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Introductory remarks

O a (remarkable) coincidence

/EXP- determined SM couplings Couplings numerically unify M first hint to a grand unified
+ _ % (w/ remarkable accuracy) theory embedding the SM
SM becomes supersymmetric J  ata high scale M_ ~ O(10" GeV)

above O(1 TeV)

Is very weakly dependent on the details of the
SUSY spectrum assumed

This observed gauge v happens at just the “right” scale M_:
coupling unification

e M_> scale where unacceptably large proton decay is generic

e M_ < Planck scale, where the calculation wouldn't be trustworthy
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e M_> scale where unacceptably large proton decay is generic

e M_ < Planck scale, where the calculation wouldn't be trustworthy

p= AWV R gy,
Q %,
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S0(10): The appealing see-saw mechanism
_ _ can be “built-in” automatically
GUT Simplest simple group where
groups all (15) SM matter fields of generation k nicely The presence of SUSY guarantees

fit into a single matter representation: 16, stability of the ratios:

The 16" entry accommodates the

right-handed neutrino: (v,), &

M GUT see—saw
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Looking for further SUSY GUT tests

Generic predictions (besides coupling unification) [ \
However, in both cases
detailed predictions require

K5 protondecay [ See e.g.: Dermisek, Mafi, Raby ] further model assumptions.

SUSY between the Fermi and the GUT scale, Are “robust” tests possible?
hence, presumably, TeV-scale sparticles \ )
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Predicted pattern of SUSY masses
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e the mechanism of SUSY breaking

e the form Yukawa couplings have at the high scale
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K5 protondecay [ See e.g.: Dermisek, Mafi, Raby ]

@ SUSY between the Fermi and the GUT scale,
hence, presumably, TeV-scale sparticles

Predicted pattern of SUSY masses
needs specification of

e the mechanism of SUSY breaking

\. /

&

However, in both cases
detailed predictions require
further model assumptions.

Are ‘robust” tests possible?

il
/ /HA'{E e the form Yukawa couplings have at the high scale

Hypothesis:

e However, for the 3" generation: Y, =Y, ~Y_=Y_
it remains an appealing possibility

Yukawa coupling unification (across each matter multiplet)

\.

® Generically also model-dependent (e.g. threshold corrections, role of higher-dim operators)

& Note:

Yukawa interactions have dim 4.

It's not unlikely that they preserve
info about the symmetries
of the UV theory

/

J
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(3”’ generation Yukawa unification (YU))

YU depends: this hypothesis
— on tang being large, O(50). My . within GUTs
«,""" 1 at[’a - ” ':,,,"" .f these man
— on the details of the SUSY spectrum, since YU receives ", <2 Say; ’ unknownsy
| EW-scale threshold corrections, growing with growing tanf d \ q it? j
LTI can SPOI It:

@ ( How to test \
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(3”’ generation Yukawa unification (YU))

YU depends:
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o "y, n

Wiy,

— on tanp being large, O(50).

O"'

| EW-scale threshold corrections, growing with growing tanf
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Blazek, Dermisek, Raby

s, \
"'llIIIIIIIIIIIIIIIllllllIIIIIIIIIIIIIIIIIIIIII\“‘

‘%,

Turn the argument around

RULLUA

N

] Assume exact YU

[V Impose the constraints from the observed
top, bottom and tau masses

Learn about the implied GUT-scale
parameter space

J

. . o, Ratgg
— on the details of the SUSY spectrum, since YU receives ",

o\

( How to test
this hypothesis
within GUTs

if these many
unknowns

\_ can spoil it? j

e, O
e, O
MUTTIAN

~

assuming universal GUT-scale
mass terms for sfermions (m,,,

and for gauginos (m, ,), one preferred region
emerges:

C

A)

Ao*”_zmlw “’m1/2<<m16

These relations automatically lead
to Inverted Scalar Mass Hierarchy
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(3”’ generation Yukawa unification (YU))

YU depends:
— on tanp being large, O(50).

2,

Turn the argument around

P
W 1e,

N

] Assume exact YU

[V Impose the constraints from the observed
top, bottom and tau masses

parameter space

{ Learn about the implied GUT-scale

~

foncrete example

Dermisek+Raby SO(10) SUSY GUT
with a D, family symmetry

M Successfully describes EWPO,
\ quark and lepton masses, CKM, PMNS)

J

— on the details of the SUSY spectrum, since YU receives"""'u..,,,,"
| EW-scale threshold corrections, growing with growing tanf '

this hypothesis
: Nay R, within GUTs
'¢"" ’ a uu,,“' 1l
" 3 i s if these many
gy : unknowns
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( How to test

\_ canspoilit? )

assuming universal GUT-scale

mass terms for sfermions (m,, A))

emerges:

Ao*”_zmlw “’m1/2<<m16

and for gauginos (m, ,), one preferred region

~

These relations automatically lead
to Inverted Scalar Mass Hierarchy

ﬁ:an one perform a deeper test of the model?

@ Since YU is sensitive to the whole SUSY
spectrum,

able to constrain the spectrum itself

\_

to really test YU one needs additional observables,

\

J
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. 'ﬂ-n.....
( Testing YU ) ' N Albrecny™ = = =

2 n
(i s D G.Sh(s):er’ Buras, |
Aim: test YU beyond 3" generation fermion masses Y aub
i 1
Look at the observable Ll
consequences of the I]I]I:> &> FCNCs: loop-suppressed observables
implied SUSY spectrum highly sensitive to the details of the
SUSY spectrum
\ Strategy: perform a global fit to the SO(10) GUT modgl parameters )
: including FCNCs among the observables directly in a fit.

2,

D. Guadagnoli, Collider-Flavor Interplay Meeting, CERN, Mar 16 — 18, 2009




H l‘....n..
( Testing YU ) ' N Albrecny™ = = =

2 n
4 s D G.shgfer, Buras
Aim: test YU beyond 3" generation fermion masses Sea > faub
i 1
Look at the observable Ll
consequences of the I]I]I:> &> FCNCs: loop-suppressed observables
implied SUSY spectrum highly sensitive to the details of the
SUSY spectrum
\ Strategy: perform a global fit to the SO(10) GUT modgl parameters —
including FCNCs among the observables directly in a fit.
2
One step back: o4
how a GUT-scale model is tested at the EW scale ” Y's, soft SUSYpars,«,, M.,

MSSM+RH v RGEs

v

integrate out RH v

unified coupling and scale: o, M

G

soft SUSY-breaking params at M

(textures entering the Yukawa’s at M) Mg, T 5 |

— i oe.caw’ scale MSSM RGEs
right-handed neutrino masses M,, def\ne/

v

integrate out SUSY

» u-term and tanp at the EW scale 1
enter EWSB > EWscale |
pmmmmmmmmmm - . SM RGEs
{Compute observables :- e —————— ® v
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( Short remarks on the procedure )

l All our conclusions are assessed through a fitting procedure
(manifestly parameterization invariant) i.e. by minimizing a X 2 function defined as:

f, = model prediction for O,
2
v, | fi[model pars]— 0, M. My, G, &, &, M, my(m,), M}
X’[model pars] = Zi=1 ( ; - ) {0} = e T i
(09)exp+ (1 ) heo {AM./ AM,, B - X_y, B - X_I', B - 71}

+ bounds on

« lightest Higgs,
* lightest part of SUSY spectrum,
e B. > uyr
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( Short remarks on the procedure )

M

M

All our conclusions are assessed through a fitting procedure
(manifestly parameterization invariant) i.e. by minimizing a X 2 function defined as:

f, = model prediction for O,
2
v, | fi[model pars]— 0, M. My, G, &, &, M, my(m,), M}
X’[model pars] = Zi=1 ( ; - ) {0} = e T i
(09)exp+ (1 ) heo {AM./ AM,, B - X_y, B - X_I', B - 71}

Given the inverted scalar mass hierarchy,

and being Yukawa also hierarchical,
it is enough to parameterize the
high-scale Yukawa's as

Y,,=diag{0, 0, 1, }

+ bounds on
« lightest Higgs,
* lightest part of SUSY spectrum,
e B. > uyr

Our conclusions are independent
from the specific flavor model
embedded in the SUSY GUT
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M BR|[B AT

L A generic expectation in YU is large tanpg

—> All the FCNCs need to be computed in the MSSM with large tanp

{ - [

: Enhancement going as:
[ |

For large tang (and sizable A),

dominated by double penguins
with neutral Higgses

tan® B
4
MA

BR[B,—pu p] o A

“m mEmm

1
|}
£ ~ -

Upper bound from CDF

Generic bound valid for all
M, > 500 GeV the heavy Higgs masses
in our class of models

BR[B,—u p],, < 58x10°

exp
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L&

A generic expectation in YU is large tanpg

—> All the FCNCs need to be computed in the MSSM with large tanp

M BR[B —u u]

-

For large tang (and sizable A),

dominated by double penguins
with neutral Higgses

Upper bound from CDF

'S

Enhancement going as:

tan® B

BR[B,—u'u] o« A
M,

@ momomom g,
“m EEmm

£ ~ -

Generic bound valid for all

BR|[B, _>I'l+l’l-]exp < 58x10"° ; M, > 500 GeV the heavy Higgs masses
in our class of models
M BR[B-X,y]|
BR[B— X,y | scey = (3.55+0.26)x10”" { HFAG average }
or Y
BR[B- X,y s = (3.152023)x10*  {Misiak et al., PRL ‘07 } e
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G2 Dominant NP contributions are from charginos
F

em |ty |2m2(|C§ff(IJb)|2 + ) and Higgses. Gluinos play a minor role

: : y  Conelry) = C7 () + C7 (i)
with C7ff<ub) _ C7ng(ub) +\ 7,8p \Hp 7 (Hp 7 \Hp y

‘--------~

! Main features !

I''B—X,y|

&

g _J/
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' BR[B—- X _y]| [continued]

( Very rougH !ormula )

G o Dominant NP contributions are from charginos
I'B-X_y| ~ ﬁﬂ/l th|2m-2(|(j§ff(ub)|2 + ) and Higgses. Gluinos play a minor role
TT
Cone(ty) = C3 (uy) + C7 (1)
. e eff 7,NP b 7 b 7 b
fooTmm .
Main features

G S

* Higgs contrib’s add up to the SM ones. )

However, Higgs contrib’s are made small by
the lower bound on M, placed by B_— u*ur

- X
il I

* Contributions from charginos are the dominant b
ones, and behave like y -At <0

o+

C) o +uA, tan Bxsign(C3Y) J

. J
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‘:l V] BR[B— X y]| [continued] .-)@'
( Very rougH !ormula )

G o Dominant NP contributions are from charginos
I'B-X_y| ~ ﬁﬂ/s th|2m-2(|(j§ff(ub)|2 + ) and Higgses. Gluinos play a minor role
TT

Coelty) = C) (1) + C¥ ()
with C'(,) = Cy () + @l & T T T

Ma|n features "

@E T S

* Higgs contrib’s add up to the SM ones. )

However, Higgs contrib’s are made small by
the lower bound on M, placed by B_— u*ur

pH-A,>0

* Contributions from charginos are the dominant
ones, and behave like

o+

C) o +uA, tan Bxsign(C3Y) J

pu-A,<0

~+

Specifically, chargino contrib’s Total ~ — SM
can be very large. As a matter of fact,

form, <4.5TeV: > I I
“prefers” the
. < .
H Al 0 fine-tuned case: Challenged, in our case, by
B - X_FI data

eff
C7,NP(“b) ~ =2 C7,SM(“b) (see Gambino-Haisch- Misiak)
g ~
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< Summarizing the FCNC problem ™

& ~ B - X,y would need a cancellation between Higgs and chargino contributions,
however Higgses are suppressed because of the B, - x* x bound
{ “l The combined information from FCNCs (in particular B - X_y and B, - u* )
JW’ favors lower values of tang (or else, pushing m_ to decoupllng values)
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< Summarizing the FCNC problem

&

B - X_y would need a cancellation between Higgs and chargino contributions,
s
however Higgses are suppressed because of the B, - x* x bound

Ve ( //‘\\
3
o

‘ ‘l\m The combined information from FCNCs (in particular B - X_y and B, - u* )
¥ favors lower values of tang (or else, pushing m_, to decoupling values)

&~ Conversely, it is known that m, prefers tanp O(50) Careng Pok '
( or else, tanp close to 1, excluded by lightest Higgs LEP bound) ’ Orski, Wagner
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< Summarizing the FCNC problem ™

& ~ B - X,y would need a cancellation between Higgs and chargino contributions,
however Higgses are suppressed because of the B, - x* x bound

‘ . The combined information from FCNCs (in particular B - X_y and B_ —» u* u)
ﬂ‘ﬂ" favors lower values of tang (or else, pushing m_ to decouplmg values)

&~ Conversely, it is known that m, prefers tanp O(50) Careng Pok _
( or else, tanp close to 1, excluded by lightest Higgs LEP bound) ’ Orski, Wagner

Two questions arise

H/

<
(0

IZ[ Is the above tension among FCNCs for tang O(50) a general feature of SUSY GUTs
with YU and universal GUT-scale soft terms ?

|Z[ Is this tension relieved if tanp is below 50 (not too much in order not to spoil m,) ?
relaxed to

Lowering tanf: Complete YU > Y. ~Y and Y, ~VY_
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< Summarizing the FCNC problem ™

& ~ B - X,y would need a cancellation between Higgs and chargino contributions,
however Higgses are suppressed because of the B, - x* x bound

/A
e .
{ {

The combined information from FCNCs (in particular B - X_y and B, - u* )
~F  favors lower values of tang (or else, pushing m_, to decoupllng values)

&~ Conversely, it is known that m, prefers tanp O(50) Careng Pok _
( or else, tanp close to 1, excluded by lightest Higgs LEP bound) ’ Orski, Wagner

,\ 5
G

Two questions arise

IZ[ Is the above tension among FCNCs for tang O(50) a general feature of SUSY GUTs
with YU and universal GUT-scale soft terms ?

|ZI Is this tension relieved if tanp is below 50 (not too much in order not to spoil m,) ?
relaxed to

Lowering tanf: Complete YU > Y. ~Y and Y, ~VY_

\ J/

)y
\_ ~ To address them, NS
one can study a generic SUSY GUT with universal soft terms as a function of

x5 tanp: ruling the required breaking of top-bottom YU

\ 5= m_. scale ruling the decoupling of the scalar sector

4
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Results: Question 1

Is the above mentioned tension among FCNCs for tang O(50)

a general feature of SUSY GUTs with exact YU and universal GUT-scale soft terms ?

exact YU

¥* contribution

/ Main comment K

Forany m,, <9 TeV,

agreement among FCNCs is
only achieved at the price of
decoupling in the scalar sector

n

> “Good” fit

myaf LEyY

Disclaimer:

Needless to say, this test
cannot be attached a
statistically rigorous meaning
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Results: Question 2 —— lines of constant 2
..... lines of constant pull, with o = \/UixﬁUfheo

Is this tension relieved if tanp is below 50
i.e. with YU relaxedto Y, ~ Y and Y, =Y 7

o =B - X_y pull

l:lll:lb_l
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Results: Question 2

Is this tension relieved if tanp is below 50
i.e. with YU relaxedto Y, ~ Y and Y, =Y 7

o =B - X_y pull

¥% = 25 or nofit

(a)

4 5 & 7 £ 9
."?'E]ﬁ ,.'TEV

A region of successful fits exists
form,.>7 TeV and 46 < tanp < 48

16 —

— moderate breaking of t — b unification

l:lll:lb_l

L&

-

tanf;

50

43

46

44

42

40

E

lines of constant A2

2 2
exp

[
q
+
q

lines of constant pull, with o

o =m, pull

theo

]
| SENaESor =

-

L 2 i
i J = 25 or oo fit l:b)

i 5 6 T 8 9

KIZI Non-trivial compromise between m, and FCNCs

M (Light part of) SUSY spectrum basically fixed.
.g. lightest stop ~ 800 GeV

\

S
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- Conclusions
pu
D

1. Go/No-go message

Assuming GUT-scale universalities for the soft SUSY-breaking terms,
YU is phenomenologically viable only invoking decoupling of the sfermion spectrum.

Else, viability is recovered without decoupling if YU is broken to separate t— v and b— 7 YU.
This breaking must be moderate, O(10-20%)

These conclusions are the result of two non-trivial interplays:

e One among FCNCs, mostly the decays B, —» u* y, B - X_y and B - X_(* €

e One between (mostly) B - X_ ) and the bottom mass
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Sl

Conclusions £)

2. Is the moderate-breaking scenario falsifiable ?

Yes. The requirement of b — 7 unification & the cross fire of the m, and FCNC constraint
allow for robust predictions for the lightest SUSY spectrum and various FCNCs

|'::'hm'h“hl" Exp. Fit ]\"“lll |]tml|[ PRt orE |:".Jil:'::'> ph'1]h'[lntm|
My R0AD3 805G 0.4 = =000 [ M0 oL
Mz 01,1876 9073 1.0 p 1369 || My 586
(IRem L16GIT 1.064 0.3 M, 12 143 |l a8, S S0
1 vem 137086 136.5 08 .-L_,- 14301 | My 500
s Mz) 0.1176 01159 0.8 tan 3 46.1 ||m 81
M, 1709 1713 0.2 1 feves 247 ||ms 1798
m(ms) 420 428 11 Me/10' 367 |lmy, 169
M, 1.777 177 0.4 s /% 101 ||y 53T
1 BR(B — X.) 355 272 LB (i, fmge)? 1616 ||me. a9g7
10 BR(B — X.¢77) 160 162 00 (mu fmis)® 1638 || me -
AM, SAM, 3006 324 07 ‘” ,"]”.-; o T m" 1170
10" BR(BT — 77w 141 0.726 1.4 R = '
W BR(B, — ptu~) <58 345 Au 0608 ||mge 1170
total x2: B.78 Aa 0.515 || M; 470

TABLE IV: Example of successful fit in the region with b — ¢ unification. Dimensionful guantities are expressed in
powers of GeV. Higes, lightest stop and gliino masses are pole masses, while the rest are running masses evalnated at

Mz.

I: Discovering or excluding this scenario will be within reach of the LHC :l
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Conclusions

O
3. Topics for the final discussion

(a) It would be useful if Atlas / CMS considered also viable Yukawa-unified GUT scenarios
in production runs.

These scenarios are not less compelling than the CMSSM
and spectrum files in the viable regions are available

e A useful study of the LHC prospects for these scenarios has been presented
in Baer, Kraml, Sekmen, Summy, JHEP 08.

. Starting point for production runs including hadronization & detector effects

(We are also taking steps in this direction with Atlas colleagues in Munich)

(b) Difficult to overemphasize the importance of an accurate determination of
BR[B, » u«* ] (LHCb and Atlas / CMS) and BR[B - 7 v] (Super Flavor Factory)
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( Detailed chart of the fitting procedure ]

L A
3 Variation of:
Set initial diti . * textures
M+ , e ;m ial condi 10ns.M « soft SUSY pars
{¥'s , soft SUSY pars , o, M, } [all but m, , m, ]
b M b b
L MSSM+RH v RGEs 6> % &
M, =+ Integrate out v, I
MSSM RGEs
Y, Get all MSSM pars:
z {Y’s, soft SBSY pars, ., M }
Compute:
» SUSY spectrum Variation of:
« EWSB conditions < m, ,mg, ,HM,tanf
[including one-loop corr. [obtain correct EWSB]
to masses and mixings]
L SM RGEs
Compute: .
s Evaluate X? funct
" * FCNC observables il
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