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Beyond the Standard Model (SM)

* Experimental evidence for physics beyond the SM

- Neutrino oscillations
- Dark Matter
- Baryon asymmetry

- Gravity

e [heoretical issues of the SM

- Strong CP

- EW naturalness

- Cosmological constant
- Landau poles / triviality
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Beyond the Standard Model (SM)

* Experimental evidence for physics beyond the SM

- Neutrino oscillations |
Dark Matter
; Baryon asymmetry ;

Grawty
. —p A simple scalar extension of the SM
| may account for all these issues

J Theoreﬂcal ISsues ofthe SM

Strong —

'— EVWV naturalness |
- Cosmologlcal constant
- Landau poles / triviality
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Neutrino masses

e Realizations of neutrino masses in scalar extensions of the SM

(CCHH)/A (00le“H)/A\? (0elecle)/N®
0 0 0
<H> - S <H> x <H/>
\\ // | //’T'\\\
\I/ ) /_J\\ h // Ik__ < h
| h /// ~\ Ha // : R
: A > [ I - \' - — |l < — I — ;\' -
: v, e | eg v, V. € | € €g | € Vv,
— -~ % % %
Vi Vi <Hg> <Hg> <Hg>

[Zee (1980), Wolfenstein (1980),
[>chechter,Valle (1580), Balaji, Grimus, Schwetz (2001),

Cheng, Li (1980), Babos IUlio (2014
Lazarides, Shafi, Wetterich (1981), abu, Julio ( )]

Mohapatra, Senjanovic (1981)]

[Zee (1986), Babu (1988)]

= See talk by Santamaria
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Strong CP and the QCD Axion

e Two sources of CP violation in QCD

A . 7 1 vV va g vV Ya
Lacp = > (i) —mee™ ) ipg — L GLY G, — 98705 G,
q

- No neutron EDM sl § =6 — Arg Det M, < 10~
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Strong CP and the QCD Axion

e Two sources of CP violation in QCD

A . 7 1 vV va g vV Ya
Lacp = > (i) —mee™ ) ipg — L GLY G, — 98—7TG5 G,
q

- No neutron EDM sl § =6 — Arg Det M, < 10~

e Spontaneously broken chiral (anomalous) global U(1)po [Peccei, Quinn (1977),
Weinberg (1978),Wilczek (197/8)]

- axion: PGB of U(1)po a— a+0avpg

1 7l a Qg vV a
Lers = —§8Maaﬂa+£(8“a,¢) + (94—5@]3@) 87‘(‘Gl; GNV — eff(a,)

-The #-term is washed out at the minimum by the axion
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DFESZ invisible axion

* Simplest implementation of the PQ mechanism for scalar extensions of the SM

[Dine, Fischler, Srednicki (1981), Zhitnitsky (1980)]
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DFESZ invisible axion

* Simplest implementation of the PQ mechanism for scalar extensions of the SM

[Dine, Fischler, Srednicki (1981), Zhitnitsky (1980)]
* Requires:
) two Higgs doublets in order for U(|)pq to be anomalous (Weinberg-Wilczek axion)

) a SM singlet which spontaneously break U(|)pg at energies » EVV scale (invisible axion)

<0‘> =V, > Vu,d

. AZ
- axion mass mg ~ —22 ( f, = v2V,)

- axion couplings ~ 1/f,
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DFESZ invisible axion
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sn1987A [N cDM PAREEEOpIC
Red gts., Gl. cls.(DFSZ)

Sun

ADMX

=10N 2@

[Kim, Carosi (2009)]

. AZ
- axion mass mg ~ —22 ( f, = v2V,)

fa

- axion couplings ~ 1/f,
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"Axionization’ of neutrino masses

* A (likely incomplete) list of refs. on the axion-neutrino connection

New fermions (mostly Type-| seesaw) New scalars (Zee model)
[Mohapatra, Senjanovic (1983), [Bertolini, Santamaria (1991),

Shafi, Stecker (1984), Arason, Ramond, Wright (199 )]
Langacker; Peccel, Yanagida (1986),

Shin (1987),

He,Volkas (1988),

Geng, Ng (1989),

Berezhiani, Khlopov (1991),

Ma (2001),

Dias, Pleitez (2006),

Ma (2012),

Chen, Tsai (2013),

Park (2014),

Dias, Machado, Nishi, Ringwald,Vaudrevange (2014),
Salvio (2015),

Carvajal, Dias, Nishi, Sanchez-Vega (2015),
Clarke, Volkas (2015),

Ahn, Chun (2015)]
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"Axionization’ of neutrino masses

* A (likely incomplete) list of refs. on the axion-neutrino connection

* Promote the trilinear mass parameters in the scalar potential to PQ spurions

<H’> . r <H’> x <H,>
\ / | T~
N 7/ < N -
Y //’J\\ h // :k-- \\h
N / \ / | \
| > [ - I - 1 - —l e - > i ————
: v, e | eg v, V € | € €er | € Vv,
— - J<0 % %
V. Vi <Hg> <Hg> <Hg>
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"Axionization’ of neutrino masses

* A (likely incomplete) list of refs. on the axion-neutrino connection

* Promote the trilinear mass parameters in the scalar potential to PQ spurions

=9= <H. > <o> <$>
<H’> ) <HS> VIR 2 L
ux | X ‘ \\ // 7T TS
\\\I // y\ h— / I N \\ h_
r - // \\ - / k \
| h \ Hau / | \
I / \ / | \
| A | , | | )
- N *0 )LO )LO
\)L \)L <Ha> <Hd> <Hd>

[Bertolini, DL, Kolesova, Malinsky (2014)]

~- PQ breaking triggers both neutrino masses and axion dynamics
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PQ extended type-ll seesaw

* Paradigmatic example: type-ll seesaw

Field |Spin|SU(3)c |SU2) |U(1)y |U(1)pg

ar | 3 3 2 5 0

ur | 3 3 1 +2 | X

dr | 3 3 1 -1 | X4

lr | 3 1 2 -2 | X

eR % 1 1 —1 Xe
0 1 2 : |
0 1 3 ' -~ Extended scalar sector
0 1 1 ‘
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PQ extended type-ll seesaw

* Paradigmatic example: type-ll seesaw

— Lo = YoqrurH, +Yqq;drHg + Ye ZLBRHd + %YA f%CiTgA {1, + h.c.

V11 = moduli terms + ()\5021?in + X0 HI ATH, + h.c.)
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PQ extended type-ll seesaw

* Paradigmatic example: type-ll seesaw

_ pTIm _ Y., QLURHu + Y, qLdRHd +Y. ZLBRHd + %YA f%C@TgA /7 + h.c.

V11 = moduli terms + (A502ﬁfbHd + X0 HI ATH, + h.c.)

* We require:

<0=>
- A5 to assign a non-vanishing PQ charge to sigma <> F O <hes
. X\\\ | ///X
- X to break L number (together with Ya ) T
A
MVTH p— YA’UA ~ _YA)\6ngu'Ud —_ : -
MA V. V.

= PQ charges fixed up to a normalization (as in DFSZ + tiny coupling axion-nu)
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A closer look at the scalar potential

* Emerging symmetries in corners of parameter space
2
Virt = —pd | Hy|? 4+ M [ Hy|* = 13 [ Hal® 4+ Mo |Hal* + Mo |Ho|? | Hal® + Mg |HIHy)|
— 13 o)* + Az lo|* + A |o|* [Hul* + Aas |o|* | Hal”
+Tr(ATA) [ug + Aa1 [Hul? + Aaz |Hal> + Aas o) + >\A4Tr(ATA)}
+ M HIAATH, + N HIAATH, + A Tr(ATA)? + (A502ﬁiﬂd Ao HIATH, + h.c.)

A

- ALA#0 = U(l)py ('hat’stands for spontaneously broken)
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A closer look at the scalar potential

* Emerging symmetries in corners of parameter space

2
Vi = — 3 [Ho|* + A1 [Hol* = 53 [Hal* + Ao [Ha|* + M2 [Hy|* [Hal* + Ay | HLHy|
— 12 1o)® + Az lo)* + Mz o’ [Hul® + Aoz |0 | Hyl

+Tr(ATA) [ug + Aa1 [Hul? + Aaz |Hal> + Aas o) + >\A4Tr(ATA)}

+ M HIAATH, + N HIAATH, + A Tr(ATA)? + (A502ﬁiﬂd 4 Ao HIATH, + h.c.)

A

- ALXN#£0 = U(l)pg

- AN =0 = U(l)pg®U(1)r (Massless neutrino)
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A closer look at the scalar potential

* Emerging symmetries in corners of parameter space

2
Vient = —p3 [Hy|* 4+ M | Hy|* = 3 | Hal? 4+ Ao | Ha)* 4 Mz |Hy|? | Hal” + M |HY Hy|
— 12 lo? + Xz lo| + Mz ol [Hu|® + Aoz o] |Hal?
+Tr(ATA) [ug + Aa1 [Hul? + Aaz |Hal> + Aas o) + >\A4Tr(ATA)}

+ M HIAATH, + N HIAATH, + A Tr(ATA)? + (A502ﬁiﬂd Ao HIATH, + h.c.)

- ALXN#£0 = U(l)pg

—_—

- =0 — U(l)pQ®U(1)L

- As=0 = U(l)pg@U(1), (VWeinberg-Wilczek axion + Majoron)
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A closer look at the scalar potential

* Emerging symmetries in corners of parameter space
2
Virt = —pd | Hy|? 4+ M [ Hy|* = 13 [ Hal® 4+ Mo |Hal* + Mo |Ho|? | Hal® + Mg |HIHy)|
— 13 o)* + Az lo|* + A |o|* [Hul* + Aas |o|* | Hal”
+Tr(ATA) [ug + Aa1 [Hul? + Aaz |Hal> + Aas o) + >\A4Tr(ATA)}
+ M HIAATH, + N HIAATH, + A Tr(ATA)? + (A502ﬁiﬂd Ao HIATH, + h.c.)

A

- ALA£A0 = U(l)pg

- =0 — ZT(T)PQ®U(1)L

- As =0 = ZT(T)PQ(X)(T(T)L

C Mk =0 = U(D)peoU1)eU(1),
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A closer look at the scalar potential

* Emerging symmetries in corners of parameter space

2
Vient = —p3 [Hy|* 4+ M | Hy|* = 3 | Hal? 4+ Ao | Ha)* 4 Mz |Hy|? | Hal” + M |HY Hy|
— 12 lo? + Xz lol + iz o] [Hu|® + Nz || |Hal?
+Tr(ATA) [MQA + Aa1 [Hul? + Aaz |Hal> + Aas o] + )\A4Tr(ATA)}

All A0

A6 = 0

As =0

As, g = 0
)\57)\67)\733 —

+ M HIAATH, + N HIAATH, + A Tr(ATA)? + (A502ﬁ,,jﬂd Ao HIATH, + h.c.)

[l
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[Georgl (?),Volkas, Davies, Joshi (1988), Bertolini, Santamaria (1991),
Foot, Kobakhidze, McDonald,Volkas (2014)]
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A closer look at the scalar potential

S:/d4x£/a(x)+/d4$’£(,(ac’)

- the energy-momentum tensors are independently conserved in the two sectors™

OuTh = 0,TH =0

*the argument ignores gravity

/\ /\

- X526, A3 =0 = U(l)po@U(1)L®U(1), ®Gp (extra Poincare’ symmetry)

[Georgl (?),Volkas, Davies, Joshi (1988), Bertolini, Santamaria (1991),
Foot, Kobakhidze, McDonald,Volkas (2014)]
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EVW Naturalness®

* A stable hierarchy b/w PQ and EWV is automatically achieved by decoupling the singlet

Vinix 3 A3 |0]” [Hu|” + Aoz o] [Hal” + Aas |0 Tr(ATA) + ()\50'2ﬁ,lHd + N0 HIATH, + h.c.)

*again, ignoring gravity
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EVW Naturalness®

* A stable hierarchy b/w PQ and EWV is automatically achieved by decoupling the singlet

* The ultraweak limit \;3, A5, A\ < 1 Is technically natural (extended Poincare’ symmetry)

-Verified by inspecting the fixed-point structure of the RGEs

By ¢ A13(...) + Aoz(o..) + Aasg(L..) + 82 + 3)2
Broy < A13(...) 4+ dag(..) + Aaz(...) + 8A2 + 33
Bang < A13(.) + Aoz (o) F Aas(c. ) + 2208

Bas < As(...)

B)\(S X )\6( . )
*again, ignoring gravity
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EVW Naturalness®

* A stable hierarchy b/w PQ and EWV is automatically achieved by decoupling the singlet

* The ultraweak limit \;3, A5, A\ < 1 Is technically natural (extended Poincare’ symmetry)
* Non-singlet fields cannot be decoupled via ultraweak limit (2-loop gauge int.s)

- A "fully natural” model requires an extended scalar sector below the TeV scale

< 10 meV TeV V, > 10° GeV

L. Di Luzio (Genova U.) - An extended scalar sector for the known physics BSM 08/1'|



(classical) scale invariance

e PQ-EW hierarchy might arise radiatively a la Coleman-Weinberg — [Allison, Hill, Ross (2014)]
[Hill (2014)]

> See talk by Lindner

V) |

0 —

0 02 04 06 08 1 12 14 v

FIG. 3. Resulting CW potential, ~pv* In(v/M).
FIG. 1. Classical ~Av* potential.
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(classical) scale invariance

e PQ-EW hierarchy might arise radiatively a la Coleman-Weinberg — [Allison, Hill, Ross (2014)]

e Absence of trilinear terms allows to implement the same idea in our setup
[Bertolini, DL, Kolesova, Malinsky,Vasquez (2015)]

2
Vi = —pf [Ho” + Ay [Hol* = 163 [Hal* + A2 [Hal* + A2 |Ho|? | Ha|” + My |HLHy|
— 13 |o” + A lo|* + Mg |of* [Hul® + Xos |o|* |[Ha|?
T Tr(ATA) [,EA x| Ho? 4+ Aas [Hal? + Aag o + AMTr(ATA)}

+ A HIAATH, + \sHIAATH, + Mo Tr(ATA)? + (A5a2ﬁg:Hd Ao HIATH, + h.c.)
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(classical) scale invariance

e PQ-EW hierarchy might arise radiatively a la Coleman-Weinberg — [Allison, Hill, Ross (2014)]

e Absence of trilinear terms allows to implement the same idea in our setup
[Bertolini, DL, Kolesova, Malinsky,Vasquez (2015)]

SMLal” + Ao [Hal* + Moo |Ho|* [Hal* + Ny |[H} Hy|”
—@@ + s o !+ i lo” [ Hul® + As o] [Hal?
5% + Aax [Hul? + Aoz [Hal* + Aas o] +>\A4Tr(ATA)}

+ A HIAATH, + \sHIAATH, + Mo Tr(ATA)? + (A5a2ﬁ$Hd Ao HIATH, + h.c.)

1 M2( ) 3)

6472 u2 2

+ Tr M* (o) (log
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(classical) scale invariance

e PQ-EW hierarchy might arise radiatively a la Coleman-Weinberg — [Allison, Hill, Ross (2014)]

e Absence of trilinear terms allows to implement the same idea in our setup
[Bertolini, DL, Kolesova, Malinsky,Vasquez (2015)]

* Requires: Az~ (0/Ve)t < Nigs ~ (0/ Vo)

- CW mechanism effective in the O direction

- |o| behaves as a pseudo-dilaton

1
2 2
= 2 ~
m: B,V = scale anomaly
Arg o | |(7|| H,,Hg, A | | |
<10 meV <100 keV TeV V, > 10° GeV
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Gifts from light scalars

* New extra scalars can easily improve the stability of the EVWV vacuum

V = Vorr + M5 | X?| + Axu|X|?|HI* + ...

3 nx
(47)? By = (1297 — 39" — 997) Ay — 6y; + 3 29" + (¢ + ¢%)°] +23)\% + 7>\_2XH
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Gifts from light scalars

* New extra scalars can easily improve the stability of the EVWV vacuum

V = Vorr + M5 | X?| + Axu|X|?|HI* + ...

3 nx
(47)? By = (1297 — 39" — 99°) Ay — 6y; + 3 29" + (¢ + ¢%)°] +23)\% + 7>\_2XH
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Gifts from light scalars

* New extra scalars can easily improve the stability of the EVWV vacuum

V =Vsu + Mx|X?| + Axu|X[P|HI” + ...
* EW baryogenesis [work in progress]

- Strong | st order phase transition (enhanced cubic term in the Higgs background field)

nx1’ Axr o]
AVegr (¢, T) D ~ o Mx(T)+ Mx + T¢2

Many known working examples: Inert doublet [Chowdhury, Nemevsek, Senjanovic, Zhang (2012)]
Type-ll seesaw triplet [AbdusSalam, Chowdhury (2014)], ...
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Gifts from light scalars

* New extra scalars can easily improve the stability of the EVWV vacuum

V =Vsu + Mx|X?| + Axu|X[P|HI” + ...
* EW baryogenesis [work in progress]

- Strong | st order phase transition (enhanced cubic term in the Higgs background field)

nx1’ Axr o]
AVegr (¢, T) D ~ o Mx(T)+ Mx + T¢2

Many known working examples: Inert doublet [Chowdhury, Nemevsek, Senjanovic, Zhang (2012)]
Type-ll seesaw triplet [AbdusSalam, Chowdhury (2014)], ...

- None of our tree-level minimal PQ-extended potentials violates CP

non-minimal PQ extended models ! [Geng, Jiang, Ng (1988), He, Volkas (1988)]

wfp  Use f-term # O in the early universe 7 [Servant (2014)]
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Conclusions

e A scalar alternative to the Vr-SM ?

DFSZ axion + type-ll seesaw
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Conclusions

e A scalar alternative to the Vr-SM ?

Neutrino oscillations

et

Strong CP EW baryogenesis ?

DFSZ axion + type-ll seesaw

Dark matter EVW naturalness

P

FW vacuum stability
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Backup slides
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A threat to the PQ solution

e “Folk's theorem™ about the non-existence of global symmetries in quantum gravity

- global charges can be eaten by black holes, which may subsequently evaporate

[Bekenstein (1972), Zeldovich (1977)]
* Parametrizing explicit breaking by effective operators:

o" SSB fr
OP/)Q — kAn—él — |k|An—4

cos(na + arg k),

[Kamionkowski, March-Russell (1992), Kallosh, Linde, Linde, Susskind (1992), Holman et al. (1992)]

-for A=mp; and f =107 GeV :

H<107" — n>10
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Does the neutrino protect the axion ¢

* Dual formulation of the axion allows to identify the source of gravitational breaking

[Kallosh, Linde, Linde, Susskind (1992), Dvali (2005)]

0 Jpo = GG

- gravitational anomaly produces a non-zero 4

* Form, = 0 there is a further chiral current (J4 = vp~y*vy ) with a gravitational anomaly

0. J* — RR [Dvali, Folkerts, Franca (2014)]
ndp =

- If the axion couples to the current J%, — J;' gravitational effects are absent

e Small neutrino mass disturbs the solution in a controlled way

AG 5 0.1 GeV
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Axion-neutrino coupling

* PQ charges fixed up to a normalization (X, =1 and z =tan 8 = v, /vq)

* Neutrinos might recouple (after EW decoupling) and leave an imprint in the CMB

[Hannestad, Raffelt (2005), ..., Archidiacono Hannestad (2014)]

- Free-streaming requirement:

FV—|—V—>1/—{—1/ < Hdec — (mu/fa)ii < 10_7

Fl/—>l/’—|—a < Hdec — (mu/fa)ij < 10_11
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1 he extended scalar sector

hO +in® Lt Al ot oV +inY
H, = (Uu T > Hq = ( 1?2+i773 ) A= ( \?"Hng’ 5t ) o=Vs+ ﬂ%
Vi + — 5 VA + 7Ze T

- Neutral scalars (hy,, hg, 0, 0°) : SM-like Higgs + 2 neutral scalars + pseudo-dilaton
- Neutral pseudo-scalars (ny,13.m9,m5) : Z0 GB + axion + 2 neutral pseudo-scalars
- Singly charged scalars (b, ht,67) :W GB + 2 singly charged scalars

- Doubly charged scalars §++

Arg o o h H Ag, A, Ay, HY AT ATH

< 10 meV <100 keV 125 GeV TeV V, > 10° GeV
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Higgs pheno and stability

e Effectively a 2HDM (va < v) + extra constraints from PQ and classical scale invariance

- A benchmark point:

Quartic coupling Electroweak-scale value
A1 0.15
A2 = A2 = \g 0.08
A7 = Ag = Ao 0.08
Aal = Aaz2 = Aag 0.08
2
As/cs 3.0x 107 <109v#>

X6/ co 1.0 x 1077 (&45) (109VSGV)
A13 (%) 1.3 x 107"
Aoz () 9.1 x 10~
Aasz (%) 6.2 x 107 1°
A3 (%) 1.1 x 10728

A o =

5 =C57,5 6 —C67,

V2 V,
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Higgs pheno and stability

e Effectively a 2HDM (va < v) + extra constraints from PQ and classical scale invariance

- A benchmark point: |) Satisfies Higgs data
Quartic coupling Electroweak-scale value
A1 0.15
A2 = A12 = A4 0.08
A7 = As = Ao 0.08
Aal = Aaz2 = Aag 0.08
9 2

As/cs 3.0 x 10714 (%)
X6/ co 1.0 x 1077 (&45) (109VSGV)
A13 (%) 1.3x 107
Aoz () 9.1 x 10714
Aas(*) 6.2 x 107 1° 12345678
A3 () 1.1 x 10728 tang

v? N .

As = G575 Ao = 6, cs > 1 gauges the degree of decoupling

L. Di Luzio (Genova U.) - An extended scalar sector for the known physics BSM



Higgs pheno and stability

e Effectively a 2HDM (va < v) + extra constraints from PQ and classical scale invariance

- A benchmark point: |) Satisfies Higgs data
, , 2) Satisfies collider bounds
Quartic coupling Electroweak-scale value
A1 0.15
A2 = A1z = Mg 0.08
A = g = Ao 0.08 tan B3 cs mp|GeV] mg[GeV] ma[GeV] my+[GeV]
Aa1 = daz2 = Aag 0.08 3.1 1.0 125 324 322 326
As/cs 3.0 x 10714 (105G 3.0 2.0 125 451 449 452
A6 /co 1.0 X 107° (G47) (2058 3.0 5.0 125 711 710 712
A13 (%) 1.3 x 10715
Aoz (%) 9.1 x 10~
Aaz (%) 6.9 x 10-1° tan S —ce  mao[GeV] ma+[GeV] ma++[GeV] ms[GeV]
Az (%) 1.1 x 10728 25 476 477 478 0.5 x 1074
3.0 50 674 674 675 0.9 x 1074
5 75 825 826 826 1.3 x 1074
Ay = c5v— Mg = CGU—A
° V2 v,
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Higgs pheno and stability

e Effectively a 2HDM (va < v) + extra constraints from PQ and classical scale invariance

- A benchmark point: |) Satisfies Higgs data
, , 2) Satisfies collider bounds
Quartic coupling Electroweak-scale value
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Higgs pheno and stability

e Effectively a 2HDM (va < v) + extra constraints from PQ and classical scale invariance

- A benchmark point: |) Satisfies Higgs data
, , 2) Satisfies collider bounds
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(classical) scale invariance

e PQ-EW hierarchy might arise radiatively a la Coleman-Weinberg — [Allison, Hill, Ross (2014)]

[Hill (2014)]
3,
: 7
5
W V(v)
11
— 0 S oy
0 02 04 06 08 1 12 14 v .
FIG. 1. Classical ~Av* potential. FIG. 3. Resulting CW potential, ~fv* In(v/M).

- local minimum vy = Me~ /4

- extremal relationship B(vg) = —4A(vp)

FIG. 2. Typical RG trajectory 4 ~ f1n(v/M).
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