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1. Introduction

Production of SUSY particles at the ILC:

ete™ — 5251; — hiy f]i — ht)ﬁé?f)z(l)
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1. Introduction

Production of SUSY particles at the ILC:

~ o~

ete™ — tQt]; — hiy f]i — ht)??f)z(l)

Possible: production of Higgs bosons: o — t1h;, ...
Always: production of the lightest SUSY particle: 9

= important source for information on Higgs, LSP
= precision prediction (at least) of BR’'s necessary
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Enlarged Higgs sector: Two Higgs doublets

H, — (H% ) _ (vl+(¢1+i><1)/\/§)
Hf é1

F RN
H3 0o + (2 +ix2)/V?2

V = miH{A1 4+ m5HoHy — mis(eq HYHS 4+ h.c.)

2 2 2

g g _ _ g —
+ (H1Hy — HoH5)? + = |H1H>|?

—8 _ 2

gauge couplings, in contrast to SM

physical states: 0, HO, A0 H+
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)
tang :U—Q, M% = —m3,(tan 8 + cot 3)

v1
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Enlarged Higgs sector: Two Higgs doublets with CP violation
Hy, — Hi v+ (1 +ix1)/V2
H3

P1
o (3l )
Hz vo + (2 +ix2)/V2

V = miH1H; +m3HpHp — mis(eqHYH3 +h.C.)

2 2 2

g g _ _ g —
+ (H1Hy — HoH5)? + = |H1H>|?

—8 _ 2

gauge couplings, in contrast to SM

physical states: 0, HO, A0 H+
2 C’P-violating phases: &, arg(mio) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

tan g = =2, M2,

v1
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Complex parameters:

— u : Higgsino mass parameter

— Ay pr o trilinear couplings = X, - = A, — p*{cotg,tan 3} complex
— My > : gaugino mass parameter (one phase can be eliminated)

— mg : gluino mass

= can induce CP-violating effects

Effects of complex parameters in the Higgs sector:

Complex parameters enter via loop corrections:

Result:
(A7H7 h) — (h37h27h1(: ¢))
with
Mh3 > Mh2 > Mhl
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More on complex phases: f/'B sector of the MSSM:

Stop, sbottom mass matrices (Xy = Ay — p*/tan @, X, = Ay — p*tan g):

2 2 >I< 2
M% _ MEL + my + DTtl mtXt i mfl 0
my Xy Mg +mi + DTy, 0 mg
MZ2 +m?2 + DTy my X 0- m2 0
M% br b 1 b b, b1
mp X, MgQR + mg + DTy, 0 m-§2

mixing important in stop sector (also in sbottom sector for large tan 3)

SU(2) relation = My, = MEL

= relation between mfl,m52,9;, mgl,mEQ,HE

Sven Heinemeyer, 3rd ILC Forum, DESY/Hamburg, 09.02.2012



More on complex phases: Neutralinos and charginos:

Higgsinos and electroweak gauginos mix

charged:

WH ki %753, W, hy > %1,.%
= charginos: mass eigenstates

mass matrix given in terms of M», u, tanpg

neutral:

~

~ 70 70 ~0 ~0 ~0 =0
2 Za,hua hd — X1 X2y X3 X4
WO, BO

= neutralinos: mass eigenstates

mass matrix given in terms of My, M»>, u, tanpg

= only one new parameter

= MSSM predicts mass relations between neutralinos and charginos
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T he bigger picture: SUSY decays in the cMSSM

= to get BRs right = all decays needed
= (nearly) all sectors of the cMSSM enter as external particles
= (nearly) all sectors of the cMSSM have to be renormalized simultaneously

Sven Heinemeyer, 3rd ILC Forum, DESY/Hamburg, 09.02.2012 8



T he bigger picture: SUSY decays in the cMSSM

= to get BRs right = all decays needed
= (nearly) all sectors of the cMSSM enter as external particles
= (nearly) all sectors of the cMSSM have to be renormalized simultaneously

now ready:

— (heavy) stop decays = relevant for Higgs, LSP
— gluino decays
— (non-hadronic) chargino decays = relevant for Higgs, LSP
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ILC potential:

The clean environment of the ILC would permit a
detailed study of the SUSY decays

The ILC environment would result in an accuracy of
the relative branching ratio

|—fuII 1L(§ . xy)

Full 1L
ot

SBR BRfuII L BRtree

BR BRfull

close to the statistical uncertainty

= Precision at the per-cent level possible!
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2. Decays to Higgs bosons

2A) Heavy Stop decays

~ _)ka

to — t1h;)
to —t17) ,
to — tX}.)
tr — tg) ,
t> — b;H™T)
t> — ;W)

...-|-)

(i=1,2),
(i=1,2),
(k=1,2) .
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Calculation of partial widths and branching ratios:

— all diagrams created with FeynArts — T

— model file with all counterterms in the cMSSM
— including all soft/hard QED/QCD diagrams
— further evaluation with FormcCalc
— Dimensional REDuction
— all UV and IR divergences cancel
— results will be included into FeynHiggs (www.feynhiggs.de)

— example plots will focus on BR(to> — t1h1)
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Feynman diagrams for i — t1h;

ty t t ty
F g S A7 S 8~ S A7
- == F ——»——(: :S ——»——(: V . — :S
to to N to BN to '\N\jil.
F NSe-____ S Teo___ S T Vo e-____
h; hi hi hi
1] . ty
Vv - S th -7 e
: //—\\ //'A S// \l
__L;__ RN :S S //‘:\\ hrL \\\‘:-\ \ ///S
2 S ~N |§\\\§ \\\ t2 \:\\\\
i o ) .
t ’—//,V/ t2 -
- \\S /”V/QV
| |
\ /
S e V -
hz hz

— including Z—A or G—A transition contribution
on the external Higgs boson leg

— including all soft/hard QED/QCD diagrams
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Numerical scenarios:

Scenarios chosen such that all decay channels are open

Scen. | Mg+ mg, mg, mg, L4 Ay Ay | My | Mo | M3
S1 150 | 650 | 0.4mg, | 0.7mg, | 200 | 900 | 400 200 300 | 800
S2 180 | 1200 | 0.6 mg, | 0.8 mg, | 300 | 1800 | 1600 | 150 | 200 | 400

Scen. | tang mg, mg, mg, mg,

2 260.000 | 650.000 | 305.436 | 455.000

S1 20 | 260.000 | 650.000 | 333.572 | 455.000

50 | 260.000 | 650.000 | 329.755 | 455.000

2 720.000 | 1200.000 | 769.801 | 960.000

S2 20 | 720.000 | 1200.000 | 783.300 | 960.000

50 | 720.000 | 1200.000 | 783.094 | 960.000
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(> — t1h1): dependence on mg,

['/GeV
12 : : : : (5F/Ftree
S1, tree 40% . . . .
,,,,,,,,,, S1, full --s=ee-- : S1 weemeeeen
10 ¢ ST S2, tree =mmm= . S2 e
ST T e, S2, full wweee 30% L : i
8 ’ m,.,\: """"""""" i
R 0% | -
6t &5 T ~ ‘
10% L ,. ........................................... i
1 : ‘ e
e
2 - 0% | fi T
0 1 1 1 _10% 1 1 1 1 mEQ
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

= one-loop corrections under control and non-negligible

= Size of BR highly scenario dependent
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(1o — t1h1): dependence on ¢4,

['/GeV
10

O J
peh®
g

8k

JTRITIH T T T T T
ﬁf-"”“'*mh~.wz#ww
—"""""'-'-'-"'-""'"'"'-'-'.-',':,'j'::::"."-‘:'.'.'.'LT,"_-.;'.-_-_-_-_-m-w:
S1, tree ’
S| p— |
S1, abs mmmmmm
S2, tree == -
S2. full e
S2, abs mwmmim: 7

45°

90° 135°

180° 225° 270° 315° 360°

5F /Ftree
22% T

20% £,
18%
16%
14% |
10% F
8%
6%
4%

S2, abs

0° 45°

] ] ] ] g ] LA,
90° 135° 180° 225° 270° 315° 360°

= one-loop corrections under control and non-negligible

= Size of BR highly scenario dependent
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2B) Chargino decays

I_(XQ — X1 Thi) (k=1,2,3),

r(XQ _>X1 Z)

M%7 — X9HT) (i=1,2, j=1,2,3,4) ,
M%7 — X9w) (i=1,2,j=1,2,3,4),
r(ifeffz/l) =12, l=e,u,7, k=1,2),
(X — 1%) G=1,2,l=-e,pu,7) .

No hadronic decays vet . ..

Scen. || tanpg MHi mig m)z% MTL MZ"R Al
S 20 160 | 650 | 350 | 300 | 310 | 400

S> i u > Mo (5('% more higgsino-like)
S< < Mo (55%E more gaugino-like)
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Feynman diagrams for x5, — X7 hg

— including Z—A or G—A transition contribution
on the external Higgs boson leg

— including all soft/hard QED/QCD diagrams
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(X5 — X7 h1): dependence on m_s
X2

T[GeV] AT/TA]
3 50 . . . . .
S<
ST—
25 F 40 F - .
2 F 30 k i
1.5 F 20
1F 10 F
0.5 F 0
0 1 1 1 1 1 _10 1 1 1 1 1
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Mg [GeV] M [GeV]

= one-loop corrections under control and non-negligible

= Size of BR highly scenario dependent
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3. Decays to the LSP

3A) Heavy Stop decays

(T — t1h;) (i=1,2,3),

Mt —t12) ,

r(£2 - tg) )
r(f, — ;W) (i =

1,2),
1,2),

M(To — b%;) (k=1,2) .
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Feynman diagrams for &5 — tx}

t t
F A S . F
-— - :S ——>——(:/ F -—— -
> | > R >
15 N lo g to r
Xi X

— including all soft/hard QED/QCD diagrams
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(T2 — tx3): dependence on mg

['/GeV
16 : : : : (5F/Ftree
Sl, tree 5% T T T T
14+ | S1, full coeeeeem T
S2, tree =mmm= 0% | ST, |
12 F | S2, full weeeveess -
¢¢¢¢¢¢¢¢¢¢¢ —5% B ““\ -
o g .
st | ~10% | 1
6 B ) i .\wdw"“““‘“: _15% B --~0’-0-0 |
1t _— | 0% b e .
/n “‘*‘,qﬂ"“" ............
,\w“‘ B S i
2 = g - 25% Sl .......................
S2 v
0 1 1 1 1 —30% 1 1 1 1 ’rn,g2
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000

= one-loop corrections under control and non-negligible

= Size of BR highly scenario dependent
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(T2 — tx}): dependence on ¢4,

T T T T T 5F/Ftree
S1, tree 10% T T ———— T T

o
2.8 SHTRE T ) — - =
Y (7 K3 o ., .,
"y 2 - K + », * =
3 8% R s
£ &é ...................... o ".‘ N -,
Fee, N % S N, "
2.6 .~ 8% R “~
.0 | v a% 827 tree =mmmm o 6% = A “, -
Y, vl 5 K o s, 0
AR - Vo
K 82 qu ........... 3 o e e,
\ % ) X0 4 R .
RS2 Sy & or -~ .-“‘ ~"~:, e, 7]
24 "%\ S2. abs meeene = e,
KN LTI S
kY
S 2% | S1, full seeeeeess i

2.2 F
0% ’ .

2%+ S2, abg mimumm:

Wy Les® n e
i, . o
CN i, o =
o, n, " '
v “a, & =
— », s, o S
or e, “, 4 o -
1 8 B R K2 * o
. ', “,, » o
N ", . o
o, s, Q &
% o S
7 '~ s, S
_6 ( (N ", o o .
>, “, Q &~
A\ “, o o
', “, * S

% ;
B -1 . ", o0
1 ' 6 % g — 8 90 - ”‘.’. "«/«,,,'/ ’o"‘ ‘\\\\\\\\\»\ 1
U at® R

Cewiman AT S A

1 1 1 1 1 1 1 _10(? 1 1 1 1 1 1 1 pAt
0° 45° 90° 135° 180° 225° 270° 315° 360° O0O 45°  90° 135° 180° 225° 270° 315° 360°

1.4

= one-loop corrections under control and non-negligible

= Size of BR highly scenario dependent
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3B) Chargino decays

r(xs —%he)  (k=1,2,3),

r(XQ _>X1 Z)

M%7 — X9HT) (i=1,2, j=1,2,3,4) ,
M%7 — X9w) (i=1,2, j=1,2,3,4),

(X —IFy) (=12 l=epT k=1,2),

(X — 5 1%) (i=1,2, l=e,p,T) .

No hadronic decays vet . ..
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Feynman diagrams for ¥ — ;'Z?Wi

— including all soft/hard QED diagrams
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(X5 — X§W™): dependence on mes

) AT/T[%)
50 F ' : - - 3. ]
0l S J— |
1.5 F
30 F i
20 | | .
1} |
10 F \'f\.k .
Y TI~—— . e
0
05 | N
—10 } a
—20 } -
0
400 500 600 700 800 900 1000 a 400 500 600 700 800 900 1000
Mt [GeV] My [GeV]
= one-loop corrections under control and non-negligible
= Size of BR highly scenario dependent
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(%5 — X3W™): dependence on ¢,

[[GeV] At
0.4 | | | 10 ] ] ]
035 - et —————— -
“ S_, tree ----- 1 i
Sc, full R ——
| S<, fU.H -
S>, tree -oeeeeeee

0.2 F

S., full R ——— )
S, full

0.15
0.1
0.05
S. full
O 1 1 1 _ 10 1 1 1
0° 90° 180° 270° 360° 0° 90° 180° 270° 360°
SOMl @my

= one-loop corrections under control and non-negligible

= size of BR highly scenario dependent
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4. Conclusinos

e Needed: reliable prediction for SUSY decays at the ILC
Of special intrest: decays involving Higgs or LSP

e Our work:
Calculation of decay widths and branching ratios

— all two-body decays

— full one-loop (incl. hard QED/QCD radiation)
— in the complex MSSM for arbirtrary parameters
— renormalization of the full cMSSM!

e Heavy Stop decays:
to — t1h1: ~ 20%, o — txy: ~£10%

e Chargino decays:
Yo — X1h1: ~10%, X5 — XIW 1 ~10%

e Full corrections must be taken into account in any LC analysis!
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5. Reminder of GigaZ

= High-luminosity running at the Z pole and WW threshold

= O (1O9> Z bosons

= many high-precision measurements possible!

Experimental errors of the precision observables:

today | Tev./LHC | ILC GigaZ
§sin? 0qr(x10°) | 16 16 — 1.3
S My, [MeV] 23 15 10 7
omy; [GeV] 0.9 ~ 1 0.2 0.1
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GigaZ: = Improvement in My determination:

M, [GeV]
300 —— ey

sin’e,, SM@GigaZ
200 - M

now (1o errors)
mmmm GigaZ (1o errors)

100

50

L L L L | L L L L | L L L L
165 170 175 180
m, [GeV]
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

02330 [ [ [ [ [ [ [ [ | [ [ [ [ | [ [ [ [
- experimental errors 68% CL.: .
- LEP2/Tevatron (toda .
0.2325 |~ m, = 165 .. 175 GeV (today) MSSM band:
B \ Tevatron/LHC .
- 4/3 ILC/Gigaz ] SCan over
02320 ] SUSY masses
. i i
D" ~ .
N - i overlap:
= 0.2315 - ] - -
@ R - SM is MSSM-like
i . MSSM is SM-like
0.2310—~ L —]
. i SM band:
I SM 1 iation of MM
0.2305 — _ variation O H
- MSSM .
: both models Heinemeyer, Hollik, Weber, Weiglein ’08:
02300 | | | | | | | | | | | | | | | | | | |

80.2 80.3 80.4 80.5 80.6
M,, [GeV]
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

0.2330

0.2325

0.2310

0.2305

0.2300

80.2

— m, =165 .. 175 GeV

experimental errors 68% CL.:
A, (LEP): sin°0_=0.232210.00029

SM
MSSM
both models

Heinemeyer, Hollik, Weber, Weiglein 10 7

80.3 80.4 80.5
M,, [GeV]

80.6

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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Example: Prediction for My, and sin? 0. in the SM and the MSSM

0.2330

0.2325

0.2310

0.2305

0.2300

80.2

— m, =165 .. 175 GeV

experimental errors 68% CL.:
. 1 2 —
A i (SLD): sin"6_, = 0.23098+0.00026

SM
MSSM
both models

Heinemeyer, Hollik, Weber, Weiglein 10 7

80.3 80.4 80.5
M,, [GeV]

80.6

MSSM band:
scan over
SUSY masses

overlap:
SM is MSSM-like
MSSM is SM-like

SM band:
variation of MM
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Scenario with no SUSY particles at the LHC:

S\ + para-ILC
. 2 . . . B (MHSM = MhMSSM) -
— Sin< Oqff iNvVestigation N
— SPS 1a with heavy scalars it e e e e
0.2315 _
- (sin'9,)"" =today £ 0" 1
L £ 1
SM prediction S S
VS 702314 /) az0 .
MSSM (SPS 1a) prediction |
VS. 0.2313H) =
ILC resolution I,' squarks & gluinos: My, =6 (MQVU’D)SPS; AR, d)SPS; m.=6 (mﬁ)SPS
0.2312 f sleptons, neutralinos & charginos: ML’E:scaIe (MLYE)SPS; A =scale (AI)SPS; MM:scaIe (MM)SPS h
superpotential: = scale (p)SPS
scale = (SUSY mass scale varied)

100 200 300 400 500 600 700 800 900 1000
1

= the ILC(1000)/GigaZ could detect SUSY directly/indirectly
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Tricky scenario:

The LHC finds only a SM-like Higgs and nothing else

Q: Do we still need the ILC with GigaZ~?
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Tricky scenario:

The LHC finds only a SM-like Higgs and nothing else

Q: Do we still need the ILC with GigaZ~?

A: Of coursel
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Tricky scenario:

The LHC finds only a SM-like Higgs and nothing else

Q: Do we still need the ILC with GigaZ~?

A: Of course!l Or better: even morel

The ILCH+GigaZ provides:

— precise Higgs coupling measurements (ILC)
— precision observable measurements (GigaZ)

= Only the ILC+4+GigaZ can find deviations from the SM predictions via
the various precision measurements

= Only the ILCH4+GigaZ can point towards extensions of the SM
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