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Why study light higgsinos

@ The superpartners of un-coloured SM bosons mix to )"((1)_4 and if_z,

governed by p, My, M>, tan 3.

@ Naturalness and small fine tuning require u parameter at the EW
scale: s LTI (LT tan? 8
5 my, +Xg—(my, +X;)tan 5
mz = 2——— 5 —2u
@ 1 small = light higgsinos. Typical mass difference 10 - 20 GeV
@ = challenging for LHC if other sparticles are heavy
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Why study light higgsinos

@ The superpartners of un-coloured SM bosons mix to )"((1)_4 and )2?_2,
governed by p, My, M>, tan 3.

@ Naturalness and small fine tuning require u parameter at the EW

scale:
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@ 1 small = light higgsinos. Typical mass difference 10 - 20 GeV

@ = challenging for LHC if other sparticles are heavy even with new

customised searches (ATLAS, in magenta)
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The ILC

What is the International Linear Collider (ILC)

e Electron-positron collider at /s = 250 — 500GeV (1TeV)
@ Polarisation of electrons 80%, positrons 30%
@ Point-like inital particles: Well-defined initial state: 4-momentum and
spin configuration.
e EW production:
o Clean and completely reconstructable final state
o Almost 47 detector coverage. No trigger needed

o . . . _ _ _
Unﬁac:fr political consideration in Japan Typical 20yr running scenario

Japan - arXiv:1506.07830
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Benchmarks studied

L )Zg_), )28, féit observable (in one benchmark X3 accessible with a small cross section)

@ Other sparticles heavy

@ Mass gaps ~ 10 — 20 GeV = higgsinos decay via a virtual Z/W
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Measurements at the International Linear Collider

Benchmarks studied

L )Zg_), )28, féit observable (in one benchmark %3 accessible with a small cross section)
@ Other sparticles heavy

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

Masses (GeV) in three benchmarks
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Detailed simulation study: 500 GeV, 500 fb~!

ete” = X{ X1 — X29d \leve
in the International Large Detector
e Full SM, Beam spectrum, ISR
and vy “pile-up” included
' quark jets @ Event generation Whizard
= 1.95, hadronisation Pythia
6.422

@ Detailed ILD-specific software
for simulation and
reconstruction (Mokka
(=Geant4) & Marlin)

Soft tracks - no problem for ILC
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Measurements at the International Linear Collider

Neutralino measurement

o Neutralino signal: ete™ — {9%3 — ¥¥%%ete (utp™)

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

@ Main background 4-fermion processes vl
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Measurements at the International Linear Collider

Mass extraction

o Kinematics: Maximum invariant mass gives the mass splitting. Then
maximum of di-lepton energy gives the absolute masses since initial

state known

UQOO ILD Preliminary 500 GeV, 500 fb?, Prso 30 ILD Preliminary 500 GeV, 500 fb?, F{SU 2
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Mass extraction

o Kinematics: Maximum invariant mass gives the mass splitting. Then
maximum of di-lepton energy gives the absolute masses since initial

state known
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Measurements at the International Linear Collider

Cross section measurement

@ Measure with different polarisation combinations

@ Polarisation dependence reveals neutralino nature

m, =7025 GeV, A, =11426.6 GeV, tanp =10, m, =1 TeV

8
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S
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Measurements at the International Linear Collider

Cross section measurement

@ Measure with different polarisation combinations
@ Polarisation dependence reveals neutralino nature

o Strategy: Fit overall shape to count events

m, =7025 GeV, A, =11426.6 GeV, tanp =10, m, =1 TeV
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Measurements at the International Linear Collider

Cross section measurement

@ Measure with different polarisation combinations

@ Polarisation dependence reveals neutralino nature

o Strategy: Fit overall shape to count events

m, =7025 GeV, A, =11426.6 GeV, tanp =10, m, =1 TeV
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Measurements at the International Linear Collider

Chargino measurement

e Chargino signal: ete™ —¢{ %7 — X397 eve(uv,)

o Characterised by large missing energy, two jets from one W* and a

lepton from the other W*
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Measurements at the International Linear Collider

Chargino measurement

e Chargino signal: ete™ —¢{ %7 — X397 eve(uv,)
o Characterised by large missing energy, two jets from one W* and a
lepton from the other W*
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT scale

So, we have three masses and four cross-section (two processes X two
beam-polarisations), with permil to percent precision.

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

@ Which parameters are determined and how accurately?
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Probing the GUT scale

So, we have three masses and four cross-section (two processes X two
beam-polarisations), with permil to percent precision.

@ What can we say about SUSY parameters based on these observables?
@ Which parameters are determined and how accurately?
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@ Can we make predictions about the unobserved part of the spectrum?
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT scale

So, we have three masses and four cross-section (two processes X two
beam-polarisations), with permil to percent precision.

@ 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?

Is there more to be used from the ILC data?
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT scale: Higgs is important!

@ Assume ILC will measure my to 15 MeV precision

@ No large deviation from SM BRs but still important for the fit

Projected Higgs coupling precision (7-parameter fit)
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Probing the GUT-scale at ILC (& LHC)

What does the model type mean?

Model type: which are the parameters of the model?
o Two types of model: GUT scale and weak scale
@ GUT scale model assumes a specific cause of SUSY breaking —
few parameters (4-6)

@ Weak scale model does not assume knowledge about the cause of
SUSY breaking = lots of parameters

e But some violate lepton number, violate CP in new ways, increase rates
of FCNC...
e Thus usually use only 10-19 parameters

Mikael Berggren Light Higgsinos @ ILC Alliance Nov '18 13 /18



Probing the GUT-scale at ILC (& LHC)

What does the model type mean?

Model type: which are the parameters of the model?

Two types of model: GUT scale and weak scale
GUT scale model assumes a specific cause of SUSY breaking —
few parameters (4-6)

Weak scale model does not assume knowledge about the cause of
SUSY breaking = lots of parameters

e But some violate lepton number, violate CP in new ways, increase rates
of FCNC...
e Thus usually use only 10-19 parameters
A priori do not know it is a GUT model, so fit weak scale pMSSM-4
or 10 (at 1 TeV)

Use Fittino MCMC to fit (w/ SPheno and FeynHiggs as helpers)
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT scale: Weak scale fits

@ Input Higgs and SUSY obs.

o M, M, tan 3, and pu can be
determined w/ 4-parameter fit.
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT scale: Weak scale fits

@ Input Higgs and SUSY obs.

@ My, My, tan 3, and i can be 8
determined w/ 4-parameter fit. of

T T 1T
Predicted parameters.
- best it point

@ 10-parameter fit gives constraints on ar
rest of the parameters. . 2f

o by h B N,

Prédicted parameters
best it point

-1 environment

[ 20 environment

[ probed environment
+ model parameter

Predicicd parameters
best ft point
W 1o environment 1
[ = 20 environment ==
[ probed environment
* model parameter

R,

Light Higgsinos @ ILC Alliance Nov '18 14 /18



Probing the GUT-scale at ILC (& LHC)

Probing the GUT scale: Weak scale fits

@ Input Higgs and SUSY obs.

o M, M, tan 3, and pu can be
determined w Most importrant results:

o 10-parameter M to 3-10 %, M, to 2-12 %, 4 to 0.3

rest of the pai %, and tan 8 to 1-4%.

In addition: Upper limits on Ms5.
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Unification?

@ This is at the 1 TeV scale.

@ SUSY parameters change w/ scale
governed by a system of coupled
differential equations, the
renormalisation group equataions
(RGEs).

@ What happens if one inputs the

fitted values and precisions into the
RGEs for M172,3 ?
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Unification?

@ This is at the 1 TeV scale.

@ SUSY parameters change w/ scale
governed by a system of coupled
differential equations, the
renormalisation group equataions
(RGEs).

@ What happens if one inputs the
fitted values and precisions into the
RGEs for M1’273 ?

e Do gaugino masses unify?
o Yes!

Light Higgsinos @ ILC
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Unification?

@ This is at the 1 TeV scale.

@ SUSY parameters change w/ scale
governed by a system of coupled
differential equations, the
renormalisation group equataions
(RGEs).

@ What happens if one inputs the

fitted values and precisions into the
RGEs for M1’273 ?
° DO gauglno masses unlfy? 07 P Y Y I I B By | M’vlwl\ L
o Yes ! 10> 10° 10® 10" 10 10%710%
o Conversely, we could predict the QlGev]
gluino mass assuming unification:
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ILC1 pMSSM-10 fit

SUSY+h from ILC
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Unification?

@ This is at the 1 TeV scale.

@ SUSY parameters change w/ scale

governed by a system of coupled 3 [T i sswone

differential equations, the %_3000? SUSY+h from ILC

renormalisation group equataions —

(RGEs). 2000 .

@ What happens if one inputs the M

fitted values and precisions into the 1000 M; extrapolated ]

RGEs for M17273 ? ‘/
o Do gaugino masses unify? S {‘i'j ;
o Yes ! 10> 10° 10° 10" 10 9 [189\1/?

o Conversely, we could predict the
gluino mass assuming unification:

@ In ILC1: LHC will see the g!
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Unification?

@ This is at the 1 TeV scale.

@ SUSY parameters change w/ scale
governed by a system of coupled
differential equations, the
renormalisation group equataions
(RGEs).

@ What happens if one inputs the
fitted values and precisions into the
RGEs for M172,3 ?

e Do gaugino masses unify?
o Yes
o Conversely, we could predict the
gluino mass assuming unification:
@ In ILC1: LHC will see the g!
o In ILC2: What should be the
next machine?
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Model discrimination?

@ Can we see the difference
between models ?

@ Compare results from ...
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Model discrimination?

@ Can we see the difference
between models ?

ILC1 pMSSM-10 fit

SUSY+h from ILC
@ Compare results from ...

o ILC1 = radiatively driven

natural SUSY, with ... M,
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Model discrimination?

@ Can we see the difference
between models ?

@ Compare results from ...

e ILC1 = radiatively driven

natural SUSY, with ...

e nGMM1 = mirage unification.
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Model discrimination?

@ Can we see the difference
between models ?

(O L L L D B B e
nGMM1 pMSSM-10 fit

SUSY+h from ILC

@ Compare results from ...

e ILC1 = radiatively driven
natural SUSY, with ...
e nGMM1 = mirage unification.

o Clearly distinguishable!
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Predict rest of spectrum?

@ Heavier neutralino/chargino masses
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Predict rest of spectrum?

@ Heavier neutralino/chargino masses
e m~o to 5-12 %
X3

~0 = M.+ to 4-14 %
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T
+ best fit point
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Predict rest of spectrum?

@ Heavier neutralino/chargino masses
e m.g to 5-12 %
X3
@ Meg =M~+ to 414 %
X4 2
o Masses varies from 250 GeV to 1800 GeV (ILC1 {3 to nGMM1 ¥5)
= Motivation for ILC energy upgrade/CLIC/FCChh !

[Tev]
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Probing the GUT-scale at ILC (& LHC)

Probing the GUT-scale: Predict rest of spectrum?

@ Heavier neutralino/chargino masses
e m.g to 5-12 %
X3

~0 = M.+ to 4-14 %
° mxg mxzi (o] 0

o Masses varies from 250 GeV to 1800 GeV (ILC1 {3 to nGMM1 ¥5)
= Motivation for ILC energy upgrade/CLIC/FCChh !

@ Rough ranges for all other masses
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Conclusions

Conclusions

@ Light higgsinos motivated by naturalness, and are not excluded by
LHC.

Mikael Berggren Light Higgsinos @ ILC Alliance Nov '18 18 / 18



Conclusions

Conclusions

@ Light higgsinos motivated by naturalness, and are not excluded by
LHC.
@ ILC would probe higgsinos complementary to LHC reach

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

Mikael Berggren Light Higgsinos @ ILC Alliance Nov '18 18 / 18



Conclusions

Conclusions

(]

Light higgsinos motivated by naturalness, and are not excluded by
LHC.

@ ILC would probe higgsinos complementary to LHC reach
o Either exclude masses up to 1/s/2 =500 GeV for 1 TeV upgrade —
wide coverage of natural SUSY scenarios
e or discover regardless of mass scale of heavier states
@ ILC would measure properties of higgsinos to percent-level precision.
@ Precise measurements allow for extracting GUT and weak scale

parameters and predicting mass scales of unobserved sparticles
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ILC1 unpolariseda cross sections

ILCL:mg = 7025 GeV, myjy = 568.3 GeV, Ay = —11426.6 GeV, tan 3 = 10, pp = 115 GeV, my = 1000 GeV
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Fit observables
o mass %9, X3, ¥& (1%)

e xsxbr of X7 X; — qq'lv; (I=e, mu) (3%)
for P(e” = F80%, e = +30%)

o xsxbr of Y959 — {901 (I1=e, mu) (3%)
for P(e~ = F80%, e™ = £30%)
@ Higgs mass A =30 MeV

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



Probing the GUT scale: Fitting SUSY parameters

Fittino minimises

O(ILC)—=O(theory) \ 2
X2 = ( ( A)O(IL(é)eoy))

(arXiv:hep-ph/0412012)
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SPheno 3.3.9beta,
Higgs mass and BRs
FeynHiggs2.10.2
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I ' .:i"¢ parameters
Fitted parameters of ILC1

pMSSM-4 pMSSM-10

parameter ILC1 pMSSM true | best fit point 1o CL 20 CL | best fit point 1o CL 20 CL
; 250 202 02 ul| »L3 5
M, 463 433 E0 HIe3 ) 4ep L
I 115.0 115.0 o 13 115.7 oS s
tan 3 10.0 10.0 MRSy 9.7 e Y
ma 1000 1050 e T
M 1270 1412 iy T
My 7150 7063 Ton Ten
Muy(s) 1670 1751 raala +ans
Mag) 4820 as1
At—pr —4400 —4591 Tt T

% 0.0011 0.1360

Table: Fitted parameters in ILC1 pMSSM-4 and pMSSM-10, after Im. points. All
units in GeV except for tan 3 and x2.



I ' .:i"¢ parameters
Fitted parameters of |LC2

pMSSM-4 pMSSM-10

parameter |LC2 pMSSM true | best fit point 1o CL 20 CL | best fit point 1o CL 20 CL
m; 5203 5207 TBC pr| sl gz o
M, 957.2 os0.42  tHY S| g0 S a0
n 150.0 150.0 L s 154.4 rar 4360
tan 3 15.0 15.0 o 14.8 R A
ma 1000 1043 BB
M 2607 2684 e Toeld
Mys) 5146 5797 Teses  Toous
Mugs 1395 073 Tl e
Mog) 3757 s 0
A —4714 —5948 T e

X2 0.0026 0.1627

Table: Fitted parameters in ILC2 pMSSM-4 and pMSSM-10, after Im. points. All
units in GeV except for tan 3 and x2.



| e
Fitted parameters of nGMM1

pMSSM-4 pMSSM-10 pMSSM-10 with mass differences
parameter  true ‘ best fit point 1o CL 20 CL ‘ best fit point 1o CL 20 CL | best fit point 10 CL 20 CL
w3 | Lo gp H D g B Lno g
M, 1720 1711 +220 4330 1768 +24 H4Tlr 1710 7 2
I 150.0 150.0 e 13 154.2 A 149.9 RV
tanf  10.0 100 03 s 8.3 B W S € S v S
me 200 255 b ol | g i
Ms 2646 3173 e e | 2677 Sen xn
Mgy 515 ae A8 g, W
My 1381 1774 Tige  iois 996 B
Mo 3701 4011 e e | 3874 The  ER
5 aasn oo B BE| ew
I 0.0138 0.0927 0.0668

Table: Fitted parameters in nGMM1: pMSSM-4, pMSSM-10 and pMSSM-10
with mass differences fitted using 1m. points each. All units in GeV except for
tan B and 2.



Y  Fiting parameters
Probing the GUT scale: Weak scale fits

~ 10

10

o Purpose to test gaugino >< ILCT preliminary < TLC1 preliminary M|
g SUSY+higgs from Iljc < SUSY+higgs from ILC
e . gk gfromLHC gk gfromLHC
mass un |f|C3tI0n =115,0+0.1-0.1 tan B=10.02+0.26-0.26
. 6f 6f
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_ Fitting parameters
Fitted masses ILC1

prediction ILC1 All SUSY+h
best fit 1o CL 20 CL
3 TI6
mgo 267 —16 —26
+20 +26
mNE 524 % 55
+19 +25
m~§: 524 o 5
+310 +610
™o e R
TG B
G AR T e
y + +
s
T ey
. + +
my, 2003 ~763 —803
42347 43047
mg, 5033 —1993  —2653
. 42352 43912
mb1 5028 —3188 —3488
. 42030 42650
mg, 7130 —4310  —4470
. +1807 42827
mg 1693 —1273 —1693

Table: ILC1 fitted masses, pMSSM-10 fit with AlISUSY+h observables, 1 x 10°_points



_ Fitting parameters
Fitted masses ILC2

prediction ILC2 All SUSY+h

best fit lo 20

72 FI10

mig 518 —34 —74

meo 1018 +82 +190

e 76 134

1018 +82 +190

’T’X;E —76 —134

+137 4257

Mo om0
+ +

Ty
+ +

M S B o
y + +

Ma S5 o Imw
) + +

Mo TS hm aass

my, 2322 1902  —2062

+3663  +4983

mg, 4917 3277 —3317

+3189 43869

mgl 4911 —4471 —4631

. 42766 +4086

mb2 5814 —4734 —5254

, 43025 44445

mg 2955 —2735 2035

Table: ILC2 fitted masses, pMSSM-10 fit with AlISUSY+h observables, 1 x 10°_points



I ' .:i"¢ parameters
Fitted masses nGMM1

prediction | nGMM1 All SUSY + h | nGMM1 All SUSY mass diff + h
best fit lo 20 best fit lo 20

T754 T640 149 347

m)?g 1412 —134 —260 1603 —283 —349

' 1020 42364 +1834 +2710

mgo 1854 —264 —336 1802 —146 —218

1229 1601 +137 4275

’">~<2i 1853 —443 —557 1801 —349 —433

16365 47125 +3992 +6372

My | 2055 i g | 1808 L el

™o | e M E | e B &
+ + + +

Mus | 2050 e gme | 1803 e
; + + + +

ma | AT02 - am w21

) + +

M| en  TEE | S ®
. n + + n

my 1951 Tyan um | 1168 —548 —868

. 43120 43900 42026 +2326

my, 4029 Tol60  _aspo | 3894 —2014 —2394

N +2852 43712 +2032 +2232

mg 4008 T3a4s 3 | 3888 3168 3528

+3607  +4717 +1621 +2241

mf)z 4763 D303 laes | 5419 —4599 —4739

; 43250 44550 +2076 +3556

mg 3361 —3261 3361 2924 —2684 —2804

Table: nGMM1 fitted masses, pMSSM-10 fit with AlISUSY+h observables and pMSSM-10 fit
with the higgsino mass differences replacing MXS and Mii as observables. The fit-length was
1

10 Markov Chain points in each case.
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Model dependent Higgs measurements at ILC and LHC

Projected Higgs coupling precision (7-parameter fit)

10%F HL-LHC 14 TeV, 3000 fb' (CMS-1, Ref. arXiv:1307.7135) ~ '=====7=7==== —

|- I HL-LHC 14 TeV, 3000 fb" (CMS-2, Ref. arXiv:1307.7135) -

9 °/o | I 1L.C 500 GeV, 500 fb" @ 350 GeV, 200 fb' @ 250 GeV, 500fb" ... ..... —]
ILC 500 GeV, 4000 fb"' @ 350 GeV, 200 fb"' ® 250 GeV, 2000 fb"

[ 1L.C ® HL-LHC 3000 b’ combination
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Naturalness
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N 76 parameters

Naturalness
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Dark matter predictions

o Dark matter relic density Q1 c1/Qpjanck = 0.054 + 0.001
= Strong hint that non-SUSY DM or non-thermal production of
higgsinos exists

@ Spin-independent WIMP-nucleon scattering cross section
ol =1.5%x 1078 pb

@ WIMP annihilation cross section
<ov>=26x10"2 cm3s!
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Dark matter predictions

Fitted Qh” in ILC1 fits
'8

Fitted Qh” in ILC2 fits
'8
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N N o
Latest higgs couplings (preliminary)

Precision of Higgs boson couplings [%]

Model Dependent Fit (I 5,=0 & no anom. hZZ/hWW coupl.)

W HLLHC [indico.cern.chievent/756370]
B HLLHC [1LC250
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_ Fitting parameters
Recent ATLAS exclusions

0
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