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Introduction/Motivation

The Standard Model

Local Gauge Invariance =  SU(3) SU(2)
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Minimal Supersymmetric Standard Model

(MSSM)
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@MSSM  has 124 parameters

(known) 18 Standard Model
TEE R { 1 Light Higgs Mass {6

2 real parameters

105 New parameters § .3 oy s

All unknown parameters (except i ) come from all gauge invariant relevant SUS'
breaking operators

Spontaneous SUSY Breaking (SSB) of a more fundamental theory provides an
organizing principle for the parameters of S5

SSB e MSSM special relations between 124
Zz Z b MSSM parameters

S

pecial relations among parameters determined by mechanism of SSB
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A Variety of ways to mediate SUSY Breaking
Gauge/Gravity/Anomaly/etc...

Focus on Gauge Mediation

F
2
— - 1-1 by v
Z =(Z)—0°F, A I )
W=ZMM e s D)
Zloops m7 ~( 7 (—;71—2) (Z)?2
F
@ ~ 10 — 100TeV (Z) Sets the Messenger mass scale
2 1 iy s ligh ft £ 1
Z)2 means lighter messengers [ often Z) <

High or Low scale Messengers!
Is there a more complicated structure in the Messenger interactions!
Solution to the ¢, B problems?
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A Variety of ways to mediate SUSY Breaking
Gauge/Gravity/Anomaly/etc...

Focus on Gauge Mediation

F
2
= = 1-1 r~
Z = (Z)—6°F; e e 2]
W=ZMM s FP
21 m? ~ 2
00PS my ~ ( 62 ) (Z)2
F
@ ~ 10 — 100TeV (Z) Sets the Messenger mass scale
i | =P s ligh ft 1
Z) means lighter messengers [ often 7 <

High or Low scale Messengers!
Is there a more complicated structure in the Messenger interactions!
Solution to the i, B problems?

irsa: 07120021 Page 18/55









A Variety of ways to mediate SUSY Breaking
Gauge/Gravity/Anomaly/etc...

Focus on Gauge Mediation

F
2
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W =ZMM s FP
21 m? ~ 3
00PS m; ~ ( 162 ) (Z)2
F
E ~ 10 — 100TeV (Z) Sets the Messenger mass scale
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High or Low scale Messengers!?
Is there a more complicated structure in the Messenger interactions!
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Questions about the Messenger Sector are questions
about heavy physics (> 10 TeV).

We want to utilize an effective Lagrangian description of the MSSM to
isolate and then extract information about Messengers. Focus on special

effects of SUSY breaking.
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MpgH -
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$4}1f311f (2)

e

e - o

SM
Leff

I. Want info about SUSY breaking
in region (2) But only access
particles in region (1)

II. Want info about SUSY
breaking in region (3) But only
access particles in region (2)

We need to find SUSY breaking
effects that do not decouple

Look for dim+4 hard SUSY

breaking effective operators
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The Effective Two Higgs Doublet Model (THDM)

ree
yuk

Decouple all superpartners, include thresholds and get new (dim-4) SUSY
breaking operators

EuhdeL vp T+ Euh H'LqLL

3 &
@D R’ o
& - . D" U - "~ CF

L-E) Aﬂ L.D L‘EJ F i L.Hu L'Hd ", L‘D

hy

6 2

20

Ahy, = hy| -

puM,.7 (M, . My, M) + - pA, I (M3E, M2, )]

L2 2 2 a-b*In(a®/b?) + P In (P /) + Aa® In (2 /a?) Ah h 2(13 ,J’AI_@
ki (a® — 2)(b* — E)a® — &) o 2
i 3T Migys




Lol = —€ij(he + Sho) U HY + Ahytop HE™ 0

Carena, Mrenna, Wagner 98
Carena, Haber 03
e New interaction called “Wrong Higgs” interactions

e Itis a dim+4 hard breaking operator

e No counterterm required

Replace Higgs doublets with mass eigenstates

reos 1
. ‘; + —5(H cosa — Wsina +iA"sin 3)
Ll = —e,;(hy + Shy) O Hiwh + Ahyin HEyl 3 3
HE=" E:';J - :ELH['sinﬂ + h” cos e + 1A cos 3)

hyv : dh Ah hyv
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tan 3 enhanced radiative correction to a SUSY relation

V2my

corrected SUSic relation = 1+ Ay
hyv cos 3

® Loops effects are enhanced ( can be 20% corrections or more )

e Modified relations reflect information about heavy physics

Yhbb

e Since AT < Ab the effects of Ab can be determined from
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Wrong Higgs Interactions for Gauginos

The Softly Broken MSSM Gaugino Sector

.. i TN B
gpougine —f/"—;.h“rfju-"}fu H; +\/i§ vl HY + \%xu;ﬂﬂ;

N |
— %I\FL";de;i - “.I/‘\ﬂkﬂ o il[lr)\fAf = ﬂfiji,;?hu L?ifd + h.f-
- %—ea—8 gL = 9:1 — g’ at tree-level

e Deviations from these SUSY relations at l-loop  Randall /Feng

e These are dim4 hard SUSY breaking effects
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Wrong Higgs Interactions for Gauginos

The Softly Broken MSSM Gaugino Sector

: i TR iq’ : %
grmane = St yorayh, HY 4+ Sxerayl H; +ixu;ﬂHu'

V2 V2 V2
’j‘ix Wi H — MA®X® — M'X'X — pesiiby vy, + hec.
- &—¢—48 gL = g:i — at tree-level

e Deviations from these SUSY relations at 1-loop  Randall /Feng

e These are dim4 hard SUSY breaking effects

Pirsa: 07120021 Page 28/55



irsa:

Wrong Higes interactions

ik A T2, € HE
: k -
th’\’u"HuEkini

zk,y\“T" ) de H

lk_]:/\’ l_.b'}_fdfk:' H:

07120021

e dim-4 hard SUSY breaking

e Zero at tree-level

e generated at l-loop

e RG effects at 2-loop

e R-charge = 2 Operators
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Wrong Higgs Interactions for Gauginos

The Softly Broken MSSM Gaugino Sector

2 ot
!gd "’gu r il

T = BRI ORI+ R B

P -
_ 194

V2

! / !

® =929 Gu=9%"9 at tree-level
e Deviations from these SUSY relations at l-loop  Randall /Feng

e These are dim-4 hard SUSY breaking effects
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Ny Hy' — MA*X* — M'N'N — peby v, + hee.
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Wrong Higes interactions

13 /\“T“ U H. Ek;Hff e dim-4 hard SUSY breaking

: - e Zero at tree-level
Ikz/\fﬁ?kHufﬁ:t‘Hé

e generated at 1-loop
tha A" 7, LHdE ki HE
e RG effects at 2-loop

k. Wk HFk
thy N Uy dfk:H “ e R-charge = 2 Operators
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Look for effects that can generate these interactions... locally.

Dwali, Giudice, Pomarol

Messenger Sector revisited Roy, Schmalrz
Murayama, Nomura, Poland

W = ne; ZME My + v Z MMy + ae;; HE ME My + Be; Hi My M,
M1 e (1.}.2)1 A[l S (]..,2)_1

Ms ~ (1,1)_5 Ms ~ (1,1)-
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Wrong Higes interactions

tk ,\“T“LH ek,_H(f
= k .
Zkz/\fux'Hufkt'H:f

a_a k
1.9 N LHdE ki,

i k4/\'ur}fd exi HE

07120021

e dim-4 hard SUSY breaking

e Zero at tree-level

e generated at l-loop

e RG effects at 2-loop

e R-charge = 2 Operators
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Look for effects that can generate these interactions... locally.

Dwvali, Giudice, Pomarol
Messenger Sector revisited Roy, Schmalez
Murayama, Nomura, Poland

W = ne; ZMi My + v Z MMy + ae;; HE M M, + Be; HyMy M,
Ml e (1.}.2)1 ﬂf[l oy (1,2)_1

Ms ~ (1,1)_5 Ms ~ (1,1)5
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focuson ks AT Uy dth " employ a mass insertion technique

' H, ' H, ' H, ' H,

1 Y
k3 ~ gaB(v3 +172) —= ((2;2)

for 7= < 1 (heavy messengers) effect decouples.

oy == 1 (lighter messengers) can still integrate out messengers and

the effective operator does not decouple.

However, you must work with Messenger mass eigenstates for the
correct threshold expression.
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Detine: =" (Z) —

M, = (v?2® £ 4F,)?

Rotate to mass eigenstates:

Ekt'i‘r" ;; = ﬁ(fki*jllli — *'?"Ilk) LII; - %(JJQ =~ .’qr‘-[:z)
E;ﬁﬂr' 1_1 = ﬁ(fkiﬂlli + Ailk) 11;{2_ = ‘/Li(ﬂvfg — ﬁ'-IQ)

s (O M, M) + £ 0z, M_ M) — (72,75, My) — (72,72, M)

}E ) \/'2&’3.?2:2

g

a’*(a® — b*) + a*b*In 2—2
a?(a? — b*)?
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J(a, a b)=




And the result is...

A F ¢ Small x expansion matches
— = S Ir = .
3272 1 %) ¥({Z)? expectations.
. —2=r)n(l+-r)+(—2+x)In(l — x)

f{l’] — 2 .

z ® v1 # Y2 a little more worl
2 4
T 4dx
fla) =2+ + 62" +

3 15
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How large can f(x) get!

lh 0.2 0.4 Tﬁ—//uja/;l -5
ks (1-0.1)
qg 1672

for 10 TeV < M_ < 50 TeV
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(Z) =100TeV  tan a——0—1

1 M_ 1672k3/ g

1 99 TeV)2 1.41 TeV 4.55
0.9 94 TeV)? 12.1 TeV 0.81

1 84 TeV)2 54.8 TeV 0.19
0.75 70 TeV 442 TeV 0.10
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Eftects on the Chargino Sector

fr — W a_a_ij -t ﬂ ar g:.u R w ﬁ (s =t
f:nwm — V/EA T Uy H -+ \/’EA £ H:IH VEJ\ LH.,HU. v/?—-ALHde
— MX'X* — M'X'X — peivy ¥y, +

EL \I L !! E',‘IHI o = I‘.;II'E_J\IE_.?I.:E.*-.!H !‘;l ;I Li - L _._lf EEIHA i-ﬂilfxftl}j_!fk:Hi.
Plug in Higgs VEVS:

1 . P 0 XT dr'}'
SOy (Y ©, O |

4l Uy 0
=
—ix —iX X111 Xip2
ke - o gl
t ( Vg, ) E ( U, ) ( X21 X22 )

Recall that without k’s:

I

X SUSY _ M V2myy sin 3 Only 2 new
V2mw cos 3 7 parameters
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b g L )

Look at effective mass matrix: ( 5 ff
X Xo5

21
£ e (g + dgu)vsin 3(1 — V23— cot 3)
~ \ (9+dga)veos 3(1 + V2L tan 3) ”
'nhanced corrections X;{ f ks
: =1 2—tang3 =1+96
to SUSY relations | X5USY + V2 q — 21

Now we need to isolate X5/ in terms of physical parameters in the Chargino
Sector. Assume no SUSic relations between the parameters of the Charginos.
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Effects on the Chargino Sector

ff = ”"“ a -t 194 - . tg{; rood .t 19:; s -t
'f:nuq:m — ﬁ/\ Tﬁ H \/ﬁ;\ T:_;I“;I,,Hd 3 3 V_’(ﬁ:‘ LHuHu == EA L Hde
— MXXN® — MEXX — pesy ¥ +

EA \t !.. ff ELIH_E T fltl.] \ff_ ).'f E;llH& B r!';!';f !LT:;L.-ifllf‘r:Hi —_— i-klf\lrl.}jiflei
Plug in Higgs VEVS:

H..,=+(“)Hd:ﬁ(z-d) = ‘%( Yt ¢ )(; ‘X;)T ) ( ii )+h..

v Vs 0
=

—iX* i X1 Xio
b = = X =
t ( U, ) l ( U, ) ( X21 Xﬂ )

Recall that without k’s:

X SUSY _ M V2myy sin 3 Only 2 new
V2mw cos 3 7 parameters
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b LS )

Look at effective mass matrix: ( L, 2
Xo3 X5

¥ M (9 + dgu)vsin B(1 — V2 E— cot 3)
~ \ (9+dga)vcos (1 + V2 Fi—tan3) .
‘nhanced corrections XS{ s ks
=] 2—~tang =1+96
to SUSY relations | X35USY + V2 q _— T 021

Now we need to isolate x3// in terms of physical parameters in the Chargino
Sector. Assume no SUSic relations between the parameters of the Charginos.
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Chargino Mass matrices are diagonalized by two Unitary matrices U and V.

0 me .,
X2

m?, 0
VX*XV-I:U*XXTUTz( e 5 s )

This works for any matrix X: Most General U and V are parameterized as
& cosfp eI sin A ' e 0 cosfp e "Rsinfy
U = LAy and V=
—e “Leinfly cosf 0 ™ -8 sinfg  cosPp

(X11, X22, X412, X21) — ('mx;r LM+ Or.0L.Br.BL.71.72)

This paramaterization does not assume SUSY relations between elements

of the Chargino Mass matrix.
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Xf.lff .Xeff )

Look at effective mass matrix: ( 3 ff
X Xo5

21
ks M (9 + dgu)vsin B(1 — V2 _E— cot 3)
~ \ (9+6ga)vcos 3(1 + V2 £ tan 3) »
'nhanced corrections XS{ f ks
. Ll =1+Vv2—tang =149
to SUSY relations SRS + V2 g o 21

| =

Now we need to isolate X3/ in terms of physical parameters in the Chargino
Sector. Assume no SUSic relations between the parameters of the Charginos.
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Chargino Mass matrices are diagonalized by two Unitary matrices U and V.

m*, 0
vxXixv=pu'xxiuT = ( My 1.5 )
0 m

This works for any matrix X: Most General U and V are parameterized as

= cos fp et sinfy y e g cosflp e ®=sinfly
= ol and V=
—e “Lsinfl; cosf 0D ™ -8 sinfg  cosBp
(X11, X292, X2, X91) — (mxr M+ Or.0L.Br, BL.71.72)

This paramaterization does not assume SUSY relations between elements

of the Chargino Mass matrix.

irsa: 07120021 Page 46/55



X12 and X521 can be complex

For simplicity assume CP conservation

pl, X12, X21) — (m £+ ORr.0L)

Xa

Polarized or unpolarized e e~ collisions can be used to extract (mx;-, m, +.0r L)

(Choi, Djouadi, Guchait, Kalinowski, Song, Zerwas)
A = ((M* + |ul* + (Xia + X3,))* — UM u* + XHX3, — 2M |p| X 12X cos B) ) *

2
m + =
X1.2

(M + |ul* + X3 + X3, F A)

(VN

M? — |u|* + (X2, — X2
cos 20, n = — o] £ (X5, )
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Ci.( '""i?) = 2(M? — 13 C,‘{L(mif = m'f“:) =2X2 — X3
m + + m'i = M? +p? + X7, + X3, A= m'ii: = m'ﬁ-
where: CRL = —(cos20r + cos26L) CI_IL = cos20r — cos 20,

Perturb SUSY relations
4¥12 = \/51’?1“' Sin J(l + 612)

Aoy — \/i_’mw cos 3(1 + d9;)
2f (m e mzi == %) = go21 + hdrz

Pirsa: 0712Cf21

2a and h are complicated functions of the physical parameters o«



After some algebra ...

Cobn’s —m's)
2554 (A - fl‘]l“%h C23 + - 4‘:;}3 %

] W

Oy =

- hue - —-—gwi

: 1\": c
where 821 = V2= tan 3 do1 = (0.2 ~ 0.02)
g

for 3 earlier points:  d97 = (0.027,0.074, 0.22)
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X;'lff .XE‘”' )

Look at effective mass matrix: (
X;{f ‘x'fff

L M (9 + dgu)vsin B(1 — V2 _E— cot 3)
~ \ (9+3dga)vcosB(1 + V25— tan 3) i
‘nhanced corrections X;{ f ks
——— =1 2—tan3 =1+90
to SUSY relations | X3USY +V2 q - T 021

Now we need to isolate X3/ in terms of physical parameters in the Chargino
Sector. Assume no SUSic relations between the parameters of the Charginos.
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After some algebra ...

Co s —m".)
BEINA— ) — S lon + ———
. W
qu —
2 he? + gs35
. ]\'-; -
where 821 = V2= tanp3 021 = (0.2 ~ 0.02)

g

for 3 earlier points: )91 = (0.027, 0.074, 0.22)
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Are these local operators the dominate contribution to 9oy ?

Squarks (large Yukawa couplings for 3rd Gen)

Recall that in Gauge Mediation:

Mz, > 73 GeV

Integrate out squarks
A # H:
B 723 R
- @ Fr @

s W e B S

A Vo ¥p Wa, At Y vp “YH,
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m; g g3
e,
Mmepg 97

Msquark = 850 GeV

mpv

- o (Effects suppressed)
sq
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Higgs/Neutralinos/Charginos/Gauge Bosons
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Y, )
UH, /B H, \,i\". \
F "
(d)
Sleptons
Ha.
‘.h'-\.
P 2
—— ~ gh;
A % o
4 !
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g B - _3
CRL("HE m_x)

2s5 4 A — Yy — Lk leng + -
‘ - dmyy,

hr'i 4 g.ﬁ'ﬁ

Corrections to this relation from light particle effects are at most

m; = light mass

f(m?) ~0(1)

2
- 2 .
weT tan 3 f(m;)

parametrically smaller than Messenger effects for large Messenger Yukawas

C‘t.'j

~ 16 > tﬂﬂj
w

rseonzon 1 Nese local effects can be dominant it o3 > 92 . Page 55
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Conclusion

SUSY predicts dim4 “wrong” Higgs interactions in the
Chargino/Neutralino Sector are zero at tree-level.

Low scale Gauge Mediation with Messenger/Higgs
interactions generate these new operators at 1-loop.

New interactions can induce leading large corrections to
Supersymmetric relations at large tan 3

The physical parameters of the Chargino sector can be used
in combination with the parameters of the Electroweak
sector to isolate the corrections to the SUSY relations.

Similar effects exist in the Neutralino sector, these are page 55/55
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