Florian Lika
Supervisors: Gudrid Moortgat-Pick, Sven Heinemeyer

SUSY-Parameter determination within Dark
Matter Phenomenology at future e+e- colliders



UH
i
a3 Universitdit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Minimal Supersymmetric Standard Model

* Ga ugino and higgsino Standard Sector Supersymmetry
fields mix into mass
eigenstates

X'i ~i @ Quarks @ Leptons @ Force particles @ Higgs doublet field @ Squarks @ Sleptons @ Force particles @ Higgsino doublet fields
1> X 2

 Neutralinos
~0 ~0 ~0 =~0
X1, X2, X3, Xa
* Charginos
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International Linear Collider

« Futuree*e™ linear collider
* Model-independent Higgs searches

https://cds.cern.ch/record/2715199/files/CLICdp-Conf-2020-004.pdf

IR & detectors e+ bunch
/ compressor

Damping Rings

«  Spin polarised beams b o, B
main linac
. . 11 km
* Possible future experiment:
central region
+ - ~ + ~ — 5km
° e e - Xl Xl electron
main linac
. . — km
*  Luminosity L = 500 fb~! 2l
* /s =500 GeV
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Neutralino Sector

K. Desch, J. Kalinowski, G. Moortgat-Pick, M.M. Nojiri, G. Polesello

https://arxiv.org/abs/hep-ph/0312069

. M, cos? Oy + My sin® Oy, (Ma — M) sin Oy cos Oy, 0
* Blno Parameter Ml Mn — (MQ-Ml)SiHGW COSHW M1c0529W+Mgsin2t9W mz
e Wino Paramter M, Y 0 mz jsin2
* Higgsino parameter y, tan 0 0 —jcos2f
v :
* tanp == —
V2 : 15001
. = . V5 =400 GeV, P, = 0.8, P,e = 0.6
* M, canonly be determined iz eV P— P —T
with Neutralinos T — - so0hev. |08, o = 10b
e M,,u,tan B are determined L e
using chargino data o= ————————
0 10 20 30 10 50 60
tan 3
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Neutralino Sector

Neutralino masses in regards to changes of the mass parameters

. . 600 —_— 0 -0
« Particles assigned by mass : T
. : _ X2 a2
hierarchy 500 — g e
« Parameter hierarchy _ 400 - '
: o 3
determines sensibility Z 30-
é,e
200
M, = 200GeV 07
u = 350 GeV 07 . | | [ . . .
_ —600 —400 —200 0 200 400 600
tanf = 20 M, in GeV
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Chargino Sector

« Two unitary transformations for
chargino mixing Uy p

«  Two mixing angles @, p

Goal:

[ ~
Measure @y p, Myt , Mo to

reconstruct SUSY-parameters

M,
MC_(

K. Desch, J. Kalinowski, G. Moortgat-Pick, M.M. Nojiri, G. Polesello
https://arxiv.org/abs/hep-ph/0312069

\/imW cos 3 )
V2myy sin 8 7

(%)=t ()
X2 L’R H L,R

_( cos Py g sin‘DLvR)

—sin®r r cosPr g

1
§(M22 +p” 4+ 2miy F Ac)
—(M3 — p? F 2miy, cos23)/ A

Ac = [(M3F — 1) + 4miy, cos® 26 + dmiy, (M3 + p?) + 8miy, Moy sin 2]'/2
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Planck 2018

https://arxiv.org/abs/1807.06209

Dark Matter

« Dark matter relic density Qh? = 0.12 determined by
Planck Collaboration

«  7Vis dark matter candidate in MSSM

* Dependenton My, M,, u, tanf

* Relic density determined with micrOMEGAs
* Chargino coannihilation scenario M{~M,

- DM relic density is reduced by 7 7{ decay into SM particles
- Bino/Wino-like DM resulting from M;~M,,

B Baryonic Matter B Dark Energy

W Dark Matter

home.cern
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Strategy

Take a parameter point with correct dark matter relic density
Assume measurement of s(ete™ - 7,7 7,7) and lightest chargino mass
. at+/s = 400 GeV, 500 GeV
«  With P,- = F0.8and P+ = +0.6
. Considering necessary uncertainties especially from M5
Calculate chargino mixing angles
Redetermine chargino SUSY parameters — M,, u,tan 3,
Assume measurement of lightest neutralino mass
Redetermine neutralino SUSY parameters — M;
Use experimentally determined parameters to calculate DM relic density
Compare indirectly derived DM relic density with correct DM relic density
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Manimala Chakraborti, Sven Heinemeyer, Ipsita Saha
https://arxiv.org/abs/2104.03287

Dataset

Constraints:

« Muon (g — 2) — BNL and Fermilab 100GeV = M; < 1TeV
 Vacuum stability — stable and correct EW vacuum M = M, = 11M;
* LHC constraints —all relevant SUSY searches 1.i1M; < p < 10M,
« Dark matter relic density constraints — Planck 2018 5 < tanf < 60

* Direct dark matter detection — XENONTT 100GeV < my . < 1TeV
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My | 175.09 GeV [ o™s o6

o My | 178.25 GeV || o405 o5

N H 1215.85 GeV 03(2?.8,%.6
a3 Universitdit Hamburg 500

DER FORSCHUNG | DER LEHRE | DER BILDUNG tan 6 34.81 g‘+(]‘8,7(}.6

M; 536.9 GeV m_+

X1

1744.2519 tb
49.8956 fb
1265.4737 fb
35.6168 fb
177.1484 GeV

Dataset

Full data set m_+ < 200 GeV
X1
2500
200 1
600
2250
190
. i 2
500 et s
. 1750 1801
[ s >
[ [}
S 400 4 3 1o}
£ (= £
o 1500 3. 2 1704
-5
3001 1250 Doy
160
1000
200 1 150 4
750
200 300 1400 500 600 130 140 150 160 170 180
M, in GeV M, in GeV

* Red dot corresponds to example point
10.01.2024
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100 GeV < M, < 1TeV
M, < M, < 11M
1.1M, < u < 10M,
5 < tanf < 60
100 GeV < my, . < 1TeV
1800
1600
1400
>
[}
S
c
1200 S
1000
800
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My | 175.09 GeV || 0P g6 | 1744.2519 fb
st Hars po | 1215.85 GeV || o”Wg g6 | 1265.4737 fb
DER FORSCHUN::VDEELSLIEHaRE 1 D?Rn;lLDl:JLE tan jB 34.81 O-i)r(gg?&*(}-ﬁ 35.6168 b
M; 536.9 GeV m 177.1484 GeV
[ J
Cross sections ) )
e X1
* Sneutrino mass M5 relevant ] Z
in t-channel propagator L 2]
= € X1
—> Finding sensible limit becomes = T VEGV, Po = ~08, o = 406 .
. . . t 1500 Vs =400GeV, P,- = +08, P.s = —0.6 et X1
|mp0rta nt Ob_jECtIVG " — V5=500GeV, P.- = —08, Pos = +0.6
Iy — /5=500GeV, P, = +08, P,y = —0.6 ~
L 1000
500 1 e ).él_
S <=1 + o o ~4
1 pfete— —y oECT "] - o D
g {Zj} o O(e € XX ) 0 250 500 750 1000 1250 1500 1750 2000
M; in GeV I:‘
0={ij} = ¢y cos? 2By + 30828 + c3c08° 2P + ¢4 co8 2P + c5c05 2P cos 2Pk + ¢ -
e —
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My | 175.09 GeV || 025 o6 | 1744.2519 fb
Tow M, | 17825 GeV || 045 o6 | 49.8956 fb
niversitt Hamburg po| 121585 GeV || o™g o6 | 1265.4737 fb
DER FORSCHUNG | DER LEHRE | DER BILDUNG tan 3 34.81 o108, 0.6 35.6168 fb

M; 536.9 GeV m,+ 177.1484 GeV

Chargino mixing angles

° Slngle beam energy causes oo Chargino mixing angles with intersection of all four beam configurations
PSR V5 =400GeV, P,- = —0.8, P,- = +0.6
am blgu Ities 0759 . /5s=500GeV, P,- = —0.8, P,- = +0.6
—> At least three beam 0501 ° V3=500GeV, oo =408 Fo- = ~06
. . V5 = 400GeV, P,- = +0.8, P,- = —0.6
configurations remove 025 Prediction (0.9818,0.9994)
am biguity o 000 X Calculation (0.9776,1.0135)
* Ellipses are not continuous 0251
- Intersection difficult to obtain ~0.50 -
—0.75 1
_1v00 1 T I ) 1 T 1
—-1.00  —0.75  —0.50  —0.25 0.00 0.25 0.50 0.75 1.00

cos(2®1)
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My | 175.09 GeV || 0P g6 | 1744.2519 fb
- My | 17825 GeV || o000 o | 49.8956 f
Universitait Hamburg H 1215.85 GeV gg(z?'&’Jr(}'(i 126547}37 b
DER FORSCHUNG | DER LEHRE | DER BILDUNG tan jB 34.81 (T‘J)r(g?&f“.ﬁ 35.6168 ﬂ)

M 536.9 GeV m, =+ 177.1484 GeV

Chargino mixing angles

Chargino mixing angles with uncertainties and the resulting intersection highlighted

* Adding uncertainties Ho . = —
Intersection
— 0.5% on chargino mass 07591 . /5=500GeV, P.- = —08, P.y = +06
— Gaussian error on cross section 0.50 - V8=400GeV, F- = ~0.8, Fer. = +0.6
- V5 =500 GeV, P. = +0.8, Por = —0.6
— 0.5% on polarisation . 0.25- Vs =400GeV, P,- = +0.8, P,y = —0.6
- Sneutrino mass error not included 2 - prediction: (0.9818,0.9994)
%
e 1D Curves now become 2D 0251
bands —0.50 -
* |ntersection becomes 2D area 075
_].-DD T T T T T T T
~1.00 075  —050  —0.25 0.00 0.25 0.50 0.75 1.00

cos(2d )
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My | 175.09 GeV || o o6 | 1744.2519 fb
ot M, | 17825 GeV | o4Ws o6 |  49.8956 fb
niversitt Hamburg po | 121585 GeV || 0™ o6 | 1265.4737 fb
DER FORSCHUNG | DER LEHRE | DER BILDUNG tan 3 34.81 o108, 0.6 35.6168 fb

My | 536.9 GeV m 177.1484 GeV

Chargino mixing angles

Chargino mixing angles with uncertainties and the resulting intersection highlighted

e Set theory approach 1.00 ~ ~—___—~
Intersection
— Mixing angle bands are defined as 0751 . /5=500GeV, P,o — —0.8, Py — +0.6
polygons using the shapely Python libary 00 . /5=400GeV, P,_ — —0.8, Por — 0.6
— Intersection of polygons is calculated ” « /5=500GeV, P.- = +0.8, P.v = —0.6

. . 0.25 Ve =400GeV, P.. = +0.8, P.r = 0.6

. Ac.:cu.rately describes all the points = Seediction: (0.0816,0.9994)

within and on the boundary g 0007
e (Calculation is easier, more efficient —0.257

and less ambiguous compared to 1D -0.501

case —0.75 -

_].DD T T T T T T T
—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

cos(2d )
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My | 175.09 GeV || o o6 | 1744.2519 fb
ot M, | 17825 GeV | o4Ws o6 |  49.8956 fb
niversitt Hamburg po | 121585 GeV || 0™ o6 | 1265.4737 fb
DER FORSCHUNG | DER LEHRE | DER BILDUNG tan 3 34.81 o108, 0.6 35.6168 fb

My | 536.9 GeV m 177.1484 GeV

Parameter Reconstruction — Scan

o Reconstruction done by parameter Scan results with cross-section condition visualised using the intersection surface.
scan 1.00 1 allowed section
0.95 - Theory prediction (0.9818,0.9994)
o Random pOI nts from Ml’ MZ’ u - Scan results with chargino mass conditions
. . 0907 . Scan results with chargino and neutralino mass conditions
space are filtered by constraints - -
*  Constraints: & 0504 -
—  Chargino masses within 0.5% E 0.75 ‘/
—  Cross-section condition /
i ithin 0.5% T )
— Neutralino masses wi .
° 0.65 1 /
0601+~
DTZ OT4 016 D:S ltO
cos(2®r)
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My | 175.09 GeV || ¥ g6 | 1744.2519 fb 100GV < My < 1TeV
M, | 17825 GeV || 040 o6 | 49.8956 fb M, < M, < 1w,
po | 121585 GeV || 0”Wg o | 1265.4737 fb LM < ox < 10M,
tan 3 34.81 Uﬁ?a,fu.ﬁ 35.6168 b 5 < g < 60
M 536.9 GeV m,+ 177.1484 GeV 100GV < my, < 1Tev

Parameter Reconstruction — Scan

* Pink area: full scanning
range

*  Cyan points fulfill all
conditions

e Green dotted lines
describe allowed interval

Scan results in the M, plane.

2500 ~

2000 +

1500 -

1000 -+

500 -

Entire Scan

Chargino Mass condition
Neutralino Mass condition
Cross Section condition

X Original point

1 I 1 1 I I 1 1
100 120 140 160 180 200 220 240
M,
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My | 175.09 GeV [ o™Pg o | 1744.2519 fb et —<—T—<—xf
5 o
ol v Hamb | 121585 GeV | o™y o | 12654737 fb p
niversitdit Hamburg . =an T . B}
DER FORSCHUNG | DER LEHRE | DER BILDUNG tan jB 34.81 Ujﬂ?s,fu,ﬁ 35.6168 ﬂ)
M 536.9 GeV m, =+ 177.1484 GeV o > N i
° °
Mixing angles - M;
M; = 536.9 + (—50) M; = 536.9 + (25)
1.00 1.00 -~ ‘
Vs =400,Pps = —8+.6 \ /5 =400,P,-=—-8+.6 \ .
0.75 - Vs =500,Pro-=—8+4+.6 orsd 0 VE=000P o= —8+.6
' VE=400,Ppsp-= +.8— .6 V5 =400,P,.-= +.8 — 6
—5 — 18 s =500, = +8— .6
0.50 Ve =500.Pere-= +8 - 6 0.50 4 V3 =500 Pere- =+
0.25 4 0.25 1
3 z
5%_, 0.00 S 0.00 4
:
~0.25 ~0.25 A
—0.50 1 —0.50 1
~0.75 ~0.75
—-1.00 T T T T T T T —1.00 T T T T T T T
—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00 —1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
cos(2®y) cos(2® )

 Intersection shifts to border of physically allowed range
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My | 175.09 GeV || o o6 | 1744.2519 fb et - \;
ot M, | 17825 GeV | o4Ws o6 |  49.8956 fb
niversitt Hamburg po | 121585 GeV || 0™ o6 | 1265.4737 fb 7
DER FORSCHUNG | DER LEHRE | DER BILDUNG tan 3 34.81 o108, 0.6 35.6168 fb

M; | 536.9 GeV m 177.1484 GeV e

Mixing angles - M;

M; = 536.9 + (—75) M, = 536.9 + (40)

1.00 1.00 ~
Vs =400,Ps o= — 8 + .6 c o E=A00,P, = *-“'ﬁ\
omsd  VE=S00P, = 846 omsd - VE=500P,-=—8+.6
Vs =400,FP+.-= +.8 — .6 + V5=400Pps,-=+8—.6 \/
- R [ P — s = 5 L= _—
00 V5 =500,Ps o= +8— 6 0.50 4 Vs =500,Per-=+8—-6 /
0.25 1 0.25 1
5 =
S 0.00 5 0.004
8 8
=) <
—0.25 A —0.25 A1
—0.50 1 —0.50
—0.75 1 —0.75
—1.00 T T T T T T T —1.00 T T T T T T T
—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00 —1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
cos(2dy,) cos(2d )

* Nointersection at sufficient deviation of M5
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My | 175.09 GeV || 0P g6 | 1744.2519 fb
Universitit Hamb 0 1215.85 GeV || o®W¢ 4o | 12654737 th
DER FORSCHUN:I:VDEELSLIEHaRE 1 D?Rn;lLDl:JLE tan jB 34.81 Uﬁgg)g —0.6 35.6168 b
M 536.9 GeV m,+ 177.1484 GeV
o o Intersections with differing M; and resulting allowed area
Mixing angles - M;
* Cross-section area increases
0.9 -
* Blue border is created by taking the
convex hull of all shapes
— 08 .
* Important: &
- Do not change cross-section ¢
0.7 -
Limits on M
1000 4 Al L _______
i
= 800 L ”*IM fi
g I"W ~¢"“'m 0.6 -
:: mm: e ,h-l ----- ‘l
‘ZI'XI 3(‘){) l(')() 5(’)() "(i[[l?()i“ i 7[’)() S(;() !l(‘)l) 1(;(]() 0'5 0'6 0‘7 0‘8 0‘9 1‘0
cos(2®y)
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Scan results in the My« plane,
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Drel _ QScan — QTrue Q € {MLMZ».U: th}
QTrue

100 120 110 160 150 200 20 200
M

Parameter scan results of M,

Results — M, e R, MWM
WWW

Relative distance of the average value £ 180
of M, produced by the scan %
2 ) < “ﬂ}}
-
. ~thout . inty R
«  without M, uncertainty 160 - Ry
0.025 4 1 with M, uncertainty wi L-“"" ‘ -------
0.020 1 140 T T T T T T
150 160 170 180 190 200
0.015 4 M2 True
. ’* Parameter scan results of M, including uncertainties in M;
% 0010 1
] °. —— M, spread
0005 % 200 4 ®  Average scanned M l
0s® eI NN® - [ e True M l '
0.000 7 . g |
. % 180 1
—1.005 = u A ‘qu ;
. 160 A l L ‘ _____ ll
—0.010 Loge
______ o148
140 T T T T T T
150 160 170 180 190 200

M,

* Upper limit increasing with Mz uncertainty

M3 Tre
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_ QScan _ QTrue Q € {MLMZ».“: th}

QTrue

Parameter scan results of M,

2004 —— M spread J“&
e S u s - 1 ®  Average scanned M, '
""""" True M,
Relative distance of the average value of g 1807
M, produced by the scan ; o M“W
o054 * without M, uncertainty il [ I (N— IR
e with M, uncertainty Tt L
. 4
004 M0y L4
1 130 140 150 160 170 180 190 200
0.03 4 M, True
T 002 Yo N Parameter scan results of M; including uncertainties in M
£ 0021
. —— M, spread
0.01 4 t’ 20041 @  Average scanned M, ly‘l
- L L 4 o I N (e True M,
0.00 71801 m ﬂM
gl
o014 160 }l s
T T T T _“. . B """""
140 160 180 200 1409 ¢ e
M, S , ; . ‘ ; . .
130 140 150 160 170 180 190 200
M ue
* Lower values of M; not reproduced o
« Upper limit increasing with M; uncertainty
21
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Dpe) =

QScan

_ QTrue

QTrue

Parameter scan results of p

Q € {Mll MZ) U, th}

Results — u

Relative distance of the average value
of g produced by the scan
without M, uncertainty

1.0 1 . .
«  with M, uncertainty

Ijml

HScan

! ’ | —— i spread
®  Average scanned p

1600

- True p

1800

6

2000 A
1500 1 .
1000 A
500 1
(I)O 8(I)0 12l00 14l()0

1000
HTrue

Parameter scan results of ¢ including uncertainties in M

2000 A
1500 JIANHEE L

n

= 1000 ]
—— p spread

500 4 ®  Average scanned p
........ ’I‘ruc ’1
1000 1200 1400 1600 1800

T
600

T
1000

I
Different scenario or heavier particles necessary for accurate reproduction
22
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QScan — QTrue

Dyel = Q € {My, My, 1, th}

QTrue

Results — Dark Matter

Relative distance of the average value
of 2h? produced by the scan

44
. without M, uncertainty
«  with M, uncertainty
3
-
7
-
¥ .
]
1q % .
.
04
~14

T T T T T
0025 0050 0075 0100 0.125
Qe

Qhi

2
Scan

Qh

Scan

0.3

0.1 l
0.0 -

Parameter scan results for the dark matter relic density

M, =182.17 M, =176.73 My =178.56 — Relic Density spread

My =200.08 My =189.09 13 =194.45 ®  Average scanned Relic Density
------- True Relic Density

1 =184.22

i =199.11 T Planck limit

IR 1S

0.02 0.04 0.06 0.08 0.10 0.12

Qe

Parameter scan results for the dark matter relic density including uncertainties in A

0.3 4

0.2 4

0.1 4

0.0 1

|11{ Hmm .......... R 'Mmmm .....

~——— Relic Density spread

Average scanned Relic Density
True Relic Density

Planck limit

Additional constraints could be added to increase accuracy

0.04 0.06 0.08 0.10 0.12
QhZ

True
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Results — AM

Upper limits on scanned relic density Lower limits on scanned relic density
against their mass parameter difference

True relic density against

their mass parameter difference against their mass parameter difference
. L 0.06 7
012 4 ?’u{ . 1135 - .
0.10 S 0.30 o
] féo-",, ) x
X
i n . - 0.04 4
b/ % 0254 = .
0.08 %‘;_ = = B
b AR - x g B 7
= ey 2 0.20 b o3
J h-Ao . -
006 50 o . o
{'?‘ = e = oo
¥ T 0ls g mEy S 0.02 4
T ! X 4 .
0.04 1 x e .
. 0.10 7 001y .
'{‘ - -
0.02 1 d - ’ g TR
T " 0054 - 0004 = . X % ®
T T T T T T
0 10 15 0 5 10 1 {I] é lh
‘I‘UE.U[; - "‘”l.up "‘U2_I.'J\\.' - "III.I.'J\\'

M, — M,

* Relicdensity dependent on M, — M; explaining the outliers
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Conclusion

* M, reproduced most accuratly
* M, reproduced slightly less accuratly compared to M,

* Smaller values could not be reproduced
* More particles need to be analysed to reproduce u conclusively
« (h? reproduced largely within allowed range

* Accuracy can be improved by adding constraints

10.01.2024 SUSY-Parameter determination within Dark Matter Phenomenology at future e+e- colliders
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Next Steps

* Analysis for different scenarios
— [ coannihilation, Wino DM, higgsino DM
* Add analysis of heavier particles into the established analysis

e Different Beam configurations
— Increase Energy
— Different collider setups

* Increase performance and streamline evaluation

10.01.2024 SUSY-Parameter determination within Dark Matter Phenomenology at future e+e- colliders

26



UH
™
a3 Universitdit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

Thank you
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PHYSICIST ENGINEER COsMOLOGIST
APPROXIMATIONS APPROXIMATIONS APPROXIMATIONS
WELL ASSUME THE LET'S ASSUME THIS ASSUME Pl 15 ONE.
CURVE OF THIS RAIL | | CURVE DEVIATES FROM K PRETTY SURE ITS
15 A CIRCULAR ARC | | A CIRCLE BY NO MORE BIGGER THAN THAT.
WITH RADIUS A. THAN 1 PART IN 1,000.

0K, WE CAN MAKE \
T TEN. WHATEVER.
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