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Why study light Higgsinos?

[cf. previous talk by H. Baer]

[arXiv:1212.2655, arXiv:1404.7510]

Naturalness. The Higgsino mass (i) should be close to the electroweak scale for small

fine-tuning.
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Small Higgsino mass & large gaugino masses imply light Higgsinos with compressed

mass spectra

In the most natural cases, the mass
differenceis AM ~ O(10) GeV. [Our

benchmark models are based around these
points.]

These are also the most challenging for
the LHC.

ILC, including its energy upgrade ~500
GeV, is expected to discover natural
SUSY (or finally rule it out).
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mass

Wino-like
&+ -
N4 €2+, C2 M, ~ 500-1000 GeV
Bino-like
N3 M, ~ 250-500 GeV
//
N2 Higgsino-like
[ N1 C1+, C1- } u ~ 100-150 GeV
Neutralino Chargino

Thanks to the small mixings of Higgsino / Bino / Wino,
the Bino & Wino are resolvable from the precision
measurements of the polarized cross sections & mass of
the lightest Higgsino-like states.




Benchmark Points (1)

Chargino Pair Neutralino Mixed
Production Production
e+e- > C1+C1- e+e- 2 N1 N2

Three Benchmark Points:

Cross Section ILC1 ILC2 nGMM1
C1C1 (e-L, e+R) 1799.9 1530.5 1520.6
C1C1 (e-R, e+lL) 334.5 307.2 309.5
N1N2 (e-L, e+R) 490.9 458.9 463.5
N1N2 (e-R, e+L) 378.5 353.8 357.3

Event Generator: WHIZARD v1.95, TDR beam parameters & detector models



Benchmark Points (2)

Chargino Pair
Production

e+e- > C1+C1-

Neutralino Mixed
Production

e+e- 2 N1 N2

Three Benchmark Points:

Mass (GeV) ILC1 ILC2 nGMM1 E af e
M(N1) 102.7 148.1 151.4 = A
M(N2) 124.0 157.8 155.8 g S
AM(N2,N1) 21.3 9.7 4.4 %

O
M(C1) 117.3 158.3 158.7 o
AM(C1,N1) 14.6 10.2 7.3 ("%’ m e

Di-lepton E GeV
Other SUSY particles are heavy Hlepton Energy (GeV)



How do these signals look in the detector? (1) Vs =500 GeV

Chargino pair production with semileptonic decay
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How do these signals look in the detector? (2) Vs =500 GeV

Neutralino mixed production with leptonic decay
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Event Selection

Neutralino mixed production with leptonic decay

050 _y 00 pt p—

ete” — X1 X2 —7 X1X1

» Reconstruct two leptons (ee or pp) which originate
from Z" emission in decay of x,°

* Majorresidual bkg. are 4f processes accompanied —
by large missing energy (wvll)

e 2-y processes are removed by BeamCal veto, cuts

on lepton track py, and coplanarity o () Yy
\‘\./z-y

Chargino pair production with semileptonic decay

_|_

ete” = XT X1 — Xi X199 v g

* Reconstruct two jets which originate from W”

emission in decay of x;* \

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

 BeamcCalveto, cuts on missing pr, # of tracks, # of
leptons, and coplanarity remove almost all bkg.




~0 =0 ~0=0

TeT = XiXe = Xixil e

Mass Extraction €

Mass extraction is done separately for each channel (NIN2 and C1C1)
Example for NIN2 channel:
The maximum invariant mass gives mass splitting AM=M(N2)-M(N1)
The maximum di-lepton energy is a function of M(N1) and M(N2)
— Solve for M(N1) and M(N2)
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Edge extraction | M(N1), M(N2) can be extracted atthe 1% level
is key Similar precision for charginos




SUSY Parameter Fit

Input Precision: ILC 20 yr program

Mass N1, N2, C1 Higgs Mass
Cross Sections Higgs Couplings

Deviations of ILC2 Higgs branching ratios from SM
o\o 20 [ ! ! I I I
10 -
° -
[ Fit ] o I -
| -
-1 O -
: I:l H20 precisions from Physics case summer 2015 :
: —  SMand SUSY BRs for ILC2 from FeynHiggs2.10.4 :
_20 ] ] ] ] ] ]
bb cc 99 Ty w Y4 Ww
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SUSY Parameter Fit: Details Fit by S.-L. Lehtinen

Chi-square (x?) from experimental observables and theory predictions
- Uncertainty taken from experimental observables
Find SUSY parameters that minimize x?

The range of values Ax? = [0,1] gives the uncertainty

Model type,
Trial SUSY e tarti
palrzmeters \?a?ll;e;ngz
Fittino minimises 3 step size
2 (O(ILC)—(’)(theory))2
X = AO(ILC) Calculators
e.g. SPheno
(arXiv:hep-ph/0412012) £
5 Vv
ff_ Trial Masses,
% obserxlfzbles un}ézzz‘irffies
SPheno 3.3.9beta, \Y; ‘/
FeynHiggs2.10.2 for Higgs,
MicrOMEGAs and x? value

AstroFit for DM



Prediction of heavy states

Example: ILC1

S.-L. Lehtinen

e Heavier neutralino/chargino masses predictedto ~2%
—> Sets the energy scale of ILC Upgrade, e.g. Vs =1 TeV

* Rough predictionsfor heavy Higgs, stop, heavy sfermions
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ILC1 H20 preliminary 10-parameter fit
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Test of GUT-scale Physics (1) >4 Lehtinen
Example: ILC1 [20 year run]

;-2000 O B B I B B B L B L L B B B
In this scenario, the LHC sees 2 g—ucgvlff:'f'::‘)':ﬁra’cﬁ’za(;ame‘er fit ]
the gluino (M=1.4 TeV), assume 5’ § from HL-LHC
1500

mass precision of 10% at LHC

* Take determined parameters 10007
at 1 TeV [
 Run upto GUT scale with 5001k
two-loop RGEs I
e Other parameters fixed to N SRR AN AR,

model values 10°  10° 10° 10 10 10"
Q [GeV

Test of Gaugino Mass Unification

LHC + ILC Synergy 9



Test of GUT-scale Physics (2) >L Lehtinen
Example: ILC2 [4-5 year run]

. . ;-5000_-| L L L Y LD B B B B L B N B B

In this scenario, the LHC does 8 - ILC2 preliminary 5-parameter fit i
NOT see the g|uino (|\/|=3 TeV) 5_4000 [ SUSY+h from ILC initial stage ]
Prediction of gaugino mass 3000} -
unification scale still available : :
from ILC measurements alone 2000 N

M,
1000} -

IV|1

NN NN T N

10°  10° 10° 10 10" 10"
Q [GeV
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Test of GUT-scale Physics (3)

Example: ILC2 [4-5 year run]

In this scenario, the LHC does
NOT see the gluino (M=3 TeV)

Prediction of gaugino mass
unification scale still available
from ILC measurements alone

Run down to EW scale for
prediction of gluino mass
assuming mass unification

S.-L. Lehtinen

M, assuming unification

-Il I| II II II II II II II II II II II II II I-
i ILC2 preliminary 5-parameter fit

| SUSY+h from ILC initial stage i

M,

10°

10°

10°

10'2

10 1Q'®
Q [GeV

Higgsino discovery at ILC sets the energy
scale of next hadron collider
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Test of GUT-scale Physics (4) >-L- Lehtinen

Example: ILC2 & Mirage Mediation (hnGMM1) [4-5 year run]

Higgsino masses chosen to be similar
M(N1,N2,C1)= (148.1, 157.8, 158.3) [ILC2]
(151.4, 155.8, 158.7) [nGMM1]

;‘5000_” T T T 'T 'T 'T 'T 'T 'T °T °T ' T '1 |_ ;5000_|| T T T T T T T T 'T T 'T ' T T °
8 - ILC2 preliminary 5-parameter fit " 8 - nGMM1 preliminary 5-parameter fit
—4000F SUSY+h from ILC initial stage ] “—4000~ SUSY+h from initial ILC run

= - - s I

M,

3000 - 3000}

2000 - 2000+
E M, h ]
1000 - 1000} -
i | Mz ]
IVI1
Y Y Y Y Y Y Y Y Y Y Y Y I M N O_" P T Y Y Y Y Y Y I I N
10°  10° 10° 10 10"™ 10" 102 10° 10° 10" 10" 10'®
Q [GeV] Q [GeV]

Unification Scale resolvable with ILC measurements alone
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Summary

* Natural SUSY predicts light Higgsinos which are compressed if
other particles are heavy.

* The ILC can probe these Higgsinos, and, if discovered,
measure their mass & cross sections at percent level.

* The mixing of the Higgsinos with the EW gauginos allows us to
predict the heavy states and extract underlying SUSY
parameters.

* Test of GUT-scale physics possible. In particular, we will be
able to distinguish unified gaugino mass vs. mirage/string-like
unification.

* ILC, with its energy upgrade potential, is the right machine to
probe natural Higgsinos. If discovered, this will set the scale
for the ILC upgrade and the next hadron collider. 17
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Benchmark Points

Chargino and Neutralino masses and mass differences (GeV)

ILC1 ILC2 nGMM1
M(N,) 102.7 148.1 151.4
M(N,) 124.0 157.8 155.8
AM(N,,N,) 21.3 9.7 4.4
M(C,) 117.3 158.3 158.7
AM(C,,N,) 14.6 10.2 7.3

Cross sections [fb] for Vs=500 GeV with TDR beam parameters

Process (Pe-,Pe+) ILC1 ILC2 nGMM1

C,C, (-1,+1) 1800 1530 1520

C,C, (+1,-1) 335 307 310

NN, (-1,+1) 491 459 464

NN, (+1,-1) 379 354 357
Decay Branching Ratios

BR ILC1 ILC2 nGMM1

C,~>N;qq (g=udscb) 67% 67%

C,ON,Iv (I=e,p) 22% 22%

N,=>N,;qq (g=udscb) 66% 63%

N,=2>N,ll (I=e,u) 7.3% 8.0%




Generator-level distributions
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Test of GUT-scale Physics (5)

Example: ILC1 [4-5 year run]

ILC500 results extrapolated to ILC250 by signal cross section and conservatively assuming
same background rates
- SUSY parameter extraction possible if the higgsinos are directly observable
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Two ways to probe higgsinos at the ILC;

.
DIRECT detection: (focus of this note)

If pair production of charginos (C1C1) / neutralinos (N1N2) is possible, ILC can

detect and distinguish them, even in compressed spectra which leads to soft visible

decay products.
Mass differences down to 0.8 GeV demonstrated to be possible [M.Berggren et al., EPJC (2013) 73:2660].
In the most natural scenarios, the mass difference is O(10) GeV [H.Baer et al, JHEP05(2012)109].

Mass reach of direct detection is roughly 1/2 of the CM energy.

For ILC250, higgsinos up to ~120 GeV can be directly discovered.

If discovered, precision measurements allow for the extraction of the
Lunderlying SUSY parameters, e.g. bino/wino mass parameters via mixing.

"INDIRECT detection:

Higgsinos (and other new particles) can be indirectly discovered through interference in
the intermediate state in the production of SM particles.

These probes are expected to be systematically limited, and the di-muon channel
is expected to be the most sensitive. For ILC250, the indirect reach for
higgsinos is ~200 GeV, if the systematic uncertainty can be controlled at the
L0.1 %-level. [K Harigaya, S.Matsumoto et al. JHEP09(2015)105]




Neutralino mixed production with leptonic decay ";Ifl']ih@soofb-l v01-16-02
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Neutralino mixed production with leptonic decay ILC2 @500fb-1 v01-16-02
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Neutralino mixed production with leptonic decay

Mirage v01-16-02  With overlay
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Neutralino mixed production with leptonic decay ILC1 @500fb-1 v01-16-02
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Neutralino mixed production with leptonic decay
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Mirage @500fb-1 v01-16-02

Neutralino mixed production with leptonic decay
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Chargino pair production with semileptonic decay
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Chargino pair production with semileptonic decay
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Chargino pair production with semileptonic decay
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Cross section precision: NIN2

Model Channel (Pe-, Pe+) Sig. yield (For reffrtﬁézi_e:it used)
(-0.8, +0.3) 1740.92 +/- 66.37 1372.03 +/- 63.53 3.81%
o (+0.8, -0.3) 1341.90 +/- 44.99 258.13 +/- 30.67 3.35%
e (-0.8, +0.3) 1871.17 +/- 67.23 2137.18 +/- 69.17 3.59%
= (+0.8, -0.3) 1461.15 +/- 44.22 326.60 +/- 28.65 3.03%
(-0.8, +0.3) 580.33 +/- 31.72 799.93 +/- 35.01 5.47%
e (+0.8, -0.3) 499.77 +/- 26.16 165.93 +/- 18.72 5.23%
e (-0.8, +0.3) 875.79 +/- 39.37 1100.72 +/- 42.13 4.50%
= (+0.8, -0.3) 716.36 +/- 33.15 201.83 +/- 24.18 4.63%
(-0.8, +0.3) 197.96 +/- 18.48 196.25 +/- 18.43 9.34%
o (+0.8, -0.3) 162.30 +/- 14.17 70.54 +/- 10.44 8.73%

nGMM1

(-0.8, +0.3) 206.16 +/- 18.72 166.28 +/- 17.62 9.08%
= (+0.8, -0.3) 175.81 +/- 14.22 35.76 +/- 7.88 8.09%

Results from a single fit — toy results not included




Global Fit to extract Higgsino Masses

Least-squares fit with (for each model):
8 observables:

(dilepton energy, dilepton mass) * (ee,yp channels) * (polarizations x2) |
2 parameters: (2 masses)

model parameter fit precision
L1 M(N1) 102.7 102.6 +/- 1.0 0.97%
M(N2) 124.0 123.5+/-1.1 0.89%
LG M(N1) 148.1 143.3 +/- 1.7 1.19%
M(N2) 157.8 152.7 +/-1.8 1.18%
M(N1) 151.4 146.8 +/-5.9 4.02%
nGMM1
M(N2) 155.8 151.1 +/-6.1 4.04%

Will soon add results from C1CA1




