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Stability of Higgs Mass
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With SUSY, gauge boson contribution is
cancelled by gaugino contribution.



SUSY Spectrum

SM Particles SUSY Partners
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Evolution of Gauge Couplings In Standard Model
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Evolution of Gauge Couplings in six-Higgs-doublet SM
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Figure 1: Leading-order evolution of the gauge couplings from their low-energy values to the
unification scale in the six-Higgs-doublet standard model. The couplings meet around 104
GeV, within the accuracy of a leading-order calculation.

S. Willenbrock, hep-ph/0302168



Gauge Coupling Unification in MSSM
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Structure of Matter Multiplets
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MSSM Lagrangian

W = QUCHU —I— QdCHd —I— LGCHCZ

Lv°Hy + Mpvv©e 4+ uHyHy

R-parity Violation:

e~ 102 GeV
Potentially Dangerous Proton Decay

Wp_v = LLe + QLd® + ud°d® + u'LH,

Soft SUSY Breaking:
Lsusy = Imiol¢+ AuQucH, + A QdeH,

— Alichd T AVEJCHU

- BuHyuHj + SMA

Generic soft breaking leads to large flavor violation

(K9 — K9 Mixing, u — ey etc.)



Natural R-parity and y-term

Discrete gauge symmetries can protect [U-term and act as R-parity.

O |w |d | L |e | v |H |H| 6
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Z4 Model l. Gogoladze, K. Wang, KB hep-ph/0212245
AQ = [SU(2>L]2 X Z4 =3 L. Krauss, F. Wilczek, (1989)
Anomalies

L. Ibanez. G. Ross, (1991)

Az = [SUB)cl* X Z4 =1 1 Banks,M.Dine, (1992)

Green-Schwarz Anomaly Cancellation Mechanism For Z,,

N
Az = Ao ‘|‘P§

Guidice-Masiero Mechanism

Z>|<

Lomterm = [ d*0HuH,
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SUSY Breaking Scenarios

* Gravity Mediated

» mSUGRA
» Anomaly Mediation

» Flavor Symmetry

* Gauge Mediated

mSUGRA ﬁeutra/ino LSP Stable
(Dark Matter)
GMSB tmy, my,,u,Ay, B }
{A, M, un}
i

LSP : Gravitino
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Figure 1: Plot of 5o reach in jets 4+ Fr channel for mSUGRA model .
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Fig. 6. Expected 5o discovery limits of various MSSM Higgs signals at LHC
for luminosities of 30 fb~! and 100 fb~".

D. Denegri et al, CMS NOTE 2001/032 [hep-ph/0112043].



B —u" u-Decay in Supersymmetry

Kolda, KB (1999)

_[:eff — DRYDQLHd_l‘DRYD {Gg —I— EUYJYU} QLHZ+I’LC+

MSSM is a general two-Higgs-doublet model.

= U=y [1 + (eg + euy?) tan 5}

10 1+egtanp
Vub — Vub []_—|-(eg—|-€uy152) tanﬁ]

_ < Hy>
tanf = <




Hall, Rattazzi, Sarid (1993)
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Leading contributions to ¢, and ¢,. Indices i, j, k, n label flavors

2043
eg = (WM f(M3, MG, , M)
1
€y = 167 Q(M*Auf(:u M2 7M2 )

For tan3 ~ 50 — 60, my4 ~ 100 — 400 GeV
Br(B— utu™)~10"7—-10"°
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SUSY CP Violation in B; — ¢ K Decay

Observable
Br (in 1075)
ek 5

BaBar Belle Average
8.1+31 +0.8 8.7t35+ 1.5 §.4+25
—0.19%952 4+ 009  -0.734+0.64+£0.18  -0.39+041

SM prediction
~ 5§ (see text)
0.734 £ 0.054

r(fhya(f) — Ks) — T(Byslt) = ¢Ks)

Aq{;f{[t) =
F[ ph}m[t) — @KS) —l_ F[ ph]m[t) — tPKS)
= —Cyx cos(Ampt) + Ser sin(Ampt),
1 — |der|? 2 ImA
Corc = rer|” o oK

L4 r?’ 7% T L4 Pk
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Kane, et al, hep-ph/0212092



ay(SM) = 11 659 182.1(7.2) x 1010

ay(EXP) = 11 659 203(8) x 10710

day, = 21(11) x 10710



SUSY Contributions:
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S. Baek, P. Ko, W. Song, hep-ph/0210373
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FIG. 2: (a) The contour plots for the aEUSY, myo, and B(B,; — ,u.+;.£_) with N = 1and M = 108
GeV. (b) The branching ratio for B, — u*u~ as a function of the messenger scale M in the
GMSB with N = 1 for various A’s with a fixed tan 3 = 50. The dashed parts are excluded by
the direct search limits on the Higgs and SUSY particle masses.
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Violates CP

Electron:

Neutron:

de(Ezp) < 2.1 x 10727 e-cm

dn(Ezp) < 6.3 x 1072% e-cm

Phases in SUSY breaking sector contribute to EDM.



SUSY Contributions:
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A, B are complex in MSSM
dn, ~ (sin¢) 10723 e-cm
de ~ (sin @) 10724 e-cm

1T
Effective SUSY Phase



If parity is realized asymptotically,

Y, Yp, Y HERMITIAN
Ay, Ap, Ag  HERMITIAN

EDM will arise only through non-hermiticity induced by RGE.

de ~ 10725 — 1027 e-cm:
dn ~ 1072° - 10727 e-cm

Subject to experimental tests

d, = 10722 — 10723 e-cm

Dutta, Mohapatra, KB (2001)



Current neutrino-oscillation data suggests

Mp ~ (1012 — 101%) GeVv

Flavor change in neutrino-sector

——>  Flavor change in charged leptons

In standard model with Seesaw, leptonic flavor changing is very tiny.

~ 10—50



In Supersymmetric Standard model
~ 10—10

For Mp < pu < Mp; v,active

) flavor violation in neutrino sector Transmitted to Sleptons
Borzumati, Masiero (1986)
Hall, Kostelecky, Raby (1986)
Hisano, et al (1995)

SUSY Seesaw Mechanism

W = fvv’A + Y v°LHy
Mp =Yooy ; Mg = fop_p,

If B-L is gauged, M must arise through Yukawa couplings.

Flavor violation may reside entirely in f or entirely in ¥,



If flavor violation occurs only in Dirac Yukawa Y, (with
MSUGRA)

A2 (i # ) = —gLa (3mB+AR (YY) (enyteL )

If flavor violation occurs only in f (Majorana LFV)

Apii(i £ ) ~ —3 T N4 A I, Mpy :
0ij i FEJ) = 644 Iy l/)]zy nMB—L

2
Am2 (i # ) ~ _3(T§§JZA yivirts + FEviv; (en Aifi)

LFV in the two scenarios are comparable.

More detailed study is needed.



Neutrino Fit

For Majorana LFV scenario, take Dutta, Mohapatra, KB 2002
my o diag[ce3, €, 1] e~1/10

ee’ he' de
My =mg | he™ 14 ae 1
de 1 1 + be
iy
m% , (a +b)c2e®  cde3 —cde?
f= ’ cde3 —d?€? dhe?
d?moup_r,

—cde? dhe? (e — h?)e?



vg_ =2 x 1012 GeV, Mp o M4

—0.015 0.50 —0.57
0.29 —0.57 0.104

. 1

(m1, ma, m3) = (—2.7 x 1073, 6.4 x 1073, 8.6 x 1072) eV

~1.1x10~% —0.015 0.29
f —

U = 0.33 0.62 —0.72

(O.85 —0.52 0.053)
-0.40 -0.59 -0.70



For Dirac LFV scenario

Mp = (9 x 1013 GeV) x (Identity Matrix)

0.04 + 0.074« —0.073 4+ 0.029: 0.025 — 0.034+
Y, = —0.073 +0.0297 —-0.22+4+0.011z —-0.35—-0.013%
0.025 — 0.034« —0.35-0.013z —-0.24 4 0.016¢

y  Same neutrino oscillation parameters as in Majorona LFV

The two scenarios differ in predictions for

po— ey
T — Yy

T — €7y



Dirac LFV

Lﬂ-é‘L T T ||||||1 T T I TTTTT T T T T TTTT T T |||||||
10°
-10 L gty “‘;"?!4 A
Lﬂ . . :J J-i i 'tf,* :H LI
R ) I W .
e st .:;;;1“.1- e A2 L
-11 La g X SR s
10 v A0 ‘s .
E .‘- e P )
BT : ik 4y oLy R
= O e provytt futfire sensitivity
el - -l i .
3 . ot ta'{:p Ll o |
10" et s oo A =
¥ it i . £
Lﬂ-lﬂ . T
E|
107" —
Lu-ﬂ 1 1 1L 111l | 1 1 1 1 1 111l | 1 1 1 1 1 111l | a
10 10" 10" 10"
M, / GeV

Figure 3:
neutrino

smallest

HBranching ratio of g — ey for hierarchical nentrinos and uncertainties of future

experiments in the mSUGRA scenarios leading to the largest (L, upper) and the
(H, lower) LFV rates.

F. Deppisch, et al, hep-ph/0206122



[t — €7Y Majorana LFV
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Dutta, Mohapatra, KB (2002)
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Nucleon Decay in SUSY GUTs

Gauge boson Exchange

-1

yr]

—1



Sakai, Yanagida( 1982)
Weinberg (1982)

Higgsino Exchange

£ ]z(g)z 5 ~ [1028_1034yr]~1




MSSM Higgs doublets have color triplet partners in GUTs.

5 of SU(5)
5

H, H must remain light

H Cy H ¢ must have GUT scale mass to prevent rapid
proton decay

v
Doublet-triplet splitting

Even if color triplets have GUT scale
mass, d=3 proton decay is problematic.



Symmetry Breaking

SUSY SU(5) )
Wp_r =524y -
(1 00 O 0
010 O 0
<24y>=|001 O 0
000 —-3/2 0
\0 00 0 -3/2)

- M5

FINE-TUNED TO O(M,,)

My, = AV + M~ O(Mgur) My = —3\V + M

The GOOD The BAD

(1) Predicts unification of couplings (1) Unnatural fine tuning

(2) Uses economic Higgs sector (2) Large proton decay rate



SUSY SO(10)

111

WD—T — )\(10H45H10/I_I) —I—

(a 0 0 0 0)
0O a 00O

<455p>=| 00 a 0 0 |®irp, xB-—L
0 00O0O
\00000)

B-L VEV gives mass to triplets only (DIMOPOULOS-WILCZEK)
If 10, only couples to fermions, no d=5 proton decay
Doublets from 10, and 710’ light

4 doublets, unification upset

. B

Add mass term for 70’

Wp_1 = M10545510,,) + M10/,10/,



SO(10)

¥¢ Quarks and leptons ~{16}

% Contains vy and Seesaw mechanism

Y Higgs ~ {45y + 165 + 165 + 10}
Ly ukawa = fijlﬁilﬁjlof-f
= Mup = MP; My = M; also My, < Mgyun

LMajorcma — hij16i16j16H16H/MPl

2
D oy mM ~ poMeur
= My XMy My, h33z—F- N
2

my

~ 0.05 eV, h33 ~ 1

Myrp

Fits the atmospheric neutrino data well

My, =



Realistic SO(10) Model

Pati, Wilczek, KB (1998)

0 e o) 0 e +n 0
U = —€ 0] et+o |my, D=|—-€+1n 0 e+n | mp,

0 —e+o 1 0 —e+n 1
0 — 3¢ 0 o) —3e + 17 0
N = (36/ 0 36+0)mU, L=|3+17n 0 —3e+n | mp
0 3e+ o 1 0 3e+7n 1
x 0 =z
MPf=|0 0 y|Mp
z vy 1
A A 16316310y

"e" 1 165163(10y X 455) /M
"ol 162163(10H X 1H)/M
"?7” . 16216316H16H/M

<45y >x (B — L)



Predictions

O O

my, ~ m,
ms(1GeV) ~ 116MeV
Vi, ~ 0.043
sin220,r = (0.96, 0.91, 0.86, 0.83 ,0.81)
:”“ — (1/10, 1/15, 1/20, 1/25, 1/30)
vr

my(1GeV) ~ 8MeV

O =~ |\/md/m3 - eigb\/mu/mc\
v
7us M 0,07
Ves mc

7(p — DK"‘) < 1034 yr
Br(p — uTKO9) ~ 10%



Conclusions

* Supersymmetry: attractive candidate to stabilize Higgs mass

* Suggested by gauge coupling unification
» Before direct discovery, SUSY can show up in:

» Lepton flavor violation (u—ey, T—uy)
» Bo—u" u Decay

» Muon g-2

» d,d,

» Proton decay

» Dark matter



