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Introduction

SUSY is now more than 35 years old !

But remember:

it took more than 40 years to build the Standard Model

it took some 20 years from bottom to top quark (which was expected)
The required scale to study the EW theory (since Fermi) is TeV

After 70 years we are finally getting there!

LHC experiments

= the outcome far more important than any other in the past

= all future projects: ILC, superB, super..., depend on LHC
discovery

» huge responsibility to provide quick and reliable answers
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Motivation for (weak-scale) SUSY

™ Naturalness => new TeV scale that cuts off quadratically divergent
contributions from SM particles

™ predicts a light Higgs M, < 130 GeV
as suggested by data Mj< 200 GeV @ 95%

™ predicts gauge coupling unification
™ dark matter candidate: neutralino, sneutrino, ..

™ new sources of CP violation

™ consistent with EW data
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MSSM: particles and sparticles

. quarks (L&R) squarks (L&R)
Spin-1/2 < leptons (L&R) | Spin-0 sleptons (L&R)
neutrinos (L&?) sheutrinos (L&?)
- gluon (" gluino
Spin-1 2 Y }{B Bino
Z° WO Wino®
We Wino*
o Spin-1/2< N ’ 4 x neutralino
0
Spin-0 2 :'g !j‘ 2 x chargino
Ho
H: 2
. e

Extended higgs sector
(2 doublets) CP violation in the -ino sector




Exact SUSY

Exact SUSY => no new parameters

SUSY implies relations between masses and couplings:
» gauge coupling ¢ = Yukawa coupling :Cj

r f r f i crucial for
Vma’r< Vuxw“’rf< For :.5:< <: hierarchy
= - roblem
f f 7 P

» scalars and fermions from the same multiplet have equal masses

‘ SUSY must be broken

Top-down: or From Strings to LHC

Derive SUSY breaking from high-scale physics
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Bottom-up: From LHC (and ILC) to Strings

Unconstrained MSSM

No particular SUSY breaking mechanism assumed L. Girardello, M. Grisaru "82

1 s L
Logrt = —E(MlBB + MWV + Mg§§> +hc.
— m3, H{Hu — m7 HjH,— (bHuH; + h.c.)
_ (a ranOHy — dpagOH, — aRaeEHd) +he.

At 9 FE 2% o~ 9y 7 9m o 9.
- Q'mgQ — L'my L — tigmyiiy — dgmgdp — Epmeey

™ Most general case: 105 new parameter — masses, mixing angles, CP phases
™ Good phenomenological description if universal breaking terms

™ Experimental determination of SUSY parameters
=> patterns of SUSY breaking
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MSSM charginos and neutralinos

Mass matrices

charginos neutralinos
o ' in (B WY HY BY) basis
it H ) basis 12 2
M- 0 —MzCgSw MZSgSw
Mo \/§mWC/3 0 M2 mzcgtw —MzSaCw
( ﬁmwsg b ) —MzCgSw MzC3Cw 0 -
MmzspgsSw —Mgsglw L 0
M> real, My = |M1|ei<b1, = |u|ez'<bﬂ
At tree level:
charginos Mo, p,tan g
neutralinos + M1

Expected to be among the lightest sparticles

‘ A good starting point towards SUSY parameter determination
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Charginos

Chargino mass matrix diagonalized by two unitary matrices UEMCUz

_ [ cr s1 (e 0 CR Sp
Ur=1 _5, ¢ Ur = 0 e2 —
L €L € SR CR
CL,. R = COS qﬁlL__H: SL.R = elfL.n gin qﬁL__;g

m2, =% |[M3 + |ul? + 2m§, F A

X172

COS 2 r = — [M5 — |u|> F 2mi;, cos 28] / Ac
: . 1/2
Sin2¢,r = —2mw [M5 + |u|® + (M5 — |u]?) cos 26 + 2Mo|u|sin 25 2/ nc
sin ® sin ®

tan g, = — m tan fr = + &

o cos d,, + % cot 8 Pr cos®d, + M tan

sin & Gru;d@
tany, = + (j)., tany, = — bl
o[m? () —pl?] T—Mom2, sin 20
COS Py + =,z sin2p COS Py + il (xH)-13)

. 1/2
Ac = [(MZ — |u?)? + 4mi, cos? 28 + 4m3, (M2 + |u]?) + 8m, Mo|u| sin 25 /
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Neutralinos

Neutralino mass matrix diagonalized by a unitary matrix N*MyN—1

N = diag {ew‘l, e'a2, e'?3, 4 } R34 R24 R14 R23R13R12

ci2 sijo 0 O

_ | —s12 c12 0 O

Can be solved analytically Ri2=1 457 5" 1 o

0 O 01

Unitarity constraints — two types of unitarity quadrangles
Tworows:  Mj; = NiaNJj 4+ Nip Ny + NiaNi3 + NiaN7y
CKMZ ‘01

Two columns p,; = N1iN7; 4+ NoiN3; 4+ N3 N3, + NaiNy;
area[M;;] = (|JP1+ I3+ 1T+ 175D /4

area[Dy] = (|Ji5] + [J55] + [J54] + [T D /4 Jit = Im NyuNjNj N;

Unlike in CKM or MNS, the orientation of all quadrangles is physical

CP is conserved if all quadrangles collaps to lines parallel to either Re or Im axis
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Unitarity quadrangles
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Choi, JK, Moortgat-Pick, Zerwas

34
i 0L 4
12
[ 23
-05 :
-05 0 05
tand = 3. M, = 100 GeV, &, =0, My = 150 GeV, |p = 200 GelV
05 - |
34 |
]
]
\ 24
]
-
0r- 12 - 1
13
14
-05 :
-0.5 0

tan 3 =

0.5
1 and M, = M,

100 GeV. and p = 150 GeV,
All phases determined by two phases of M1 and mu parameters — many consistency checks
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Chargino production in e+e-

£ {'I e Pl W W) .'i"i
p after Fierz-ing
7
E_ {j_ E:_ {j_ E_ oF VU\J"!U\{“.:-_
Tlete™ — % X1 = £Qas [5(et)yuPar(e7)] [@(Xi)7Pov(Xy)]

For diagonal pairs (11)/(22) For non-diagonal pairs (12)/(21)
Qrr = Dy F Fpeos 20, Qur = Fp e sin 20,
QLR = D'rL F Fi COs 2.:3]3 QLH — FE. E:Fi(ﬁﬁ_"r'l"""l"ﬂj Eiﬂgﬁhﬂ
QRL = .DH:FFRCDEQQE:?'L QRL :FRE:FiﬁL S11 2(33'_{,
Qrr = Dr F Frcos 265 Qrr = FRE:Fi(ﬁR—Ti-I-*Tz) sin 20 g
_ D » 1,2 3 _ Dz o 1
D=+ zlw—glw-—g  FA=ggalw-3) — _
Do — 1+%( 5 _E] F _ Dy e linearin cos2¢r, r,SiN2¢r1 R
R= T g W Ty BT 432, e CP phases enter only (12)/(21)
22 p. R e sneutrino only in LR amplitude
] S DI-' Lhir -DI,- y p
Dy =D+ (ﬁ) AsT, Fp=F - (gﬁi) 4153, breaks L-R symmetry

Dy = 5;;(5 — m% + ?r-'m-gl_‘gjl

..D,; = SI,f'f[rf —}‘HEJI
J. Kalinowski =0= CP violation in the -ino sector
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Chargino production in e+e-

With polarized beams P=(Py,0,P.), P=(P;cosn. Prsiny,—P;) summing chargino polarizations

a0~ 16

q,xlfﬂ [u — PpPp) Synp + (P — Pr) X1 + PrPrcos(20 — 5) Err]

Vunp = 4{ [l — I:,u-.f — y,;f"]g + A cos? E!'] h + dpp Qs + E,llfrﬂ-@;g c&s@}

T = 4{ [1 — (] — 13)* + Acos” '9] Q + dpap; Qs + 20170, EDE@}

Yor = —4Asin®0 Qs

Polarized beams not sufficient to probe
CP from cross-section measurements alone

Only Q4 changes sign under CP

P CP (Juartic charges
even | even | (J1 = %”QRRF + |QLL|2 + |QHL]2 - |QLR|2]
Q2 = $Re[QrrQfy + QrrQig]
Qs = +[|Qra|* +1Qc|* — |1Qae > — |Qrr|*]
Qs = %Re [QLrQhr + QLLQF]
odd | Q1= 1Im [QrrQf + Qi @} gl

e determines the normal component of the polarization vector of produced chargino
e vanishes if produced charginos are of equal mass

J. KalinowskKi ?—_L—S CP violation in the -ino sector
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Determining masses and mixings

Masses: from threshold or in continuum

soo AEXT. | | | If Xi —X! mass splitting small, exploit
i ® L = 10 b '/point g + . ....,+ —_ r
Ifb with beamstrahlung e = X1X19
150 [ ] . 2 -] EEHEE:
; _ S 2T TR
; U.Martyn] &1.5 -
100 . ‘I.IJE

1 b

i e S +,, 50 =]
sor erer — X1 X1 — (Fvexiqqy

05 [ ] C.Hensel
o =56 Z60 =64 Z68 0 : “-:- E Mrec [Gev]
Feme LoV 300 350 400 450 500
(a) (b) (c)
1 T T T K T T j ! T T T
L - — __ - /-ﬂ - /
05 =

I %’ O ill} 1L o, {12} \ Oz 122}

Mixing angles: from polarized o | ~ it 1L i

cross sections I [l o {12} I G {22}

05 L o111} | \ 1 L \ e
1 305 0 05 11 -05 0 05 1-1 -05 0 05 1
cos2d, COS2P, cos2¢,

Choi Guchait, JK, Zerwas.

If only I|gh chargino measured, reconstruction possible with help from neutralinos
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Derive SUSY parameterss

M, = mw \/\—w — A(cor + cap) Choi ea., Kneur & Moultaka
| = 'mﬂW\/E + A (car, + e2r)
cos d — A*(2—cj —eip) = 8
S ‘ 5 ‘ ‘ ‘
VIE = A%(ear — 2p)?] [S2 = A%(car + 1))
1 — Aleyr, — ¢
tan J = \ g Agczi CZE; Y = {m + + m - Zm } /Zm
2L — €2

A= {m% — } dm?
@& i) Am,

Two-fold ambiguity in = &, <> 27 — &, resolved from
e chargino spin
e or CP-asymmetries in production+decay, €.9. 4., in %
ol BR=14-24

etem — fz_f; — fgﬁf?(:s, T = Pe— ':,55:_){ ﬁf) 0 _/_\ _
oF \/

-5 F

wary, =0

Bartl ea., hep-ph/0608065 ™ , 4.BR =0.5— 5.6 fol
0 05 1 1.5 2
P, =-08, FP+=+406,F, =+08, F.-=-06

=
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Neutralino production

I "\r\. o s LY - j

after Fierz-ing selectron exchanges

%J\

For polarized beams and sumn21|ng neutralino polarizations
{ij} = — 165 AY2[(1 — PPy >u+ (PP

Majorana nature => new term >y = 4\ Qg sin? ©

Qs =1Im [QrrQjr — QLiQyy non-vanishing only if CP violated and
neutralinos of different mass

3/ ~ * 9 1 ~ *
CJG = D?LL Sm Z?Jqf_/?j - W 9 DtH o D?J.H Sm Z?j'qH?_}'
DTLDNH - DI‘HDUL S QL?jQng
where e.g. 1
v kY e [ Noo ¥ N* e (] TR Nk
511 Z?J'QH?-? e 2(‘2 S51111 ¢ 7. j,:;; ?1; _}1 511 ;\?4 34; ?11 _;"]-
A ¥

Transverse beam polarization useful to probe CP in non-diagonal neutralino pairs

C\jL’W OF P”YSI
PN

J. Kalinowski == CP violation in the -ino sector

SAW Umva\ls‘“



Neutralino masses, couplings

Masses from threshold or in continuum Couplings: gauge=Yukawa

+ ~0,,+:0 G
eReL - MRML - M Xll’l’ Xl i g_i o Pg=-0.9, Py~ =+0.6

01s | o =-0.9, Py =+0.
1200 ———=————— \ Choi ea
| \/s =400GeV, L =200fb- ] o1 [

- P'J“Emun =
- L
1 A, 0.05 [ /~
I — ] i
8OO T ] 0 \\ \
: -0.05 :— \ .\go“"‘ i;;-.
U | in 143+0.18 GeV 1 Martyn o1 | \\/ 3

: 55(1) 96 + 0.18 GeV 01s
i [ \ 92 _ 1
D 1 :u PN R R EEERT R BrETS P T R A S 92 [

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 {]03 004 005
¢ 40 80 120

lepton energy F; [GeV]

If only the lightest accessible, exploit Ei+6_ — f?fl’} Ambrosanio, Mele
(P4, P-) | (0]0) (-0.6]0.8) _ _
mg = 180 GeV (9 | 47 13 b Possible with
og(viry) | 3354 fb 301 fb high luminosity
v/'s = 500 GeV S o2 7 + polarization
R=oc/og | 01% 4.4%

£ =500 fb—1
O.Kittel, LCWS'07
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LHC/ILC interplay

4 3 '- iz
E;l_ ."_
qr, ~ ~ _
¢ 7
= ( false
52(1) R ... Gjelsten, Miller, Odand
Region (I,1) Region (1.2)
® false solutions may occur > :/('m 2 e
ILC would help to eliminate them B M A |
S | ATLAS | 3
Bty - OS-SFALL n
. . 3= ’ —
® heavy gauginos in cascade decays . " E - cserow | 3
|LC would help toidentify edges g i
of beyond-1LC states 31 ? =
R =
Desch, JK, Moortgat-Pick, Nojirl, é_ =
Polesello E I
0

»sz\iﬁgy_sf& . .
== CP violation
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Majorana and CP of neutralinos

Can be probed in many ways

1. Production at threshold

If CP conserved, in non-relat. limit

( m; = %t intrinsic CP)

i I
1= 77'1773(_1)
CP conserving: ¢ =0, ® =0 CP violating: &=r'5, & =0
. o _ | | —
oif M =1; =>P-wave : — ()= (12 —(i)=(12) |
o if i — —T1; => S-wave z ——= ()= ——= ()=t |
.y —-—- (i) =) —-— (i})=(23) | ]

4]

CPC: if (13) and (23) in S-wave ~ )
(12) must be in P-wave ~ L AT S e
otherwise CP violated I R e I VA

'
©
lllllllll 20””“.“30
Em—(mi+mj) [GeV] mi.|.mj [GeV]

=M= CP violation in the -ino sector
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Majorana and CP of neutralinos

2. neutralino decay spectrum near the end-point

Production:  T(cfe” = X0) = X Qus |lef )y Paule
cwf=LR

> Qs [alf)y Puv(F)

o f=L.R

Decay: D(xX{ = X; [[)

.
1 = mn;(—1) for production
1= 1) for decay

80 —————— 015 —
. SEeE e SRR
Compare production of [ o T [ —-o=n
. 60 - - ThITEIP7 1= LI |
(12) with decay of 2->1 = | P | 2 oaf ]
—_ e — = 4
CPC: if production in S-wave Zra0 ya 1l N
decay must be in P-wave - [ 1 = ;
. . o [ 7/ cl 0.05
otherwise CP violated 20, 1 B
Lo u
g S.Y.Choi
0 P T B et i MR 0 ....|....|....|...-.-_-|I.'-1‘
. L 0 2 4 6 8 10 05 06 07 08 09 1
J. Kalinowski &Am@ E_ - (m,+m,) [GeV] Mg/ M



Majorana and CP of neutralinos

3. neutralino production and decay

Consider the process

€ —>€L€L

P el

e Kinematics fully reconstructable
e Neutralino coming from selectron fully polarized
> left-handed in

> right-handed in

p—— —g
eL+—> e Xo
cr,

— e+§zg

— (eTxXD (e XutTu)

Aguilar-Saavedra

One can have a sample of fully polarized neutralinos and analyze
their decay X5 — Xiu 1 in the rest frame!

% lepton angular distribution w.r.t.
neutralino spin: slopes equal irresp. CP

+
et
e

%0

(1/T) dI'/dcosB
e & ©
9
T

e 2 2 2 f
W

=]
&
T T

(=]
=
T

et
penen®

i
=] — (%)
A

-1 -0.75 -0.5 -0.25 0 025 05 075 1

J. |

t;:osElir

Choi, Chung, Kim,
JK, Rolbiecki
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< tAcp =58 (D X Dp-)

% CP-odd asymmetry

-0'20 02 04 06 0.8 1 1.2 14 16 1.8 2
D, [n]



CP Iin chargino production

@ S matrix element for chargino production

(" (k1), ¥ (k2)|Sle™ (p1), e (p2))
@ P transformation: p12 < —p12, k12 < —k12

(Vi (—k1), X (—k2)|Sle" (—=p1), €™ (=p2))
@ C transformation

(i (k1), ¥/ (k2)|Sle(p1), " (p2))
@ CP transformation
(V" (—k2), {; (—k1)IS|eT(—p2), e (—p1))
@ In center of mass frame: p1 = —po2 1 k1 = —k>
(V" (k1), ¥ (k2)|Sle™(p1), e (p2))

mam) no CP violation in Xj_ Xz

J. KalinowskKi —_L— CP violation in the -ino sector



For non-diagonal pairs

o attreelevel (X1 X3)—c({7%,) =0

@ beyond tree level no reason to expect

‘ Possibility to construct the CP asymmetry without
polarization measurements

Osland, Vereshagin ‘07

Full one-loop calculations: Rolbiecki & JK, PRD76, 115006 (2007)
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Loop corrections

MMM

——
® three types of one-loop contributions: vertex diagrams, self-energy
diagrams and box diagrams = use FeynArts/FormCalc/Loop Tools

® Inclusion of corrections on external chargino lines necessary

Vuo
X2 »- XI

I S

J. Kalinowski ;—_L—S CP violation in the -ino sector
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Source of CP asymmetry

‘Mloep‘z — ‘M‘rree‘z + 2Re(MEeeMlﬂﬂp)

@ CP violating effects appear due to interference between complex
couplings and absorptive parts of loop integrals

@ example: box diagram with

0.00035
selectron exchange 7]
0.00030
@ asymmetry appears above
selectron production threshold 0.000251
0.00020
L2 0.00015}
0.00010
Ve
0.00005
e ot . Q) . . .
& 04 806 R08 810 812 R8l4

Vs [GeV]
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CP asymmetryinete™ — {7 V4

@ matrix element squared at one loop

.f'\/[ loop ‘ 2 — J\/l tree ‘ 2 —|_ 2 Re ( -’"\/l g'ee“"\/l IOOP)

@ asymmetry in production cross section of hon-diagonal chargino
pairs induced by radiative corrections

,) —o®(ete” — I {7)

Aqp = . —=—
) om(ete - i)

O.loop(e—l—e— N )'{;I—)f{
(ete - X
@ asymmetry vanishes at the tree level = it is finite at one loop

@ soft and hard QED corrections cancel in the numerator
@ A4, can be sensitive to the phases of 1, Af, My, Ap, A-

J. Kalinowski uzk% CP violation in the -ino sector
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Chosen parameters

@ gaugino mass parametrs
IMy| =100 GeV, M, =200 GeV, || =400 GeV, tan =10
@ sfermion parameters
mg = Méu — th,z — Mﬁ,u — 450 GeV
Mg = Mfis — Mffe. — M53 — 300 GeV
m;=M; =Mz =150GeV
1,2,3 1,2,3

A= |At| :—Ab: _AT,: 400 GeV

@ resulting masses:

m.
%

421.8

97.5

187.0

405.8

421.2

J. Kalinowski HERLL
W UNIV

CP violation in the -ino sector




Asymmetry for ¢,

@ dependence of asymmetry on the phase of ;. parameter
@ large cancelations between different contributions

@ for low tan 5 small asymmetry due to small value of imaginary
parts of couplings

tan 7 = 10 "
2 T T )/I'/_.. — —1- T T T
/ { ; ) -
Arz %] oy Ara %) b
_ / 5l vert — |
Lt ‘ - N = self
,-':Ilf"-;. s x\\ l i I
. I,-'___.-“' 0\
| \ g \ 0n
0K 4 y Y
AN 7R / —1F| —
—1F N o~ ~
\ —3F P
! e o
\\ ) / _ _1_ Lo
_2 L B L L r I I L L " " L + 11
0 1 2 3 4 6 791 6 8 10 12 14 16 18 20
D " tan o
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Asymmetry for A;

@ only contributions from diagrams with stop exchange enter
@ asymmetry can reach 6%
@ gives access to CP violation in stop sector

J. Kalinowski EQ CP violation in the -ino sector

; tull
_112 [[’A] 6 B p T ! -Velltf
N self —
0 / \ﬁi\K y
—6F N4
—°0 1 2 3 4 5 6
P,



Case of heavy sfermions

@ take heavy sfermions with masses 10 TeV - sfermion contribution:s
can be neglected

@ only gauge boson exchange contributes to asymmetry

@ asymmetry significantly smaller ~ 0.5%

~~ r M-z Koz M 0.5 . . . — .
TR T el T @

R e T A Tt / \ th——:

025t / \ self

""“-t--__ r_’_ﬁ; o --_.J____ i K1 "'-ﬁ-i--__ z A1 U " — —) -*.'T'_"_- "-.--:.:____‘
vc[ \:I:l{-::l ) » ‘ > ------_______ __------.--. l
o e —_ o - - -

.——-":_': W j:"-—- -—-'*:_': i Xz -"'1': Y X2

—0.25}

Lo

L R e | | | | ' | |
f } Vo9 5 71 5 4
- ¥2 (I)J”
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Susy - best scenario for physics beyond SM
Charginos and neutralinos can be among light sparticles
LHC —gross feature can be seen
ILC — ideal place, in particular for studying CP violation
™ Neutralino sector

#  Unitarity quadrangles

® Threshold behavior in production and decay
® Chargino sector

™ CP asymmetry at one-loop

Outlook: full analysis of production+decay beyond tree level
required for precision physics.



