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THE GRAND UNIFICATION PROGRAM

Potential understanding of our low-energy world

 Charge quantization
- Rationale for the SM quantum numbers
 Handle on flavor and neutrino masses

Intrinsic predictivity of new phenomena

» Matter instability
« GUT Monopoles
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Potential understanding of our low-energy world

 Charge quantization
- Rationale for the SM quantum numbers
 Handle on flavor and neutrino masses

Intrinsic predictivity of new phenomena

» Matter instability
« GUT Monopoles

Main hint;

* In many extensions of the SM, gauge couplings seem to unify in a narrow window
still allowed by proton decay limits and a perturbative QFT description
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After 3/ years from Georgl and Glashow there is still no consensus on which is the
the minimal theory
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SHIERE ECIS N C @i p Sl n =S H e | @ Rk

After 3/ years from Georgl and Glashow there is still no consensus on which is the
the minimal theory

« GG SU(S): falls on the unification side and for neutrino masses

- Minimal extensions:add a |bHora 24 [Dorsner Fileviez Perez (2005),
Bajc, Nemevsek, Senjanovic (2007)]

* Minimal SUSY SU(5): proton decay close to the experimental bound

- But not ruled out [Bajc, Fileviez Perez, Senjanovic (2002), Emmanuel-Costa, Wiesenfeldt (2003),
Martens, Mihaila, Salomon, Steinhauser (2010)]
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After 3/ years from Georgl and Glashow there is still no consensus on which is the
the minimal theory

« GG SU(S): falls on the unification side and for neutrino masses

- Minimal extensions:add a |bHora 24 [Dorsner Fileviez Perez (2005),
Bajc, Nemevsek, Senjanovic (2007)]

* Minimal SUSY SU(5): proton decay close to the experimental bound

- But not ruled out [Bajc, Fileviez Perez, Senjanovic (2002), Emmanuel-Costa, Wiesenfeldt (2003),
Martens, Mihaila, Salomon, Steinhauser (2010)]

» SO(10) GUTs usually score better than SU(5) models

- More predictive In the Yukawa sector (SM matter + RH neutinos into 3 16¢'s)

- Natural relief from the tensions with the simplest SU(5) models
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INTERMEDIATE SCALES IN THE NON-5USY SO(10)

The unification ansatz predicts the existence of intermediate scales in the range
1010714 GeV

(100 GeV)?/Mugesans 2 /A2 = Mucesane S 10" GoV
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INTERMEDIATE SCALES IN THE NON-5USY SO(10)

The unification ansatz predicts the existence of intermediate scales in the range
1010714 GeV

MRQ

<)
== {126} (1,3,10 )’-

(So (1o

[Chang, Mohapatra, Gipson, Marshak, Parida (1985)]
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INTERMEDIATE SCALES IN THE NON-5USY SO(10)

The unification ansatz predicts the existence of intermediate scales in the range
1010714 GeV

45H @ |64 minimally required to break SO(10) to the SM

Mg My Mp_r,

SO(lO) ? 302L2R1B—L ? 302L lplp_p1 ? 302L 1y
wp_1, C <45H> wr C <45H> xXr C (16H>
Mp_
SO(lO) M s 402L 1gr My y 3.2, 1rlp_g oo > 30271 1y
wpr C <45H> wp_1, C <45H> XrR C (16H>

where Mg > M; > Mp_1, by unification constraints
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INTERMEDIATE SCALES IN THE NON-5USY SO(10)

The unification ansatz predicts the existence of intermediate scales in the range
1010714 GeV

45H @ |64 minimally required to break SO(10) to the SM

Mg My Mp_r,

SO(lO) ? 302L2R1B—L ? 302L lplp_p1 ? 302L 1y
wp_1, C <45H> wr C <45H> xXr C (16H>
Mp_
SO(lO) M s 4C2L 1gr My y 3.2, 1rlp_g oo > 30271 1y
wpr C <45H> wp_1, C <45H> XrR C (16H>

where Mg > M; > Mp_1, by unification constraints

NO GO ?

The dynamics of the Higgs sector does not support gauge coupling unification
[Yasue (1981), Anastaze, Derendinger; Buccella (1983), Babu, Ma (1985)]
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Bl EIING S AN

45H @ |6 potential analysed long ago  [Buccella, Ruegg, Savoy (1980)]

Vo= Vas, +Viey + Vas,i16,

Vis,, = —p Trd5% + a1 (Trdb5%)? + ap Tr4by,
Vi, = —v2 165,165 + Ay (165,165)2 + Xy (165 T 16) (165, T 165,)
Visyi6y = @ (165,16 ) Tr45% + 161,452,165 + 7161455164
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45H @ |6 potential analysed long ago  [Buccella, Ruegg, Savoy (1980)]

Vo= Vas, +Viey + Vas,i16,

Vis,, = —p Trd5% + a1 (Trdb5%)? + ap Tr4by,
Vi, = —v2 165,165 + Ay (165,165)2 + Xy (165 T 16) (165, T 165,)
Visyi6y = @ (165,16 ) Tr45% + 161,452,165 + 7161455164

From the positivity of the scalar states (1,3,0) and (8,1,0) C 454
[ Yasue (1981), Anastaze, Derendinger, Buccella (1983), Babu, Ma (1985)]

M2(1,3,0) = QQQ(WB_L — wR)(wB_L + QwR)

:> az < 0, —2<wB_L/wR<—%

M?(8,1,0) = 2as(wr — wp_r)(wr + 2wp_1,)
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45H @ |6 potential analysed long ago  [Buccella, Ruegg, Savoy (1980)]

Vo= Vas, +Viey + Vas,i16,

Vis,, = —p Traby + ay (Trd5%)* + ag Tr45%
Viey = —v2 165165 + A1 (16%,167)2 + \s (165 T 165) (16, T 165,)
Visyi6y = @ (165,16 ) Tr45% + 161,452,165 + 7161455164

From the positivity of the scalar states (1,3,0) and (8,1,0) C 454
[ Yasue (1981), Anastaze, Derendinger, Buccella (1983), Babu, Ma (1985)]

M2(1,3,O) = QQQ(WB_L — wR)(wB_L + 2wR)

M?(8,1,0) = 2as(wr — wp_r)(wr + 2wp_1,)

Gauge unification requires an hierarchy between Wg-L and WR !
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Global symmetries of the potential in the Imit az =X =8=7=0

Vinoduli = —p2 Tr45% + a1 (Tr45%)% — 12161165 4+ Ay (165,16)% + o (161,16 5) Tr 452,
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Global symmetries of the potential in the Imit az =X =8=7=0

Vinoduli = —p2 Tr45% + a1 (Tr45%)% — 12161165 4+ Ay (165,16)% + o (161,16 5) Tr 452,

0(45) ® O(32) fZ—H% O(44) © O(31) — 44431 =75 GB
o) > 75— 33 = 42 PGB
SO(10) % SM — 33 WGB ,
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Global symmetries of the potential in the Imit az =X =8=7=0

Vinoduli = —p2 Tr45% + a1 (Tr45%)% — 12161165 4+ Ay (165,16)% + o (161,16 5) Tr 452,

M2(1, 3, O) — 2a2(wB—L — wR)(wB—L -+ 2wR) )
> 75— 33 =42 PGB

M2(8, 1, 0) = QQQ(WR — wB_L)(wR + QWB_L)

* The states (1,3,0) and (8,1,0) belong to this set of PGB

* The absence of the terms Xy g and 7 Is just a tree level accident !
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Global symmetries of the potential in the Imit az =X =8=7=0

Vinoduli = —p2 Tr45% + a1 (Tr45%)% — 12161165 4+ Ay (165,16)% + o (161,16 5) Tr 452,

M2(1, 3, O) — 2a2(wB—L — wR)(wB—L -+ 2wR) )
> 75— 33 =42 PGB

M2(8, 1, 0) = 2&2((,03 — wB_L)(wR + QWB_L)

* The states (1,3,0) and (8,1,0) belong to this set of PGB

* The absence of the terms Xy g and 7 Is just a tree level accident !

* Nothing prevents these couplings from entering at the quantum level !
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NIRRT AL SEH R RE SRS

Explicit computation of the one-loop PGB masses with Effective-Potential methods

M2<1, 3, O) = 2a2(wB_L — wR)(wB_L + QwR)

1
t 13 (7% + B° 2wy, — wrwp—1 + 2wh_1) + ¢* (16wf + wp_rwr + 19wE_1 )] + Log’s (1)

M2(8, 1, 0) = QGQ(wR — wB_L)(wR + ZwB_L)

1
+ —5 [P+ 8% (wk — wrwp—L +3wp_1) +¢* (13wk + wp—rwr + 22wp_1)] + Log’s (1)

47?2
® (45m) 451) ) ® (45m) (45m) )
//’]?6—];‘\\ \\\ ///]TG—H\\\\ /// \\\ ///
B P O 7 RO O 7 SR o
T\ T B! '8 g’ g°
o 16 L7 ‘o 16y L7
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» For |az|< 10~ the phenomenological vacua open up at the quantum level !

* Inherent to all the non-SUSY SO(10) models with a dominant <45p>
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WHAT ABOUT NEUTRINOS ¢

The 454 @ | 61 @ | O scenario fails when addressing the neutrino mass scale
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The 454 @ | 61 @ | O scenario fails when addressing the neutrino mass scale

(164) (165)

M

- Radiative seesaw Mpg ~ (—) Yio
T
[Witten (1980); Bajc, Senjanovic (2005)]

16 Yo 16p Va 16p Vo 16p

Mp_p < Mg = Mp<10" GeV = my~m{/Mg>1eV  Too heavy!
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(165) E E (164)

- Radiative seesaw Mp ~ (—) Yio
T

[Witten (1980); Bajc, Senjanovic (2005)] 10# 45y 45y

16 Yo 16p Va 16p Vo 16p

Mp_p < Mg = Mp<10" GeV = my~m{/Mg>1eV  Too heavy!

Without SUSY it is natural to consider a |26H In place of |6+

« RH neutrino mass scale much better: Mg ~ Yiss Mp_1, C Yisg 16p165126%;

» Renormalizable Yukawa sector potentially predictive
[Babu, Mohapatra (1993); Bajc, Melfo, Senjanovic,Vissani (2005); Joshipura, Patel (201 1)]
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WHERE DO WE STAND ¢

Longstanding results claimed that non-SUSY SO(10) GUTs with just the adjoint
triggering the GUT breaking cannot provide a successful gauge unification
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WHERE DO WE STAND ¢

Longstanding results claimed that non-SUSY SO(10) GUTs with just the adjoint
triggering the GUT breaking cannot provide a successful gauge unification

* This result Is an artifact of the tree-level potential and quantum corrections have
a dramatic impact

* A model featuring 45H @ | 261 @ |0 In the Higgs sector has all the ingredients
to be a viable minimal non-SUSY SO(10) candidate
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Longstanding results claimed that non-SUSY SO(10) GUTs with just the adjoint
triggering the GUT breaking cannot provide a successful gauge unification

* This result Is an artifact of the tree-level potential and quantum corrections have
a dramatic impact

* A model featuring 45H @ | 261 @ |0 In the Higgs sector has all the ingredients
to be a viable minimal non-SUSY SO(10) candidate

* In order to say something sensible:
- Compute the scalar spectrum (work in progress...)
- Running including threshold effects

- Fit of the SM flavour structure (including neutrinos)
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WHERE DO WE STAND ¢

Longstanding results claimed that non-SUSY SO(10) GUTs with just the adjoint
triggering the GUT breaking cannot provide a successful gauge unification

* This result Is an artifact of the tree-level potential and quantum corrections have
a dramatic impact

* A model featuring 45H @ | 261 @ |0 In the Higgs sector has all the ingredients
to be a viable minimal non-SUSY SO(10) candidate

* In order to say something sensible:
- Compute the scalar spectrum (work in progress...)
- Running including threshold effects

- Fit of the SM flavour structure (including neutrinos)

* |f compatible

- Compute the proton decay branching ratios ..
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BACKUP SLIDES



E—

» U(l) mixing makes Mg. essentia

e ——

e

ly free (upper bound given by M)

» Two-loop effects tend to raise M and lower Mg
* Sharp disagreement for chain Xl

3c2rlrlp_1,

3c2r 1y

— Mo = 10"V GeV

— M; = 10" GeV

o MB—L = 10" GeV

[Deshpande, Keith, Pal (1993)]

a: Miis raised by 5 orders of magnrtude !
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SO(10) AS A THEORY OF FERMION MASSES AND MIXINGS

Renormalizable Yukawa sector with 10 @ | 264

« SO(10) Yukawa

105 = (1,2,2) + (6,1,1)
16 (leOH —+ Y126126_>;{) 16 o
126%, = (15,2,2) + (10,1,3) + (10,3,1) + (6,1,1)

« Effective mass sum rule
M, = (1,2,2), Yip + (15,2,2) 5 Yioe
My = (1,2,2)9, Yo + (15,2, 2)%, Yiag
M, = (1,2,2) Yio — 3(15,2,2)%, Y16

Mp = (1,2,2)], Y10 — 3(15,2,2) {5 Y126

Mpr = (10,1, 3) Y196 M, = M, — MpMz' M},

My, = (10,3,1) Y196
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