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The Standard Model of Particle Physics
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• Standard Model (SM) describes interactions of all 

known particles with remarkable accuracy

[wikipedia]
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The Big Five
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 
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The Big Five
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 

1. Neutrino masses and mixing

[King et al. 13]
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The Big Five
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 

1. Neutrino masses and mixing

2. Strong CP problem

• Most general gauge invariant Lagrangian of QCD 
contains topological theta-term:

• Theta-term                                     violates P and T, 
and thus CP

• Most sensitive probe of P and T violation in flavor
conserving interactions: electric dipole moment of
neutron

• Prediction:

• Experiment: 

• Strong CP problem:  

/ Ga
µ⌫G̃

a,µ⌫ / Ea ·Ba

<latexit sha1_base64="JjnrZ6wGyUGMQ+gveNXoFgaEz/w="></latexit>

[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]

[Abel et al. 20]

[Belavin et al. `75;´t Hooft 76;Callan et al. `76;Jackiw,Rebbi `76 ]
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The Big Five
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 

1. Neutrino masses and mixing
2. Strong CP problem
3. Dark matter 

[PLANCK]

[Mario De Leo, Wikipedia]

[NASA, Wikipedia]

[NASA, Wikipedia]
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The Big Five
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 

1. Neutrino masses and mixing
2. Strong CP problem
3. Dark matter 

4. Baryon asymmetry

[APS]

[PDG]
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 

1. Neutrino masses and mixing
2. Strong CP problem
3. Dark matter 

4. Baryon asymmetry
5. Inflation
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The Big Five
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• Big fundamental problems in particle physics and
cosmology seem to require physics beyond SM 

1. Neutrino masses and mixing
2. Strong CP problem
3. Dark matter 

4. Baryon asymmetry
5. Inflation

• These problems may be solved in one smash in a 
minimal extension of the SM by

• 3 right-handed SM singlet neutrinos
• 1 SM singlet complex scalar
• 1 vector-like extra quark

dubbed SM*A*S*H
Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Minimal Solution of Neutrino Masses and Mixing Problem
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• Extend SM by three right-handed SM singlet

neutrinos (                     )

• In see-saw limit,                                     , with

, , the neutrino mass eigenstates split
into

• a heavy set with masses constituted by the

• a light set with masses

constituted by mixtures of

[Minkowski 77; Gell-Mann,Ramond,Slansky 79; Yanagida 79]

[di Bari 12]

Seesaw mechanism
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Minimal Solution of Baryogenesis Problem
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• Extend SM by three right-handed SM singlet

neutrinos (                     )

• For large                                   ,  baryon asymmetry

generated via leptogenesis

• At                ,  out-of-equilibrium CP and L violating
decays of generate lepton number

• At             , electroweak B+L violating, but B-L 
conserving sphaleron processes turn lepton number
into baryon number

[Giudice et al. 04]

[Buchmüller et al. 04]

[Fukugita,Yanagida 80]

[Sheng Fong et al. 12]

Baryogenesis via leptogenesis
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Minimal Solution of Strong CP Problem
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• Extend particle content further by vector-like exotic quark

• Introduce global U(1) symmetry which is broken by VEV                         of SM-singlet complex scalar; 

• Excitation of modulus: 

• Excitation of argument:  

[Kim 79;Shifman,Vainshtein,Zakharov 80]

Peccei-Quinn mechanism
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Minimal Solution of Strong CP Problem
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• Extend particle content further by vector-like exotic quark

• Introduce global U(1) symmetry which is broken by VEV                         of SM-singlet complex scalar; 

• Excitation of modulus: 

• Excitation of argument:  

• Charges of exotic quark such that U(1) broken by gluonic triangle anomaly: axion

• No strong CP problem, since axion field acts as space-time dependent theta parameter:

• QCD dynamics:                                           ; 

[Kim 79;Shifman,Vainshtein,Zakharov 80]

[Weinberg 79; Wilczek 79]

[Shin 88; Dias et al. 14; Ballesteros et al. 16]

[Peccei,Quinn 78]

Peccei-Quinn mechanism
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Minimal Solution of DM Problem
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Axion as DM candidate

• Axion born after PQ phase transition, 

• Axion takes random initial values in causally
connected domains

• Frozen as long as Hubble expansion rate 
exceeds mass,

[Peking University]

[Turner `86]

[Raffelt]
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Minimal Solution of DM Problem
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Axion as DM candidate

• Axion born after PQ phase transition, 

• Axion takes random initial values in causally
connected domains

• Frozen as long as Hubble expansion rate 
exceeds mass,

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:
[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

[Wantz,Shellard `09]   
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Minimal Solution of DM Problem
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Axion as DM candidate

• Axion born after PQ phase transition, 

• Axion takes random initial values in causally
connected domains

• Frozen as long as Hubble expansion rate 
exceeds mass,

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

<latexit sha1_base64="ROkI8tpjUJ8/EnyTGptrnNIBDgk=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBHqpiQi6LLopssqfUEbymQ6aYdOZsLMRAmh/oobF4q49UPc+TdO2iy09cCFwzn3cu89Qcyo0q77ba2tb2xubZd27N29/YND5+i4o0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMb3O/+0CkooK3dBoTP0JjTkOKkTbS0CkP7ul4opGU4hE2qq1z27aHTsWtuXPAVeIVpAIKNIfO12AkcBIRrjFDSvU9N9Z+hqSmmJGZPUgUiRGeojHpG8pRRJSfzY+fwTOjjGAopCmu4Vz9PZGhSKk0CkxnhPRELXu5+J/XT3R47WeUx4kmHC8WhQmDWsA8CTiikmDNUkMQltTcCvEESYS1ySsPwVt+eZV0LmqeW/PuLiv1myKOEjgBp6AKPHAF6qABmqANMEjBM3gFb9aT9WK9Wx+L1jWrmCmDP7A+fwAgFZMZ</latexit>

[Borsanyi et al., Nature `16 [1606.0794]]
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Minimal Solution of DM Problem
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Axion as DM candidate

• Axion born after PQ phase transition, 

• Axion takes random initial values in causally
connected domains

• Frozen as long as Hubble expansion rate 
exceeds mass,

• When , axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter:

• QCD input from lattice: 

• Equation of state

• Topological susceptibility

[Preskill,Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

<latexit sha1_base64="ROkI8tpjUJ8/EnyTGptrnNIBDgk=">AAAB/HicbVDLSsNAFJ34rPEV7dLNYBHqpiQi6LLopssqfUEbymQ6aYdOZsLMRAmh/oobF4q49UPc+TdO2iy09cCFwzn3cu89Qcyo0q77ba2tb2xubZd27N29/YND5+i4o0QiMWljwYTsBUgRRjlpa6oZ6cWSoChgpBtMb3O/+0CkooK3dBoTP0JjTkOKkTbS0CkP7ul4opGU4hE2qq1z27aHTsWtuXPAVeIVpAIKNIfO12AkcBIRrjFDSvU9N9Z+hqSmmJGZPUgUiRGeojHpG8pRRJSfzY+fwTOjjGAopCmu4Vz9PZGhSKk0CkxnhPRELXu5+J/XT3R47WeUx4kmHC8WhQmDWsA8CTiikmDNUkMQltTcCvEESYS1ySsPwVt+eZV0LmqeW/PuLiv1myKOEjgBp6AKPHAF6qABmqANMEjBM3gFb9aT9WK9Wx+L1jWrmCmDP7A+fwAgFZMZ</latexit>

[Borsanyi et al., Nature `16 [1606.0794]]
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Minimal Solution of DM Problem
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Axion as DM candidate

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>

[Tamarit]   
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Minimal Solution of DM Problem

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion as DM candidate

• If PQ symmetry broken before or during inflation
(                       )  and not restored afterwards

• Axion CDM density depends on single initial value
in patch which becomes observable universe and

<latexit sha1_base64="dBAIXjhrx9+Age/GDNqeSp4v4o8=">AAAB+HicbVBNS8NAEJ3Ur1q/oh69LBahXmpSBPVSKl7qrYKxhTaEzXbTLt18sLsplNB/4sWDild/ijf/jds2B219MPB4b4aZeX7CmVSW9W0U1tY3NreK26Wd3b39A/Pw6EnGqSDUITGPRcfHknIWUUcxxWknERSHPqdtf3Q389tjKiSLo0c1Sagb4kHEAkaw0pJnmoF3i+qo6d1fVGq9hJ17ZtmqWnOgVWLnpAw5Wp751evHJA1ppAjHUnZtK1FuhoVihNNpqZdKmmAywgPa1TTCIZVuNr98is600kdBLHRFCs3V3xMZDqWchL7uDLEaymVvJv7ndVMVXLsZi5JU0YgsFgUpRypGsxhQnwlKFJ9ogolg+lZEhlhgonRYJR2CvfzyKnFq1Zuq/XBZbtTzNIpwAqdQARuuoAFNaIEDBMbwDK/wZmTGi/FufCxaC0Y+cwx/YHz+APZJkXY=</latexit>
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Minimal Solution of DM Problem
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Axion as DM candidate

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

<latexit sha1_base64="8wTkNute1rraEhXmSFXbmRr9zsY=">AAACBnicbVDLSsNAFJ3UV42vqEsRBotQQUpSBLuSqhuXFewDmhAm00k7dCYJMxOhhK7c+CtuXCji1m9w5984abPQ6oELh3Pu5d57goRRqWz7yygtLa+srpXXzY3Nre0da3evI+NUYNLGMYtFL0CSMBqRtqKKkV4iCOIBI91gfJ373XsiJI2jOzVJiMfRMKIhxUhpybcOTZP7l/AC1hvV+ol76vI0cwWHpDM1TdO3KnbNngH+JU5BKqBAy7c+3UGMU04ihRmSsu/YifIyJBTFjExNN5UkQXiMhqSvaYQ4kV42e2MKj7UygGEsdEUKztSfExniUk54oDs5UiO56OXif14/VWHDy2iUpIpEeL4oTBlUMcwzgQMqCFZsognCgupbIR4hgbDSyeUhOIsv/yWdes2xa87tWaV5VcRRBgfgCFSBA85BE9yAFmgDDB7AE3gBr8aj8Wy8Ge/z1pJRzOyDXzA+vgF0j5VL</latexit>

[Borsanyi et al., Nature `16]

[Tamarit]   
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Minimal Solution of DM Problem
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Axion as DM candidate

• Averaging over random initial axion field values

• Does not exceed  observed CDM abundance for

• Axions also produced by collapse of network of 

topological defects – strings and domain-walls –

• Axion can be 100% of DM for

<latexit sha1_base64="8wTkNute1rraEhXmSFXbmRr9zsY=">AAACBnicbVDLSsNAFJ3UV42vqEsRBotQQUpSBLuSqhuXFewDmhAm00k7dCYJMxOhhK7c+CtuXCji1m9w5984abPQ6oELh3Pu5d57goRRqWz7yygtLa+srpXXzY3Nre0da3evI+NUYNLGMYtFL0CSMBqRtqKKkV4iCOIBI91gfJ373XsiJI2jOzVJiMfRMKIhxUhpybcOTZP7l/AC1hvV+ol76vI0cwWHpDM1TdO3KnbNngH+JU5BKqBAy7c+3UGMU04ihRmSsu/YifIyJBTFjExNN5UkQXiMhqSvaYQ4kV42e2MKj7UygGEsdEUKztSfExniUk54oDs5UiO56OXif14/VWHDy2iUpIpEeL4oTBlUMcwzgQMqCFZsognCgupbIR4hgbDSyeUhOIsv/yWdes2xa87tWaV5VcRRBgfgCFSBA85BE9yAFmgDDB7AE3gBr8aj8Wy8Ge/z1pJRzOyDXzA+vgF0j5VL</latexit>

[Hiramatsu et al. ]   

[Borsanyi et al., Nature `16 [1606.0794]]

[Hiramatsu et al. 11,12,13; 

Kawasaki,Saikawa,Segikuchi 15;

Ballesteros et al. 16; 

AR,Saikawa `16; 

Klaer,Moore `17; 

Gorghetto,Hardy,Villadoro `18;

Buschmann et al. 19;

Hindmarsh 19]
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One SM*A*S*H to Rule Them All
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• Field content suffices to solve all five big problems in one stroke: 

1. Neutrino masses and mixing

2. Axionic solution of the strong CP problem

3. Axion dark matter 

4. Baryogenesis via leptogenesis

5. Inflation

SM * Axion * See-saw * Higgs portal inflation
[Ballesteros,Redondo, AR,Tamarit, 1608.05414; 1610.01639]
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Inflation in SM*A*S*H

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Non-minimal chaotic (Higgs) Hidden Scalar inflation

• Take into account unavoidable non-minimal coupling of Higgs and HS field to gravity,

• Non-minimal couplings stretch scalar potential in Einstein frame; make it convex and asymptotically flat at 

large field values
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Inflation in SM*A*S*H

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Non-minimal chaotic (Higgs) Hidden Scalar inflation

• Take into account unavoidable non-minimal coupling of Higgs and HS field to gravity,

• Non-minimal couplings stretch scalar potential in Einstein frame; make it convex and asymptotically flat at 

large field values

• Potential has valleys = attractors for Higgs Inflation (HI), Hidden Scalar Inflation (HSI) or mixed Higgs Hidden 

Scalar Inflation (HHSI), depending on relative signs of  
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Inflation in SM*A*S*H

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Non-minimal chaotic (Higgs) Hidden Scalar inflation

• Power spectra of primordial scalar and tensor 
perturbations, with (from CMB observations)

obtained for 

where

• HI has unitarity problem 

• HSI and HHSI have no unitarity problem if    



Page 26

Reheating in SM*A*S*H
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PQ symmetry restoration

• Both in HSI and HHSI with            , slow-roll 
inflation ends at a value of

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe 
expanding as in a radiation-dominated era

HSI

HHSI
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Reheating in SM*A*S*H
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PQ symmetry restoration

• Both in HSI and HHSI with            , slow-roll 
inflation ends at a value of

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe 
expanding as in a radiation-dominated era

• For                    , PQ symmetry restored after 
inflation

[Ballesteros, AR,Tamarit, Welling in prep.]
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Reheating in SM*A*S*H
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PQ symmetry restoration

• Both in HSI and HHSI with            , slow-roll 
inflation ends at a value of

• Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe 
expanding as in a radiation-dominated era

• For                    , PQ symmetry restored after 
inflation

• excluded by PLANCK upper limits 
on isocurvature fluctuations 

[Ballesteros, AR,Tamarit, Welling in prep.]
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[Ballesteros, AR,Tamarit, Welling in prep.]
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Reheating in SM*A*S*H

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Reheating temperature and dark radiation

• HSI: Large induced particle masses quench in-
flaton decays or annihilations into SM particles

• HHSI: Higgs component of inflaton allows for 
production of SM gauge bosons 
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Expansion and Thermal History in SM*A*S*H  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Number of e-folds          from the time a given comoving scale    leaves horizon until end of inflation 
predicted. Correspondingly sharp prediction of    versus 
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Primordial Gravitational Waves in SM*A*S*H 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Can be probed indirectly by upcoming CMB polarization experiments (e.g. CMB-S4):   

CMB-S4 (r=0.01)

[Ballesteros,Redondo, AR,Tamarit, 1904.05594]
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Primordial Gravitational Waves in SM*A*S*H 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Can be probed directly by future space-born gravitational wave interferometer (e.g. DECIGO)
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[AR, Saikawa, Tamarit, in preparation ]



Page 33

Primordial Gravitational Waves in SM*A*S*H 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Future space-born GW interferometer (e.g. ultimate DECIGO) sensitive to step in primordial GW spectrum
due to change of equation of state around the PQ phase transition: [AR, Saikawa, Tamarit, in preparation ]
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Dark Matter in SM*A*S*H 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion dark matter mass

• Mass range will be probed in this decade:

• Axion dark matter direct detection (Haloscope) 

• MADMAX @ DESY

• Solar axion telescope (Helioscope)

• (Baby)IAXO @ DESY 
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[Desch et al., „A European Strategy Towards Finding Axions and Other WISPs”]   
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Summary 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Remarkably simple extension of SM involving just one new dimension-full scale provides solution of five

fundamental problems: 

1. Neutrino oscillations

2. Baryon asymmetry

3. Dark matter

4. Inflation

5. Non-observation of strong CP violation



Page 36

Summary 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• SM*A*S*H offers self-contained description of cosmology from inflation until today:
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Summary 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Firm predictions (              ,                     ,                                   )  in reach of upcoming experiments:

CMB-S4 (r=0.01)
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Summary 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• Work in progress:

• Primordial gravitational waves in SMASH

• Variations of SMASH
• 2hdSMASH
• GUT SMASH

[AR, Saikawa, Tamarit, in preparation]

[Dutta, Matlis, Moortgat-Pich, AR, in progress]

[Ballesteros, Di Luzio, AR, Tamarit, Welling, , in progress]
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Back Up: Summary 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

• GUT SMASH opens a further window at neV axion mass which can also be probed in the new decade:
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Vacuum Stability in SM*A*S*H

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Electroweak vacuum stabilization through Hidden Scalar

• SM-singlet scalar    helps to stabilize scalar potential in Higgs direction through threshold effect associated 
with Higgs portal

• When     integrated out, Higgs portal gives negative contribution to Higgs quartic,

• At energies above       , true (and larger!) value of       is revealed by integrating     in

• Stability up to Planck scale ensured if                                   exceeds a minimum value dependent on top mass:
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Vacuum Stability in SM*A*S*H

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Vacuum stability in PQ scalar direction

• Stability in    direction threatened by quantum corrections due to right-handed neutrinos and exotic quark, 
unless
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Back Up: Towards a GUT SMASH 

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Minimal SU(5) GUT 

• Original SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Minimal SU(5) GUT  

• Original SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Minimal SU(5) GUT   

• Original SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

• Simple solution: add a

• Mixture of type-I and type-III seesaw from electroweak
fermion singlets and triplets,                            and
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[Georgi, Glashow 74]

[Bajc, Senjanovic 07]

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>

Back Up: 
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Minimal SU(5) GUT    

• Original SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

• Simple solution: add a

• Mixture of type-I and type-III seesaw from electroweak
fermion singlets and triplets,                            and

• Gauge coupling unification: electroweak fermion and
scalar triplets,                         and , de-
lay meeting of and

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

<latexit sha1_base64="4e54pd///R6ROLKoAaIDzqsAaic=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FQTxWsB/QhrLZbtqlm03YnQil9G948aCIV/+MN/+NmzYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3GZ+54lrI2L1iNOE+xEdKREKRtFK/Vp9cFfKMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9GdUo2CSz0v91PCEsgkd8Z6likbc+LPFzXNyYZUhCWNtSyFZqL8nZjQyZhoFtjOiODarXib+5/VSDK/9mVBJilyx5aIwlQRjkgVAhkJzhnJqCWVa2FsJG1NNGdqYshC81ZfXSbtW9dyq91CvNG7yOIpwBudwCR5cQQPuoQktYJDAM7zCm5M6L86787FsLTj5zCn8gfP5A995jk0=</latexit>

[Georgi, Glashow 74]

[Bajc, Senjanovic 07]

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>

<latexit sha1_base64="pxzmszqt8ZV9fmHBuRDqNsvvWlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRbBU0lE0GPRi8cK9gPaECbbTbt0swm7G7GU/hUvHhTx6h/x5r9x0wbR1gcDj/dmmJkXppwp7bpfVmltfWNzq7xd2dnd2z+wD6ttlWSS0BZJeCK7ISrKmaAtzTSn3VRSjENOO+H4Jvc7D1Qqloh7PUmpH+NQsIgR1EYK7GofeTrCwKv8ILBrbt2dw1klXkFqUKAZ2J/9QUKymApNOCrV89xU+1OUmhFOZ5V+pmiKZIxD2jNUYEyVP53fPnNOjTJwokSaEtqZq78nphgrNYlD0xmjHqllLxf/83qZjq78KRNppqkgi0VRxh2dOHkQzoBJSjSfGIJEMnOrQ0YokWgTVx6Ct/zyKmmf1z237t1d1BrXRRxlOIYTOAMPLqEBt9CEFhB4hCd4gVdrZj1bb9b7orVkFTNH8AfWxzdVpJC1</latexit>

<latexit sha1_base64="TkHgkv4orPaRVeB/Wk26yvoB1Dw=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSJ4KkkR9Fj04rGC/YA2hMl22y7dbMLuRiyhf8WLB0W8+ke8+W/ctEG09cHA470ZZuaFCWdKu+6Xtba+sbm1Xdop7+7tHxzaR5W2ilNJaIvEPJbdEBXlTNCWZprTbiIpRiGnnXByk/udByoVi8W9nibUj3Ak2JAR1EYK7EofeTLGoF7+QWBX3Zo7h7NKvIJUoUAzsD/7g5ikERWacFSq57mJ9jOUmhFOZ+V+qmiCZIIj2jNUYESVn81vnzlnRhk4w1iaEtqZq78nMoyUmkah6YxQj9Wyl4v/eb1UD6/8jIkk1VSQxaJhyh0dO3kQzoBJSjSfGoJEMnOrQ8YokWgTVx6Ct/zyKmnXa55b8+4uqo3rIo4SnMApnIMHl9CAW2hCCwg8whO8wKs1s56tN+t90bpmFTPH8AfWxzdXMpC2</latexit>

[Di Luzio, Mihaila 13]

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>

<latexit sha1_base64="ekdTIR0SQ0jpPL4eayhnsR77zmo=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixD0kmOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9GbmV1bX1jfxmYWt7Z3fP3D9oyTAWhDZJyEPR8bCknAW0qZjitBMJin2P07Y3vkv99gMVkoVBQ00i6vh4GLABI1hpyTWPGm4N3aCSXb4oW2eFH7hm0apYM6BlYmekCBnqrvnZ64ck9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVNMA+lU4ye2CKTrXSR4NQ6AoUmqm/JxLsSznxPd3pYzWSi14q/ud1YzW4dhIWRLGiAZkvGsQcqRClaaA+E5QoPtEEE8H0rYiMsMBE6czSEOzFl5dJ67xiWxX7/rJYvc3iyMMxnEAJbLiCKtSgDk0gMIUneIFX49F4Nt6M93lrzshmDuEPjI9vuA+Qqg==</latexit>

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>



Page 46

Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Minimal SU(5) GUT     

• Original SU(5) model comprised of

• three copies of and representing chiral SM 
matter fermions

• and , representing Higgs bosons

fails phenomenologically:

• Neutrinos massless
• No gauge coupling unification

• Simple solution: add a

• Mixture of type-I and type-III seesaw from electroweak
fermion singlets and triplets,                            and

• Gauge coupling unification: electroweak fermion and
scalar triplets,                         and , de-
lay meeting of and

• Clean correlation between effective electroweak triplet
mass and unification scale      

<latexit sha1_base64="WxAz2a77Xu0rWiX5F1eB3IIfllM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WNREI8VrC00oWy2m3bpZhN2J0Ip/RtePCji1T/jzX/jps1BWx8MPN6bYWZemEph0HW/ndLK6tr6RnmzsrW9s7tX3T94NEmmGW+xRCa6E1LDpVC8hQIl76Sa0ziUvB2ObnK//cS1EYl6wHHKg5gOlIgEo2gl3w+pJhe924pFr1pz6+4MZJl4BalBgWav+uX3E5bFXCGT1Jiu56YYTKhGwSSfVvzM8JSyER3wrqWKxtwEk9nNU3JilT6JEm1LIZmpvycmNDZmHIe2M6Y4NIteLv7ndTOMroKJUGmGXLH5oiiTBBOSB0D6QnOGcmwJZVrYWwkbUk0Z2pjyELzFl5fJ41ndc+ve/XmtcV3EUYYjOIZT8OASGnAHTWgBgxSe4RXenMx5cd6dj3lrySlmDuEPnM8f8jiPpQ==</latexit>

<latexit sha1_base64="Z/eNsaiykNiMHStUoJbbjGAzsKM=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8mKoMeiIB4r2Fppl5JNs21okl2SrFCW/govHhTx6s/x5r8x2+5BWx8MPN6bYWZemAhuLMbfXmlldW19o7xZ2dre2d2r7h+0TZxqylo0FrHuhMQwwRVrWW4F6ySaERkK9hCOr3P/4Ylpw2N1bycJCyQZKh5xSqyTHn3cv6nk6FdruI5nQMvEL0gNCjT71a/eIKapZMpSQYzp+jixQUa05VSwaaWXGpYQOiZD1nVUEclMkM0OnqITpwxQFGtXyqKZ+nsiI9KYiQxdpyR2ZBa9XPzP66Y2ugwyrpLUMkXni6JUIBuj/Hs04JpRKyaOEKq5uxXREdGEWpdRHoK/+PIyaZ/VfVz3785rjasijjIcwTGcgg8X0IBbaEILKEh4hld487T34r17H/PWklfMHMIfeJ8/N5KODA==</latexit>

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="oOTwfsSSs0JkkElM8sVxhtOSp+k=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRS48V7Ie0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GTZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvcv87hNVmkXywcxi6gs8lixkBBsrPV4Nm5Ucw2rNrbs50CrxClKDAq1h9WswikgiqDSEY637nhsbP8XKMMLpvDJINI0xmeIx7VsqsaDaT/OD5+jMKiMURsqWNChXf0+kWGg9E4HtFNhM9LKXif95/cSEN37KZJwYKsliUZhwZCKUfY9GTFFi+MwSTBSztyIywQoTYzPKQvCWX14lnYu659a9+8ta47aIowwncArn4ME1NKAJLWgDAQHP8ApvjnJenHfnY9FacoqZY/gD5/MHBsWN7A==</latexit>

<latexit sha1_base64="4e54pd///R6ROLKoAaIDzqsAaic=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FQTxWsB/QhrLZbtqlm03YnQil9G948aCIV/+MN/+NmzYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3GZ+54lrI2L1iNOE+xEdKREKRtFK/Vp9cFfKMShX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9GdUo2CSz0v91PCEsgkd8Z6likbc+LPFzXNyYZUhCWNtSyFZqL8nZjQyZhoFtjOiODarXib+5/VSDK/9mVBJilyx5aIwlQRjkgVAhkJzhnJqCWVa2FsJG1NNGdqYshC81ZfXSbtW9dyq91CvNG7yOIpwBudwCR5cQQPuoQktYJDAM7zCm5M6L86787FsLTj5zCn8gfP5A995jk0=</latexit>

[Georgi, Glashow 74]

[Bajc, Senjanovic 07]

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>

<latexit sha1_base64="/kj/YQ9G/DDyQctjhteHM+19Slc=">AAACAnicbVDLSgMxFM34rPU16krcBItQoZSJCLoRikJxWdE+oB2GTJppQzOZIckIpRQ3/oobF4q49Svc+Tdm2kG09cCFwzn3cu89fsyZ0o7zZS0sLi2vrObW8usbm1vb9s5uQ0WJJLROIh7Jlo8V5UzQumaa01YsKQ59Tpv+4Cr1m/dUKhaJOz2MqRvinmABI1gbybP3b70qvIBFVEIl59ir5n/g2QWn7EwA5wnKSAFkqHn2Z6cbkSSkQhOOlWojJ9buCEvNCKfjfCdRNMZkgHu0bajAIVXuaPLCGB4ZpQuDSJoSGk7U3xMjHCo1DH3TGWLdV7NeKv7ntRMdnLsjJuJEU0Gmi4KEQx3BNA/YZZISzYeGYCKZuRWSPpaYaJNaGgKafXmeNE7KyCmjm9NC5TKLIwcOwCEoAgTOQAVcgxqoAwIewBN4Aa/Wo/VsvVnv09YFK5vZA39gfXwDAOaRXg==</latexit>

<latexit sha1_base64="ekdTIR0SQ0jpPL4eayhnsR77zmo=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixD0kmOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9GbmV1bX1jfxmYWt7Z3fP3D9oyTAWhDZJyEPR8bCknAW0qZjitBMJin2P07Y3vkv99gMVkoVBQ00i6vh4GLABI1hpyTWPGm4N3aCSXb4oW2eFH7hm0apYM6BlYmekCBnqrvnZ64ck9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVNMA+lU4ye2CKTrXSR4NQ6AoUmqm/JxLsSznxPd3pYzWSi14q/ud1YzW4dhIWRLGiAZkvGsQcqRClaaA+E5QoPtEEE8H0rYiMsMBE6czSEOzFl5dJ67xiWxX7/rJYvc3iyMMxnEAJbLiCKtSgDk0gMIUneIFX49F4Nt6M93lrzshmDuEPjI9vuA+Qqg==</latexit>

[Di Luzio, Mihaila 13]

<latexit sha1_base64="pxzmszqt8ZV9fmHBuRDqNsvvWlA=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16CRbBU0lE0GPRi8cK9gPaECbbTbt0swm7G7GU/hUvHhTx6h/x5r9x0wbR1gcDj/dmmJkXppwp7bpfVmltfWNzq7xd2dnd2z+wD6ttlWSS0BZJeCK7ISrKmaAtzTSn3VRSjENOO+H4Jvc7D1Qqloh7PUmpH+NQsIgR1EYK7GofeTrCwKv8ILBrbt2dw1klXkFqUKAZ2J/9QUKymApNOCrV89xU+1OUmhFOZ5V+pmiKZIxD2jNUYEyVP53fPnNOjTJwokSaEtqZq78nphgrNYlD0xmjHqllLxf/83qZjq78KRNppqkgi0VRxh2dOHkQzoBJSjSfGIJEMnOrQ0YokWgTVx6Ct/zyKmmf1z237t1d1BrXRRxlOIYTOAMPLqEBt9CEFhB4hCd4gVdrZj1bb9b7orVkFTNH8AfWxzdVpJC1</latexit>

<latexit sha1_base64="TkHgkv4orPaRVeB/Wk26yvoB1Dw=">AAAB+3icbVBNS8NAEJ34WetXrEcvwSJ4KkkR9Fj04rGC/YA2hMl22y7dbMLuRiyhf8WLB0W8+ke8+W/ctEG09cHA470ZZuaFCWdKu+6Xtba+sbm1Xdop7+7tHxzaR5W2ilNJaIvEPJbdEBXlTNCWZprTbiIpRiGnnXByk/udByoVi8W9nibUj3Ak2JAR1EYK7EofeTLGoF7+QWBX3Zo7h7NKvIJUoUAzsD/7g5ikERWacFSq57mJ9jOUmhFOZ+V+qmiCZIIj2jNUYESVn81vnzlnRhk4w1iaEtqZq78nMoyUmkah6YxQj9Wyl4v/eb1UD6/8jIkk1VSQxaJhyh0dO3kQzoBJSjSfGoJEMnOrQ8YokWgTVx6Ct/zyKmnXa55b8+4uqo3rIo4SnMApnIMHl9CAW2hCCwg8whO8wKs1s56tN+t90bpmFTPH8AfWxzdXMpC2</latexit>

<latexit sha1_base64="PYTrSjzRgk+F+IW3Tbxue9SOr/Q=">AAACIHicbZDLSsNAFIYnXmu9VV26GSxC3dREK3UjFAXpskJv0EuYTCft0JkkzJwIJeRR3Pgqblwoojt9GtMLqK0/DHz85xzOnN8JBNdgmp/G0vLK6tp6aiO9ubW9s5vZ269rP1SU1agvfNV0iGaCe6wGHARrBooR6QjWcIY343rjninNfa8Ko4B1JOl73OWUQGLZmaK0z/EVbgvmQg5LO6rat3G3MKVyjNuK9wdw0o2s04s4/SM7kzXz5kR4EawZZNFMFTvz0e75NJTMAyqI1i3LDKATEQWcChan26FmAaFD0metBD0ime5EkwNjfJw4Pez6Knke4In7eyIiUuuRdJJOSWCg52tj879aKwT3shNxLwiBeXS6yA0FBh+P08I9rhgFMUqAUMWTv2I6IIpQSDIdh2DNn7wI9bO8Zeatu0K2dD2LI4UO0RHKIQsVUQmVUQXVEEUP6Am9oFfj0Xg23oz3aeuSMZs5QH9kfH0DNUGd5g==</latexit>

<latexit sha1_base64="SB968iY13DGUSvXOhU4SgV+jmLE=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVgh6LXjxWsB/QriWbZtvQJLskWaUs/R9ePCji1f/izX9jtl1QWx8MPN6bYWZeEHOmjet+OYWV1bX1jeJmaWt7Z3evvH/Q0lGiCG2SiEeqE2BNOZO0aZjhtBMrikXAaTsYX2d++4EqzSJ5ZyYx9QUeShYygo2V7kX/vPSDfrniVt0Z0DLxclKBHI1++bM3iEgiqDSEY627nhsbP8XKMMLptNRLNI0xGeMh7VoqsaDaT2dXT9GJVQYojJQtadBM/T2RYqH1RAS2U2Az0oteJv7ndRMTXvopk3FiqCTzRWHCkYlQFgEaMEWJ4RNLMFHM3orICCtMjA0qC8FbfHmZtM6qnlv1bmuV+lUeRxGO4BhOwYMLqMMNNKAJBBQ8wQu8Oo/Os/PmvM9bC04+cwh/4Hx8A0hNjnM=</latexit>

<latexit sha1_base64="EixT1DdYQbplbhOU/cUGiG3LyVU=">AAAB9XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoMeiB70IFewHtGvJptk2NJtdkqxSlv4PLx4U8ep/8ea/MdsuqK0PBh7vzTAzz48F18ZxvlBhaXllda24XtrY3NreKe/uNXWUKMoaNBKRavtEM8ElaxhuBGvHipHQF6zljy4zv/XAlOaRvDPjmHkhGUgecEqMle5velelH/TKFafqTIEXiZuTCuSo98qf3X5Ek5BJQwXRuuM6sfFSogyngk1K3USzmNARGbCOpZKETHvp9OoJPrJKHweRsiUNnqq/J1ISaj0OfdsZEjPU814m/ud1EhOceymXcWKYpLNFQSKwiXAWAe5zxagRY0sIVdzeiumQKEKNDSoLwZ1/eZE0T6quU3VvTyu1izyOIhzAIRyDC2dQg2uoQwMoKHiCF3hFj+gZvaH3WWsB5TP78Afo4xs1WY5n</latexit>

<latexit sha1_base64="hO+h7mwa7NPSLMM59NqCrUv0WJY=">AAACAHicbVDLSgNBEOyNrxhfqx48eBkMQoQQdlXQixAUxGOEvCBZltnJJBky+2BmVghLLv6KFw+KePUzvPk3ziaLaGJBQ1HVTXeXF3EmlWV9Gbml5ZXVtfx6YWNza3vH3N1ryjAWhDZIyEPR9rCknAW0oZjitB0Jin2P05Y3ukn91gMVkoVBXY0j6vh4ELA+I1hpyTUP6u4tukIlu3xWtk4KP3DNolWxpkCLxM5IETLUXPOz2wtJ7NNAEY6l7NhWpJwEC8UIp5NCN5Y0wmSEB7SjaYB9Kp1k+sAEHWulh/qh0BUoNFV/TyTYl3Lse7rTx2oo571U/M/rxKp/6SQsiGJFAzJb1I85UiFK00A9JihRfKwJJoLpWxEZYoGJ0pmlIdjzLy+S5mnFtir2/Xmxep3FkYdDOIIS2HABVbiDGjSAwASe4AVejUfj2Xgz3metOSOb2Yc/MD6+AbTfkKg=</latexit>
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion in minimal SU(5) GUT      

• Require that complex and add

• Impose PQ symmetry: 

• Axion decay constant:

• Gauge coupling unification, taking into account LHC 
and Superkamiokande constraints:

<latexit sha1_base64="yjnfi+7kTx4iNS3KBya7xPw5Veg=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9kthXoseumxgv2QdinZNNuGJtklyQpl6a/w4kERr/4cb/4bs+0etPXBwOO9GWbmBTFn2rjut1PY2t7Z3Svulw4Oj45PyqdnXR0litAOiXik+gHWlDNJO4YZTvuxolgEnPaC2V3m956o0iySD2YeU1/giWQhI9hY6bFWH7VKGUblilt1l0CbxMtJBXK0R+Wv4TgiiaDSEI61HnhubPwUK8MIp4vSMNE0xmSGJ3RgqcSCaj9dHrxAV1YZozBStqRBS/X3RIqF1nMR2E6BzVSve5n4nzdITHjjp0zGiaGSrBaFCUcmQtn3aMwUJYbPLcFEMXsrIlOsMDE2oywEb/3lTdKtVT236t3XK83bPI4iXMAlXIMHDWhCC9rQAQICnuEV3hzlvDjvzseqteDkM+fwB87nD0JcjhM=</latexit>

<latexit sha1_base64="AjZYNiaS8Iq61GmGHMztmToMiNo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbRU0lE0WPRS48V7AekoWy2m3bpZjfsToQS+jO8eFDEq7/Gm//GTZuDtj4YeLw3w8y8MBHcgOt+O6W19Y3NrfJ2ZWd3b/+genjUMSrVlLWpEkr3QmKY4JK1gYNgvUQzEoeCdcPJfe53n5g2XMlHmCYsiMlI8ohTAlbyr88HzcoCg2rNrbtz4FXiFaSGCrQG1a/+UNE0ZhKoIMb4nptAkBENnAo2q/RTwxJCJ2TEfEsliZkJsvnJM3xmlSGOlLYlAc/V3xMZiY2ZxqHtjAmMzbKXi/95fgrRbZBxmaTAJF0silKBQeH8fzzkmlEQU0sI1dzeiumYaELBppSH4C2/vEo6l3XPrXsPV7XGXRFHGZ2gU3SBPHSDGqiJWqiNKFLoGb2iNwecF+fd+Vi0lpxi5hj9gfP5A52fjjE=</latexit>

<latexit sha1_base64="UZzMdMitoXP5uN0z5oApzrVSF7M="></latexit>

<latexit sha1_base64="iwc4dYz+b0GjqDgm/wVbFUu7KeA=">AAACK3icbZDLSgMxGIUz9V5voy7dBIvgqkzE27LWhW4EBatCpwyZNNOGZi4mGaGEvI8bX8WFLrzg1vcw085CrQcCh+/8IflPmHEmlee9O5Wp6ZnZufmF6uLS8sqqu7Z+LdNcENoiKU/FbYgl5SyhLcUUp7eZoDgOOb0JBydFfnNPhWRpcqWGGe3EuJewiBGsLArcZhQcQ1+ymN5BPxKYaGQ0QsayO6H0GB0YvW9MmZ8Hp0b3gn1TLRW4Na/ujQQnDSpNDZS6CNxnv5uSPKaJIhxL2UZepjoaC8UIp6bq55JmmAxwj7atTXBMZUePdjVw25IujFJhT6LgiP68oXEs5TAO7WSMVV/+zQr4X9bOVXTU0SzJckUTMn4oyjlUKSyKg10mKFF8aA0mgtm/QtLHthFl6y1KQH9XnjTXu3Xk1dHlXq3RLOuYB5tgC+wABA5BA5yBC9ACBDyAJ/AK3pxH58X5cD7HoxWnvLMBfsn5+gail6VS</latexit>
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[Di Luzio, AR, Tamarit, arXiv:1807.09769]

<latexit sha1_base64="mT+vb3GgYyM/vCXyE7AZ0j4yF24=">AAACEXicbVBNS8NAEN34WetX1aOXxSL0ICER0R6rXjxWsB/QhLLZTtvFzSbsTsQS+he8+Fe8eFDEqzdv/hvTD0FbHww83pthZl4QS2HQcb6shcWl5ZXV3Fp+fWNza7uws1s3UaI51HgkI90MmAEpFNRQoIRmrIGFgYRGcHs58ht3oI2I1A0OYvBD1lOiKzjDTGoXSmH7nHpC0daJXT6ip/ap71HqIdxjqqA+zP+gXSg6tjMGnSfulBTJFNV24dPrRDwJQSGXzJiW68Top0yj4BKGeS8xEDN+y3rQyqhiIRg/HX80pIeZ0qHdSGelkI7V3xMpC40ZhEHWGTLsm1lvJP7ntRLslv1UqDhBUHyyqJtIihEdxUM7QgNHOcgI41pkt1LeZ5pxzEIcheDOvjxP6se269ju9UmxcjGNI0f2yQEpEZeckQq5IlVSI5w8kCfyQl6tR+vZerPeJ60L1nRmj/yB9fENO+eYKw==</latexit>
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion in minimal SU(5) GUT      

• Axion mass in neV range:

• PQ symmetry has to be broken before inflation and
not restored afterwards to avoid DM overabundance

• DM abundance depends not only on mass, but 
also on the initial value of inside
causally connected region which is inflated to
observable universe

• Anthropical selection of initial value to reproduce
the observed dark matter abundance needed:

<latexit sha1_base64="qRMpsb5ccSwPa+lMhCUiDRfr33Q="></latexit>

<latexit sha1_base64="McXNndRp7rogKc7Fn3wHuQ7Vilo=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSYi6EVo9eKxgv2ANoTNdtMu3WzC7kQopUcv/hUvHhTx6k/w5r9x0+ZQWx8MPN6bYWZekAiuwXF+rKXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGt5nffGRK81g+wDBhXkR6koecEjCSbx91oM+A+Bxf46rPz0K/iosz8O2SU3YmwIvEzUkJ5aj59nenG9M0YhKoIFq3XScBb0QUcCrYuNhJNUsIHZAeaxsqScS0N5o8MsYnRuniMFamJOCJOjsxIpHWwygwnRGBvp73MvE/r51CeOWNuExSYJJOF4WpwBDjLBXc5YpREENDCFXc3IppnyhCwWSXheDOv7xIGudl1ym79xelyk0eRwEdomN0ilx0iSroDtVQHVH0hF7QG3q3nq1X68P6nLYuWfnMAfoD6+sXdnSUbg==</latexit>

[Saikawa]   
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion in minimal SU(5) GUT      

• Axion mass in neV range:

• PQ symmetry has to be broken before inflation and
not restored afterwards to avoid DM overabundance

• DM abundance depends not only on mass, but 
also on the initial value of inside
causally connected region which is inflated to
observable universe

• Anthropical selection of initial value to reproduce
the observed dark matter abundance needed:

• CASPEr-Electric and ABRACADABRA

<latexit sha1_base64="qRMpsb5ccSwPa+lMhCUiDRfr33Q="></latexit>

<latexit sha1_base64="McXNndRp7rogKc7Fn3wHuQ7Vilo=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSYi6EVo9eKxgv2ANoTNdtMu3WzC7kQopUcv/hUvHhTx6k/w5r9x0+ZQWx8MPN6bYWZekAiuwXF+rKXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGt5nffGRK81g+wDBhXkR6koecEjCSbx91oM+A+Bxf46rPz0K/iosz8O2SU3YmwIvEzUkJ5aj59nenG9M0YhKoIFq3XScBb0QUcCrYuNhJNUsIHZAeaxsqScS0N5o8MsYnRuniMFamJOCJOjsxIpHWwygwnRGBvp73MvE/r51CeOWNuExSYJJOF4WpwBDjLBXc5YpREENDCFXc3IppnyhCwWSXheDOv7xIGudl1ym79xelyk0eRwEdomN0ilx0iSroDtVQHVH0hF7QG3q3nq1X68P6nLYuWfnMAfoD6+sXdnSUbg==</latexit>

[Ouellet `16; adapted from Kahn,Safdi,Thaler `16]

[Budker et al. 14]
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion in minimal SU(5) GUT      

• Axion mass in neV range:

• PQ symmetry has to be broken before inflation and
not restored afterwards to avoid DM overabundance

• DM abundance depends not only on mass, but 
also on the initial value of inside
causally connected region which is inflated to
observable universe

• Anthropical selection of initial value to reproduce
the observed dark matter abundance needed:

• CASPEr-Electric and ABRACADABRA will probe 
the relevant parameter space, complementing
prospected constraints from HyperKamiokande

<latexit sha1_base64="qRMpsb5ccSwPa+lMhCUiDRfr33Q="></latexit>

<latexit sha1_base64="McXNndRp7rogKc7Fn3wHuQ7Vilo=">AAACCHicbVBNS8NAEN34WetX1KMHF4vgqSYi6EVo9eKxgv2ANoTNdtMu3WzC7kQopUcv/hUvHhTx6k/w5r9x0+ZQWx8MPN6bYWZekAiuwXF+rKXlldW19cJGcXNre2fX3ttv6DhVlNVpLGLVCohmgktWBw6CtRLFSBQI1gwGt5nffGRK81g+wDBhXkR6koecEjCSbx91oM+A+Bxf46rPz0K/iosz8O2SU3YmwIvEzUkJ5aj59nenG9M0YhKoIFq3XScBb0QUcCrYuNhJNUsIHZAeaxsqScS0N5o8MsYnRuniMFamJOCJOjsxIpHWwygwnRGBvp73MvE/r51CeOWNuExSYJJOF4WpwBDjLBXc5YpREENDCFXc3IppnyhCwWSXheDOv7xIGudl1ym79xelyk0eRwEdomN0ilx0iSroDtVQHVH0hF7QG3q3nq1X68P6nLYuWfnMAfoD6+sXdnSUbg==</latexit>
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[Di Luzio, AR, Tamarit, arXiv:1807.09769]
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Axion in minimal SU(5) GUT      

• Can the modulus of the in this model be a viable inflaton candidate, taking into account its possible non-
minimal coupling to gravity?

• For , PQ symmetry not restored after inflation

• Can isocurvature constraints be avoided?

• In a pre-inflationary PQ symmetry scenario, where PQ field is not part of the inflaton:

• axion is massless field in de Sitter space, leading to isocurvature fluctuations, whose power spectrum freezes at 
horizon crossing

• Planck non-observation of isocurvature fluctuations leads to bound on Hubble scale during inflation:

• Bound does not apply in case of non-minimal chaotic inflation, since axion part of the inflaton and
therefore not massless during inflation and reheating

<latexit sha1_base64="lFT+tIzmtj1/0OZeyZjZ1C62YuI=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUgh6LXnqsYD+gDWGz3bZLN5uwu1FK7E/x4kERr/4Sb/4bN20OtfXBwOO9GWbmBTFnSjvOj1XY2t7Z3Svulw4Oj45P7PJpR0WJJLRNIh7JXoAV5UzQtmaa014sKQ4DTrvB9C7zu49UKhaJBz2LqRfisWAjRrA2km+Xa3W/iUor8O2KU3UWQJvEzUkFcrR8+3swjEgSUqEJx0r1XSfWXoqlZoTTeWmQKBpjMsVj2jdU4JAqL12cPkeXRhmiUSRNCY0W6upEikOlZmFgOkOsJ2rdy8T/vH6iRzdeykScaCrIctEo4UhHKMsBDZmkRPOZIZhIZm5FZIIlJtqklYXgrr+8STq1qutU3ft6pXGbx1GEc7iAK3DhGhrQhBa0gcATvMAbvFvP1qv1YX0uWwtWPnMGf2B9/QKI9Y76</latexit>

[Ballesteros, Di Luzio, AR, Tamarit, Welling, in progress]

<latexit sha1_base64="e5PU5CM9DF2/HVNiCUXznFSTOek="></latexit>

<latexit sha1_base64="ORc0iHq91//QpQEwzjn2/SxmACk="></latexit>

<latexit sha1_base64="lFT+tIzmtj1/0OZeyZjZ1C62YuI=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUgh6LXnqsYD+gDWGz3bZLN5uwu1FK7E/x4kERr/4Sb/4bN20OtfXBwOO9GWbmBTFnSjvOj1XY2t7Z3Svulw4Oj45P7PJpR0WJJLRNIh7JXoAV5UzQtmaa014sKQ4DTrvB9C7zu49UKhaJBz2LqRfisWAjRrA2km+Xa3W/iUor8O2KU3UWQJvEzUkFcrR8+3swjEgSUqEJx0r1XSfWXoqlZoTTeWmQKBpjMsVj2jdU4JAqL12cPkeXRhmiUSRNCY0W6upEikOlZmFgOkOsJ2rdy8T/vH6iRzdeykScaCrIctEo4UhHKMsBDZmkRPOZIZhIZm5FZIIlJtqklYXgrr+8STq1qutU3ft6pXGbx1GEc7iAK3DhGhrQhBa0gcATvMAbvFvP1qv1YX0uWwtWPnMGf2B9/QKI9Y76</latexit>

v24H = MG/g5 & 1017 GeV
<latexit sha1_base64="XtMjSCuZqaggyy73bPzzd/D0Jp8="></latexit>
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Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Revisiting isocurvature bound      

• Work in progress: 

• Numerical evolution of inflationary perturbations, accoun-
ting for nonzero masses;  use these as initial conditions
for lattice simulations including effects of Higgs decays

• Derive power spectra for isocurvature perturbation

• Extrapolate to CMB scales

• Results:

• Super-horizon isocurvature modes have an initial 
exponential growth but then decay as 1/a(t)^2

• Extrapolation to CMB times: competition between initial 
amplification and later decay

• As                                          seems to always peak
and then oscillate around a constant value, we can
establish bound and direct estimate at CMB times

[Ballesteros, Di Luzio, AR, Tamarit, Welling]



Page 53

Back Up: Towards a GUT SMASH  

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

Revisiting isocurvature bound      

• Work in progress: 

• Numerical evolution of inflationary perturbations, accoun-
ting for nonzero masses;  use these as initial conditions
for lattice simulations including effects of Higgs decays

• Derive power spectra for isocurvature perturbation

• Extrapolate to CMB scales

• Results:

• Super-horizon isocurvature modes have an initial 
exponential growth but then decay as 1/a(t)^2

• Extrapolation to CMB times: competition between initial 
amplification and later decay

• As                                          seems to always peak
and then oscillate around a constant value, we can
establish bound and direct estimate at CMB times

• If inflaton and axion part of multiplet (>= 6 real scalars), 
CMB isocurvature bound satisfied (preliminary)   

[Ballesteros, Di Luzio, AR, Tamarit, Welling]
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Dish Antennas

• Oscillating axion/ALP DM in a background magnetic field carries a small electric field component

• A magnetised mirror in axion/ALP DM background radiates photons [Horns,Jaeckel,Lindner,Lobanov,Redondo,AR 13]   

<latexit sha1_base64="BUPOBJHnm0o92l/XpyZxfX/PAAg="></latexit>
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Dish Antennas

• Boosted dish antenna: Open dielectric resonator

• Add stack of dielectric disks with spacing in front of mirror (all immersed in magnetic field)

• Constructive interference of photon part of wave function
[Jaeckel,Redondo 13]   

[Millar,Raffelt,Redondo,Steffen 16]   

[Baryakhtar,Huang,Lasenby18]   
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Dish Antennas

• Boosted dish antenna: Proposed MADMAX experiment [Caldwell et al.  `16; Bruns et al. 19]   

2017 -2019
Design 

2020 -2025
Prototype 

2025 -2035
Experiment 

The European Physical Journal

EPJ C
Recognized by European Physical Society

Particles and Fields

The European Physical Journal C
volume 79 · number 3 · march · 2019

volume 79 · number 3 · march · 2019           

123

179   H. Chakrabarty, A. Abdujabbarov and C. Bambi
Scalar perturbations and quasi-normal modes 
of a nonlinear magnetic-charged black hole 
surrounded by quintessence
Regular Article - Theoretical Physics

180   M. Azarkin et al.
Studying minijets and MPI with rapidity 
correlations
Regular Article - Theoretical Physics

181   R. Islam, M. Kumar and V. Rawoot
KT -factorization approach to the Higgs boson 
production in ZZ* → 4ℓ channel at the LHC
Regular Article - Theoretical Physics

182   B.-L. Du  et al.
Extending the predictive power of perturbative 
QCD
Regular Article - Theoretical Physics

183   G. Bruno  et al.
On the critical energy required for homogeneous 
nucleation in bubble chambers employed in dark 
matter searches
Regular Article - Experimental Physics

184   Z.-G. Wang
Strong decays of the Y(4660) as a vector 
tetraquark state in solid quark-hadron duality
Regular Article - Theoretical Physics

185   S. Boran, S. Desai and E.O. Kahya
Constraints on diff erential Shapiro delay between 
neutrinos and photons from IceCube-170922A
Regular Article - Theoretical Physics

186   P. Brun et al.
MADMAX Collaboration
A new experimental approach to probe QCD axion 
dark matter in the mass range above 40 µ eV
Regular Article - Experimental Physics

187   E. Benedetto et al.
On the general relativistic framework of the 
Sagnac eff ect
Letter

188   L. Fabbri
Polar solutions with tensorial connection of the 
spinor equation
Regular Article - Theoretical Physics

189   J. Bergner and M. Schulze
The top quark charge asymmetry in tt–g 
production at the LHC
Regular Article - Theoretical Physics

190   R. Del Grande et al.
K− multi-nucleon absorption cross sections and 
branching ratios in "p and  #0p fi nal states
Regular Article - Experimental Physics

191   V. Malvimat et al.
Holographic entanglement negativity for disjoint 
intervals in AdS3/C F T2

Regular Article - Theoretical Physics

192   E. Gotsman, E. Levin and I. Potashnikova
A new parton model for the soft interactions 
at high energies
Regular Article - Theoretical Physics

193   P. Goodarzi and H.M. Sadjadi
Reheating in a modifi ed teleparallel model of 
infl ation
Regular Article - Theoretical Physics

194   Y. Ling, Y. Liu and C.-Y. Zhang
Holographic subregion complexity 
in Einstein-Born-Infeld theory
Regular Article - Theoretical Physics

(Continuation on the reverse page)
Projection of sensitivities for DM axions and ALPs on the axion–photon coupling gagg as a function of the axion mass. The lines 

denoted by DFSZ and KSVZ show representative gagg values associated with the corresponding two most popular classes of 
QCD axion models. The MADMAX projected sensitivities are compared to existing limits from ADMX [15, 16], other haloscope 

experiments [13], from HAYSTAC [18] and ORGAN [17]. Also the IAXO [72] sensitivity for solar axions and ALPs is indicated.
From MADMAX Collaboration: A new experimental approach to probe QCD axion dark matter in the mass range above 40μeV.

The European Physical Journal C
  volum

e 79 ∙ num
ber 3 ∙ m

arch ∙ 2019          

@CERN @DESY

Scaling:  Area       1/10    (of final experiment) 
# discs     1/4 
B [T]         1/5

@DESY
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Magnetic Resonance Searches 

• Axion DM field induces oscillating NEDMs:

• Place a ferroelectric crystal (permanent electric
polarisation fields ) in external

• Nuclear spins are polarised along ,   and precess
at Larmor frequency

• Interaction                       of DM induced NEDM with
the -field leads to resonant increase of transver-
se magnetisation of sample when

• CASPEr-Electric currently being set-up in Boston 
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[Graham,Rajendran 13; Budker et al. 14]
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Searching for Axion-induced Magnetic Fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current
around ring

• ... this generates oscillating magnetic field through
center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-
finder status [Silva-Feaver et al. 16]

[Irastorza,Redondo 18]

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

[Ouellet `16; adapted from Kahn,Safdi,Thaler `16]
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Searching for Axion-induced Magnetic Fields

• ABRACADABRA (MIT) currently being set-up

• Exploit toroidal magnet with fixed magnetic field:

• Axion DM generates oscillating effective current
around ring

• ... this generates oscillating magnetic field through
center

• ... this can be detected by pickup loop

• DM-Radio (Stanford): similar experiment in path-
finder status [Silva-Feaver et al. 16]

[Sikivie,Sullivan,Tanner 14; Kahn,Safdi,Thaler `16]

ABRACADABRA-10 cm Run 1:

[AR,Rybka,Rosenberg in 2019 update PDG RPP]
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• International Axion Observatory (IAXO) 

• Large toroidal 8-coil magnet L = ~20 m 

• 8 bores: 600 mm diameter each

• 8 X-ray telescopes + 8 detection systems

• Rotating platform with services

• Proposed site: DESY

[IAXO CDR: JINST 9 (2014) T05002 (arXiv:1401.3233)]
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• Prototype for IAXO: BabyIAXO

• Two bores of dimensions similar to final IAXO bores

• Detection lines representative of final ones

• Test & improve all systems

• Magnet technical design ongoing at CERN

• Funded mainly via

• Site: HERA South Hall at DESY

• Construction may start in 2020

• Data taking may start in 2024

Irastorza: ERC-AvG 2017 IAXO+
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• (Baby)IAXO probes meV mass QCD axion and covers most of parameter space relevant for astro hints
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Light-Shining-through-a-Wall Searches 
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• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg) [AR 03;....;Ehret et al. 10]

[Sikivie 1983, Ansel‘m 1985, van Bibber et al. 1987]
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• ALPS I @ DESY (in collaboration with AEI Hannover and U Hamburg)

• LSW experiments ALPS I and OSQAR @ CERN give currently the best purely laboratory limit on low mass axions:

[AR 03;...;Ehret et al. 10]

[AR,Rybka,Rosenberg in 2019 update PDG RPP]
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• ALPS II @ DESY (in collaboration with AEI Hannover, U Cardiff, U Florida, U Mainz) [Bähre et al (ALPS II TDR) 13]



Page 66

Light-Shining-through-a-Wall Searches

| One SM*A*S*H to Rule Them All | Andreas Ringwald, GRK 2044 Seminar, Freiburg, Germany, 17 June 2020

ALPS II at DESY

• HERA tunnel on about 300 m cleared

• 24 magnets straightened and tested; first 
magnets installed  

• Construction will be finished end of 2020

• Data taking 2021 and 2022
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Excessive stellar energy losses

• Practically every stellar systems seems to be cooling faster than predicted by models:

Ayala et. al. (2014), Straniero (proc. of XI Patras Workshop)

Viaux et. al. (2013), Arceo-Daz et. al. (2015)

Bertolami (2014)
Corsico et. al., (2014, 
2015), Battich et. al. (2016)

Kepler et. al., (1991) + many others

Corsico et. al., (2012)

Corsico et. al., (2016)

Corsico et. al., (2016)

Shternin et. al. (2011)

[Giannotti, Irastorza, Redondo, AR ‘15;  Giannotti, Irastorza, Redondo, AR, Saikawa ‘17]
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Excessive stellar energy losses

• Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion/ALP with

coupling to photons and electrons:
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Excessive stellar energy losses

• Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion/ALP with

coupling to photons and electrons, e.g. SMASH:

[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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