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Why study light higgsinos

» Naturalness and small fine tuning require y parameter at the
EW scale:

2 — 2mf_,d+):g—(mf_,u+2ﬂ)tan25 _5
VAR tan2 f—1 H

» u small = light higgsinos

» Typical mass difference 10 - 20 GeV
= challenging for LHC if other sparticles are heavy
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Benchmarks studied

> ﬁ, ig, ili observable, )Zg accessible with a small cross section

» Other sparticles heavy

» Mass gaps ~ 10 — 20 GeV = higgsinos decay via a virtual
Z/W

Two specific benchmarks

mass | ILCI ILC2 S I T T e ]
Xi | 103 GeV 148 GeV o |
X | 117 GeV  157.8 GeV i A 3
X0 | 124 GeV  158.3 GeV o S :
X0 267 GeV 539 GeV S ST ]
g | 1560 GeV 2830 GeV Yo\
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What is the International Linear Collider (ILC)

» Electron-positron collider at /s = 250 — 500GeV (1TeV)
» Polarisation of electrons 80%, positrons 30%

» Well-defined initial state: 4-momentum and spin config.
» Clean and completely reconstructable final state

» Construction under political consideration in Japan

Typical 20yr running scenario

Integrated Luminosities [fb] arXiv:1506.07830

Kuoto ) A —
r{,%‘l} i (wate Prvef T 2 4000 718 Scanario 20
Tokyo | il —— ECM = 250 GeV
Y O < I § 3000 |- — ECM =350 Gev /
b — ECM =500 GeV
o )
£ 8
£ 2000 &
3 £
3 5
% 1000 e
S E
g 5
S 0
0 5 10 15 20
years

Suvi-Leena Lehtinen | DESY theory WS | 29.9.2016 | 5



Higgs mass and BR measurements are important

» |LC will measure my, to 25 MeV (15 MeV) precision in initial
(full) run

» Precision higgs measurements important for SUSY parameter
determination

Projected Higgs coupling precision (7-parameter fit)

Projected precision of Higgs coupling and width (model-independent fit) o
10% 10%F 7 ACiHC 1470V, 3000 " (GMS1, R, arxivi1307.7135)
L " 850 eV, 200 15" @ 250 G, 50015 i [ HL-LHC 14 TeV, 3000 fb” (CMS-2, Rel. arXiv:1307.7135)
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Detailed simulation study: 500 GeV, 500 fb~!

ete™ = X7 X1 — X293 X3eve

in the International Large Detector
Ii / = » Event generation Whizard
‘. ' 1.95, hadronisation
Pythia 6.422

» Detailed ILD-specific
software for simulation

and reconstruction (Mokka
& Marlin)

O / \ » Beam spectrum and ISR
: \ included

Soft‘tracks - no problem for ILC
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Neutralino measurement

» Neutralino signal: ete™ — X9%3 — X¥x%ete (up™)

» Characterised by large missing energy and two fermions in the
final state

» Main background 4-fermion processes vvlil

e xR
e (32) it (8)
v ()
Z B X .
V4 e (2)
A

et (16) ve (1)

Background example

et I+

Neutralino signal
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Mass extraction

» Kinematics: Maximum invariant mass gives the mass splitting.
Then maximum of di-electron energy gives the absolute the
masses since initial state known

> 25 ILD Preliv:\inary . 500 GIeV, 500 'bl", Pw 3 - ILD Preliminary i 500 Glev' 500 b, Pan .
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Mass extraction

» Kinematics: Maximum invariant mass gives the mass splitting.
Then maximum of di-electron energy gives the absolute the
masses since initi
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Chargino measurement

>
>
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Events/1
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Chargino signal: ete™ — X7 X; — ﬁq(]’igeye(uyu)
Characterised by large missing energy, two jets from one W*
and a lepton from the other W*

ILD Preliminary 500 GeV, 500 ib™, P, ILD Preliminary 500 GeV, 500 b, P .

r T T T T T . T T
b E 3 [ ]
o [Cxg, aeen 7 g 600 |- [Cxx, aeen B
F [ smbkg E = [ [ smbkg ]
F [l susY bkg ] @ [ susY bkg E
; ] & 400 iy
F .. 4 >
- di-jet mass E a i di-jet energy |
3 w/ muontag | ] 200 - w/ muon tag []

1 1 1 : 0 L 1 1 1
0 10 20 30 0 50 60 0 50 100

MiJ' [GeV] Eij [GeV]

Suvi-Leena Lehtinen | DESY theory WS | 29.9.2016 | 10



Chargino measurement

» Chargino signal: efe™ — X7 X7 — X19G XJeve(uv,)
» Characterised by large missing energy, two jets from one W*
and a lepton from the other W*

ILD Preliminary 500 GeV, 500 b, P .
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Cross section measurement

» Measure with different polarisation combinations

» Polarisation dependence reveals higgsino nature

m, =7025 GeV, A, =11426.6 GeV, tanp =10, m, =1 TeV'
104
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Cross section measurement

» Measure with different polarisation combinations
» Polarisation dependence reveals higgsino nature

» Strategy: Fit overall shape to count events

m, =7025 GeV, A, =11426.6 GeV, tanp =10, m, =1 TeV' LD Preliminary 500 GeV, 500 16", Py
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Cross section measurement

» Measure with different polarisation combinations
» Polarisation dependence reveals higgsino nature

» Strategy: Fit overall shape to count events

m, =7025 GeV, A, =11426.6 GeV, tal 500 GeV, 500 0", Py
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Parameter fitting

» What can we say about SUSY parameters based on these
observables?

» Which parameters are determined and how accurately?
» Can we test the SUSY model type?

» Can we make predictions about the unobserved part of the
spectrum?
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Fitting parameters to observables with Fittino

Model type,
Trial SUSY starting
parameters ( values &
Fittino minimises v step size
2 _ ( O(ILC)—O(theory) ) 2
X = AO(ILC) Calculators
e.g. SPheno
(arXiv:hep-ph/0412012) £
S 2 2
>
< . Masses
< Trial P
) xsxbr &
z cbesnebles uncertainties
SPheno 3.3.9beta, N l/
Higgs mass and BRs o2 Sl
FeynHiggs2.10.2
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Parameters of ILC1

» Definition: NUHM2 model
6 free parameters
Mo, M1/21 W, M4, tanﬁ, Ao

parameter scale ILC1
m weak 115
My o GUT  568.3
tan 3 weak 10
Mo GUT 7025
Ao GUT —10426.6
ma weak 1000

» Fit pMSSM-10 (at 1 TeV)

parameter  ILC1-pMSSM

Iz 115

M,y 250

M, 463
M3 1270

tan 8 10
Mz, 4820
M, 1670
Mother sfermions 7150

At=b=r —4400

ma 1000
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5 parameter fit with SUSY and Higgs

» Input: higgsino masses with 0.2% uncertainty, cross sections
with 0.5%-2% uncertainty, 250, 350 and 500 GeV
measurements

» Input: Higgs precisions from ILC 20yr running
» Input: gluino mass from HL-LHC with 10% uncertainty

Projected precision of Higgs coupling and width (model-independent fit)

10% - - —x
Integrated Luminosities [fb] | Il icc 500 Gev. 50015350 Gov 200 15" 0 250 Gev, s001" P i
—, : [T M SRRSO — B ~ S — .
£4000 ILC, Scenario H-20 o [ Ilcom1room v comimon 1
» —— ECM =250 GeV / 8% I
3000 [ — FCM=350Gev 7%
D — ECM =500 GeV
o] ) 6%
5 $
g 2000 & 5%
= =)
o 2 / 4%
o} 3
E 1000 e 3%
E

E 3 L T | -
S 0 +

0 5 10 15 20 1% - = (H [

years 0% )

e
K, Ky K, K¢ Ky Ko Ko Kk Ky D TR

Suvi-Leena Lehtinen | DESY theory WS | 29.9.2016 | 15



Fit of 5 parameters relevant for gauginos
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Fit of 5 parameters relevant for gauginos
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Test of gaugino mass unification

NUHM?2 type scenario (ILC1)
initial stage ILC result

ILC1, 5 parameter fit
SUSY+h from ILC initial stage
g from HL-LHC

C'|||||||||||||'
10* 10° 10® 10" 101221[014 10

GeV]
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Test of gaugino mass unification

NUHM?2 type scenario (ILC1)
initial stage ILC result

ILC1, 5 parameter fit
SUSY+h from ILC initial stage
g from HL-LHC

G'|||||||||||||'
10* 10° 10® 10" 10161[014 10

GeV]

Mirage mediation scenario
similar precision expected

LN B B B B B B B B B B
Mirage100_3

M1, M3 10%, M2 5% uncert.
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Summary

>
>

Light higgsinos motivated by naturalness
ILC would probe higgsinos complementary to LHC reach

> either exclude masses up to \/s/2 = 500 GeV for 1 TeV
upgrade — wide coverage of natural SUSY scenarios
» or discover regardless of mass scale of heavier states

ILC would measure properties of higgsinos to percent-level
precision, with full ILC run / threshold scans to sub-%
precision

Precise measurements allow for extracting some weak scale
parameters and predicting mass scales of unobserved sparticles

Can have sensitivity to GUT unification hypotheses
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ILC1 unpolarised cross sections

ILCLimg = 7025 GeV, my s = 568.3 GeV, Ag = ~11426.6 GeV, tan§ = 10, ju = 115 GeV, my = 1000 GeV
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Fit observables
mass X9, X3, X1
xsxbr of X{ X1 — q@'lv (I=e, mu)
for P(e” = ¥80%, e™ = £30%)
xsxbr of X9 — XOX%// (I=e, mu)
for P(e~ = ¥80%, et = £30%)
Higgs mass

Higgs BRs h — bb,h — cc, h — 77, h — gg, h — v,
h— ZZ* h — WW*
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ILC1

Cross sections (pure beam polarizations)

Vs=500 GeV with TDR beam parameters

Branching ratios

BR(x,* > x,°aq’) 67%

(Pe-, Pe+) | (-1.0,+1.0) | (+1.0,-1.0) | |BR(x,* > X,°Iv) (I=e,) 22%

ol(x;" Xy [fb] 1800 335 BR(X,’ > X,°aq’) 58%

o(X,°x,°) [fb] 491 379 BR(x,” > x,°l) (I=e,p) 7.4%
o(x,"x5") [fb] 11.0 8.42
o(x,°x,°) [fb] 2.03 1.56
o(x;°x;%) [fb] 0.53 0.41
o(X,"x5°) [fb] 0.28 0.20




Event Selection

signal i?

Neutralino mixed production with leptonic decay

efe” = Xi X = Xixal L

Reconstruct two leptons (ee or pp) which originate e (32) et (1)
from Z* emission in decay of x,° to x,°

Major residual bkg. are 4f processes accompanied /

by large missing energy (vvll)

2-y processes are removed by BeamCal veto, cuts
on lepton track p;, and coplanarity

~¥(8) el
2y
Chargino pair production with semileptonic decay
+ - St o— ~0=0 7/
ee” = X1 X1 —XiXx19q v fa\
(1) B

Reconstruct two jets which originate from W*
emission in decay of x,* to x,°

Use lepton (e or p) from the other chargino as tag

BeamCal veto, cuts on missing py, # of tracks, # of
leptons, and coplanarity remove almost all bkg.

Q
(with signal significance > 100) 6



Major Residual bkg - .
€ \J "

in region of higher kinematic edge of Minv and EdI| Multiplici

: ~ (4
4f_leptonic processes involving missing energy Resonances: 2 ) Z @
Log-enhanced: 1 . e (2)
t-channel: 1 Z
up:  4f_ZZWWMix_|, 4f_singleZnunu_l| e (16) ve (1)

ee : 4f_singleZeorsingleW_|

o) )

4f_leptonic BG drop to 1/10 for right pol Multiplicity: 3 e ®
Resonances: 1 " .‘f.(
Log-enhanced: 2 W p— (4)

t-channel: 2

et (1) e (32) &+ (8) e (32) e” (2) e (32) et (2)
ve(1) Lo
e () ~ @

et (16) 7 (8) ctae) (@3] e <08 @ etae) 2] 4T

These are not all the diagrams 20



Cuts for NIN2

lepton type (KL Or ee) : the two leptonic channels of N1N2 analysis
nTrack =2 : number of charged tracks

no hitin BeamCal : veto yy2fBG

Pt_lepl1,2 > 6 GeV and |cosBlepl,2| < 0.95:
Coplanarity < 1.0 rad : angle between leptons in x-y plane
Evis — Eymax < 40 GeV : visible energy (very small for signal)
Emis > 300 GeV : missing energy (very large for signal)

| cosOmissing| < 0.98 : 6 of missing energy events

|cosOZ| < 0.98 : z* production angle

Pt_dl <80 GeV : transverse momentum of dilepton
Minv<50 GeV : dilepton invariant mass: determines AM

last of all observe distributions of Minv and dilepton energy (E_dl)

Kinematic edge is a function of Higgsino mass and AM
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Cuts for C1C1

* lepton type (i or e tag) and # of lepton =1
* Pt_mis > 10 GeV

* Jet Coplanarity < 1.0 rad

* |cosbBjetl,2]| < 0.95:

e nTrack(in jet) >1 :

* no hitin BeamCal :

* cosBjetl-lep < 0.2, cosOjet2-lep <0 angle between jets and leptons
* Evis—Eymax <60 GeV :

* Emis > 400 GeV :

* |cosBmissing| <0.98 :

* |cosBZ| <0.98 :

* Pt_jj<50GeV :

*  Minv<30 GeV:

last of all observe distributions of Minv and dijet energy (Ejj)
Kinematic edge is a function of Higgsino mass and AM
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Top-Level Parameters for TDR Baseline

Centre-of-mass energy Ecy GeV 200 230 250 350 500
Luminosity pulse repetition rate Hz 5 5 5 5 5
Positron production mode 10Hz 10Hz 10Hz nom. nom.
[ Esti d AC power Pac 114 110 122 121 163
Bunch population N x1019 2 2 2 2 2
Number of bunches ng 1312 1312 1312 1312 1312
Linac bunch interval Aty ns 554 554 554 554 554
[ RMS bunch length o um 300 300 300 300 300 |
Normalized horizontal emittance at IP Yex pm 10 10 10 10 10
Normalized vertical emittance at IP Yey nm 35 35 35 35 35
Horizontal beta function at IP Bz mm 16 14 13 16 11
Vertical beta function at IP By mm 034 0.38 041 034 048
RMS horizontal beam size at IP o nm 004 789 720 684 474
@s vertical beam size at IP ol nm 7.8 7.7 7.7 59 59
Vertical disruption parameter D, 243 245 245 243 246
Fractional RMS energy loss to beamstrahlung dps % 065 083 0097 1.9 45
Luminosity L x10% cm2s T 056 067 075 10 138
Fraction of L in top 1% Ecnm Looi % 01 89 87 77 58
Electron polarisation P % 80 80 80 80 80
Positron isati Py % 30 30 30 30 30
Electron relative energy spread at IP Ap/p % 020 019 019 016 013
Positron relative energy spread at IP Ap/p % 019 017 015 0.10 0.07




ILC Timeline - where are we now?

|Science, R&D| |Global Scene|:| Local in Japan

Site-related studies
by scientists/civil engineers
2007 | Baseline Desian

First Cost Estimate

2008 =
-
International R&D local groups
XFEL Experience
ost/Design Optimizatior CERN/LHC
2012 Technical Science Council || Higgs Discovery | Domestic Site
2013 | DesignReport || ofsapan report Evaluation
2014 évernment budget for project evaluation
2015 Project reviews by MEXT start
Site-specific design Government reviews Site-specific design
Today International collaboration Talks between governments. Activities in Local area
2016 Setting regulations Green Light/ Environmental assessment

Engineering design N
Preparing construction International Agreement

Establish International Laboratory International
Laboratory

Construction (~9 yrs)

Operation (~20 yrs) 65




