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BSM studies for Staging

* Since LCWS2016, intense efforts are being dedicated to
strengthening the physics case at an initial stage of Vs = 250 GeV

During discussion at the annual detector meeting (Mar 30-31), it was
mentioned that ...

This is an extremely crucial (last?) chance for us to
demonstrate the attractiveness of a
250 GeV ILC as a complete project

While preparing the scope for higher energies

What are the contributions from (direct) new
physics search ? ‘



There is no denying that lower energies
cast a limit on direct particle search

Nevertheless ......



BSM studies for Staging

it was mentioned that ...
This is an extremely crucial (last?) chance for us to

demonstrate the attra

250 GeV ILC as 4 complete project

or higher energies

While preparing the sc

this is the very readon that, along with Higgs/EW, we must
make the picture complete by demonstrating the ILC’s
potential for new particle discovery at lower energies

no matter how difficult



Supporting document that
The Potential of the ILC
follows up the ICFA letter ¢, piscovering New Particles

https://arxiv.org/abs/1702.05333 Decument Suppesting the ICFA Remponse Letter o the ILC Advisary Panel

submitted Feb 17, 2017
LCC Prvsics Woremwe GroUp
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Until now most studies about direct particle search have been
conducted at ' s = 500 GeV ---.. A

Thi paper addrasses the question of whethar the International Linear Callider
has the capahility of discovering new particles that hase not already boen discovored
at the CERN Large Hadron Collider. 'We summanze the vorioas paths to di
however 500 GeV offared by the |L.E'l:md Jiscass them in the comaxt of threa difforant soearios: 1.
. LHC dom mot discover any new particles, 2. LHC discovers some mew low mass
is not the only place s and 3. LHC discovers new honvy particke. W will show that in mch cass,
ILC plays a critical role in discowery of new phenomena nnd m pushing forward the
Frontiers of high-mnergy physics as well s our understanding of the univenss in &
mannar which is lighly complemertary to that of LHC.
For the busy render, a two-page executive summauory is provided at the beginning
of the domament.



outline of supporting document that follows up the ICFA letter

<Precision measurement of SM physics >

New Higgs properties

* Model independent Higgs couplings, invisible decay modes, CP phase
best at ¥ s =250 GeV

« Higgs self coupling: 26% (10%) at v s = 500 GeV (1 TeV)

New top quark properties

* m.t threshold scan at ¥ s~350 GeV
e  top electroweak couplings at 4/ s >= 500 GeV

New force carriers Covered in this talk

e Search for heavy gauge bosons in ete— 2 ff
start from 4 s = 250, can reach multi-TeV Z’ mass at 4/ s >= 500 GeV

<{Direct new particle search>

Favorable at higher energies, but ready to start at ¥ s = 250 GeV
* Additional light scalars

* Natural SUSY particles

« WIMPs




We aim for sufficient studies of direct new particle search based
on ILD detector simulation for the “staging” option

Direct searches at Vs = 250 GeV and 350 GeV

e Dark matter particles (Mono-photon WIMP search)
e Natural SUSY (Higgsinos), AM 5-20 GeV

» Extra spin-less bosons, light Higgs(like) states

* Heavy gauge boson Z’ using e+e- > ff

much higher luminosity and polarized beams adds significant reach wrt LEP2

And the full window to direct searches opens up at vs => 500

for all of the above

e JHEPC set up a sub-committee to investigate the staging issue
final report expected in early June

* We need to take actions in order to provide results in a timely manner
Monitor progress and work force,, propose new topics, collaborate with theorists, etc...
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WIMP Search at ILC

Ongoing studies by M. Habermehl, S. Matsumoto, T. Tanabe et al.
[1] Theory studies: classify WIMPs according to quantum number (e.g. singlet-like fermion WIMP )

Effective Field Theory & Simplified
e+ , X,
&/ Models to compare WIMP reach
™ ey between ILC and other experiments
(e.g. direct detection and LHC)

Scan performed over multi-dimensional parameter

Expected sensitivity for ILC remaining region after future experimental
X o Y x constraints, but before the ILC starts
After l @ Near future
rA el 7 SE O + LZ/PICO250 |
X e X §\;\
= S
Y S
e 10
e X X =
— . MW e s e -
e x e x 10

% Gews ° WIMP Mass
can be probed up to ~ Vs/2
* Study ongoing to include projection from ILC mono-photon search.



WIMP Search at ILC o . v

[2] experimental study of WIMP pair production

ISR photontag: e+e-=2> XXV

Single y in empty detector : observe Ey and By

Signal efficiency ~90%

main bkg: Neutrino pairs : e+e- 2 vv (n)y
Bhabha scattering: e+e- 2 e+e-y

&= IIL
* can be probed for up to ~ Vs/2
* sensitiveupto A=3-4TeV

[3] Impact on Detector Optimization BeancCalLaers

Study of improved Bhabha rejection by repositioning of BeamCal
- Sensitivity improve by 15% for right polarization

« After full H20 run 2> A~3 TeV
* Upgradeto1lTeV > A~4.5TeV (from full ILD simulation studies)

Status and Plans

(1) Full simulation studies (Vs = 250 — 500 Gev) by M. Habermehl (DESY)
effort to be increased at 250 GeV !

(2) Phenomenology studies by S. Matsumoto (IPMU)

(3) Next step: integration of the two studies




ILC is expected to either discover or exclude natural SUSY

ILC1:mg = 7025 GeV, mypp = 568.3 GeV, Ap = —11426.6 GeV, tan 7= 10, p = 115 GeV, my = 1000 GeV

IVI—Higgsinos ~100 GeV 10° o(higgsino) >> o(zh) — ——"m - -an 5
small y, stops, gluinos ~ few TeV i Dooia
10 T == =57 Z-‘sZ-: E
[ - 17y ===2h
Small AM (< 20 GeV) no problem for 2- --{--_
10°F
clean ILC environment
< 600 - 0
@ Higgsino-like LSP (u < M1.M2} —
% 500 | MoM,.u @ [0.05.2) TeV & 5 i
E""“ tang : [1,70] 10
400 . 10":—
300 - o o ".C1m
4o ¢ Natural.-Radiativg SUSY: g , :
=* 3 ° g notarabove 100GeV I H. Baer (BSM'ovelview talk at LCWS2016)
o ° ° 200 00 400 500 600 700\ 800 900 1000
* =/ - typically Am of 20 GeV'or less Vs (GeV)
oy — very difficult for LHC!
- ST T T Charginos (x;*X;) Neutralinos (x,°x,°)
100 200 300 400 500 600 700

m,. [GeV]

Study carried out for discovery and
precision measurement of

4 light Higgsinos within reach of ILC Vs >= 250 GeV,
AM: 4 - 20 GeV, just beyond reach of HL-LHC

Based on full ILD simulation Details on next page




Higgsino mass and cross sections can be measured to better than

0O(1)% precision at ILC

J. Yan, T. Tanabe, K. Fuijii et al

Unit: GeV
M(N1)
M(N2)
AM(N2,N1)
M(C1)
AM(C1,N1)

* Paperin progress,

* Abstract submitted to EPS-HEP2017

Higgsino observations

Measure light

Demonstrated for various benchmarks with small AM using

full ILD detector simulation  without IRS tag

ILD Preliminary .30
< T Di-electron Energy [
ﬂ) - .
102.7 148.1 151.4 O 50k [ 2% aeen) ]
= C [ sM bkg ]
124.0 157.8 155.8 % - I susv bkg
21.3 9.7 4.4 0 100 T
L s Extract Higgsino4nass
117.3 158.3 158.7 : J from measured ]
50 i . . -
14.6 10.2 7.3 - . ¥ kinematic edges
i ‘ E-'-“"
oL :
0 50 100 150
E.. (GeV)
determine SUSY model parameters using 2000 Frrrr
. Q | ILC1 preliminary 5-parameter fit
S. Lehtinen (DESY) et al ) ' susven from| full H20
— : om run
= 1500 - u u -
Determlne gaugan mass Ml, M2 ::.:::::55:_::_::.:“ M3 assuming unification
Global x? fit of to observables 1000k |

Higgsinos with
O(%) precision

test GUT unification hypotheses
and predict gluino mass (M3)

/I

Vs = 250, 350, 500 GeV, scaled from0

full simulation studies at 500 GeV

500}

10° 10®° 10° 10" 10" 10"
Q [GeV]
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. T Benchmark héo
Extra ||ght scalars < | Benchmark h60 in NMSSM NMSSM Tocis 4.4.0
Y| ref: EPIC (2016)76:44 YSLHA 302
- Mass [GeV] | BR1(%) | BR2 (%)
ay 0. | B
9,10.4] 10.0 = (81) | g9 (16) 125 GeV Higgs
[53,59] : aray (72) bb (23) ke P
S
* Theoretically motivated 100|- R
* Survives LHC searches T
* ILCis ideal environment for studying scalar h1 .~ . & ——
light scalar properties, at any energy n —— P
¢ mh1l =60 GeV motivated by LEP excess in Zbb pseudoscgaff}fﬁ

“The NMSSM Singlet at the ILC”

ity e
C. Potter at ECFA 2016 (SID)
ST T
- 1.2x 1075 | 8.0x10%6 £
Y200
250 GeV Te — YWaX 4. 037 1000
500 GeV =T g" — Yo X 800

Vs=250, 350 GeV: e+e- 2%3X3, x2Xx2, x1+x1-, bkg: 2f, 4f, 6f 200

90 100
M [GeV]

Vs = 500 GeV: additional e+e- 2%2+%2-, bkg slightly reduced

Reconstructed h1-2>bb in e+e- > x3x3 at
500GeV, 2000 fb-1 (SID)



Heavy Neutral Gauge Boson 27’

e S

New gauge interaction 70
indicate the existence of f=1,e T, q
heavy gauge boson N/ Z*

LHC/ILC synergy ! e f

LHC ILC
discover new resonance measure interference effect
state in 2 fermion invariant (Zff coupling, angular distr, etc )
mass s .
. , - disgriminate new physics model

e — i

/'l
s

o . favorable at >= 500 GeV, but
beam polarization is a powerful tool in _ _ _
separating left/right—handed couplings certainly meaningful starting
from 250 GeV

H.Yamashiro working on study of Z=> 1 [ process, more studies underway




Heavy Neutral Gauge Boson Z’: ILC Potential

Z’ mass reach

55M

' beamm

crucyal

Precision of vector/axial Z-lepton couplings

polarization is

sensitivity well above
10 TeV in many models
even forvs<<M_Z

0.4+

021 m, = 3TeV
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Precision of Z’ model

P(e—e+)

SLH

\ using Z—-lepton couplings
= (80%/60%)
w |

arXiv:0912.2806

- Z' mass (TeV)

e LHC(14 TeV) excluded wide range for < 2.4 TeV
* exceeded by ILC(500 GeV) in most models
* ILC(1 TeV) significantly overtakes LHC in all cases

LH

right—handed couplin

[ MZ=2TeV
M 5 3 § |

95% CL

4.5 o
Left—handed coupling

0.5
cl'l
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Summary for BSM-specific Staging

s |ILC is ready to take on the challenges that LHC results set ahead for us
the 750 GeV excess showed clearly that LHC results could have given a new input and the ILC was capable to contribute

¢+ We aim to provide a clear vision on the potential of new physics at the ILC,

for any center of mass energy
demonstrated in the “follow up document to ICFA letter “, mainly at Vs >= 500 GeV

** In order to demonstrate the full value and “completeness” of ILC at 250 GeV,
it is becoming increasingly urgent to strengthen the BSM case

s still plenty of space for direct new particle search at lower energies
WIMP, Higgsino , WIMP, extra light scalars, heavy gauge bosons
benefit from increased luminosity (w.r.t. LEP) and clean ILC environment (w.r.t. LHC)

** Much input from various physics study teams is needed
before report for 250 GeV ILC is due by June 2017

Dedicated BSM WG conveners provide support for newcomers/ongoing studies

19



We anticipate your participation
to make the ILC physics case
as strong as possible!

20



MSSM Extra light scalars

Obtaining a light Higgs with SM-like couplings

T | - S 1 1 oy ey b o7 « £ L |
-JI -\...':.".ll_-“.. |I;. |I;|||.'._lI FIE) .I_-lil__-' ..-_':l:.'.?-. I

—+ P conserving 2HDM in the Higgs basis ((Hy) = v/v/2, {Ha} = 0)
V=..+%Z1(H{H1)?+...+ 4Z5(H]H2)? + Zs(H]H1)(H]H2) + h.c|+...

= B

= CP-aven mass matrix;

2 = Zv Zeud
J =
351.'2 JHE —I— 351'.:2

with mixing angle cos(f — a) =cz_,

Decoupling limit: M3 = Zu?
= mi ~ 2102, |eg_n < 1), b is SM-like

Alignment limit: Zs = 0 and Z; < Z5 + M{/v?
= h I5 identical to the S5M Higgs, eg_n =0
Zg =0 and Z; > Z5 + M3{/v?
=+ H is identical to the SM Higgs, cg_, =1

Sven Heinemepeyr — HENE 2017, University of Tosama, 02.03 2017 Ir



Alignment limit: see e.qg.

¥ - - & - [ - e PRI E g - —
difen .I. L&, W, 13N, l:... ||"-:'-_II =] 1.3 Kd wdi Efid, ¢

o

In the M55M Zg5 = 0 can be obtained through an

Extra light scalars

H. Habar, 1

between tree-level and loop contribution, roughly at:

E 2 2
sy At
tan M M2 —
A+ amEL MZ (EME
Compare: m;:”‘:":"' and m3't :

A /Mg = 2,45, A; = Ag,
Mg = m.jrg 1 TeV, mz = 1.5 TeV,
Mo =201 = 200 Ge‘u’, p adjustable

(low A 4 and tan 3: tune Mg > 1 TeV
to obtain My > 122 GeV)

= 3M-like Higgs for all M4

“accidental” cancellation

_1\l/ Imi pA
d -'-I*rrEuEM'%

5y

2
@7 ?)
ﬁJll-'iS

et s i o

Swen Helnemeyer = HFNF 2017, University of Tayama, 02.03.2017
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BSM Search Strategy at ILC

Focus on three cases based on the results of the (HL)-LHC:

Case 1: No discovery at LHC

« SUSY: Discovery anticipated for light SUSY particles (e.g. Higgsino)

« Dark Matter: Discovery anticipated for DM that can be seen at the ILC

« Precision measurements might give first discovery of new BSM interactions

Case 2: LHC discovers light new particles (can be seen at the ILC)

« SUSY: ILC will probe the new particles in detail; may discover more.

« Dark Matter: ILC will address the question of whether any of the new
discovered particles is DM

« Precision measurements sensitive to heavy particles beyond LHC reach.

Case 3: LHC discovers heavy new particles

« SUSY: Itis probable that ILC will discover new light particles.

« Dark Matter: Same as in Case 2, via measurements of the new light
particles.

» Precision measurements test if there are additional heavy particles beyond
the LHC reach.

From slides of T. Tanabe



Goal of BSM sub-Working group:
Provide a clear vision on the discovery
potential of new physics at the ILC

Direct search for new particles
mplementary to the LHC

* Probe new physics through precision measurements of
SM physics

Significant progress made during the past year

a variety of BSM talks at LCWS2016 in Morioka
on natural SUSY theory, dark matter particles, Higgsinos, etc....



Outstanding performance at the LHC in extending exclusion region of SUSY
From “ BSM sub-WG summary talk” at LCWS2016, J. Yan

* With even partial 2016 data, extended the SUSY parameter space excluded by previous LHC searches
* Results with much larger data in 2016 will be coming soon.
* Great prospects for HL-LHC to discover SUSY in wide range of models

(from simulation studies at slightly increased Vs, and at 3000 fb!)

similar for resonances (e.g. heavy gauge boson) , Dark Matter, etc....

LHC results in colored sector are significantly challenging SUSY !

Gluino Pair Production

« pushed up to ~1.9 TeV | From talkof
Taejong Kim

39 production, § — tt+¥,, m(@) >> m(g)
o~ 2000 ——— 17— ————————
- P Expected limitin 2015 7
8 1800 _—ATLAS Prellznmary —— Observed limitin 2015
=, = {s=13TeV, 14810 i (1 3
— 1600 - ===~ Expected limit (£1 5, =
LNy - =—— Observed limit (+105.)
—_— 1400 - All limits at 95% CL _
E - .
1200 —
1000 =
800 [~ : —
600 =
o i .
400 (= i -
200 ; i =
F T I HA TR

1200 1400 1600 1800

2000 2200

if we assume natural SUSY, m(@) GeV]
gluino and stop cannot be too heavy
Remaining region is very narrow

Squark Pair Production

stop excluded <~900 GeV

i, production, t> b 1157/t ¢ &, / T WBF /Tt
600 7

Status: ICHEP 2016
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200—

00— .°
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[ ATLAS Preliminary

Bl wby

F o wey 2L 13.3 fb" [CONF-2016-076]
[ Ei-ct MJ 3.21b " [1604.07773)
= 1s=8Tev, 20" Run 1 [1506.08616]

G_I\\AJIIIII I\IIIII\!IIII]II\\JIIIIIIII\I“II_

L e
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10L 13.2 " [CONF-2016-077]

1L 13.2 i [CONF-2016-050] |

—T‘ 'Ii?
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New gaps filled by recent stop searches
stops may be the first to be discovered at the LHC



Exotica searches at the LHC (ATLAS)

D. Hernandez et al

Broad variety of BSM searches at the LHC

8.7, &yor W Da rk Matter
Predicted by many New Physics models: | resonances N} g bt
q
o~

m Heavy gauge bosons (Z', W'): GUT, Sequential Standard Mode iy )

(SSM). X

X

m Kaluza-Klein excitations: Randall-Sundrum extra-dimensions. mediator
m 5P SUSY. X q bt Mediator
m Extra HIE-EE bosons. Mono-X Associated production mEdIator

ISR tag for DM pair production

. associated production
X =jet,y, W/Z,t/b or H

with other particles

(dijet resonance)

* So far, all data consistent with SM

expectations. * New limits significantly extend the Run 1 results.

* No new exciting deviation this year * Many channels with 13 TeV data not yet released.
* New results expected for winter conferences.
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BSM perspective: why ILC is the right machine for SUSY discovery

H. Baer (BSM overview talk)

mass (GeV)
=

8§

-]

gluina

mass spactrum in nalural ganaralized mirage meadiation

15 2" generation matier scalars
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SUSY co-annihilation M Berggrenetal

SUSY models with compressed spectrum (mass gap ~ 10 GeV)
in accordance with DM abundance as observed by Planck
At LHC, too difficult, hardly excluded, but accessible at ILC

smuon, selectron pair production
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C T T T T T ]
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Per-mille precision measurements of
slepton masses
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02 04 0.6 08 1
N” Mixing Matrix Element

sensitive observables tor mixing
measurements
polarized cross sections, BRs, etc...

%-level precision measurements of
mixinlg parameters (6_stau, N_11)

Expected precisions for sparticle masses and mixings should allow us to measure DM

with a precision close to Planck’s CMB results.




SUSY co-annihilation

*  SUSY models with rich and compressed spectrum are the best fit to data. 3

At LHC: not excluded (except for mSUGRA), If exists, may discover soon

(45)) ()

@ Two observables( Efa ) and two parameters (M; and M,

Look at pair-production

® Emax = EBEH”’ 1—
min

@ For &g and jir, Elyax can be measured very well at the ILC.

min

min

M. Berggren et al

! e
@ E,,., can be well measured for 7

@ = Use &g and jig to determine Mf?, end-point of E;_jg; for M, .

STC4 bosinos @ 500 GeV:{Y%5 — #71°
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fit to endpoint of Ejet
- determine M(x20)

Signature: two t’s + nothing

E_jet_max: 175.0+/-1.6 GeV

= AM (x20)= 3 GeV

1

e
a
u3

a
=1
>

=

200

:

jets/0.7 GeV

sGY 500 GeW 500 1, P g o
C T T T T T T ]

o 20 40 (2] a0 100 120
EcporlGEV]

SGV 500 GeV,500 b, P, 5y o

4 __ stau pair production |
E o Cr,

29



