
N	 Naturalness

Hyung	 Do	 Kim	 
(Seoul	 National	 University	 &	 IAS	 Princeton)	 

with	 N.	 Arkani-Hamed,	 T.	 Cohen,	 	 
R.	 D’agnolo,	 A.	 Hook,	 D.	 Pinner,

Yonsei	 University	 
November	 23,	 2015



We	 discovered	 Higgs	 
&	 

Yet	 there	 is	 no	 hint	 of	 new	 physics.



It	 would	 be	 too	 early	 to	 give	 up	 now	 given	 
we	 waited	 for	 more	 than	 30	 years	 
and	 LHC	 Run	 II	 started	 just	 now.	 

Let’s	 hope	 we	 can	 hear	 exciting	 news	 
at	 the	 end	 of	 this	 year	 or	 next	 year.



Nevertheless,	 there	 is	 some	 doubt	 that	 now	 
we	 are	 missing	 something	 important.	 

125	 GeV	 is	 little	 too	 heavy	 for	 susy	 Higgs	 
and	 there	 is	 no	 hint	 of	 new	 physics	 from	 

flavour	 physics.



If	 nothing	 comes	 out	 from	 the	 LHC	 Run	 II,	 
multiverse	 might	 be	 an	 answer	 to	 the	 
hierarchy	 problem	 (and	 c.c.).	 

Did	 you	 explore	 all	 possibilities	 now?



N	 Naturalness



Imagine	 large	 N	 copies	 of	 the	 SM.	 
Now	 the	 cutoff	 becomes	 lower.	 
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Imagine	 Higgs	 mass	 scans	 randomly.	 
If	 there	 are	 sufficiently	 large	 N,	 

one	 of	 the	 mass	 would	 be	 light	 enough	 
compared	 to	 the	 cutoff.
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N	 Naturalness	 I
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Cutoff	 is	 lowered	 
and	 one	 of	 Higgs	 mass	 can	 be	 lighter	 



Copies	 of	 the	 SM
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Suppose	 all	 the	 dimensionless	 couplings	 are	 
identical	 for	 the	 copies	 and	 only	 mu	 scans.	 
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Positive	 Higgs	 mass	 squared

EW	 symmetry	 is	 broken	 by	 QCD	 
SU(6)xSU(6)=>SU(6)	 
35	 Goldstone	 mesons	 

Sphaleron	 is	 active	 at	 QCD	 transition	 and	 all	 the	 baryons	 are	 
converted	 to	 leptons	 

Neutrinos	 are	 nearly	 massless
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Negative	 Higgs	 mass	 squared

There	 are	 copies	 of	 the	 (MS)SM	 with	 different	 EW	 scales.	 
In	 all	 sectors,	 photons	 are	 massless.	 

Neutrino	 masses	 may	 vary	 N	 (Majorana)	 
or	 N^1/2	 (Dirac)	 

Dark	 baryons	 and	 dark	 atoms	 
Double	 disk	 dark	 matter	 

continuum	 of	 ‘sterile’	 neutrinos	 with	 varying	 mass	 from	 eV	 to	 keV
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Cosmology	 of	 the	 reheaton	 (phi)



Suppose	 there	 is	 a	 field	 phi	 which	 couples	 to	 
all	 N	 sectors	 and	 reheats	 the	 universe.	 
(can	 be	 a	 boson	 or	 a	 fermion)	 



phi	 (boson)	 can	 be	 seen	 as	 bulk	 fields	 	 
or	 pseudo-Goldstone	 bosons	 

Only	 the	 sectors	 lighter	 than	 phi	 will	 be	 
dominantly	 populated.	 If	 phi	 is	 comparable	 
to	 the	 lightest	 Higgs,	 only	 the	 lightest	 sector	 

will	 be	 populated.	 
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Natural	 size	 of	 couplings	 

For	 simplicity,	 assume	 that	 cubic	 couplings	 
randomly	 changes	 sign.	 
Higgs	 loop	 gives	 a	 tadpole
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Thus	 the	 reheaton	 mass	 can	 be	 naturally	 
comparable	 to	 the	 lightest	 Higgs	 mass.

At	 the	 end	 of	 inflation,	 	 
inflaton	 first	 decays	 to	 reheaton.

Reheaton	 decays	 to	 sectors	 which	 are	 
lighter	 than	 itself.

Natural	 explanation	 of	 why	 the	 lightest	 
sector	 is	 populated.



A! h  h
1.	 Positive	 Higgs	 mass	 squared

phi	 decays	 to	 2h	 if	 allowed	 kinematically,	 
or	 hh^*	 to	 htt(tb)	 or	 tttt(tbtb).	 

(h	 is	 full	 SU(2)	 doublet,	 4	 real	 components.)



1.	 Positive	 Higgs	 mass	 squared
m� < 2mh (1)
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3	 body	 decay	 is	 highly	 suppressed
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1.	 Negative	 Higgs	 mass	 squared
m� < 2mh (1)
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If	 we	 are	 accidentally	 close	 to	 zero	 by	 r,

phi	 more	 preferentially	 decays	 to	 us.
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Delta	 N_eff	 ~	 1	 is	 the	 generic	 prediction	 
if	 reheaton	 is	 comparable	 to	 the	 lightest	 Higgs.	 	 

Future	 cmb	 experiments	 can	 test	 it.	 
cmb4	 can	 measure	 it	 up	 to	 0.02	 in	 future.



Phenomenology	 of	 the	 reheaton	 (phi)



Photon	 kinetic	 mixing	 between	 us	 and	 ius	 
through	 3	 loop	 involving	 t,W(us	 and	 ius)	 

mediated	 by	 phi
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Axion	 solution	 to	 the	 strong	 CP



If	 all	 the	 couplings	 are	 the	 same	 and	 the	 
axion	 couples	 to	 all	 of	 them,	 the	 axion	 will	 

get	 its	 mass	 
larger	 
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Neutrino	 cosmology
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and	 damping	 of	 structure	 due	 to	 neutrinos
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N	 Naturalness	 II
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Cutoff	 is	 lowered	 
and	 one	 of	 Higgs	 mass	 can	 be	 lighter	 
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Most	 of	 the	 discussions	 are	 similar	 
but	 neutrino	 makes	 a	 difference.	 

The	 heaviest	 neutrino	 can	 be	 100	 TeV	 
and	 universe	 can	 be	 easily	 overclosed.	 

work	 in	 progress



SLi H i
Fermionic	 reheaton	 has	 the	 same	 features.	 
can	 be	 extended	 to	 vector-like	 leptons	 
(inversely	 proportional	 to	 N^3)



Summary	 

Landscape/multiverse	 vs	 naturalness	 

Started	 from	 naturalness	 and	 current	 puzzle,	 
interesting	 cosmological	 predictions	 are	 derived.	 

N	 copies	 of	 the	 (MS)SM	 can	 provide	 an	 extra	 
motivation	 for	 cosmological	 parameters,	 e.g.,	 

effective	 neutrino	 number	 and	 CMB	 spectrum	 itself


