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The fermions also magically fit into SU (5) multiplets:
dC

0 u¢  —u® u. d_
d¢ —u¢ 0 uc up d|_
5% = d° 10 = u¢ —u¢® 0 u d
eL —u. —u. —-u. 0 e°
—Ve,L —d, —-d. —-d_ -e® 0
Here the superscript ¢ denotes antiparticle fields of
right-handed fermions.
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That this works is highly non-trivial: it requires that
¢ there are 15 chiral fields per generation,

¢ the hypercharges sum to zero separately for the 5 and the
10,

e two of the four SU(3) triplets are SU(2) singlets and the
other two combine to SU(2) doublets,

¢ the remaining three colourless fields form a singlet and a
doublet with respect to SU(2).
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Gauge bosons

There are 52 — 1 = 24 gauge bosons A2, with 8 gluons, the 3
W-bosons, and the hypercharge boson A%* =

=
The coupling is rescaled as gy =: —\/ggl = —\/gg in terms of
the SU(5) coupling g.
Note that the three couplings are equal,

01=02=03=40,

at and above the GUT scale Mgyt at which the SU(5) is an
unbroken symmetry. The couplings run with energy
(renormalisation group evolution) and are very different at the
low energies probed by experiment.

The couplings g1, g2, g3 indeed converge and intersect around
MguT ~ 10'° GeV, but the unification is imperfect.
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Proton decay

The remaining 12 real gauge bosons form a weak doublet

a
<$g‘> ,a=1,2,3 of complex color triplets (just like left-handed
7
quark doublets). The electric charges are 4/3 for X7 and 1/3
for Y 2.
7

An important feature of SU(5) is the possibility of proton decay
mediated by the X and Y bosons.



SU(s)

S0O(10)

ur,

Flavour Conclusions
X €L, €eRr
>W s
p UR p— et 0
d
UR Y €R
AN
D dr, p—etr®
U
AN e
P—7a,




SU(5)

SO(10) Flavour Conclusions

SO(10)

Even better: The 15 fermion fields of each Standard Model
generation and an extra right-handed neutrino field fit into a 16
of

SO(10) > su(s)

Inan SO(10) GUT U(1)g_, is gauged and broken at the
SO(10)-breaking scale M.
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With appropriate Higgs fields the right-handed neutrino field vy
gets a Majorana mass of the order of Myg. The light neutrino
masses come out with (almost) the right size through the
see—saw formula:

— T 0 YpV v
Lmass O — (7, V5 ( ) < L >
mess 2 —(7L 1) YoV YuMi )\ wr

Three eigenvalues are O(My), the other three are O(v? /M)
and the neutrinos are Majorana fermions.
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SO(10)

SO(10) sheds light on some of the open questions of the
Standard Model:

e symmetry group: SU(3) x SU(2). x U(1)y € SO(10)

e particle content and quantum numbers: Each fermion
generation combines into a 16-dimensional spinor.

¢ free parameters: Only one gauge coupling. But no
progress with the Higgs sector and only little insight into
Yukawa couplings.

e neutrino masses: The Majorana mass of the v is roughly
equal to the SO(10) breaking scale. Its low energy effect is
the desired dimension-5 Majorana mass term.

e U(1)g | is gauged and broken at the SO(10) breaking
scale.

= attractive mechanism for leptogenesis and baryo-
genesis.
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v = 174 GeV and Mgyt are separated by a factor

Mgut/V ~ 103, Quantum corrections of particles with mass
MguT destabilise the electroweak scale, adding a term of order
MZ,7/(167?) to v2 and the Higgs mass MZ. Technically, this is
no problem, since we can cancel this contribution by a finite
counterterm 5I\/I§, but this involves fine-tuning of 24 digits. This
is the gauge hierarchy problem.
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v = 174 GeV and Mgyt are separated by a factor

Mgut/V ~ 103, Quantum corrections of particles with mass
MguT destabilise the electroweak scale, adding a term of order
MZ,7/(167?) to v2 and the Higgs mass MZ. Technically, this is
no problem, since we can cancel this contribution by a finite
counterterm 5I\/I§, but this involves fine-tuning of 24 digits. This
is the gauge hierarchy problem.

The only known way to solve the fine-tuning problem in a way
resulting in a theory valid up to the GUT scale involves
supersymmetry.

In supersymmetric theories all Standard-Model fermions have
scalar partners, the squarks and sleptons. The superpartners
of the bosons are spin-1/2 particles, the gauginos and
higgsinos.
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Supersymmetry

tames the quantum corrections to the Higgs mass,

provides a dark-matter candidate, the lightest
supersymmetric particle (LSP),

improves the unification of gauge couplings required by
GUTs,

can link gravity to the other gauge interactions.
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Inverse gauge couplings with and without supersymmetry:
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The GUT scale determined from the couplings agrees
sufficiently well with the right-handed neutrino mass.
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Probing new physics with flavour

In the flavour-changing neutral current (FCNC) processes of
the Standard Model several suppression factors pile up:
e FCNCs proceed through electroweak loops, no FCNC tree
graphs,
e small CKM elements, e.g. |Vis| = 0.04, |V | = 0.01,
e GIM suppression in loops with charm or down-type quarks,
oc (Mg — m3)/ME,, (Mg — m§)/M§,.
¢ helicity suppression in radiative and leptonic decays,
because FCNCs involve only left-handed fields, so helicity
flips bring a factor of my /My, or ms/Myy .
Spectacular:  In FCNC transitions of charged leptons the GIM
suppression factor is even m2 /Mg, !

= The SM predictions for charged-lepton FCNCs are es-
sentially zero!
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The suppression of FCNC processes in the Standard Model is
not a consequence of the SU(3) x SU(2). x U(1)y symmetry.
It results from the particle content of the Standard Model and
the accidental smallness of most Yukawa couplings. It is absent
in generic extensions of the Standard Model.
Examples:
extra Higgses =- Higgs-mediated FCNC'’s at tree-level ,
helicity suppression possibly absent,
squarks/gluinos = FCNC quark-squark-gluino coupling,
no CKM/GIM suppression,
vector-like quarks = FCNC couplings of an extra Z’,
SU(2)r gauge bosons = helicity suppression absent

Byq—Bg mixing and Bs—Bs mixing are sensitive to scales up to
A~ 100 TeV.



Important new-physics analysers are the meson-antimeson
mixing amplitudes:
S

u,c,t b s
Bq—Bg mixing

u,c,t b
Bs—Bs mixing
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Supersymmetry and flavour

The Minimal Supersymmetric Standard Model (MSSM) has
many new sources of flavour violation, all in the
supersymmetry-breaking sector.

No problem to get big effects in FCNC amplitudes, but rather to
suppress the big effects elsewhere.
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Diagonalise the Yukawa matrices Y;; and Yjﬂ

= quark mass matrices are diagonal,
E.g. Down-squark mass matrix:

super-CKM basis
N ; - ; B ;
d dLL dLL dLR dLR dLR
(M1L> Af, Als Ay A, JAVE)
. N2 - - - ;
dLL* d dLL dRL dLR dLR
A, <M2L> Ay AY; Ay, Ay
- . N2 - ; -
dLL dLL® d dRrL d RLx dLR
M2 — JAVE) JAVS (M3L> TAVE) JAVH Az
d dLrR* dRrL drL i\? d RR d RR
Ay AV TAVE) (MlR) Aj; Al;
B ; ; , N2 ;
dLrR* d LR dRrL dRR* d d RR
Aj; Ay Ay A%, (MZR) Ay
dLrR* dLrR* dLrR™ dRR* dRR* i\?
TAVE) AV Az TAVH Ay (M3R>
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Squark mass matrix

Diagonalise the Yukawa matrices Yj‘lj and Yjﬁ
= quark mass matrices are diagonal,
E.g. Down-squark mass matrix:
~\ 2 ~ - ~
d dLL dLL dLR
(M1L> A12 A13 A11
. ~ N\ 2 ~ ~ *
dLL* d dLL d RL
A12 (MZL) A23 A12
AdLL" AdLL” (M& )2 AdRL”
13 23 3L 13
. - - - 2
dLR* dRrL dRL d
A11 A12 A13 (M1R>

dLR* d LR dRrL drRR™
A, Ay, AV Af,

<
[oRY N}
I

dLR™ dLrR* dLR™ drRR™
TAVE) Ay Az Af;

Not diagonal! = new FCNC transitions.

Conclusions

super-CKM basis

dLR dLR
Af, JAVE)
dLR dLR
Ay Ay
d RLx* dLR
Ay Az
d RR dRR
Af, Af;
N .
d dRR
(M&)"  al
. N2
Ad RR * M d
23 3R
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Model-independent analyses constrain

AGXY

qxy _ ij ; _ _
(5ij =T with XY = LL,LR,RR and q =u.,d
8 M)

SS

using data on FCNC (and also charged-current) processes.
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Model-independent analyses constrain
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e s I = LL,LR,RR and q = u,
55 Mg
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using data on FCNC (and also charged-current) processes.

Remarks:

e For Mg = 1.5Mj the gluino contribution is small for
AB = LL, RR, so that chargino/neutralino contributions are
important.
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Model-independent analyses constrain
Aq XY
o1 = % withXY =LL,LR,RR and q = u,d
] 1 2
£ Mg
S SS

using data on FCNC (and also charged-current) processes.

Remarks:

e For Mg = 1.5Mj the gluino contribution is small for
AB = LL, RR, so that chargino/neutralino contributions are
important.

« To derive meaningful bounds on 4 *" chirally enhanced
higher-order contributions must be taken into account.
A. Crivellin, UN, 2009
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Ratio of gluino and Standard-Model contribution to Bs—Bg
mixing:
Msq = 500GeV
A3
0.5;
0.4%
0.3}

0.21

0.1
\ _ mé

0 500 1000 1500 2000GeV
The gluino contribution vanishes for Mg ~ 1.5Mg, independently
of the size of A;’SLL (curves correspond to 4 different values).
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Are there natural ways to motivate sizable new flavour violation
in Bs—Bs mixing and Bg— By mixing while simultaneous
suppressing flavour violation elsewhere?
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Flavour and SUSY GUTSs

Conclusions

Linking quarks to neutrinos: Flavour mixing:
quarks: Cabibbo-Kobayashi-Maskawa (CKM) matrix
leptons: Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

Consider SU(5) multiplets:

: %

R -~ SR -~ bg

5 = dg R 5, = S% s 53 = bg
eL M TL

—le —Vu —UVr

If the observed large atmospheric neutrino mixing angle stems
from a rotation of 5, and 53, it will induce a large
bgr — Sg-mixing (Moroi; Chang,Masiero,Murayama).

= new br—sg transitions from gluino—squark loops possible.
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Key ingredients: Some weak basis with

yo 0 O
Yao=Vékm | O ¥s O | Upuns
0 0 Yb

and right-handed down squark mass matrix:
m2 (M) = diag (mg m2, m% — A~)
d d’"d d d)-

with a calculable real parameter A 3, typically generated by
top-Yukawa RG effects.
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Rotating Y4 to diagonal form puts the large atmospheric
neutrino mixing angle into mg:

mZ 0 0
1 1 i
Ubns M3 Upuns = | O mi?j LY ¥ A(} eit
—I
0 —zhge™ mg—34q

The CP phase ¢ affects Bs—Bs mixing!
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Realistic GUTs involve further dimension-5 Yukawa terms to fix
the Yukawa unification in the first two generations. One can use
these terms to shuffle a part of the effect from bg — sr into

br — dg transitions. This “leakage” is strongly constrained by

K —K mixing. Trine,Wiesenfeldt,Westhoff 2009
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Realistic GUTs involve further dimension-5 Yukawa terms to fix
the Yukawa unification in the first two generations. One can use
these terms to shuffle a part of the effect from bg — sr into

br — dg transitions. This “leakage” is strongly constrained by

K —K mixing. Trine,Wiesenfeldt,Westhoff 2009

Similar constraints can be found from ;. — e~.
Borzumati,Yamashita 2009; Girrbach,Mertens,UN,Wiesenfeldt 2009
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Chang-Masiero-Murayama model

We have considered Bs—Bs mixing, b — s+, 7 — p, vacuum
stability bounds, lower bounds on sparticle masses and the
mass of the lightest Higgs boson.

The analysis involves 7 parameters in addition to those of the
Standard Model.

Generic results:  Largest effect in Bs—Bs mixing
tension with My, > 114 GeV

J. Girrbach, S. Jager, M. Knopf, W. Martens, UN, C. Scherrer, S. Wiesenfeldt



Flavour

Contour plot for My = 350 GeV, arg i = 0:
3+ B

Black: negative soft masses?

Green: excluded by 7 — vy
and b — sy

Blue: excluded by 7 — 11y

Gray: excluded by Bs — Bs

mixing

Yellow: allowed

dashed lines: 10* - Br(b — sv); dotted lines: 10% - Br(7 — u7).
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e There is physics beyond the Standard Model:
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Conclusions

e There is physics beyond the Standard Model:
lepton-flavour violation seen in neutrino oscillations, dark
matter, the surplus of matter over antimatter in the
universe, and gravity.

e The quantum numbers of the Standard-Model fermions
point towards grand unification, with preferred gauge group
SO(10).

e GUTs explain small but non-zero neutrino masses in a
natural way.
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lower bounds on squark masses the answer of the MSSM
to the fine-tuning problem is imperfect.
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Conclusions

¢ The convergence of the gauge couplings is largely
improved in the MSSM, which alleviates the fine-tuning
problem induced by the gauge hierarchy. With the LHC
lower bounds on squark masses the answer of the MSSM
to the fine-tuning problem is imperfect.

e FCNC processes are sensitive probes of new physics,

especially of the supersymmetry-breaking sector.
SUSY-GUT models can provide a link between quark and
lepton flavour physics.
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A pinch of new physics in
B—B mixing?
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