Flavor and nevtrinos
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Flavor in the Standard Model and beyond

* (The charged flavor sector: beyond CKM)
Neutrinos observables: what do we know
Neutrinos observables: how do we know
The origin of neutrino masses

Understanding the pattern of neutrino masses and mixings



(Pedagogical) references

Useful web-pages:

Giunti's http:/www.nuto.infn.it/ (source of references)
http:/www.hep.anl.gov/ndk/hypertext/nvindustry.htwl (experiments)
Bahcall’s http:/www.sns.ias.edu/ jnb/ "

General: M.C. Gonzalez-Garcia, Y. Nir Rev.Mod.Phys.79:349-402,200% SV (to come)
Matter effects (classic): TK. Kuvo, J. Pantaleone Rev.Mod.Phys.61:9371989

Supernova neutrinos: 6. Raffelt, Stars as Laboratories for Fundamental Physics,
University of Chicago Press (astrophysics) (astrophysics)

* 0v2p decay: S. T. Petcov, New J. Phys. 6 (2004) 109
* (Gosmology: W. Buchwmuller, P. Vi Bari, M. Plumacher, Annals Phys. 315 (2005) 205:

Brian Fields, Subir Sarkar, Phys. Lett. B992 (2004) 202: S. Hannestad, New J. Phys. 6
(2004)108

Model building: 6. Altarelli, k. Feruglio, New J. Phys. 6 (2004) 106
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The Standard Model (at the ren. level

S EEN 1
U, DV, — ZF;},/F““” gauge
= 4+|D,H|?—V(H) symmetry breaking
—I—)\ZJ\TJZ\I/JH flavor

* An extremely successful synthesis of particle physics
* (in compact notations)
* =123 family index



Ferwiion content

* Vi=l(eveidi u) (Dirac spinors) (e =(ep 1) (vi) =(vevuvd), ..

* A 4-component Dirac spinor ¥ has 2x 2-components with definite chirality

(Ys): LF v

== 5 4

* A gauge symwmetry can wix all the fields with same Lorentz quantum numbers
= can act independently on Wi, Yr (chiral symmetry):

$0(31) = SUIZ) x SUI2) > (0,1/2) (1/2,0)

N\ /—

U+ — U+ U+ (V)r,(P)r — ¥, (V)L + (V)r, U
= UL, Up + VL, Upg



or

oo <2> s (mgﬁé‘)

Uy, Uy + T, U, (B 0+ 0,0

(0,1/2)  (1/2,0)

2-component Weyl fermions
(the fundamental objects)



Fermion quantum numbers

,iDV,; — iFﬁyF“W gauge
L= +|D,H|?—V(H) symmetry breaking
—|—)\ZJ\IJZ\IJ]H flavor
G = SU(3)e x SU(Z)w x Ullly SU(3) Su(2) v

L ] 2 -1/2

=) o-() B8 L]

Q 3 2 1/6

L S AL 1)
g =112 13 i(cotor) US; 3 1 1/3
de; 3 1 2/%



Ferwion mass terms

;  Weyl fermions (0

Most general mass term: %@Diwj %lﬂb

“Majorana”

IR E=SP AL P
Vi = V5 €apy; breaks any charge of ¥



Ferwion mass terms

v; Weyl fermions

-
Most general mass term: %%%‘

iy = VP eapt;

¥, Y°

g+ LYY+ mgpy

—

T Y

“Majorana” “Pirac”
QAy)+Qlyc)=0

Dirac spinors turn
out useful
(all the SM

fermions except v)

e.g. electron mass term: me“e



Fawily replication

U,iDW,; — lFa Fony

-

L= +IDH]? - V(H)

—|—)\zJ\I/z\IfjH

Wi = (L es Qi vt do) < 1 family
3 fawmilies — 3 identical copies
of the same (reducible) repr

WHY?

10

US;

ds;

SU(3) Su(2)

BTN

gauge

flavor

2
]
2

symmetry breaking

(1)
-1/2

176
173
2/3



V()

,iDV,; — iFﬁyFGW gauge
e —  +|D,H|? - V(H) symmetry breaking
—|—)\ZJ\I/Z\IJJH flavor

Fawily replication < the gavge lagrangian cannot tell families < is U(2)° invariant:

L-—>ULL-
€ —>U,fj ;
U3 : Qi — UZQ; = LRI — LB

u§ — U s

c dE e

(U(2) — U(3) in SO(10) gauge-unified models)
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V()

U,iDW; — ZFSVF“W gauge
et =  +|D,H|?—V(H) symmetry breaking
—|—)\ZJ\I/Z\IJJH flavor

The symwetry breaking lagrangian is U(2)° invariant:

i —>ULL-

€ —>U,fj ;

U(3)5 P Qi — z’j Qj SM — £

c u® ¢
Em== U,L-j U

df — UL dS
G-I—
The symmetry breaking itself H = (U " h+ iGO) is also U(2)° invariant
/2

12



V()

U,iDV; — ZF;;;F‘““’ gauge
e —  +|D,H|? - V(H) symmetry breaking
+i; O, U, H flavor

The flavor lagrangian is not U(3) invariant (unless Aij = 0)

£ﬂav0r )\E CL HT )\DchjHT )\g SQ]H 13 el

zgz 11112

i U-IfL-
Uf? ; AE —>U TR
U(3)°: Qz‘ —UZ2Q; = Ap — UgApUg
U; — U;’chug Ay — U AuUg

di — UL d;

13



The flavor sector (at the ren. level)

* Pespite the rich flavor structure:
* No lepton or baryon number violation
* No individual lepton number or CP violation in the lepton sector

* All family violation and CP violating effects (neglecting Oacp)
- reside in the quark charged current
- are encoded in a unitary 3x3 matrix V

* Individval lepton numbers: e.g. L. correspondsto e — e **e®, L. — €*“Le,
Total lepton number L = LetLy*L-: corresponds to e — e~ *%ef, L; — e**L; (V1)

Baryon number B: corresponds to ui — e **uf, df — e *d;, Qi — €eQ; (Vi)

* The transformations corresponding to L. L, L. L B are all part of U(3F

14



bél

C8ver = ML H + ADdiQ; HY + M ufQ;H + hee.

1] 19+

C? iOéB
L L, EReuaisELs
. H a
i £ ¢ c —ioB . .C
. . =~ e U,
—1Qr, C 1 A

6,? = ¢ d /Xe" C
—l10B
d; — e d;

are both symmetries of L£8ayor

15



Leptons

Eﬂavor )\E cr,. HT+)\DdCQJHT+)\U CQ3H+hC

(% ’L 19+ 17—

E ¢ D e FAF DN S MEEEW 5/ ¥ DI
=mge;e;  +miidid; —i—mw Wity el = Ay

+Higgs interactions

* l.epfon mass eigenstates:

UdelagU with Use, U, unitary, m%. , = Diag(m.,) >0

diag —
L, us _
{ UZ ] —>m5 Zcej—i—hC—meeie;—kh_c,:meiE’Z{EZ(?mV:O
* Ex’rend to an U(3)° transformation phase ambiguity
Uzej j E t 2
— Bl L HY = A ef'LLH
L; = UG L

* = Conservation of individual lepton ., w — 102¢" (no preferred phase convention)
numbers and of leptonic CP Aiji;h + he. — A5k + hee.

16



Quarks

* Mass eigenstates:

Y R LD
T — UdcmdiagUd m U cmdlagU

u

d' = Us q¢ (¢ = U« us
i o i o Hdecd + mPuSu; + h.c. = mg. d¥'d, + my ué'u’ + h.c.
d/ Udd7 / Uu 17 71 ’L]'LJ T (O L g R e 7
i 4317 J ig )

* Cannot extend to an U(3)? transformation (both v, d € Q)

(

N @S O =N d P O bt

AT Trurrc
u; = U u;
i5

e.g. < dg’ — Uz.d.cdc. =
;T AuEQHT = Xy, Vigu Q HT
Qj i Uiij

\

V =U, U] Cabibbo Kobayashi Maskawa (CKM) matrix

17



* |n terms of mass eigenstates:

- [ 11 T = /
]c,had 1 uiL’Y’udiL EE VvijuiLfyudjL
./_L l [ ./J/ /
Jn ThadTTT (]n had)

]em hadl—— (Jem ha,d)/

* All flavor and CP violating effects originate from the unitary 3x3
matrix V in the quark charged current

18



Physical parameters in V

5

eiTl 1
Vi=— el standard par. e
61’7‘3 eip

N— —a - 7
~—

unphysical unphysical

]
"

3 * 3 +1 * 2

19



With N tawilies

Families ParsinV  Phys.pars  Angles Phases
N N2 NZ-(2N-1)  N(N-1)/2 (N2-3N+1)/2
2 4 ] 1 0

20



Standard parameterizations

1 0 0 C13 0 8136_i(S C192 S12 0O
V= 0 C23 S923 0 1 0 —=S49 | (¢ 0
0 THEPBT T3 —81361'(s 0 C13 0 0 1

—id
C12C13 512C13 513€
e i )
— TOI2C23 012823813¢ C12C23 — S$12523513€ 523C13

5 i
§12823 — C12C23513S" —C12893 — §12C23513S" C23C13

1—X%/2 A AX3(p —in)
V= —A 1—A%/2 AN?

AN(1—p—in) —AN? 1
=10 A
A, p,n=0O(1)

21



Back to the point

* |n terms of mass eigenstates:

a0 1 o / /

Jehad = uiLfY’udiL = VvijuiL’yudjL
./_L l [ .M /
Jn ThadTTT (]n had)

]em hadl—— (Jem ha,d)/

* All flavor and CP violating effects originate from the unitary 3x3
matrix V in the quark charged current

22



Is that so?

* Unitarity of V()

SV =1

7-OT—a

‘Vud‘2 yin ‘VUSP T ’vub‘Q =1

0.9739(3) + 0.2263(19) + small = 0.9997(10)

0.222

0.219

0.216

0.213

0.210

—BNL

\

V.- 57 -Summer

2005 F

1

K ‘ KLOE
o

LATTICE + UNITARITY |

IKII,OE(‘)-KE
1

KTeV 4

= EXP

1

| !
KLOEL

|

— o PDG-2004 %

|

"KLOE *

KTev ¢ ; $NAdS
1 |
)

C
KLOE

IV, ®=(0.2263£0.0019) EEEEp S|V, |~1%
(dominated by the f.(0) theoretical uncertainty)

[Vaua f44(0)| from N — N'ev (61%%(0) = O (0.1%))

Vs f2(0)] from K — merv  (6f*°(0) = O (1%))

|Viup| from b — ulv  (subdominant)

23




Is that so?
* Unitarity of V (lIl)

1< 1.2

vavgz =1 (a#b)

ZVan* i 7&]) o;

0.2

A triangle in the complex plane
DA anE T TR AR e (when properly normalized, it has vertex in (p,n)

_VudVar ~ VedVa — ViaVe
VeV VedVa  VedVa

=0

24



Is that so?

* BRlu—eY)¢1.2x 10 v

* de<10Zcem~ 1011 g v

* Vei < Ve [i#])) X

25



Neutrino physics

* New data!

* New physics!

* Data interpretation (now) pretty clean

* Cosmology (baryogenesis, CMB LSS, BBEN....)

* Astrophysics (probe of SUN, SNe, HE sources....)

% Particle physics (access A ~ Meur, unification, flavor, LFV)

26



Neutrino masses (E « <)

* Inthe broken EW phase, the most general fermion mass term is

v

g E e D ;c
5 ——viV; + myieje; + misdid; —i—mw ;

mt
iU

* (a Dirac mass term would require a v°)

* The neutrino Majorana mass term breaksL: L, — ¢“L; = vjv; — *“vu;

* and the Ls:

P e T, E
m” = U, mgi,,U, m®=U;.mg;,,U,

diag“' v

Ue mY.
R ij J il E e A A cl 1
v = Uy, { - — vy mgjege; + hee. FELiRL LS HLeH i mE LT

= (Jem,lep)’ U =U,U} Pontecorvo Maki Nakagawa Sakata (PMNS) matrix

27



Physical parameters in U

ok 5
— 05 + Mg eSe; + %UijéiWVj + h.c.

E V2

St 1
U= e? standard par. tha

N— — N— 7
~—

unphysical physical
(Majorana)

2

“w
1)
W\
+
|
E.
=
+

28



U

Physical parameters in the lepton sector

M., 1 1A
= ) 28 2l i f O R T M %U@j@iWVj +h.c.

2 V2

m67 muy mT) ml/17 ml/27 ml/37 9237 0127 9137 57 C\l, ﬁ

C12€13 $12€13 sige” " N
T 5
—S19C23 — C12523513€" C12C23 — S12523513€" 523C13 O lg™
1 n :
$12523 — C12C23513S" —C12523 — $12C235135'°  C23C13 O 0 et

0 < a3, 012,013 < g, O 0= 2m 0o = 2

29



Physical parameters:
what do we know?



Charged
sector

Hle por

Accessible
to oscillations

Am%z
‘Amgs‘
sign(Amgg)
012, 023,013,0

ol Ll 1o 2
(Amij =T m”l’)

31

Mlightest



Standard labeling of eigenstates

0 < Am3i, < |Am3s|  uniquely defines the labeling (AmgUN = Am§2>

Am3, > 0 by definition; Ams, can have both signs Amjry = Amig

Ams, > 0 eg.: Ams, < 0 e.g.:
3 X mi < M2 € M3 2 I mi ¥ mz2 > ms
(hierarchical) 10 (inverse
normal M & Ma & ma hierarchical)
(degenerate) inverted mi & mz & ms
2 I B AR s (degenerate)
1 (neither) 3

32



Accessible
to oscillations

Charged 2 | toosciiatiol
sector Ale
2 Mlightest
|Amig)
me,u,T 5 @7
sign(Amss) 8

Well known 9127 923, 913’ 5

Known Bounds

33



Experimental constraints (oscillations)

Amis ~ 2.5 x 107%eV?  fOy3 ~ 45° (ATM, K2K)
Am?, ~ 0.8 x 107*eV?® 6015 ~ 30°-35° (SUN,KamLAND)
013 < 10° (CHOOZ, Palo Verde + ATM)
x 107
50 _' LIS LT T [ Ly LA L [ LY L. Ly L) (L 18
L %
_68,90, 997 CL mEman
a0 [ B
o 1.4
T 3128
<30 | ~
2.0 % 08
w2 0Ucl LLIEL LTl =
D:_ 0.6
10 [ . | T 04
— Zenith angle analysis ®
..... L/E H D 02
i analysis
e e e S S S 0
0.8 0.85 0.29 0.95 1 10 102 103 104
sin“26

L/E (km/GeV)
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Experimental constraints (oscillations)

(ATM, K2K)

Am3s ~ 2.5 x 1072 eV?  fOy3 ~ 45°
Am?, ~ 0.8 x 107*eV?® 6015 ~ 30°-35°

e)
(913 < 10
1.2x10*
9599 99.737Z CL
1x10*
>
) 5
o 8x107
g
<
6x107 — KamLAND+Solar fluxes
[ 95% C.L.
[ 99%cCL
i B 90.73% C.L.
B global best fit
4x10'5|||||||||||||| IR B

tan> 0

0.2 0.3 0.4 0.5

0.6 0.7

0.8

LamLAND hep-ex/0406035

Ratio

1.4

1.2

0.8

0.6

0.4

0.2

(SUN,KamLAND)

(CHOOZ, Palo Verde + ATM)

o 2.6 MeVprompt o gumI AND data

- analysis threshold ¢ fit oscillation

I e e best-fit decay

. best-fit decoherence
[

[ 1 l fl 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 E 1 1 1 l 1 1 1 1 l 1 1 1 1

35

[\
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30

40 50

60 70 80

L,/E; (km/MeV)

LamLAND hep-ex/0406035



" (eV?)

Am? x 10

Experimental constraints (oscillations)

Am3s ~ 2.5 x 1072 eV?  fOy3 ~ 45° (ATM, K2K)
Am?, ~ 0.8 x 107*eV?® 6015 ~ 30°-35° (SUN,KamLAND)
615 < 10° (CHOOZ, Palo Verde + ATM)
o .
4 ; e L% S e’ energy
7 ] 250
; ; i ® v signal
oy ; 200 mELIS
an = : :
W .
0 T i 0
0 0.05 0.1 2 ;! x ° MeV'
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Experimental constraints

Amary ~ 2.5 x 1073 eV? g3 ~ 45° (ATM, K2K)
Amggy ~ 0.8 x 107%eV? 815 ~ 30°-35° (SUN KamLAND)

013 < 10° (CHOOZ, Palo Verde + ATM)
|Mee| = [UZm,, | < O (1) x 0.4eV (Heidelberg-Moscow)
== e (90 eV (Mainz, Troitsk)

Z m,, < 0.6eV (priors) (Cosmology)

sign(Am33)? 67 «,B3? Unknowns

37



Physical parameters:
how do we know?



Flavor and mass eigenstates

“flavor eigenstates’, paired fo

7 amuy ey
dedusLddReEs charged leptons in CC:

LA LAt
]c,lep LA PLV&L‘

mass eigenstates’, diagonalize MY Ve, Ve, = Mayy VnVh

Vi, V2, V3 . :
e E muy the neutrino mass matrix: v

Ve, = Uipvp)  Uunitary (PMNS) (T = US,78)

39



Oscillations

e,y = U lvs) = e u,) = Uk e~ 180 uy,) (Eh = %)
Bl = e 2w Mo (v e Bl = U ionttl

In the simplest case:

vV, = 11 cosf + vosin b 2Am2L

1K

. = |P(v, — v,) = sin® 20 sin
P = Sin g v cosid

(to be integrated over energy, position and convoluted with cross
section, resolution, efficiency...)
E(GeV) Am?L Am?(eV?)L(km)

4T B
=S — 2.48k 2 [
Am? £ Am?2 (eVQ) ’ 4F E( GeV)

A

40



A typical sensitivity plot

<P> = const.
1 (P sin?20 |
, T ~ ]
9
107!
g 1072
1073 g
O T TP PP P T
1072 107!
sin>26

Am?L
(P) = (P(ve — v,)) 5 ; = { sin® 20 sin® s
’ 4F /o1

In order to measure sin229 and Am?%
- <P> alone is not sufficient
-needEorl

2
- best to be in the 2™ L

~ 1 regime

41



Caveats

* [nvacuum only
* (oherence can be lost
* hecause of averaging over the oscillation phase (averaged coherence)

* hecause the wave packets corresponding to dif ferent mass eigenstates
travel at different velocities

* pecavse of reduction to the nevtrino subsystem

* Simplified derivation: p constant? E constant? It does not really matter
(change of variable in the wave packet integral)

* ¢.q., if coherence is not lost

| dp 1(pxr—
(vey ale™ M tpo) = | 5 -Ueyue' =B IOUL f(p)

42



v 2y

Exact (cumbersome) 3v formulae:

P(v., — uej) = P(vej — Te,) = Pop + Pgr
P(v., > V.,) = P(ve, — v.,) = Pcp — Pgp

Pop = 0ij — ARe(Ji3) 8% — 4Re(J35) S35 —4Re(S5)S51 .  Amd,L
— sin
Pgp = 80;Jcp 512523531 i 4F
FE o Uty Ul Im(J3E) = os0md = e, ==%1,0
12 ihY hiY ik Yk o hk CETie) A0 0] 20 M €ijk ;
k
Am3. L
CHOOZ: A FE RSB BN EE B AN R P(ve — 1) ~ 1 — sin® 20,3 sin” TE‘O’
Am?2.L
P(v, — v,) ~ sin? 2055 sin® 2
ATM: S%2 << 1, SS?) ~ Si’)), 913 << 1 : ( i ) £P 4E
P v, =Tl
2
SUN: 5223, Sf3 terms suppressed by 613 : P(v, —» v,) ~1— sin® 2015 sin? AZL;L

43



Experiments



CH00Z

* V. — U disappearance reactor
experiment
* L~1kwm,E~few MeV
* Detection: 7.p — e’ n (scintillator)
* ¢* signal * annihilation — 2y(911
keV)

* pcapture — y (8 MeV) (delayed
coincidence)

45

10

— analysis A
— analysis B
- - analysis C

90% CL Kamiokande (multi-GeV)

@ 90% CL Kamiokande (sub+multi-GeV)

0 0.1 02 03 04 05 06 07 08



CH00Z

* V. — U disappearance reactor 51 "
experiment L | 2

* L~ 1km,E~ fow MeV S -
* Petection: ep — e¥n (seintillator) 7. O — ik
* ¢ signal + annihilation = 2y(511 2 R 3 fe i
keV) " :

< 1F 4=

* ncapture — y (8 MeV) (delayed j =
coincidence) D SR SR =

O 0.05 0.1

46



What are atmospheric neutrinos?

+ +
msamanl,unEdl® ~ 13 km Allow to test
¢+ = Ay
Sy neuvtrino flavor
transitions
2 Hor each 1/
Actually: Need to measure:
- Energetic 1 are long-lived - neutrino flavor
- Kaons are also produced - nevtrino direction
s0 that the ratio is > 2 - possibly energy range
~ 13000 km
I =10%TFkm .
A Vi .
B (O @l 2 TR 2

AE
Am2s ~ 2.5 x 1073 eV?

47
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Super-Kamiokande: detection

* (C-interactions on nuclei: v+N— [+N'
* Neutrino type:
* v, = u — clean Cherenkov ring
* v, = e — fuzzy Cherenkov ring
% v direction: correlated with the direction of | if E > GeV

% v energy: classify the events in sample with different E distribution:
* Fully Contained sub-GeV
Fully Contained multi-GeV

Partially Contained p (E ~ few GeV)

Upgoing stopping pi (E ~ 10 GeV)
Up & through going p (E > 10 GeV)

49



Super-Kamiokande: results

Osc. pars: Amioy ~ 2.5 X 1073eV?, 3 ~45°  4of

Hint of oscillation dip

Exotic effects (steriles, decay, Lorenz
violation, CPT) are marginal

Sterile neutrino analysis:

* wmatter effects (relevant for sterile at
high energy: resonance and then
suppression)

» nevtral currents (only affected by
sterile)

* T appearance sample

No electron neutrino transition, compatible
with CHO0Z bound

50

x 107
5-0 | T T T T I T T T T I T T T T I T T T T
‘\‘> 3.0 N
) r
NE :
< 2.0 __ ________
10 — Zenith angle analysis i
----- L/E analysis
0.0 i 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
0.8 0.85 0.9 0.95 1.0
sin®20
1.8 T T bl B L e
—~ 1.6 f
®
o 14
:é, 1.2
C
9 TH
© 0.8F
i -
B 0.6:
= L
S 04F
© -
O o02F

(@)
N

10° 10° 10
L/E (km/GeV)

—_
- E
o



xk

%k

K2K

KEK — SK pulsed v, beam
L~ 250kwm, E ~ 1.3 GeV
Measure A9, E;, — reconstruet Ey

Competitive with SK on Am?

51

30 8%
C:I_, 900/o R e e o
c R 99% o
<
10'25-
'3 ' ' ' | ' ' ' | ' ' ' | ' ' " | N " "
10—02 04 06 08 1
sin220
< 167
) :
G-
~ 12F
S
2 8L
c
S _
o4 ¢
4 +
4115
E, "¢ (GeV)



* More K2K

* NuMI

* CONGS

* Monolith

% ..

Future

52



Matter effeets

Incoherent scattering - typical mean free paths
(depend on flavor, “simplified” energy dependence):

A(E) ~ 10 cm (100 MeV/E)?> in proto-neutron star cores
A(E) ~ 109 km (10 MeV/E)? inthe Sun
A(E) ~ 10° km GeV/E in the Earth's mantle

Coherent forward scattering is enhanced by 1/(Gr E?)

incoherent: dP,./dr ~ GaE*n = dE et s ( E )
coherent: dpco/dx ~ Ggpn ddco GeV

It affects the neutrino phases in a flavor dependent way

53



1 m% V

Inwmatterr H=_-U m3 UT + 0 + univ. terms
= m2 0
3

e SRR — - -/

Free Hamiltonian MSW potential

V =V,—V,=+v2Grn. (neutral matter, n, < n.)

Vi="V: (tree level, neutral matter, L, = L,)
Ve € 72 Vg
W Z *u,d,
e 27 e e
U—-U"
for v:
V—--V



Propagation in constant density

Oscillation formulae still hold with O — Oy, Am2 — (Am?)y,,
where Oy, (AmZ), depend on the neutrino energy

Mantle
~ 3-5g/cm3
The Earth: il 9r¢
pc ~ 10-15 g/cm3

Propagation in the Earth affects
+ Atwospheric v's (only through the subdominant v, < vy )

* Solar, SN v's (I/N effect)
» Terrestrial experiments (Long Baseline)

59



Resonance (2v)

2E
(Sim2 0 + ¥ sin 6 cos 8) Am2

+ universal terms

Am?
sin @ cos 6 cos? 0 2BV

QOBV (sin20)m =11
5 = cos 20 = 5 5
Am (Am*),, = Am~ sin 20

Resonant enhancement of the mixing angle:
vV mixing
Am2so * Resonance width = tan 29 (sin? 20 > 1/2)

* 9<45° = resonance only if V x Am? > 0

« SUN: V>0, (Am2);2 5> 0 = resonance only
" 2EV if O ¢ 45%°

Note also: (2EV)/(AmZ)12> 1| = Ve = (V2w

\}
N
— o
-
DO
>
[ ]
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Resonance: formulae

5 5 1/2
20 2F 2F
Sin® 20, = Sl;l (Am?),, = Am? |1 + SR 2 cos 26 it
2EV 2EV Am? Am?
1+(Am2> —2COS2(9Am2
2F E Am? Am?(eV? L
‘2 = cos20  Breg = i cos 20 ~ 8 GeV PHEN )2 7 3
Am, res [ 2-1073eV~ 1.65 gr/cm

(sin® 26),,, _[ Am? r

sin? 26

(Am?)p,
* Matter effects are negligible:

* WhenE « Er:s
* whenl <« \y (sinx =x)
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Propagation in varying density (2 v)
H{T) = Hevee * Viswlt)  time-dependent hamiltonian

Adiabatic evolution: no vi < vz transitions

2
Adiabaticity condition: %9m o (A™ )m

dx 8 o}

Adiabatic resonance crossing — large flavor swap even for small 9

2
H; (Am /(2E) | Vo =

Ve R (V2)m — V2 = Ve sinf + v, cos

3
ol P(v, — v,) = cos* 0
!

2EV  The adiabatic approximation

1 wmust break at small 9
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Level crossing

2
* The adiabatic approximation D < (A7) m is worst at the resonance

dx 205

Am? sin” 20

1
(V! /V )res cos 26 =

* Adiabatic condition at the resonance: v = 5F
* Ify < 1but y > 1 at production and detection P(v; — v2) = P, m e™ /2
Landav-Zener

* Example: SN neuvtrinos (AmZ > 0) or antinevtrinos (Am2> 0) for O15¢ 102
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Flux (cm-2 s-1)

1012 g

Solar neuvtrinos

1010 &

101t m
‘ pp-|

Bahcall-Serenelli 2005 E

Neutrino Spectrum (x1c0) +

’IBe-)—ilO.E)% 4p+ 2¢ —> 4He+ QVE ]

- RN
_____ T~

peilo-> i\IZ%
S

A
M|

|

-t A

1 . . — .10
Neutrino Energy in MeV

H; (Am*/(2E))

2EV

Am?

0.8+

0.2+

0MeV < E, < 14 MeV

Eres(core) ~ 3 MeV

(Am2, = 0.8 x 107 4eV?)

P(ve — ve)
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Neutrino Flux

Solar neuvtrino experiments

Chlorine: Homestake (6 8)

Chiorine pPeEh. SO po G e P A

| Gallium

E, > 0.814MeV
mEEE Gallium: SAGE, Gallex/GNO
;I EEEmEmss i mmRRR L e
: CBe||  Be E, > 0.233MeV
I | 0K SK
mmma || Vel — Vg€
EESY IReen e e
b SEmmmmmE) T P20: SNO
0.1 0.3 1 3 10
Neutrino Energy (MeV) M TT e
veD — ppe

v D — vapn
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SNO

* Measurement of total solar neutrino flux in agreement with the prediction of the SSM
O(v) = P(ve) +2®(v, )
* ES (direction): vze — vze = ®(ve) + 2®(vy )/ (6-7)

* 00 (energy): v.D — ppe = ®(v.)

* NC (ring shape): vz D — vypn = ®(v.) + 2®(v, ) neutron capture and detection
improved in the salt phase
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Ratio

* U, from several reactors (E ~ few MeV) atl ~ 200 km

(initial flux well known)

* T.p— etn inseintillator

KamLAND

Am%L !
AF

* E,, =Ec+ +my—my = good determination of Am?,

0.6

0.4

0.2

- 2.6 MeV prompt o KumI AND data
r analysis threshold best-fit oscillation
P best-fit decay
- best-fit decoherence
08|
C
i | | L | | L |

60 70 80

L,/E; (km/MeV)

104

Am? eV

o)

1.2x10™*

- m 110
[ <

>
L L sl

o 8x10

£
L <
|- Sol KamLAND -5 KamLAND+Solar fluxes
C 6x10” [—
I - 95%C.L. I es%cL. I 9s%cClL.
[ --99%CL. [ e%cCL [ 99%ClL.
I —99.73%CL. B o 73%CL. B B %9.73% C.L.
B * solar best fit @ KamLAND best fit W global best fit

Ll vl Lol 1 4x10—5....||||.I....I....I....I....
10" 1 10 0.2 0.3 0.4 0.5 0.6 0.7 0.8
tan® 0 tan®0
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Future solar neutrino experiments

* More KamLAND
* Borexino: measure Berillium flux
+ [f LMA, no seasonal variation, no I/N effect

» Surprises? Non-LMA physics?

* sub-MeV experiments

* wmeasure averaged oscillations = 9
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Supernova neutrinos

* Probe of core-collapse supernova physics
* Sowe sensitivity to neutrino parameters (uncertainties on the source)
* (Constraint on exotic (neutrino) physics

Pt oS- B H erg
M ~ 1.5Mgun

0.01% photons R ~ 30km
pRNNlig (;(;i{;ng = { 1% kinetic energy p~3x10"g/cm®
99% neutrinos T ~ 30 MeV
T ~ 0.7TMeV 3 R2

A~ 10cm = tgig ~ Th ~ 10sec
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SARARNENANRRRN RN AR RRRE RRRNE=
;— * Kamiokande —;
2 .
:IIIIIIIII|III|III|I|I|IIIIII|II—
:IIIIIIII|III|III|III|IIIIIIIII—
f—“ IMB —
Eillllllllllll'llllIIIIIIIIIIIII:
:IIIIIIIIIIIII‘IIIIIIIIIIIIIIIII—
;— Baksan—;
- 4 =
EIIIIIIIII|III'III|III|IIIIIIIII:
0 2 4 6 8 10 12 14

Time after first event [s]
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Constraints on exotic secenarios

d
* Energy loss argument: d_z < 10" erg/s/g

* Constrains invisible escape channels
* axions
+ KK gravitons
* sterile neutrinos

* E.g.:8in2205 < 10 for large Am?
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Future SNe

Petector SK SNO WP | KamlAND
Vv events
(from 10kpe) | 8000 ( ~800 | ~400 | ~330

@ neutrinosphere: (E,,) ~ 11 MeV < (F5 ) ~ 16 MeV < (Ep_ ) ~ 25 MeV

@ Earth: the energy spectra depend on 913 and sign(am?2)2s
e.q.: NH& 912> 0.05 =dlve) = dolvy-)

(AmZ2)23 resonance crossed by neutrinos (antineutrinos) if NH (IH)
Pe=0(Pc=1ifO13>009 (913¢<0.001)
((am?2)1 2 is always adiabatic)

((Am2)23 = 2 E (V, - V<) resonance plays a role if dlvy) # dlv-))
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sign(Am?) and matter effects

0 OBV
U 0 Ul + 0
Amtl 0

* Enhancement/suppression in neutrino/antinevtrino channel depending on sign(am?)
* A measurement of sign(Am?) needs

* E~ 10 GeV (resonance)

* long baseline (sin(x) # x)

L
Am2, =0: Hyg = —
2 = oK

' Vee Vur
* sign(Am?2) determines the pattern of neutrino masses and affects the
* SN neutrino signal
* terrestrial experiments
* Ov2p decay
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V13

* Qrigin of masses and wmixing
» Piscriminate models
* Qrigin of solar and atmospheric angles

» Neutrino mass pattern
2 A
* Phenowenology Bl o A nE O in? AZ%?,L
* Leptonic CP-violation nEEun:
. P(ve < v,) ~ sin® fo5 8in% 2015 sin® — 25— 5 + AmZyy
» Supernova signals AE
5 Amg,L

P(v, < lu,) = cos® O3 sin? 265 sin y;uns

* Subleading effects

* Experiments
* Rich experimental program available
(subleading effect in SUN and ATM)
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Odds

Sensitivity to sin’ 2013

I Systematic
I Correlation I JHF-SK

Degeneracy
. JHF-HK
- NuFact-II

NuMI

107 107 107 1072 1072 107!
sin?2615 i dror Winto
013 = A¢ ¢ sin? 2013 ~ 0.2
913 T )\g : Sin2 2913 ~ 0.01 bet: Siﬂ2 2913 =~ 0

913 = )\3 : SiIl2 2913 ~ 0.0005

@
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CP-violation

* |s there CP-violation in the lepton sector?
* ls it at the origin of the Baryon asymwetry in the universe?
* (anwe observe it in neutrino experiments?

* Pirac (CKM-like) CP-violation
* Majorana CP-violation
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CKM-like CP-violation

At accelerators, due to the smallness of (Am2);2/(Am?2)23 and O13:

Ams.L
B e ol sin? 63 sin® Tég

Am2.L
P(Ve el V,u)CP ~ Sin2 (923 Sin2 2913 Sin2 TES > T+ Am%UN COrr.

: EENWAVTE I8 )
P(ve < v;)ap = c0s? B3 sin” 203 sin? 4}2?3
/
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CKM-like CP-violation

Large angles (unlike in quark sector) enhance CP-violation

0(1)

,// | ~ [T

Pcp = £ cos 013 sin 26045 sin 2053 sin 2913 sin 0 Seyn SATM

A small 912 enhances the v, < v, CP-asymwetry

x
P v PP s 20 = corn

acp —

The statistical sensitivity is independent of 913 (on a wide range)

1 1
dai~ = (X

\/N sin 2913

— stat. error ~ da/a ~ constant with 613
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60

40

20

-60

BB (1=100)
BB(r=100)+SPL T ( ,,,,,,,,,,,,,,,,,,,,,,, )
HK (440 kton) 90% 013 sensitivity of T2K-I

Nufact (3000+7500 km)

107 T 10 2 }
sn0,,
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Fake CP-violation

* |n practice one has to take into account the contribution to the measured asymmetry
from the CP-asymwetry of

* thesource
* the matter along the path of nevtrinos
* the target
* That requires a good knowledge of
* theinitial fluxes
* the Earth (electron) density profile
* the neutrino cross sections
* Also useful are
* the measurement of the energy spectrum
* 2 baselines
* additional channels
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LSND & MiniBooNE

The LSNP evidence

P(T, — V) = (2.6 +0.8)1073, with E ~ (10-50) MeV and L ~ 30m

* does not fit in the 3 neutrino oscillation

framework (large Am?)

* does not fit in a 4 neutrino oscillation

framework

&
>
@

N

€
<

* depends on assumptions on the background

100 o

10

* is not confirmed by any other experiments (in

particular Karmen)

» awaits confirmation (MiniBooNE: more

statistics * pulsed beam)
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Oscillation Sensitivity: Null and Positive Scenarios
o Fit energy distribution to extract signal. Estimates based on 10%! pot

| } Null MiniBooNE result:

MiniBooNE 1.0821 f e 40 sensitivity to entire LSND 90%
(90 % CL, 30 and 5 o) ]
CL allowed region

&>10 F

Am? (eV

e Combined analysis of MiniBooNE +

LSND would show incompatibility at
99% CL, in CP and CPT-conserving
scenarios

Q\,IOW T T T
MiniBooNE 1.0E21

(10 and 20 Contours)

Am?® (eV

MiniBooNE confirms LSND:

L | e Should see > 50 excess at LSND
% ] central value
\ ] e Distinguish 1eV? from 0.4€eV? at 20
‘1‘073 - “1‘072 | sin“24
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Beyond oscillations



2
Am7i,

‘Amgg ‘ Milightest
me,,u,T . 2 @7
sign(Amss) 8

9127 9237 6)137 0
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Ov2p decay

* Signals l-violation
* Probes the Majorana nature of neutrinos

* Allows to access parameters not accessible to oscillations:
* Absolute mass scale
* Majorana phases

83



*

k

xk

Dirac vs Majorana (particle content)

A Dirac fermion (e + e°) corresponds fo
4 degrees of freedom = 2 x particle + 2 x antiparticle
A Majorana fermion (v) corresponds to
2 degrees of freedom = 2 x particle = 2 x antiparticle
The difference shows up only in the m # 0 case:
* Dirac(m=0)
vp|0) = |v—) vpl|0) = [T +)
* Majorana (m = 0)
Zri0y=ir=) vl|0) = v +)
In oscillations, once the O(m/E) terms have been neglected:
* the elicity does not play a role
* thereis no l-violation
* oscillation formulae are identical for Pirac and Majorana v's
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*

k

xk

Dirac vs Majorana (particle content)

A Dirac fermion (e + e°) corresponds fo

4 degrees of freedom = 2 x particle + 2 x antiparticle
A Majorana fermion (v) corresponds to

2 degrees of freedom = 2 x particle = 2 x antiparticle
The difference shows up only in the m # 0 case:
* Dirac (m = 0)

vp|0) = v —)+O (m/E) v +) vp|0) = [v+)+O0 (m/E) [V —)
* Majorana (m ¢ 0)
vp|0) = v —)+O (m/E)|v +) vp|0) = v +)+0 (m/E) v —)

In oscillations, once the 0(m/E) terms have been neglected:

* the elicity does not play a role

* thereis no l-violation

* oscillation formulae are identical for Pirac and Majorana v's
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Ov2p decay

(A7 == A7 2 e e gl Y Ge =5 P Ee i DeT

Ljec ‘mee‘Z <Q>2

772 R 2 2 2ix 2L 193!
Mee = U mp = Ci3(micls + masise™™®) + mssise
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Expectations for me.

(m'm)ee < (2.2eV)? (Mainz, Troitsk) — (0.3eV)? (Katrin)
Imee| < O (1) x 0.4eV (Heidelberg-Moscow) — O (1) x 0.01 eV (Genius)

- 90% CL (1 dof)

i HE > 2 2 2«
—— me[ R \/ Amg, ‘012 + S1g€

Only I and P are prowising

Sensitivity to Majorana phases
through CP-conserving quantity

EEEEEE BEnannennny | Explicit models may relate CKM-like
1074 1073 1072 107! 1 and Majorana phases

lightest neutrino mass in eV

Feruglio Strumia Vissani Potential o discriminate Dirac/M
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B decay endpoint

(A7 = A7 T e o e s oI = He et ny
dN
— o 3 U l*T(m3, B) ~ T((mim)e, B)

(m'm)ee = [Uen|*mj, = cig(mici; +m3siy) +masis
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Nevtrinos and cosmology

* Big Bang Nucleosynthesis

* The present relative abundance of p, n, light elements is determined by standard
inverse beta reactions involving neutrinos at their decoupling temperature T ~ MeV

+ Agreement with 3 SM neutrinos in thermal equilibrium at T ~ MeV. Present

accuracies do not allow to tell Nv = 3 from Nv = 4 even in the context of standard
cosmology (not fully tested)

* (Cosmic Microwave Background

» Anisotropies in the photon radiation at decoupling (T ~ 0.3 eV) are sensitive to the
total radiation density

* Present fits (cosmological model dependent) give Nv ~ 32
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* Llarge Scale Structure

* Free streaming of relativistic non-interacting particles smoothes density

fluctuation leading to the LSS observed today (and to the acoustic peaks in CMB)

The length scale of the effect depends on the neutrino masses, hence the limit
> m; <0.7eV

* Baryogenesis

ng/n, ~ 6 x 107'° means that a tiny Baryon asymmetry was present before
complete annihilation at T < GeV

The asymwetry can be dynawmically generated in presence of B C and CP-violating
processes out of equilibrivm

EW baryogenesis in SM: not out of equilibrium enough for my > 70 GeV (and too
small CP-violation); in extensions: LEP

GUT baryogenesis, Affleck-Dine, but most economical and elegant is...
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Baryogenesis through leptogenesis

Non-perturbative B-l-conserving processes relate - and B-asymwmetries.

Right-handed neutrino |- and CP-violating decays generate a lepton asymwmetry out of
equilibrium. In a see-saw context with hierarchical R-handed neutrinos:

3 M1 Im()\Nm,/)\%)ll
167 v2 (ANA}Lv)ll

The RH neuvtrino coupling are not fully determined by the low energy parameters.
However, both come from the same see-saw lagrangian (model-dependent relation)

Bl ee6; 16

Leptogenesis is a simple, elegant, economical and successful Baryogenesis mechanism
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Other constraints on see-saw physics

* Lepton Flavour Violation in SUSY wmodels

» LFV associated to neutrino Yukawa couplings does not decouple at the RH neutrino
mass scale in SUSY theories: they leave an imprint in the slepton soft masses

* However, the effect depends on four powers of the unknown (model-dependent)
overall scale of the couplings

» Additional effects are also likely, e.g.
- Non-universal soft term
- Top Yukawa in SUSY-GUTs

* Bottom-Tau mass unification
* Therunning is affected by the neutrino Yukawa couplings
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The origin of neutrino masses
(data inferpretation)



Experimental constraints

Amary ~ 2.5 x 1073 eV? g3 ~ 45°
Amggy ~ 0.8 x 107%eV? 815 ~ 30°-35°

013 < 167

s = m, = O T 0V,
(mim)ee = |Uei|2m,2/i < (2.2eV)?

Z m,, < 0.6eV (priors)

Guidelines for theory:

(ATM, K2K)
(SUN,KamLAND)
(CHOOZ, Palo Verde + ATM)

(Heidelberg-Moscow)
(Mainz, Troitsk)
(Cosmology)

m,, < 174 GeV
O3 ~ 45°(= 45°7)
612 ~ 30°-35° £ 45° (> 5o)
613 < 10°
|Am?,/Am3s| ~ 0.035 < 1



TeV

GeV

MeV

keV

eV

Swallness of neutrino masses

¢ ‘ * Natural scale of fermion masses:
- J v=174 GeV
S
. d
— * Whyw,/v¢10127

* (must have a different origin than
M./ ve¢10126GeV=03x107)
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The SM as a renorwmalizable theory

B Lle Ly LT are accidentally conserved
* No proton decay (...)
* No lepton number violation (...)

* No individval lepton number violation, no v < vej, no nevtrino masses
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The SM as an effective theory

. ren , Nij
Lo = L+ = (HL)(HL;) + 1.

A
U
Er h =t
m vV X A
A ~ 0.5 x 1013 GeVh (0'05 eV)
my

* Mour=2x1016GeV

* Leff s sensitive to the GUT scale only through 1- and B-violating operators

* AL~10'96GeV Ne>4x 1017 GeV (noor small L, B violation at TeV scale)
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Right-handed neutrinos

( z ) ( ZZ) ( i ) ( ”Z) SU (35U KZBDILDN 2K K1),
e €



Right-handed neutrinos

( a ) - ( 1 ) £ U x SULZhy x Uiy
€ e
AVeLH — my, = Ayv (like the other fermions)

Ve is a SM singlet and can therefore be heavy

Aapio— % A P (unlike the other fermions)
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*

*

*

If M is very small

(meaning M « wmy,, M/Meur « 10%6)
(why?)
Neutrino have Dirac masses, which do not break L

Their Yukawas are < 102 (all families)

(why?)

Neutrinoless double beta decay may test the Majorana nature of nevtrinos
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Integrate out v

L

See-saw

Majorana

Other options: additional singlets, triplets
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Large angles?

* 939 « 109, « 1: Dirac and Majorana mass terms transform differently under
symmetries

* Example: Lu - Lt. In the symwetric limit: mEo<< a O) mwx( 0 1)
jmm] 1 0

* However, it only works with degenerate V’s:

o 2= ws, (Am2)i2« (Am2)zz = wmy = w2 = w3

1
o Example: m, x ( 1)
1
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Origin of large wmixings

(g TIR=s Ugc diagUu V=U UT
mp = Ucﬁm%agUd HHH
m, = UT diagU

Er—=UL T

di
mg = Ulm% U,

The large wmixing angles can in principle originate from both me, wm,

(the distinction is physical in terms of the physics giving rise to the mass matrices)
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A large O23 from wm, - normal hierarchy

O2s large: A~B~C
* 923 large and mz « ms seewms unnatural: m, (%
B A] wm<«wmaAC-B2« ]

* However, in a see-saw context A, B C are not fundamental parameters

= M
Mo 1 ms M22M23 1 ms M321M33
M — I m T T 22 I I 32
[M]zs ( M3> [mvlas M, (mzzng 15 My \mgamss  m3s
det# 0 det=0 det=0
* Natural option: M, < M5, mas ~ mas King; Altarelli Feruglio Masina
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A large 923 from m, - inverse hierarchy

A8
* 923 large and mi = mz * no correlations: m, < | A HEICOnTL
/5]

* tanO23 = B/A

* Bonus: 912 avtomatically large

* Potential problem: (912), = 45°
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A large 923 from wme

Not incompatible even in SU(%), where me < (mp)" (up to J6 factors)

Ce.g. Altarelli Feruglio and refs]
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Is 923 large or maximal?

* Large = 0(r/4); maximal = v/4 * correction <« |
* SK:sin22923 > 0.9 - not enough
tanO23=b/A; A ~ B < large; A = B — maximal
1-e<B/Acl +e =8in220923>1 - €2
0.7 <B/A< 14 = sin?2923 > 0.9
0.9 <B/A< 11 = sin?22923 > 0.99

* Obtaining a maximal atm angle in a 3 neutrino context is non-trivial. A maximal
angle would set a powerful constraint on the origin of lepton mixing (non-abelian
horizontal symwetries?)
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And duleis in fundo...



quello che “la gente” fa

Supersymmetry and precision data after LEP2

Guido Marandella®, Christian Schappacher®’, Alessandro Strumia*

@ Theoretical Division T-8, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
b Institut fiir Theoretische Physik, Universitit Karlsruhe, Germany
¢ Dipartimento di Fisica dell’Universita di Pisa and INFN, Italia

Abstract

We study one loop supersymmetric corrections to precision observables.
Adding LEP2 ee¢ — ff cross sections to the data-set removes previous
hints for SUSY and the resulting constraints are in some cases stronger
than direct bounds on sparticle masses. We consider specific models:
split SUSY, CMSSM, gauge mediation, anomaly and radion mediation.
Beyond performing a complete one-loop analysis, we also develop a
simple approximation, based on the S,T,W,Y ‘universal’ parameters.
SUSY corrections give W, Y > 0 and mainly depend on the left-handed
slepton and squark masses, on M, and on p.
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3 ‘Split’ supersymmetry

We start with a simple case: we assume that only fermionic sparticles are light so that only
corrections to propagators are relevant. This might be not only a warming exercise: the MSSM
with heavy scalar sparticles received recent attention [7]. In this limit most MSSM problems get
milder, most MSSM successes are retained but SUSY no longer solves the hierarchy ‘problem’.
This was considered as the most important success of SUSY, but alternative antrophic interpreta-
tions [23, 24] gained credit in view of recent results: the possible discovery of a small cosmological
constant; the non-observation of new physics around the Fermi scale; the realization that string
models are even more abundant that what feared. This anthropic scenario is pudically named
‘split supersymmetry’.

Although there is no longer a link between the scales of SUSY breaking and of electroweak
symmetry breaking, we still restrict our attention to fermionic sparticles close to the Fermi scale,
because only in this case precision observables receive detectable corrections. In the same way,
scalar sparticles give negligible effects even if they are relatively close to the Fermi scale, so that
SUSY can still solve the hierarchy problem.

The spectrum of fermionic sparticles is specified by g, My, Ms, M3 and tan 3. We assume a
GUT relation among gaugino masses, tan # = 10 and m,, = 115 GeV.

Let us start from the sub-case in which only gaugino masses are around My and all other
sparticles are much heavier. In ST, W,Y approximation we have

o My
15w M3

which does not depend on tan 3, My, M. Fitting only traditional precision data (LEP1, SLD,

S=T=Y~0 W (7)

8

the W mass,...) gives W = (0.7 £ 0.9) - 102 i.e. a almost 1o preference for M, ~ 80 GeV,
as emphasized in [3] (see also [1]). Adding LEP2 data this preference disappears because the
best fit shifts towards negative W.8 Going beyond the S, 7", W,Y approximation, this result is
confirmed by the exact numerical result, shown in fig. 3a. We see that in all the experimentally
allowed range for the chargino mass, A[X 100 GeV, the S T W,Y approximation accurately
reproduces the full LEP1 fit. On the contrary when the lightest chargino or neutralino is slightly
above the LEP2 direct limit, M, ~ 100 GeV, the S, T, W,Y approximation underestimates SUSY
corrections to LEP2 observables, because one loop chargino and neutralino corrections to LEP2
observables are enhanced by an O(1) factor, by having a virtual chargino or neutralino almost
on-shell. Going to chargino and neutralino masses above the LEP2 direct bound the resonant
enhancement disappears and the S, T, W,Y approximation becomes correct.

The same thing happens if only higgsinos are light: in this limit

§=T~0, W=~ Y_“—ZM—” (8)
30m p?
Ignoring LEP2 we agree with [3]; including LEP2 we get the different result of fig. 3b.

Finally, fig. ba shows the global fit of precision data in the (Ms, ;1) plane. We find no favored
regions, nor new statistically significant constraints. Gauginos and higgsinos masses slightly above
their bound from direct searches are mildly disfavored by precision data. For comparison fig. 6a
shows the global fit omitting precision LEP2 data. Notice that in the ‘split’ SUSY limit there are
no corrections to g, —2, b — s7v,....



LEP2 precision data included
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Figure 5: Fits of precision data. Regions shaded in red are disfavored at 1,2,3,...0, as indicated
on the iso-lines. Regions below the thick blue line are excluded by LEP2 direct searches. We
performed a full one-loop analysis, including LEP2 precision data. We kept fized tan 3 = 10,
Ay =0, M(Mgur) = 0.6, signpu = +1, the gauge-mediation scale Mgy = 10'° GeV.
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LEP2 precision data not included
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Figure 6: As in fig. 5, but without including LEP2 precision data. Regions shaded in green are
favored at —1,2,3,...0.
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