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           Testing GUTs via accidental symmetries
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                                 Grand unification

GUT: the Sandard Model interactions unify into a simple group at some higher scale

Examples: 
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                                 Grand unification

GUT: the Sandard Model interactions unify into a simple group at some higher scale

Examples: 

Net prediction: gauge couplings unification
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                                  Matter unification

Matter unification: SM fermions should fit complete representations of 

(This is the most minimal/elegant choice for model-building)
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                                  Matter unification

Matter unification: SM fermions should fit complete representations of 

(This is the most minimal/elegant choice for model-building)

Matter unification implies relations between couplings in the matter sector of the GUT-
scale SM Lagrangian because 

For example:
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                                  Matter unification

In the past decades: a lot of model-building to reconciliate the GUT relations from 
matter unification with the observed fermion masses and mixings. (SUSY, family 
symmetries, higher dimensional operators...)

See for example
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Are GUT mass relations the only prediction of matter 
unification?
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                                  Matter unification

Consider again                                  , and notice that
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                                  Matter unification

Consider again                                  , and notice that

One of these components is selected when writing the invariant. Depending on the 
Higgs representation, Yukawa matrix        is either symmetric or antisymmetric.              
     Matter unification implies accidental permutation symmetries in flavour space.
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                                  Matter unification

Consider again                                  , and notice that

One of these components is selected when writing the invariant. Depending on the 
Higgs representation, Yukawa matrix        is either symmetric or antisymmetric.              
     Matter unification implies accidental permutation symmetries in flavour space.

One expects such accidental symmetries to survive at low-energy:
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                                  Matter unification

If antisymmetric Yukawa: masses are always (m,m,0). Seems difficult to reproduce the 
observed SM fermions hierarchy (but needs to be scrutinized)
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                                  Matter unification

If antisymmetric Yukawa: masses are always (m,m,0). Seems difficult to reproduce the 
observed SM fermions hierarchy (but needs to be scrutinized)

If symmetric Yukawa, no problem to reproduce SM fermions observables. 

But in fact, the symmetry of the Yukawas cannot be detected in the SM alone. 

New flavour-sensitive degrees of freedom are needed at low energy. 
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                                  Matter unification

If antisymmetric Yukawa: masses are always (m,m,0). Seems difficult to reproduce the 
observed SM fermions hierarchy (but needs to be scrutinized)

If symmetric Yukawa, no problem to reproduce SM fermions observables. 

But in fact, the symmetry of the Yukawas cannot be detected in the SM alone. 

New flavour-sensitive degrees of freedom are needed at low energy. 

Such new light degrees of freedom are typically expected to solve the naturalness 
problem.

Examples: Heavy Higgs, vector-like fermions, KK gauge bosons
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                                  Matter unification

If antisymmetric Yukawa: masses are always (m,m,0). Seems difficult to reproduce the 
observed SM fermions hierarchy (but needs to be scrutinized)

If symmetric Yukawa, no problem to reproduce SM fermions observables. 

But in fact, the symmetry of the Yukawas cannot be detected in the SM alone. 

New flavour-sensitive degrees of freedom are needed at low energy. 

Such new light degrees of freedom are typically expected to solve the naturalness 
problem.

Examples: Heavy Higgs, vector-like fermions, KK gauge bosons

Caution: the permutation symmetry should remain up to low-energy in this new sector
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                                     Matter unification

These new degrees of freedom are heavy, so one can integrate them out.  The 
subsequent effective Lagrangian

respects thus the permutation symmetry. 
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                                     Matter unification

These new degrees of freedom are heavy, so one can integrate them out.  The 
subsequent effective Lagrangian

respects thus the permutation symmetry. 

Thus dipole operators and Yukawa-like operators 

are expected to be symmetric in flavour 
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                                     Matter unification

These new degrees of freedom are heavy, so one can integrate them out.  The 
subsequent effective Lagrangian

respects thus the permutation symmetry. 

Thus dipole operators and Yukawa-like operators 

are expected to be symmetric in flavour 

Strategy to test the GUT hypothesis: 

1) Discover one of these operators
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                                     Matter unification

These new degrees of freedom are heavy, so one can integrate them out.  The 
subsequent effective Lagrangian

respects thus the permutation symmetry. 

Thus dipole operators and Yukawa-like operators 

are expected to be symmetric in flavour 

Strategy to test the GUT hypothesis: 

1) Discover one of these operators

2) Find observables to probe the non-diagonal elements of       ,        

          Will involve flavour violation and requires a sensitivity to chirality
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                        Testing SU(5) SUSY GUTs 
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                                     SU(5) unification
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                                      Testing SU(5)

 Matter unification: Matter fields embedded into SU(5) as 
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                                      Testing SU(5)

 Matter unification: Matter fields embedded into SU(5) as 

GUT Yukawa couplings are
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                                      Testing SU(5)

 Matter unification: Matter fields embedded into SU(5) as 

GUT Yukawa couplings are
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                                      Testing SU(5)

 Matter unification: Matter fields embedded into SU(5) as 

GUT Yukawa couplings are
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                                A new SU(5) relation
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                                A new SU(5) relation
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                                A new SU(5) relation

 

Very stable upon renormalization flow.

But not detectable in SM quark observables.
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                                A new SU(5) relation

 

Very stable upon renormalization flow.

But not detectable in SM quark observables

New degrees of freedom are needed 

Let us assume supersymmetry. New d.o.f's are the superpartners.

 

 

                     

 

 

 

 

 

Symmetric, therefore

9



Sylvain Fichet Tasting GUTs at the LHC           IFT 2015

                      A new SUSY SU(5) relation

 Assume SUSY is broken by a SU(5) singlet. The SU(5) relations are transmitted to the 
squark and slepton sectors,
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                      A new SUSY SU(5) relation

 Assume SUSY is broken by a SU(5) singlet. The SU(5) relations are transmitted to the 
squark and slepton sectors,

Stable upon renormalization flow and SUSY scale threshold corrections. The relation 
is satisfied at low-energy up to                relative discrepancies.  [SF/Herrmann/Stoll '14]
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                      A new SUSY SU(5) relation

 Assume SUSY is broken by a SU(5) singlet. The SU(5) relations are transmitted to the 
squark and slepton sectors,

Stable upon renormalization flow and SUSY scale threshold corrections. The relation 
is satisfied at low-energy up to                relative discrepancies.  [SF/Herrmann/Stoll '14]

The relation is confined to the up-(s)quark sector. SU(5) tests will be based on 
observables  related to chirality flips and/or flavour violation.
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                             Heavy supersymmetry
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                               Heavy supersymmetry

Assume that the whole SUSY spectrum is too heavy to be 

produced on-shell. Its low-energy effects are captured into an EFT. 

The up squark matrix induces flavour-changing top dipoles. 
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                               Heavy supersymmetry

Assume that the whole SUSY spectrum is too heavy to be 

produced on-shell. Its low-energy effects are captured into an EFT. 

The up squark matrix induces flavour-changing top dipoles. 

If the SU(5) hypothesis is true,                     implies
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                               Heavy supersymmetry

LHC:
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                               Heavy supersymmetry

LHC:

Using top polarimetry in single top searches, one disentangles between

                  and           .               SU(5) test doable at the LHC !
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                               Heavy supersymmetry

Consider a spin-analysing variable z such that

Example: forward-backward assymetry using the lepton-top angle. 

Define the test                                          which satisfies 
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                               Heavy supersymmetry

A correct evaluation of the power of the test has to involve statistics. Details on the 
statistical setup are shown in backup slides. 

A benchmark result: 

Assessing                                   

with a 3 sigma significance and spin-analysing power             requires ~144 events. 
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                               Heavy supersymmetry

But dipole coefficients from SUSY are small ! The current LHC searches might not be 
good enough to even detect SUSY dipoles. 

 [SF/Herrmann/Stoll '15]
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                               Heavy supersymmetry

Proposal : dipole searches in ultraperipheral collisions.

Examples :

Never considered before, potentially competes with standard CMS/ATLAS searches.

Simulations will be done with the ATLAS Forward Physics group.
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                              Natural supersymmetry
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                             Natural supersymmetry

Consider natural supersymmetry spectrum 

(motivated from naturalness and UV constructions)
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                             Natural supersymmetry

Consider natural supersymmetry spectrum 

(motivated from naturalness and UV constructions)

Integrate out heavy squarks:
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                             Natural supersymmetry

Consider natural supersymmetry spectrum 

(motivated from naturalness and UV constructions)

Integrate out heavy squarks:
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                             Natural supersymmetry

Example: Flavour changing test. Assume                                        , as motivated by 
typical GUT spectrum.

Measure

with charm-quark tagging.
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                             Natural supersymmetry

Example: Flavour changing test. Assume                                        , as motivated by 
typical GUT spectrum.

Measure

with charm-quark tagging.

If the SU(5) hypothesis is verified, then

A benchmark result:

Testing a 50% discrepancy in this relation within 3 sigma significance, assuming a true 
charm fraction of 0.5 and a charm-tagging efficiency of 0.5 requires ~72 events. 
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                              Top-charm supersymmetry
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                              Top-charm supersymmetry

We advocate the top-charm spectrum. Known to improve 

stop bounds, flavour constraints, fine-tuning.
[Blanke/Giudice/Paradisi/Perez/Zupan '13]
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                              Top-charm supersymmetry

We advocate the top-charm spectrum. Known to improve 

stop bounds, flavour constraints, fine-tuning.
[Blanke/Giudice/Paradisi/Perez/Zupan '13]

Motivated from 5d GUTs [SF/Herrmann/Stoll '15]

Example: a flat                       extradimension with gauge-Higgs unification,

with Scherk-Schwarz SUSY breaking and a brane source 

                                                                                      Bulk masses :
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                              Top-charm supersymmetry

The four stops and scharms are in general mixed. How to extract the relevant 
information about SU(5) ? Crucial observation : observing a Higgs in final state gives 
direct access to the LR mixing. 

And use information about  SUSY decay chains with flavour violation and a Higgs.
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                              Top-charm supersymmetry

The four stops and scharms are in general mixed. How to extract the relevant 
information about SU(5) ? Crucial observation : observing a Higgs in final state gives 
direct access to the LR mixing. 

Therefore one has to scrutinize SUSY decay chains with flavour violation and a Higgs, 
such like

And use information about  SUSY decay chains with flavour violation and a Higgs.
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                              Top-charm supersymmetry

The four stops and scharms are in general mixed. How to extract the relevant 
information about SU(5) ? Crucial observation : observing a Higgs in final state gives 
direct access to the LR mixing. 

Therefore one has to scrutinize SUSY decay chains with flavour violation and a Higgs, 
such like

Not so easy to find tests based on simple relations.  

Good playground for global tests.  [SF/Herrmann/Stoll, in progress]

And use information about  SUSY decay chains with flavour violation and a Higgs.
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                                          Summary

Grand unification is a major idea of high-energy physics, but is hard to test. 

We point out that accidental permutation symmetries in flavour space implied by 
matter unification can remain at low-energy, and can be tested if new dof's are 
present.

Such tests can be done via dimension-6 effective operators (dipoles and Yukawa-like). 
           STAY TUNED 
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                                          Summary

Focus on SUSY SU(5). The tests involve up squarks, with observables sensitive to 
flavour violation and chirality.

We work out some SU(5) tests in typical SUSY spectra.

Tests based on simple relations. Easy to implement in a SUSY pheno study. 

Other simple tests can be found – just try!

More generally a global hypothesis test has to be performed. A work using Bayesian 
techniques is ongoing. [SF, Herrmann, Stoll, in progress]
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Thank you !
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                                Search strategies

Any SU(5) test relying on                    requires to measure the effects of at least two 
squarks (could be either virtual or real squarks). 

The low-energy SUSY spectrum  is in principle arbitrary. We will focus on typical 
cases. We search for exact relations (we do not pursue in the direction of global tests 
in this talk) 

Useful tools:

If hierarchical mass eigenvalue:              expansion (EFT)

Close mass eigenvalues hierarchy:                    expansion (MIA)
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                   Evaluating the potential of a test

Assume some projected data (say 13 TeV LHC with 300 fb^-1), and a given SU(5) test. 

How to properly quantify the power of the test ?

The evaluation has to involve both a statistical significance and the precision at which 
the SU(5) relation is tested.

Consider a relation               among some observables. If the SU(5) hypothesis is true, 
then                            . Assume a variance        and a nearly Gaussian statistics for      .

Compatibility of      with zero is given by 
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                   Evaluating the potential of a test

The quantity        contains all the information about the compatibility with zero. 

Define                       as the expected precision of the test. One can compute it 
analytically for a given test, from                                   . 

For example:

                        means that a violation of the relation                       by 20% or more   
(i.e.                           )  can be assessed with a significance of        .
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                               Heavy supersymmetry

Coming back to heavy SUSY : consider the SU(5) relation

Consider a spin-analysing variable z such that

Define the test                                          which satisfies 

Computing the variance of     , one gets the expected precision
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                               Heavy supersymmetry
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                             Natural supersymmetry

Example: Flavour changing test. Assume                                          , as motivated bu 
typical GUT spectrum.

Measure

If the SU(5) hypothesis is verified, then

Expected precision is

with
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                             Natural supersymmetry
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