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The Virtue of Lepton Colliders

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

first ex positivo hadron colliders:
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The Virtue of Lepton Colliders

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

first ex positivo hadron colliders:
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The Virtue of Lepton Colliders

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

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

e —

A) Deep Inelastic Scattering: 1969, “” oy 5
SLAC: QCD/Quark Substructure  QEZZnilesd\ &
(e~ beams)
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The Virtue of Lepton Colliders

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

e —

A) Deep Inelastic Scattering: 1969, “” oy 5
SLAC: QCD/Quark Substructure  QEZZailtsd\

' ‘ .' ‘z» B) Neutral currents: 1973, Gargamelle,
s g CERN: Weak Gauge Structure
(v, beams)

°®
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The Virtue of Lepton Colliders

(FALSE) PARADIGM: “Hadron colliders are discovery machines, lepton colliders are precision machines.”
210 A A R ‘

A) Deep Inelastic Scattering: 1969,
SLAC: QCD/Quark Substructure

C) Charm/tau GlSe@VErR AT 6
SLAC: SM flavor structure
(e~ e’ beams)
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Not only unexpected...also predicted/partially unpredicted

D) First jet physics In ete-: 1978, s I

PETRA, DESY: Gluon discovery  Ee i 8 -B
(e e™ beams) ) N
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Not only unexpected...also predlcted/partlally unpredlcted

D) First jet physics In ete-: 1978,
PETRA,
(e~ e™ beams)
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DESY: Gluon discovery

E) B meson osclllations: 1987, ARGUS,
DESY: Top mass > 100 GeV
(e~ e™ beams)
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Not only unexpected...also predlcted/partlally unpredlcted

D) First jet physics In ete-: 1978,

FI=iE

(e~ e™ beams)

ectrow
BEECER

fcic
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F)

RA, DESY: Gluon discovery

E) B meson osclllations: 1987, ARGUS,
DESY: Top mass > 100 GeV
(e~ e™ beams)

eak Precision: [989-96,

N: Higgs mass < 200 GeV
DeEaAMSs)
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The Discovery Conundrum

SP(P)S

pp @ 0.54TeV

Tevatron

pp @ 1.8,1.96TeV

LHC
pp @ 7,8,13,14TeV

“FCC-hh”

bp @ 60,80,100 TeV (2)
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The Discovery Conundrum

Sp(p)S Guaranteed
discovery of
pp @ 0.54TeV W and Z
Tevatron

b @ 1.8,1.96TeV

LHC
pp @ 7,8,13,14TeV

“FCC-hh”

bp @ 60,80,100 TeV (2)
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The Discovery Conundrum

Sp(p)S Guaranteed prepared by
discovery of ~ [Many experiments
i Wand Z especially v beams
Tevatron

pp @ 1.8,1.96TeV

LHC
pp @ 7,8,13,14TeV

“FCC-hh”

bp @ 60,80,100 TeV (2)
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The Discovery Conundrum

Sp(P)S Guaranteed prepared by
discovery of  |many experiments
PP @ 0.54TeV W and Z especially V beams
Tevatron Guaranteed
2 discovery of
pp @ 1.8,1.96TeV top
LHC

pp @ 7,8,13,14TeV

“FCC-hh”

bp @ 60,80,100 TeV (2)
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The Discovery Conundrum

Sp(p)S Guaranteed prepared by
discovery of [many experiments
e ot ey Wand Z especially vV beams
Tevatron Guaranteed prepared by
discovery of DORIS/SLC/LEP
pp @ 18,1.96TeV top e+e- @ 0.01,0.091 TeV

LHC
pp @ 7,8,13,14TeV

“FCC-hh”

bp @ 60,80,100 TeV (2)
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The Discovery Conundrum

Sp(p)S Guaranteed prepared by
discovery of [many experiments
e ot ey Wand Z especially vV beams
Tevatron Guaranteed prepared by
discovery of DORIS/SLC/LEP
pp @ 18,1.96TeV top e+e- @ 0.01,0.091 TeV
LHC Guaranteed

discovery of

7,8,13,14 TeV
e : Higgs (or EVWSB)

“FCC-hh”

bp @ 60,80,100 TeV (2)

@i@ J.R.Reuter The X-Files:The BSM ILC case LCWS 2015, Whistler, 5.11.15



The Discovery Conundrum

Sp(p)S Guaranteed prepared by
discovery of  [many experiments
5 el Wand Z especially v beams
Tevatron Guaranteed prepared by
discovery of DORIS/SLC/LEP
pp @ 18,1.96TeV top e+e- @ 0.01,0.091 TeV
LHC Guaranteed prepared by
discovery of SLC/LEP
7,8,13,14 TeV
2 e : Higgs (or EVWSB) | ete- @ 0.091,0.209 TeV
“FCC-hh”
bp @ 60,80,100TeV (?)
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The Discovery Conundrum

Sp(p)S Guaranteed prepared by
discovery of  [many experiments
5 el Wand Z especially v beams
Tevatron Guaranteed prepared by
discover)/ of DORIS/SLC/LEP
816 Tey top ete- @ 0.01,0.091 TeV
LHC Guaranteed prepared by
discovery of SLC/LEP
. Higgs (or EVWSB) | ete- @ 0.091,0.209 TeV
“FCC-hh” no guarantee
pp @ 60,80,100TeV (?) 7?
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The Discovery Conundrum

Sp(p)S Guaranteed prepared by
discovery of  [many experiments
5 el Wand Z especially v beams
Tevatron Guaranteed prepared by
discover)/ of DORIS/SLC/LEP
816 Tey top ete- @ 0.01,0.091 TeV
LHC Guaranteed prepared by
discovery of SLC/LEP
. Higgs (or EVWSB) | ete- @ 0.091,0.209 TeV
“FCC-hh” no guarantee | Prepared by ILC
ete- @ 0.35,0.5TeV
pp @ 60,80,I100TeV (?) 7? 59
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Conditions for (lepton) collider discoveries

¢ New particle in kinematic reach of your collider

¢ Example: Charm discovery, electroweakino
¢ Difficult to predict: might need symmetry, coupling strength, indirect evidence [DM]

¢ New physics in (rare) decays of known particles

¢ Example: anomalies in rare B decays, anomalies in Higgs decays
¢ Difficult to predict: needs tremendous technical knowledge of known physics

¢ Deviations within existing interactions

¢ Example: ete- = hadrons below charm threshold, Z’ in contact interactions
¢ Difficult to predict: needs theoretical hint, experimental hint from somewhere else

¢ Decipher structure of new but known interactions

¢ Example: gluon discovery (massless carrier of confining theory), Higgs self-interaction
¢ Has guidance from existing experimental data; correct theory needs to be known

¢ Discovery of new strong interactions

¢ Example: quark substructure, composite Higgs
¢ Mostly for non-perturbative physics;
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The Pillars of Lepton Physics
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The Pillars of Lepton Physics

Electroweak vacuum &
y excitations:
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Paradigmatic Standard Candle Telescopes

/s
Standard (Model) candles can be used as IHHU

Telescopes for [indirect] BSM searches

Infernahonal linear collier

RIGES TOPR BSM

L] w u
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Paradigmatic Standard Candle Telescopes

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

Infernahianal linear collier

Search for anomalous Higgs couplings

MCHMS5 (f = 1.5 TeV)
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Talks by S. Gori / M. Peskin
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Paradigmatic Standard Candle Telescopes

Standard (Model) candles can be used as

Telescopes for [indirect] BSM searches

Search for anomalous Higgs couplings

MCHMS5 (f = 1.5 TeV)
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Talks by S. Gori / M. Peskin

Anomalous Top couplings as BSM probes

The X-Files: The BSM ILC case

X(1.2 . — : =X (1.2 =X (1.2 (4= (=X 112 =X 1.2
[ (K2, g, q)=ze{% (F () + 1 F5 () + S5 (B () + 25 Fh (4 ))}
Agl_/g,_ [a]
................... -+ +20%
LHC Precision
”"\"u._\ (&) TN , +10%
ILC Precismg.‘ [ A /g
. l Pt ‘ T glR R
| | T . T
20%  -10% SM +10% 208,
. —n-\ 10% ~ . \\x.\
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Richard: 1403.2893; Richard et al., 2015
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Handle to electroweak symmetry breaking

hhh: Mapping out Higgs potential 1
ccess to EWSB using only Higgs) |

O most promising: HH — bbbb and
HH — WW?*bb  [Junping Tian, 2013]

O 500 GeV, 4/ab: AN/ AN=28%

BT = eS|
, tth: Resolving eminent source of Higgs dynamics |

O if dynamics behind top/Higgs system:
tth is the access key

@ J.R.Reuter

Precision [%)]

100 F

ILC, IP(e+)l = 30%
Higgs Self-Coupling

M preferred
scenario

'l NSRS v W] YR Y e v | IS W W | |

ok

-

1 TeV
recision

0 5 10 15 20
[Claude Durig, EPS 2015] years
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Handle to electroweak symmetry breaking

| hhh Mapplng out nggs potentlal |
(only dlrect access to EWSB usmg only nggs)

O most promising: HH — bbbb and

HH — WW?%*bb

0O 500 GeV, 4/ab:

| tth: Resolvmg eminen
| (only dlrect ’-‘a»

*———‘:———”'P—‘vﬁ—— -‘.

[Junping Tian, 201 3]

AN/ AN=28%

usmg only nggs)

O if dynamics behind top/Higgs system:

tth is the access key
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High-Energy Electroweak Sector
e 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-ZZ WZ-WZ, ZZ—-ZZ

Process

Subprocess

o [fb]

1670
ete — vob.q3q] | WW — WW 23.19 5 2
ete” = vqiqp | WW — ZZ 7.624 d:
ete™ — vDqGqq VS AvAT 9.344 e
ete™ — veqqqq WZ—->WZ 132.3 i
ete” —wete qqqq | ZZ — ZZ 2.09
ete” wete qaqq | 22 - WTW— 414.
ete” — bbX ete™ — tt 331.768
ete” — qqqq ete” — WTW~ | 3560.108
ete™ — qqqq @@ =G 173.221
eTe” — evqq ete” — evW 279.588 g
ete” —ete qq ete” —ete Z 134.935 ‘ AR 1
ete” - X ete” — qq 1637.405 > O a1 SRS
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High-Energy Electroweak Sector

e 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-ZZ WZ-WZ, ZZ—-ZZ
Process Subprocess o [fb] 4 TierZar
ete — v,0.07q7 | WW — WW 23.19 i a)
ete” = vqiqp | WW — ZZ 7.624 d:
eTe™ — viggqqd VS VVV 9.344 SIS
ete™ — veqqqq WZ—->WZ 132.3 11 A
ete” —wete qqqq | ZZ — ZZ 2.09 A
ete” —ete qqqq | ZZ2 — WTW~— 414.
ete” — bbX ete™ — tt 331.768 i
ete” — qqqq ete” — WTW~ | 3560.108 2 -
ete™ — qqqq @@ =G 173.221
eTe” — evqq ete” — evW 279.588 2]
ete” —ete qq ete” —»ete Z 134.935 4 ‘ ‘
ete” - X ete” — qq 1637.405 il & g {i
* Interpretation as limits on Electroweak Resonances:
oo =0 =t SreiE =] =2
0 1.55 — 1.95 0 1.39 1.55 1.95
1 — 2.49 — 1 1.74 2.07 —
2 3.29 — 4.30 2 3.00 | 3.01 5.84

* Results for | TeV, but very good discovery potential already at 500 GeV
* No final conclusion on LHC reach yet:

Alboteanu/Kilian/|RR, 0806.4 1 45; Kilian/Ohl/JRR/Sekulla, 1408.6207; 1511.00022;
* Probably LC with |-3 TeV and polarization outweighs 14-30 TeV pp [longitudinal/transversal!!]
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in prep. for ILC1000+CLIC
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Dark Matter Searches

* 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 b)’ P(e"',e') Bartels/Berggren/List: arXiv: 1206.6639 X
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Dark Matter Searches

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

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

ee — eeY with ee lost in the beampipe

/i

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

* Search for signals in the photon recoil spectrum "F

10°F

10’;

10}

AAAAAAAAAAAAAA

signal

AAAAAAAA

0 501001502002503@350400450

M ocon [GeV]
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Dark Matter Searches

* Assumption: weakly interacting particle 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

a lot by P(et,e-)

Bartels/Berggren/List: arXiv: 1206.6639

* Veto from low-angle calorimeter hits against radiative Bhabha
 Search for signals in the photon recoil spectrum

Vector operator (D5)

5000—mMm
ILC S LHC :

— 2000 Ple e 14TeV 3 ab -

4000 (OO L wtevaon F
— sy — osswmsny ]

>'3000 ~\/ .
8 —————— ~ AlLC .
< 2000 ‘— =
R I I T O T I T T T o e ]

..’tq

1000 LHC S
GF"' al adaal el
10 10 10°

M,[GeV]

5000

4000

Axial-vector operator (D8)
L0 peer _ Liiaw :
(+80%,-60%)  __ 1476V 3001 -
__ 500m"Ple.e)= , ]
(+80%., +30%) - CMS.8 TeV, 19.5 N
_________ .
_____ =~ ILC :
—
Y

\ —

SETLEE STLTE STLEE STLTE ITLTE .—.-.\5: T ~

10°
M,[GeV]

10 10°

—_ polarised beams
10°F
signal
10°F
10°F
10
addda s sl ool addadal o il | WS W e
0 S50 100 150 200 250 300 350 400 450 500
M, ocon [GeV]

* Vector operator: “spin-independent”
* Axial-vector operator: “spin-dependent”

LHC accesses higher masses, ILC lower cross sections (few caveats)

J.R.Reuter

The X-Files: The BSM ILC case

CMS-PAS EXO-12-048; arXiv:1307.5327
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* Assumption: weakly interacting particle 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

Dark Matter Searches

e Polarisation to suppress backgrounds: W exchange killed

* Veto from low-angle calorimeter hits against radiative Bhabha
 Search for signals in the photon recoil spectrum

a lot by P(et,e-)

Bartels/Berggren/List: arXiv: 1206.6639

Vector operator (D5) Axial-vector operator (D8)
5000—mMm 5000 r——"rr
ILC LHC ] ILC L LHC ]
— 2000% 'Ple e')e 14TeV 3 ab o — zowa&aq':".ce&t - 14 TeV. 3 ’
4000 (8% rvamy A S 4000 (+80%-60%) .. 14Ty 300 B
— O o gy — CMS8Tev. 1951 ] — O et aey — CMS8TeV, 195m" :
——————————— ~__/ d S 2000 0o =
=>'3000 IRy . ] 3000 S :
O O - N

< 2000 | <1 < 2000 \ .
e :"t.' e :"-'F'-\- : ] SETTE ST TE ST ST LT .—.'-‘: e~ N

o] I

1000f - LHC ™ 1000 .
o= u aaaal aasa O mm—— el
10 10° 10° 10 10? 10°
M,[GeV] M,[GeV]

—_

10°F
10°F
10°F

10}

e—l_

polarised beams

signal

P W e | PN TN | - el
0 S50 100 150 200 250 300 350 400 450 500

M,.con [GeV]

* Vector operator: “spin-independent”
* Axial-vector operator: “spin-dependent”

LHC accesses higher masses, ILC lower cross sections (few caveats)

J.R.Reuter

The X-Files: The BSM ILC case

CMS-PAS EXO-12-048; arXiv:1307.5327
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Search for New Weakly Interacting Particles (l)

* 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(xi — W*x?) = BR(x3354 — Z2°%) =1

;‘ 3w -l LA I LI [ LB UI LA I LI | LB I LB ' LA '-J
m - -
0] - ATLAS = Observed imit (:1050y)
' to ‘:’% L I Ldt=203M" {5=8 TeV ----- Expected imit (+16,,) o
- LEL-oWELZE ATLAS4.7%", (5=7TeV 7
250 m’. - ml‘ All lirvss a2 95% Cl c
E 3L+2L combined Q& '2,((\ 5
200 | o
150 |- ‘.
100 .- .
- :
50 .
O [ | 1 . 11
100 150 200 250 300 350 400 450 500
Mmoo [GeV]
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Search for New Weakly Interacting Particles (I)

* 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(xi — W*x?) = BR(x3354 — Z2°%) =1

5

* |LEP chargino search (all decay modes) 2 ATLAS S Cppanvad e 1) ;%
: : : 300 =203 1", 5= Tev fuss atisng

e No gaugino-mass GUT relation below line : Jre g | M eechdbkinen)

r LL=W K& X ATLAS 4.7 % \s=7Tev ]

250 ;— My =my ANl eits at 95% CL ‘

» 3421 combined & N .

200 © : - 3

-
o o e
-

0 50 100 150 200 250 300 350 400 450 500
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Search for New Weakly Interacting Particles (I)

* 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(xi — W*x?) = BR(x3354 — Z2°%) =1

; T1! T'Tll LR T L | I T l
Q ' I .
* |LEP chargino search (all decay modes) e ATLAS

== Observed limit (+10,_")
I Ldt=20.3fb", \5=8 TeV ==aun

* No gaugino-mass GUT relation below line e WP

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

LA L L L L J L -

0 50 100 150 200 250 300 35 400 450 S00
Wi.[GeV]
7™
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Search for New Weakly Interacting Particles (I)

* 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

3
* LEP chargino search (all decay modes) %X

Uiy =il

* No gaugino-mass GUT relation below line

* LHC projections to 14 TeV

300/fb  and

500 GeV e+te- generic searches

@S@ J.R.Reuter

(arXiv: 1307.7292)

3000 / fb 0 |

The X-Files: The BSM ILC case

50

BR(X% v Wif(?) e BR(>~<8,3,4 - ZOS(?) =1

Y Y'TWWWWW

ATLAS = Observed limit (10,_)
IL dt=20.31b", \5=8 TeV ===--
- WLZE
ﬂ}: =rn"' Al limitg it S
3L+2L combined ‘4'\'

LA AL L L L L "3 afeiaduniie

-
——————
-

100 150 200 250 300 350 400 450 500
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Search for New Weakly Interacting Particles (I)

* 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(%;7 — WE¥) = BR(#3 .., — Z29%9) =1

s
s’

gl - J— . ‘ :

* |LEP chargino search (all decay modes) %‘ % | ATLAS f';mm..mum:g,) 5
* No gaugino-mass GUT relation below line . {J;‘:z:,'?.';;;‘fffl’/"" Expectpbimilel 0,.) 'j
250 |- me=me ‘ ) ;

* LHC projections to [4TeV  (arXiv: 1307.7292) r Aontied £ O 5
300/fb and 3000/ fb = S :

' 150 ‘ &’ — :

500 GeV e+e- generic searches 100 ‘ o e ;
Upgrade to | TeV covers parameter space 50 | g
'

0 50 100 150 200 250 300 350 400 450 500
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Search for New Weakly Interacting Particles (I)

* 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(¥: = WEx = BRI =

* |LEP chargino search (all decay modes) 2 ATLAS —

. ; : 300 | Ldt=203fb" 1s=8 TeV
e No gaugino-mass GUT relation below line Iﬁ*w"fz"'sf .
250 |- me=me ,1’
* LHC projections to [4TeV  (arXiv: 1307.7292) : itk contioed o
200 [ l"

300/fb and 3000/fb

el
-
-

500 GeV e+te- generic searches

Upgrade to | TeV covers parameter space 50 |

T XX LI L U0 Sl L L Ll JddAA.

0 50 100 1S 200 250 300 350 400 450 500
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Search for New Weakly Interacting Particles (I)

* 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  Mgo = M+ BR(%;7 — WE¥) = BR(#3 .., — Z29%9) =1

< ‘=— 350 EEEmEE B B e
> . > L I | i
y v o e
® LEP chargino search (all decay modes) e o ATLAS —— Observed it (+16557)
] . : £ g~ 300~ ILm 2031, 1=8 TeV xoc- Expected fimit (+10,,) -
* No gaugino-mass GUT relation below line TR | :
ATLAS 471" 15«7 TeV ]
250 L_ m, =ml; Al limits at 95% CL -]
* L HC projections to 14 TeV  (arXiv: 1307.7292) | [ 342 combined & o™ ;
300/fb and 3000/fb B R S E
) - * & :
150 - = )
500 GeV e+te- generic searches s ]
100 o .
Upgrade to | TeV covers parameter space |
50
e Benchmark searches for degenerate EW-inos S <
0 L “ sagadaaaa e s aadaa sl iy 1 g g
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, Myo = 166.6 GeV
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Search for New Weakly Interacting Particles (I)

* 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(%;7 — WE¥) = BR(#3 .., — Z29%9) =1

* |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 e+te- generic searches

=

My [GeV]

(arXiv: 1307.7292)

Upgrade to | TeV covers parameter space

e Benchmark searches for degenerate EW-inos

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

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

Sert et al.:arXiv:1307.3566

. [GeV)

m

SUSY signals:
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ete™
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350

300

250

200

150

]1T1T.

‘TTTTIT 7rr T

I] TTiY. | B | T] TT.I. 1

Al limits at 95% CL

;
g

th
) (,\ |

-—
- - -~
> =

100 |- .
}_

50

0 24{:\&4“1.114L. - ‘l,.

250 300 350

=== Observed limit (1a,.")
Expected imit (+10,,)

ATLAS4.71b " 15« 7 TeV

1
PRI ey | RN A

400
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Search for New Weakly Interacting Particles (l)

+ Dig out of YY background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background Signal Two photon background
=) «0
WY Ly MU Ay Ly
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Search for New Weakly Interacting Particles (l)

+ Dig out of YY background: tag ISR photon (only moderate ‘kick’ for signal / accesses bkgd.)

Signal Two photon background ~ Signal Two photon background
WUy 'y WUy Ly

-t c0;:: clpt
+ Select chargino (semi-leptonic mode) vs. neutralino (radiative decay) X1 — X1JJ XOK 24
0 ~0
X2 =% Xi%
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Search for New Weakly Interacting Particles ()

+ 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 VO oy Ly

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

0 ~
+ ISR quasi-‘scan’: linear fits allow to extract masses up to = | GeV X2 = X17

> B Sl R R Rk e 2‘) :"';Ol_"c"'l""l""l""l"'+' > 20_...—:_,_‘....,....,...,,...._
® goo-J% %, v dM1600 3 51200 _-D X X Y dM770 o %y dM770 ;
o [EXE : g FOLZy S | arey .
o [ O 4% it _ ] 1000 F — .-, " = 166.3% 0. S L= e -
& - — simul. data i 800F — simul. data g i Mt N GeV .
o1 400 600 = 10F AM" = 0.81%0.04 GeV -
400 | [ )

200 . ]

%00 250 300 350 400 450 500 %00 250 300 350 400 450 500 % o5 1 15 2 25

\s/GeV \s/GeV E*_/GeV

Sert et al.:arXiv:1307.3566
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Search for New Weakly Interacting Particles ()

+ 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 VO oy Ly

=+,
+ Select chargino (semi-leptonic mode) vs. neutralino (radiative decay) Xl — X135 X0 !

+ ISR quasi-‘scan’: linear fits allow to extract masses up to = | GeV Xz )

> B Sl R R Rk e 2‘) LI I L B > 20_ U B BN B e
) = - c - ] o
& soop %% v dM1600 . 1200 0777 dM770 o Dfof v dM770 -
e Oxxy L 3 Sioo0F 35 BT v g6+ 08 Gev = GpOT%Y ]
peoof@sm  M;=1680=14GeV ] [l sm nooeET S 15F _ gimul. data - <SM> ]
& - — simul. data i 800 :_ = simul. data g i Mt N GeV .
o1 400 600 = 10F AM" = 0.81%0.04 GeV -

[ 400 |- [

; 200 F ;

%00 250 300 350 400 450 500 300 250 300 350 400 450 500 % o5 1 15 2 25

\s/GeV \s/GeV E*_/GeV

. SiZievs Sert et al.:arXiv:1307.3566
+ Parameter extraction: from E,: AM(%F,%7) ~100 MeV and p ~ 4%
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Model-Independent Electroweak Searches

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

~

71 NLSP min. ysec

Berggren, arXiv:1308.1461

et i
\f\ < </LSP
o7 i
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Model-Independent Electroweak Searches

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

e Testbed SUSY: Scan over all NLSP candidates

e Model-independent exclusion/discovery reach in
Mnvsp — Myrsp plane

i~ ;250
~ © - )
e Examples: ir NLSP 3250 [NCSP:j, 3
g 5.,200 i
~ . ;200 F — Exclusion 3
71 NLSP min. ysec = = T
— Di 150 - Hp
. 150 | Discovery .00\,
Berggren, arXiv:1308.146| \@og- 100 | — Exclusion
100 | oF
et i _ obq}" — Discovery
4 20 Q}p 0t
z f*/ Z \LSP 0 1 1 1 1 0 1 1 1 1
ge p: 0 50 100 150 200 250 240 242 244 245 248 250
M, sp [GEV] M, op [GeV]
Ffo~ __——LSP
-( 3 3
b ¥ G 250F [NLSP:%, 5]
& & 200
‘ < 200 | — Exclusion >
Discover/exclude close to S 150 | | NLSP :7,
! ) S 1s0b Discovery 01[
kinematical limit <o} |
> s00 1 Exclusion
100 | .
= Discovery
50 | i 50
00" 50 100 150 200 250 %00 210 220 230 240 _ 250
M, sp [GEV] M, sp [GeV]
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Model-Independent Electroweak Searches

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

e Testbed SUSY: Scan over all NLSP candidates

e Model-independent exclusion/discovery reach in

MnvLsp — Mirsp plane

e Examples: ir NLSP
71 NLSP min. ysec

Berggren, arXiv:1308.1461

et i
\f\ < <LSP
o7 i

Discover/exclude close to
kinematical limit

Even for sneutrino NLSP
Kalinowski/Kilian/JRR/Robens/Rolbiecki, arXiv: 0809.997

@ J.R.Reuter

Lsp [GeV]
n
(%)}
o

< 200

150 |

100

0

Lsp [GeV]
n
o
o

100

50 |

S0 |

NLSP : i

- — Exclusion

— Discovery

0

50 100 150 200 250
My sp [GeV]

The X-Files: The BSM ILC case

NLSP : %,

- — Exclusion

1s0b Discovery

50 100 150 200 250
My sp [GeV]

M, sp [GeV]

150

100

&

o

s

NLSP : fi,

— Exclusion

= Discovery

240 242 244 248 248 250

M, op [GeV]

NLSP : 1,

- — Exclusion

= Discovery B

Y00 210 220 230 240 250

M, sp [GeV]
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Search for New Weakly Interacting Particles (Il)

* Other candidates: axion-like particles in strongly-interacting models
* Prime example: Little Higgs Models Kilian/Rainwater/JRR, arXiv: hep-ph/041 1213, hep-ph/06091 19

* Axion-like particles:
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Search for New Weakly Interacting Particles (Il)

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

* Prime example: Little Higgs Models Kilian/Rainwater/JRR, arXiv: hep-ph/041 1213, hep-ph/06091 19
BR [n]

* Axion-like particles: .

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

0.1
* Couples to fermions like pseudoscalar

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

0.001

==

- - | o ey Fpe€hVP

1
F 8m2

’ ey X
] | \
R
50 100 150 200 250 300
m, [GeV]
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Search for New Weakly Interacting Particles (Il)

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

* Prime example: Little Higgs Models Kilian/Rainwater/JRR, arXiv: hep-ph/041 1213, hep-ph/06091 19
BR [n]

* Axion-like particles: .

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

0.1
* Couples to fermions like pseudoscalar

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

0.001

- ' —rp %,S%r‘gan,Fpge‘Wpa == f ’ 5 \
NIRRT 1

50 100 150 200 250 300

104 m, [GeV]
o T s = 800 GeV
* ete- colliders allow detection P =5 bl J\[ﬁ» R
in the low-mass regime: L000 =" sevt/2 Gev e
=i ttn — Y.
eTe” — tin

“tt Recoil spectrum search” g

0 50 100 150
Minv bB G V
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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 |LC measurements allow discoveries and model discrimination

* Access to scales up to tens of TeV!!

PO ICOS T, 1Ty
ALRR M ICOST:

.
LTV |

. R ———
PP IS 1 TeV J

SSM L U ) K . L m
. p 1TV ]

Osland et al.: 0912.2806

0 5 10 15
Mz (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 ILC measurements allow discoveries and model discrimination

* Access to scales up to tens of TeV!!

P PILCOETS - ; oV - i U 1 U b ’
w rfremee = — _ M(Z) = 2 TeV , M(Z) = 4 TeV
1Tev ]
LRGN 1 -zt e " Sauas :
Iy 1 - . - S
SLH | o ﬂ.ll' o
TCoe 1TV ) - T'fe ' x . Ln aaa = T 1
1Ty 3 P -
lr K e8I - -..KK
LA LA J — - = ,\Z
LH LH
|
. 2 2 N 2 | 2 N 2 2 N 2 2 N | N 2 2 N
0.5 0 0.5 25 0 0.5
a— Osland et al.:0912.2806 Cn G
0 s 10 T Godfrey/Kalyniak/Tomkins: 051 1 335
Mz (TeV)

* High-energy ete- allows partial revelation of GUT group structure  Braam/Knochel/JRR, arXiv: 1001.4074

@E@ J.R.Reuter The X-Files:The BSM ILC case LCWVS 2015,Whistler, 5.11.15



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 |LC measurements allow discoveries and model discrimination

* Access to scales up to tens of TeV!!

-1 $ = b -
1ab", P =038, P,=0.6, ee—hadrons lab’, P=03, ee U p
AP/P=0.5% AP/P=1.0% AP 5%
P PILCUET - i 1 TeV - ) i cc—’qq: B — '
ALRpESISA T 4 ;g T J ce—uu; asys=0.1% B2 Asys=05% N P +=0.0: Asys=02% 1 Asys=0.5% B
ee—dd: - e o -
B4 p¢.=0'6: AL=02% S AL=0.5%
ssvpmnceT Be=4% Ae=15% S. Riemann: LC-TH-2001-007

1Ty ]

LL
Osland et al.: 0912.2806
° § 10 15 120 80 40 0 40 80 120
."z‘ (TeV) A- A* [vrev]

* High-energy ete- allows partial revelation of GUT group structure  Braam/Knochel/JRR, arXiv: 1001.4074

* Contact interactions are sensitive to scales close to 100 TeV
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What if: ... possible final words from LHC

Consider LHC signal with 4+ O at the end of
Run Il or HL-Run ....

o

o r T v ™~ v
- ATLAS —&- Data
Pl-fs=8Tev,2031"  — Background model :
3 — 1.5 TeV Buk Gy, kM, =1 3
2.0 TeV Buk G, kM, =1 _

—sormnos ] Before a 40-100 TeV pp machine, ILC is the only
option to confirm this signal and discriminate it

Events / 100 GeV
&

WW Selection

Py
o

Significance

|

l\)_lao_af\)w w

T T T

= M| F1 Eiad ol 1

W
w
o,

15 2 25
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What if: ... possible final words from LHC

> 10'g— T T T
S | ATLAS ~o- Data k
8 10° | 15=8Tev. 203"  — Background model _ .
- 3 — 1.5TeV Buk G, kM, =1 3
2 40tk 2.0 TeV Buk G, kM, = 1 _!
§ 8 Significance (stal) =
w 10; Bl Significance (stat + syst)
E WW Selection -
1 4+
10 Lr =
. L
o 1
103&_1 . 1 n N , ! N K-
8 g A IR &
S 2F .
S e n
c
o -1F -
O -2 PR
1.5 25 3 35
m, [TeV]
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The X-Files: The BSM ILC case

Consider LHC signal with 4+ O at the end of
Run Il or HL-Run ....

Before a 40-100 TeV pp machine, ILC is the only
option to confirm this signal and discriminate it

Assumption: most likely theory explanation
exists at that point

——

ILC measurements have sensitivity and discovery
potential (in that framework)
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What if: ... possible final words from LHC

Consider LHC signal with 4+ O at the end of
Run Il or HL-Run ....

(=}
B

§ Famas  -eom Y
8 10°ffs=8Tev,2031m"  — Background model .
- : —— 1.5TeV Buk G, kM, =1 3
2 y02k 2.0 TeV Buk G, ki, = 1 _1 . .
5L —sormnos ] Before a 40-100 TeV pp machine, ILC is the only
10 surhabisa " ] A . A .
t o Sacton option to confirm this signal and discriminate it
‘ E
&
0 E Assumption: most likely theory explanation
§'°§; e exists at that point
seom A n —
& b e
1.5 2 2.5 3 3.5 o o o .
m [TeV] ILC measurements have sensitivity and discovery

potential (in that framework)

Precision Electroweak Measurements The ALEPH, DELPHI, L3, OPAL, SLD Collaborations,’
the LEP Electroweak Working Group,’

on the Z Resonance the SLD Electroweak and Hedvy Flavour Groups

is predicted with a relative uncertainty of about 50% and fo

pd andard Model nggsoson
imd_to be less than 285 GeV at
95% confidence level. o ————
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Lessons and Homework W

e+e- resolves many LHC search constraints

* e+ e- machines offers indispensable physics program e.g. 1506.05992 )

* Model-independent Higgs/top program: part of BSM program! | (;_“;E."' B ?%H@C‘“_%
* Model-independent electroweak searches (no-lose theorem!)

* Dark Matter direct searches (lepton-hadron complementarity) MIGES  TOP BSM
* ete- = | TeV surpass LHC for EW/NC searches

* Search for light electroweak particles not covered by LHC (e.g. tt recoil) ;—“—:—w/ ;&; ‘“tw;,
*

*

Mandatory for confirming/discriminating possibly unclear LHC discovery
FINAL HOMEWORK: put all this in a concise framework/document

[61' tﬁé?’@ 66 feyﬁms
at tﬁe eno[oftﬁe tunnef....
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