll e 1 b b il ity Ll
| | 1 ity |
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0 50 100

@

“¢%/ ).R.Reuter BSM Physics at High-Energy ee Colliders CLIC 2015, CERN, 28.1.2015



Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)
* LHC searches:assumptions  Myo = M+ BR(%y - Wil)=BR(a s 2
350

e LEP chargino search (all decay modes) o

|
ATLAS ——— Observed limit (+105")

I Ldt=203M" \s=8 TeV
K- W"i‘fz"i‘f

M [GeV]

o |
* No gaugino-mass GUT relation below line I

250
* LHC projections to 14TeV  (arXiv: 1307.7292) g
300/fb and 3000/ fb o

150 }

-
—————
-

100

JmIJLIALl 11111
100 150 200 250

50
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Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)
* LHC searches:assumptions  Myo = M+ BR(%y - Wil)=BR(a s 2

M [GeV]

e LEP chargino search (all decay modes)

—

* No gaugino-mass GUT relation below line

* LHC projections to 14TeV  (arXiv: 1307.7292)
300/fb and 3000/ fb

500 GeV ete- generic searches
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Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)
* LHC searches:assumptions  Myo = M+ BR(%y - Wil)=BR(a s 2

’
s’

. S 350 mrrrrer . ‘ s ;
* LEP chargino search (all decay modes) 3 I | y !
; i ) . ATLAS —= Observed imt (s165) |
* No gaugino-mass GUT relation below line £ 300 | f Lat=2031" 158 TeV =22 grpectsims i
g LG WILZE ]
1 . 250 . =my ,/ it o
* LHC projections to 14TeV  (arXiv: 1307.7292) : o L '
300/ fb and 3000/ fb 200 | oy ;
i //é\ll" : t
. ) o | N = :
500 GeV ete- generic searches VAR’ P s i

100

Upgrade to | TeV covers parameter space 50
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150 200 250 350 400 450 500
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Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)
* LHC searches:assumptions  Myo = M+ BR(%y - Wil)=BR(a s 2

.

350 TI] TTJITT L | TI TT‘]T LB T 77

P . S 35 -
LEP chargino search (all decay modes) $ 8 | aTLas Cbsorad sk (12
* No gaugino-mass GUT relation below line £ 30 g 300 ILT=20.;:9". 15-8 TeV 5222 Expocted it (+10,,)
- LL-oW LT ATLAS47 " \s=7TeV -
A . 25 250 -~ m. = m. Al limits at 95% CL
* LHC projections to 14TeV  (arXiv: 1307.7292) ot e g N
A rz,\\\ ‘
300/fb and 3000/fb 20 2000 & o’
) A R
500 GeV ete- genericsearches P 7 4 JE \
¥ 100
Upgrade to | TeV covers parameter space 5
 Benchmark searches for degenerate EW-inos
[ R e e S LAl A
100 150 200 250 300 350 400 450 500
A(M) =1600 MeV, Mzo =164.2 GeV  Sert et al.:arXiv:1307.3566 m, . [GeV]

A(M) =770 MeV, Mgo = 166.6 GeV
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Search for New Weakly Interacting Particles (1)

* ete-: electroweak production = allows (more) model-independent searches for EWV particles

* Example: SUSY searches for partners of electroweak particles (EW gauginos / Higgsinos)

* LHC searches: assumptions

e LEP chargino search (all decay modes)
* No gaugino-mass GUT relation below line

* LHC projections to 14 TeV
300/fb and 3000/ fb

500 GeV ete- generic searches

Upgrade to | TeV covers parameter space

 Benchmark searches for degenerate EW-inos

A(M) = 1600 MeV, Mgo = 164.2 GeV

A(M) =770 MeV, Mgo = 166.6 GeV

SUSEsienals: e — XT X1,

L
“¢+ J.RReuter

Ml = i

M [GeV]

(arXiv: 1307.7292)

Sert et al.:arXiv:1307.3566
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Search for New Weakly Interacting Particles (1)
+ Dig out of Yy background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background _ Signal Two photon background
WOy Ay WUy Ay

=0 a =0
LR ‘\l
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Search for New Weakly Interacting Particles (1)
+ Dig out of Yy background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background _ Signal Two photon background
WOy Ly MU Ay by

‘ \_(l) ‘ \~|i

o C0 e
+ Select chargino (semi-leptonic mode) vs. neutralino (radiative decay) X1 — X1JJ Xot™V
0 =0
X2 o
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Search for New Weakly Interacting Particles (1)
+ Dig out of Yy background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background Signal Two photon background
VO ay Yy Y 'y

Wl W

~ 4 ~0 -+ ~1p+
+ Select chargino (semi-leptonic mode) vs. neutralino (radiative decay) X1 G XOK '

. : 0 &
+ ISR quasi-‘scan’: linear fits allow to extract masses up to = | GeV Xo o i
> T T ® : o ] S S i B B =
& 8o U% % v dM1600 : §1200 Ly dm770 & TpULLY dm770 :
o Oxzy : By g0of S E T Y M - 166.34 0.8 GeV - FOxzy ‘
5 600 |- ] sm My = 168.0= 1.4 GeV 3 @ sm A S 15T — simul. data - <SM> E
& - — simul. data ' 800F — simul. data E:; i Mt " GV 1
& 400 600 Z 1or (T =0S1= 008 Cov =
[ 400 | [ j
200} ; S5 B
- 200 ¥ ]
%0 250 300 350 400 450 500 %00 250 300 350 400 450 500 % 0.5 1 1.5 2 2.5
\sYGeV \s/GeV E*_/GeV
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Search for New Weakly Interacting Particles (1)
+ Dig out of Yy background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background Signal Two photon background
WOy Yy WOy vy

a &0 Qo0
1 ‘\l

~ 4 ~0 -+ ~1p+
+ Select chargino (semi-leptonic mode) vs. neutralino (radiative decay) X1 G XOE '

. : 0 &
+ ISR quasi-‘scan’: linear fits allow to extract masses up to = | GeV Xo o i
> I S S A RES Ra s R 0 : " RO o o R R R
¢y 800 -0 XX dM1600 ] §‘2°° -0 Ay op ¥ dm770 S | 0 X ¥ dM770 )
o Oxzy _ By g0of S E T Y M - 166.34 0.8 GeV - FOxzy ‘
pooof@sm  M;=168.0=1.4GeV | [l sm pooeEn S 15F — simul. data - <SM> ]
& - — simul. data 1 800 — simul. data E:; [ M 14 0.04 GeV -
@ 400 |- 600 |- = 1of AM" = 0.81£ 0.04 GeV ]
[ 400 | [ j
200 | 5 S5 B
X 200 ¥ ]
%0 250 300 350 400 450 500 200 250 300 350 400 450 500 % 0.5 1 1.5 2 2.5
\sYGeV \s/GeV E*_/GeV

+ Parameter extraction: from E.: AM(%7,%9) ~100 MeV and u ~ 4%
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Search for New Weakly Interacting Particles (1)
+ Dig out of Yy background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background Signal Two photon background
WOy Yy WOy vy

a &0 Qo0
1 ‘\l

~ 4 ~0 -+ ~1p+
+ Select chargino (semi-leptonic mode) vs. neutralino (radiative decay) X1 G XOE '

: . 0 3
+ ISR quasi-‘scan’: linear fits allow to extract masses up to = | GeV Xo o i
> P S B I B B W §2 ‘ ) > o T T
o Oxzy _ By g0of S E T Y M - 166.34 0.8 GeV - FOxzy ‘
pooof@sm  M;=168.0=1.4GeV | [l sm pooeEn S 15F — simul. data - <SM> ]
5 -~ simul. data ] 800 -~ simul. data E:; i M 14 GeV ]
@ 400 |- 600 |- = 1of AM" = 0.81£ 0.04 GeV ]
400 | [ j
200 | 5 S5 B
200 | - ]
%0 250 300 350 400 450 500 %00 250 300 350 400 450 500 % 0.5 1 1.5 2 2.5
\sYGeV \s/GeV E*_/GeV

+ Parameter extraction: from E.: AM(%7,%9) ~100 MeV and u ~ 4%

Even for invisibly decaying sneutrino NLSP
Kalinowski/Kilian/JRR/Robens/Rolbiecki, arXiv: 0809.997
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Search for New Weakly Interacting Particles (Il)

Tomography of all EWV states in a certain energy range:

e depending on energy range covers EVV and

QCD states

e known initial state = clean mass determination

L
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Tomography of all EWV states in a certain energy range:

Search for New Weakly Interacting Particles (Il)

e depending on energy range covers EVV and

o
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QCD states
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Moty

Fit:S+B(Data)-B(MC), events: 2845
M= 101420+ 557

Mz'= 34175+ 638, %"/ ndf 24.5 /45
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known initial state = clean mass determination
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CLIC CDR, arXiv:1202.5940
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Search for New Weakly Interacting Particles (Il)

Q'
o 5 . &= 3 _
Tomography of all EWV states in a certain energy range: =10 L . tt H+X ] — Higes
1 2 102 £ ] —zus
e depending on energy range covers EVV and 8 S~ —charginos
QCD (}) 10k ,11‘4_ = 4 —— squarks
states @ ’ﬁyg'_ 1 — swmtt
o o, o o . 7 ] _vr’vu’ve
* known initial state = clean mass determination © 1 (/ - ¥ neutralinos
10k ‘g,,-l m—="1 (SUSY model Il
T B @ T E
-.GC-; 100 ;3;;;370:1;;3(@)1 events: 2845 % FniS+B(Da1a)-B(NiC).'events: 3425 10-2 L ( . [ L
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Mass determination for particles with
strong and weak quantum
numbers, e.g. squarks:

Template fit: mg, = 1127.9 £ 5.9 GeV

(input value: 1123.7 GeV)
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Search for New Weakly Interacting Particles (lll)

* Other candidates: axion-like particles in strongly-interacting models
* Prime example: Little Higgs Models Kilian/Rainwater/JRR, arXiv: hep-ph/0411213, hep-ph/06091 19

* Axion-like particles:

e®.
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Search for New Weakly Interacting Particles (lll)

* Other candidates: axion-like particles in strongly-interacting models

* Prime example: Little Higgs Models Kilian/Rainwater/JRR, arXiv: hep-ph/0411213, hep-ph/06091 19
BR [n]

* Axion-like particles: :

e Gauged U(l) group: Z° «— Ungauged U(1) group: n

0.1
* Couples to fermions like pseudoscalar

* m[n] =400 GeV (at LHC only accessible for = 200 GeV) 0.01
* SM singlet, couplings to SM fermion suppressed v /F |

0.001
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Search for New Weakly Interacting Particles (lll)

* Other candidates: axion-like particles in strongly-interacting models

* Prime example: Little Higgs Models Kilian/Rainwater/JRR, arXiv: hep-ph/04 11213, hep-ph/06091 19

* Axion-like particles: BR [n]

1

e Gauged U(l) group: Z° «— Ungauged U(1) group: n

0.1
* Couples to fermions like pseudoscalar

* m[n] =400 GeV (at LHC only accessible for = 200 GeV) 0.01
* SM singlet, couplings to SM fermion suppressed v /F |

0.001

X e vpo 10_4 '_f =
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T m, [GeV]

S /s = 800 GeV
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* High-energy ete- allows detection
in the low-mass regime:

eTe — tin 10
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Conclusions and Outlook

* TeV-/Multi-TeV e+ e- machines offer large BSM
discovery potential

Model-independent electroweak searches

Dark Matter direct searches

RIGES TOP - BSM

High-energy ete- resolves many LHC search constraints

(Multi-)TeV e+e- surpasses LHC energy reach for m M M
“—, S— N
EVV sector and neutral current searches :

Eo S S S

* Search for light electroweak particles not covered by LHC
* High-energy et+e- is a mandatory tool for discovery and

discrimination of New Physics
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Conclusions and Outlook

* TeV-/Multi-TeV e+ e- machines offer large BSM
discovery potential

* Model-independent electroweak searches

* Dark Matter direct searches —

* High-energy ete- resolves many LHC search constraints Eifies TP Qi

* (Multi-)TeV e+te- surpasses LHC energy reach for M m MJ
= =2 =

EW sector and neutral current searches
* Search for light electroweak particles not covered by LHC
* High-energy et+e- is a mandatory tool for discovery and

discrimination of New Physics
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* TeV-/Multi-TeV e+ e- machines offer large BSM
discovery potential

Eo S S S

Conclusions and Outlook

Dark Matter direct searches

Model-independent electroweak searches

High-energy ete- resolves many LHC search constraints

(Multi-)TeV e+e- surpasses LHC energy reach for

EVV sector and neutral current searches

* Search for light electroweak particles not covered by LHC

* High-energy et+e- is a mandatory tool for discovery and

discrimination of New Physics

Synergistic potential from both LHC & e+e-

Bino LSP
(Gravity
mediation

Wino LSP
(Anomaly
mediation

Higgsino LSP
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LHC 8 TeV (heavy squarks) Preliminary
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* TeV-/Multi-TeV e+ e- machines offer large BSM

Conclusions and Outlook

discovery potential

Eo S S S

Dark Matter direct searches

Model-independent electroweak searches

High-energy ete- resolves many LHC search constraints

(Multi-)TeV e+e- surpasses LHC energy reach for

EVV sector and neutral current searches

* Search for light electroweak particles not covered by LHC

* High-energy et+e- is a mandatory tool for discovery and

discrimination of New Physics

Synergistic potential from both LHC & e+e-

Bino LSP
(Gravity
mediation

Wino LSP
(Anomaly
mediation

Higgsino LSP
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