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e Why bother about radiative corrections, when
no SUSY particle found yet?

— Experimental accuracy at LC< few percent
At Tesla: Am;(i,o =0.1-1 GeV, Amw = (0.05- 0.3 GeV

= need precise predictions
— | ' latively | 50 %
In some cases corrections relatively large > 0

— still some 'technical’ problems to be solved:

appropriate renormalization conditions;

fixing of counter terms for SUSY parameters
in the on-shell scheme

should be process independent, symmetry
conserving (SUSY + gauge symmetry) and
numerically stable

e Here: Practitioner’s point of view

For a general discussion on the renormalization of the MSSM using an algebraic method, see

W. Hollik, E. Kraus, M. Roth, hep-ph /0204350
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GENERAL METHOD
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0L ... counter term part renders L finite

contains all counter terms which have to be
fixed appropriately.

We use here:

¢ DR (dimensional reduction) scheme

n=4—re,r =0, conserves SUSY at least up to
first order

e on-shell scheme: particle masses are pole masses,
no scale dependence

o R; gauge



Special feature of MSSM:

Scalars/fermions are mixed:
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mass eigenstates interaction states

Need counterterm 60U

e Mixing angle of sfermions f

Fe{ibr. )

fL, fR mix with each other by SU(2) x U(1) breaking
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mass eigenstates: f;, i=1,2
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mixing angle ¢/ ; is measurable.
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= (/. fr) (m%L mLR) (fL) t he

mRL mRR fr

— f - f, — T — m%l 0
fl <MD>ZZ fl MD RMR 2
0 mf2



Renormalize by
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Since R" and R are unitary — 07 = —dr!, antihermitian

On the other hand one can decompose the wave function
renormalization counter term into:

1/ o, ]
07 = (62 +02") + 5 (02 - 82')

or is fixed such that it cancels the antihermitian
part of 0Z, i.e.
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This is a process independent fixing nowadays conven-
tionally used: (Hollik et al, Eberl et al, Guasch et al,)



e A priori gauge dependent:

Can be made gauge independent by pinch technique
(Y. Yamada, hep-ph/0103046.) or equivalently calculate in

& =1 gauge

e Mixing angle o in the h"-H" system can be treated
similarly as above:

. 1 . )
o = IIQOZL._,, — 0491)

(iﬂdEK Ifor  HY, 2 for h.;.)



Chargino sector

e Mass matrix (at tree level)

—

( M v 2y sin 3 )
V2mw cos 3 1!

%,

X diagonalized by two real (2 x 2) matrices [ and 1/

: bet U
UXVT = Mp = (” 3 )

xi = Vij vy

Xt
Xi' = Uiy

with Dirac spinor: x;” = ( R) :
Xi

® Proceed as before ...

: AT
U = _ [r‘IZ}I.' - (r‘.?/—f}l. ) } I7
5V = 3V HJZ,‘*_"]T—{?Z,E"

4,

where 07, ,, are the wave-function renormalization constants
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where II,, are self-energies according to the decomposition of the
two-point function of charginos x! and x;:

iTop(k) = 06y (F—my,) + i B PLITS (k) + PRIl (k?)
—i—’LﬁfI’)L(kQ)PL + Zﬂksg]’)R(k2)PR

e Mass matrix X = UTMpV, 6X = sUTMpVAUTSMpV +UT MpsV

S ] 5 = C [ 7 1 B o Ty, 3]
(0.X ) 5 ¥, U Vi, flj-.f'lﬂ:lr'fl,'.fﬂl__?'.fh'.? | T[f'l,-l'_mj'lmj

Ly 2 SRy 92
+HI15:7 (m;) + 1157 (m3)
S, L S,R

(H. Eberl, M. Kincel, W. M., Y. Yamada,
PRD 64, 115013 (2001))

e Renormalization of M and p

In principle we can fix A and ;¢ by chargino or neutralino
sector, choose chargino sector:

oM = (0X),,

op = (6X),,



Neutralino sector

e Mass matrix (at tree level)

A ] Mg sinfycos 7 mesinfy-sin 3 0
i () M e cosfy cos 3 M cos By sin 9
! iy sin by cos 3 g cos By cos 3 0 M
g s By sin 4 iz cos By <in 2 i N

Diagonalized by:

NY \}I = ¥ =

Shift for the rotation matrix \:

T
= N
92<)

3 ) P

((522‘0 = (5ZI’§O due to Majorana nature)

e Renormalization of M’

Fix  oM' = (§Y),, = §(N"YpN)
Z f}. \ﬂ-”j‘nl,} '1'\?,”3 | 2 ”H:;J :\'J.l:"}-,\:,]

J=1

€ ... sign of .0



Chargino mass matrix at one-loop
in the on-shell scheme

(H. Eberl, M. Kincel, W. M., Y. Yamada, PRD 64, 115013 (2001) )

In the DR scheme: D. Pierce et al., NPB 491, 3 (1997)

Has to distinguish three types of mass matrix:

XY ‘bare’ mass matrix (or DR running three-level
matrix)

Xiree tree-level mass matrix in terms of on-shell
input parameters (M, u, my, tan 3)

X one-loop corrected mass matrix

XY = g + 0p X
(0, means the variation of the (on-shell) parameters)
X' =X + 40X

Eliminating X", we get

X = Xypyee+0p,X —0X = Xpyee+ AX
with the UV finite shift AX
e We have already fixed M, 1 (00 = (6X),, .

o= (6X '::._,~LJ_)

e .y fixed as the physical (pole) masses



e Renormalization of tan [

F'KECI by ]I]]{ﬂl”/“("r”_)'l”;l} = “

o tan 3 | "
— — = — : [mIT jo70(m0)
tan 5 mzsin 20 )
(P. H. Chankowski, S. Pokorski, J. Rosiek, Nucl. Phys. B 423 (1994) 437;
A. Dabelstein, Z. Phys. C 67 (1995) 495.)

Gauge dependence and other schemes,

see Y. Yamada, hep-ph/9608382
hep-ph/0112251 + parallel session

A. Freitas, D. Stockinger, hep-ph/0205281

One gets:
\\| U
. -"ﬂ..'.r,i-l 4 '] '\ . %
l\ g = ll LR s .- : l _\ [ == |'|'I\ 3]
\ T tan o /
. [ Oy O ban Y o
A_\ ' — ( - = “"” 'i‘ . || \ ' B tl‘:-\' 'l
\ 1in tan o /
A X oo 1)

o Procedure in practice:

Mk, M known from experiment

1. Calcilate: Xeee, Mivese fitress Utres: Vireg

2. 0U, OV

3. AXje, AXy

4. X has to give the pole masses m, = —» correct on shell M

and [



Neutralino mass matrix at one-loop

Y'Y bare’ mass matrix (DR running tree-level
matrix)

Yiree tree-level mass matrix in terms of on-shell
parameters

¥ one-loop corrected mass matrix

Y diagonalized by the real (4 x 4) matrix IV,
Mp = NYNT
We have
Y Yiree + AY
AY = §,Y — Y

d,, means variation of the parameters.



e Fixing of parameters:

M, i, tan [ already fixed
m 7 fixed as the physical (pole) mass,

2
. D : mi
sin“ Oy = 1 —

M': Yy=M, §M =(6Y)y — AY; =0

AY1 0
ANET dY19
: [dmy & sin by o, _oOtan 8\ o
A‘}:f; == ( o ) - — 51N ,j, _"} ‘J"l_-;—f'l‘_]-_._.;
. Mz sin Hyy tan o
_ (dmy  dsin by gD ban Y o
Ay = ( & sk -+ cos” 3- )'}...'—(HH:
\ Mz sin By tan 3
AYos OM — Yo
_ Yy 5 0 sin By Lo _O0tan 3\ o
AYss = ( — tan“ @y ———— —sin” 3 - ; J Yoa — dYod
\ Tz sty tan o
; f'f'}:F.i'J‘}_f o ) hi]]l'{r‘]] o t'}:[illl-.}l.\ﬁ 3 sl
AYsy = { — tan” fyy — + cos” 3 Yoy — 0Yoy
\ Mz sin fyy tan 3
A}?',:; _f.:-;}:',:;

AYzy = —0p — 03y
AYyy Y,

Notice that Yi» = Y5, Y53, and Yy, are no more zero!



o M’ related to M (as in GUT models)

—  AY}; is no more zero!

E.g. SUSY SU(5): M’ = 2 tan” 0 M for DR parame-

ters

If for on-shell /" and )/ the same relation holds, one has

2 0 S1n Oy oM

AYy = |[————— + —| Y11 — Vi1
VCOS® Ui S O i/

This relation is also valid in other models, e.g. in the

anomaly mediated SUSY breaking models, where

M' =11 THHE E{)Jy;,]ll’r

® Method appropriate for extracting and studying the
fundamental SUSY parameters (M, u, ...)



Eberl et al.
Neutralino mass corrections: Gaugino unification

tan3 =7, {Mp,, My, A} = {300,300, —500} GeV

full lines: SUSY SU(5) GUT relation is assumed for
the DR parameters Mand M’ = i tan? Ow M
dotted lines: M’ is independent parameter, set to 0.498 )M

p = —110 GeV




Other method of renormalizing

chargino/neutralino system

(T. Fritzsche and W. Hollik, hep-ph/0203159, see also J. Guasch,
W. Hollik, J. Sola, PLB 510 (2001) 211.)

Charginos:

Input: (physical) chargino masses Mg, Mgt

Start from tree-level form of X,

. M \/E mw sin 3
X = _ )
h V2 myr cos B v

U*X VT = diag (m

) and diagonalize

T |
T R T

Using the on-shell condition
ReT;:(p)ui(p) =0 %
ip)uji(p) 7 2

for p* = n'zi for the renormalized two-point function

of the charginos f‘ij (p), one gets the counter terms
for 0 M and dp.

They are different from those of Eberl et al.



Neutralinos:

One again starts from the tree-level form of the mass
matrix ¥

M’ 0 —mygsin By cos . my sin Oy sin 3

0 M my cos by cos B —my cos By sin 3
—mysinfy cos B mycos by cos [ 0 — i
mysinfy sin 3 —my cos Oy sin 3 — I 0

Y =

diagonalizing it: NY NT =diag (m;,my,m3,my) = Mp

where (N Y ;\-"T_']H = My (pole mass)

with the appropriate on shell condition for the neu-

tralino self-energies — fix the counter terms, espe-
cially 6 M’

e Note that only m; = my (pole mass),
mo,ms,ms are not pole masses

The pole masses myo, ¢ = 2,3,4 are found by the
condition:

, _' '|| o _
F LI TRV _ ;)
with I :f : \P) \ ;55 —= M) ('}-‘-.f -+ \_.” L)
l';j" ... two-point vertex function

e Note that the parameters M, M’, 1, are different
from those of Eberl et al.!

Observables (cross-sections, branching ratios, ...) should
be the same in both methods
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ete” — )‘Z;'_ Xj complete one-loop correction:
T. Blank, W. Hollik
M. A. Diaz, D. A. Ross

- =

e—e — ]:;f.:l: }1_ full electroweak correction: A. Freitas,

—r éi €~ A.v. Manteuffel, P. M. Zerwas '01,'02

ete” — qi tjj QCD correction: A. Bartl et.al.

Yukawa corrections: H. Eberl et.al.

ete” X =g, g9, q7 (light quarks)
g) SUSY-QCD corrections:

A. Brandenburg et al.

X
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Blowk- bsllik

e Vertex corrections:

et X3
{Tsz}
e ?
Verbex + = X5
wove f.
Corr, )
A e
i
- 7

The bubbles summarize the one-particle irreducible 3-point functions including their
together with the wave-function renormalization of the external lines

counterterms,
and chargino mixing.

e Box-diagram contributions:

Box

e i e
ello%y . — %

For illustration, the particle insertions for the first box topology are depicted (wn.h
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_______ (s)top/(s)bottom loops --===-- SM fermion loops
Gt d SN (s)fermion loops . complete without ISR
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Figure 2: One-loop corrections to the chargino-pair production cross section, normalized to the Born
approximation. The various lines show the contributions from different subsets of diagrams. Upper
(lower) row: M; = 200 GeV (800 GeV), V3 = 500 GeV (1 TeV), Msysy = 500 GeV.
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A. Freitas, A. v. Manteuffel, P. M. Zerwas

Radiative corrections to on-shell slepton pair production

........ O(a) (s)lepton loops
_____ O(a) (s)quark loops

remaining O(«) incl. non-universal QED

complete O(a) result

500 600 700 800 900 1000

Vs [GeV]

Electroweak corrections to the cross-section for e Te™ — & ég, relative to the
Born cross-section. Besides the full O(«) result, contributions from different subsets of
diagrams are shown. Input parameters taken from SPSI1 scenario.

500 600 700 800 900 1000

Vs [GeV]

Electroweak corrections to the cross-section for e”e~ — égég, similar to
the figure above



A. Freitas, A. v. Manteuffel, P. M. Zerwas

Radiative corrections to on-shell slepton pair production
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Dependence of the relative one-loop corrections A, to fifig production on
the universal squark soft-breaking parameter Mg for \/s = 500 GeV. Values of other
parameters from SPS1 scenario.
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Dependence of the relative one-loop corrections A , to égég production on
the universal squark soft-breaking parameter Mg for Vs = 400 GeV. Values of other
parameters from SPS1 scenario.



A. Brandenburg et al.

SUSY-QCD corrections
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Total cross section: Case mgz > Mg
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e q; — q(’))zk SUSY-QCD corrections:
A. Djouadi, W. Hollik, C. Jinger '96
S. Kraml et al. 96
W. Beenakker et al. '97

full electroweak:

J. Guasch, W. Hollik, J. Sola

® g — qg SUSY-QCD corrections:
— q; q W. Beenakker, R. Hopker, P. M. Zerwas '96
O(mj)  Zhang et al.

~ ~(7
® (; — q§) Hl H, = {hO’ HO, AO, Hi}
H ~(r)* .
[ — qz qJ SUSY-QCD corrections:
A. Bartl et al.

A. Arhrib et al. '98
Y. Yamada et al. '00

Yukawa corrections:

Li et al.

o H; — x; Xj all fermion-sfermion loops: H. Eberl et al. 01
)21' — H, )Ej Zhang et al. '02

® q; — "(’)(W Z°) SUSY-QCD corr: A Bartl et al. '97
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Higgs boson decay corrections: A and tan 3 dependences

{Mg,, Mg, M, p} = {500, 500, 300, 300} GeV

tan 3 = 50
Tree-level (dotted) MM-corr. (dashed), 3P-corr. (dash-dotted) and the
total (solid line} width of decay A" — v + x4
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{Mp,, My, A, M, n} = {500, 500, 300, 500, 250} GeV

Tree-level (dotted) MM-corr. (dashed), 3P-corr. (dash-dotted) and the
total (solid line) width of decay H" — \| + 1}
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Summary

e Have discussed the on-shell renormalization of the

MSSM

e Inclusion of radiative corrections to SUSY-processes
IS necessary

e Full electroweak corrections already calculated for a
few processes, usually 5-10% but in some parameter
regions even larger, comparable to the size of QCD
corrections

e Calculation of full electroweak corrections very com-
plex and cumbersome

e Suitable approximation should be found



