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Standard Model and New Physics

¢ Standard Model: very successful theory of high energy phenomena

% Physics beyond the Standard Model must be advocated to solve three
main experimental facts:
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Standard Model and New Physics

% Standard Model: very successful theory of high energy phenomena

% Physics beyond the Standard Model must be advocated to solve three
main experimental facts:

1. Data on neutrino oscillation experiments: tiny mass and flavour mixing

2. Baryon asymmetry of the Universe: measurement from BBN and CMB

3. Indirect gravitational observations of Dark Matter: non-baryonic, neutral
and stable

Qpyvh? = 0.1199 £+ 0.0027 Qph? = 0.02205 &+ 0.00028 PLANCK 2013
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Standard Model and New Physics

New Physics at the TeV scale: scenario testable in collider and

experiments at high intensity frontier

** Seesaw mechanism of neutrino mass generation:

4 additional U(1) (global) symmetry

4 extended Higgs sector (singlet majoron scenario)

¢ Scalar dark matter

Bdcléé(p S/lides

¢ Thermal leptogenesis: link between baryon asymmetry,

dark matter and neutrino masses
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Seesaw Mechanism

) ( ¢T [ ) ) Weinberg, PRD 22 (1980), 1694
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Seesaw Mechanism

) ( ¢Jf [ ) ) Weinberg, PRD 22 (1980), 1694
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Type I Seesaw Scenario

Minkowski, PLB 67 (1977) 421;

with at least two Majorana fermion singlets: SR
anagida, ;

Mohapatra, Senjanovic, PRL 44 (1980) 912

L~ (ZI?) = NZ(ZB) HT (ZI?) Lg(il?) + hy Hc(il?) E(Qj) Lg(CE) + h.c.

N | —

m, = UQ)\T M_l o UP*)MNS Diag(mla ma, m3) UFT)MNS
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Type I Seesaw Scenario

Minkowski, PLB 67 (1977) 421;

with at least two Majorana fermion singlets: SRS a0
Lt Als Mohagpat;a, Ser,ljanovic, PRL 44 (1980) 912
,Cy(CE) — )\w Ni (:E) I{Jr (CE) Lg(:l?) -+ hg Hc(il?) KR(QT) Lg(CE) =F h.c.
1 RIS
S C S o . t
my =v- A" M~ X = Upyng Diag(mi, ma, ms) Upying
naively...

Al ~1and m, ~1072 eV = M ~ 10'* GeV not testable!

m, ~107% eV and M ~1TeV = |\~ 107° not testable!
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Type I Seesaw Scenario

s it possible to have seesaw models at TeV scale consistent with light neutrino
masses and sizable Yukawa couplings ?
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Type I Seesaw Scenario

s it possible to have seesaw models at TeV scale consistent with light neutrino

masses and sizable Yukawa couplings ? Mohapatra, ‘86
Mohapatra, Valle, "86
Pilaftsis, 792,95

. . Pilaftsi 5
L_» Lepton number SOftly broken: pseudo-Dlrac fermions ilaftsis, Underwood, 2005

de Gouvea, 2007
Kersten, Smirnov, 2007

inverse/linear seesaw scenarios

sabato 20 luglio 2013



Type I Seesaw Scenario

s it possible to have seesaw models at TeV scale consistent with light neutrino

masses and sizable Yukawa couplings ? Mohapatra, ‘86
Mohapatra, Valle, "86
Pilaftsis, 792,95

. . Pilaftsi 5
L_» Lepton number SOftly broken: pseudo-Dlrac fermions ilaftsis, Underwood, 2005

de Gouvea, 2007
Kersten, Smirnov, 2007

inverse/linear seesaw scenarios

measurable low and high energy observables:

» charged lepton radiative decays
» deviations from EW precision observables

» production at colliders of heavy Majorana fermions
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Type I Seesaw Scenario

couplings of heavy Majorana fermions to charged leptons

Inverted Hierarchy

- T TF=rrrr

o ~\\
c °~, ~( MEG 2013
e V S E
=) \*s~ o
= .
S >
© o.01 | EWPD .
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g-' y=0.01 \~\ ]
o : N
e KA y-coo . |EWPD
10—6 ]0—4 0.01

coupling to electron

Ml — 100 GeV

y < 0.04

Ibarra, EM, Petcov, 2011
Dinh, Ibarra, EM, Petcov, 2012

Normal Hierarchy
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H
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| e
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coupling to electron
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos

el e () e W | RS  e ote NERN D S N
TS T aCN REGr ThR | L WS R en TR G

conserved lepton number L
—L D y'{wlﬁll}z -+ MWlNQC + h.c.

— m%ﬁll/@'L + MN1N2C—|— h.c.

(578
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos

el e () e W | RS  e ote NERN D S N
| A PO e TR | S MBS B s R ey

softly broken lepton number L":

. — 1t small lepton number violating term
—L D y,iNlHleﬁ—MNlNZ —|—hC

+ 1 MNQO N, light Majorana neutrino masses can be generated
while keeping mp sizable and M ~ 1 TeV

m% 0 M Interesting Phenomenology:

Branco, Grimus, Lavoura, '89;

T Shaposhnikov, 2006;
m,.,, — WD ieg, # O Kersten, Smirnov, 2007;
v — M . . . .
Raidal, Strumia, Turzynski, 2005 ;
Gavela, Hambye, Hernandez, Hernandez, 2009;

Ibarra, EM, Petcov, 2010;
INVERSE SEESAW Ibarra, EM, Petcov, 2011;

Mohapatra, Valle, 89 Dinh, Ibarra, EM, Petcov, 2012;
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hjs

E Q) S e de S SR e SN NG SN | S S
U(1) 0 0 0 0 1 1 1 L) 0 — 2

renormalizable UV completion

softly broken lepton number L":

. — 1t small lepton number violating term
—L D y,iNlHleﬁ—MNlNZ —|—hC

+ 1 MNQO N, light Majorana neutrino masses can be generated
while keeping mp sizable and M ~ 1 TeV

m% 0 M Interesting Phenomenology:

Branco, Grimus, Lavoura, '89;
T Shaposhnikov, 2006;
m, = WD ieg, # O Kersten, Smirnov, 2007;
Raidal, Strumia, Turzynski, 2005 ;
Gavela, Hambye, Hernandez, Hernandez, 2009;
Ibarra, EM, Petcov, 2010;
INVERSE SEESAW Ibarra, EM, Petcov, 2011;

Mohapatra, Valle, 89 Dinh, Ibarra, EM, Petcov, 2012;
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hjs
G R A |[PEE eRe L NG NG

U1 0 0 0 1 1 gk e =2 e

TOP At DOWN APPROACH: EM, Josse-Michaux, PRD 84 (2011)

EM, Josse-Michaux, PRD 87 (2013)

perturbating the zeros entries by adding new scalar representations:

— == ==  ==C 7 8% —-—
—L D> MNpNp + (y; NpH/L; + y NpHI L; + ﬁﬂg Np N§ + h.c.>
PRNDENl, PLNDENQC
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hj

e G g G e @ WA B B | el
g 0 0 0 0 1 1 1 -1 0 -2 2
TOP A DOWN APPROACH: EM, Josse-Michaux, PRD 84 (2011)

EM, Josse-Michaux, PRD 87 (2013)

perturbating the zeros entries by adding new scalar representations:

8%

—L > MNpNp + (yiﬁD HIL; + YNy HI L; + \/§H3ND N§ + h.c.> -\

PRNDENl, PLNDENQC
YiYd + YIYs (e =\ (oot
—Lor D — AT (T0A;) (B L)
i, %
Y1 TC 7% 7 *
v CEOICHEDEE

bl e ~ —
N \yéy;ﬁ (Lj HQ) (H;f Li) H; + hec.
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hj

sl QR W G | e e A W e A
He) 7 - 0 0 0 0 1 1 SR e () -2 2
TOP A DOWN APPROACH: EM, Josse-Michaux, PRD 84 (2011)

EM, Josse-Michaux, PRD 87 (2013)

perturbating the zeros entries by adding new scalar representations:

8%

—L > MNpNp + (yiﬁD HIL; + YNy HI L; + ﬁHBND N§ + h.c.> -\

PRNDENl, PLNDENQC

i,,J Joi S N
‘/E‘IVSB _Eeﬁ‘ S5 — y1y22—]|_\4-y1y2 (LJ H;) (HI Lz)
yiyla*

+ o (L) (L) o

bl e ~ —
N \yéy;ﬁ (Lj HQ) (H;f Li) H; + hec.

V1 U3

?JQM

(My)y; = —(yi vs +Ysy1 — Y1yl @

— Yyl

Vo U3 U1 U9
U1 M 2 M
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SEESAW SCENARIOS WITH A GLOBAL Uy

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet H3

U(1l)r 0 0
TOP - DOWN APPROACH: EM, Josse-Michaux, PRD 84 (2011)

EM, Josse-Michaux, PRD 87 (2013)

L] —
AHEHCGHS — -

9
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hj
sl QR W e e N A e || e

0 0 0 0 1 1 1 -1 0 -2 2

Vsg = —piH] Hy 4+ X\ (Hf H))? — p2 HY Hy 4+ N (HY Ho)? — p2 H3 Hz 4 A3 (H} Hs)?
+ ki H] HiH} Hy + k5 H] HyH) Hy + k13 H] HiH: Hs + ko3 H) HyH} Hs
/
2l % (Hir HoHs4 —I—I’I;r H1H§>
/U.
(H;) = —
V2

10
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SEESAW SCENARIOS WITH A GLOBAL U()y

add 3 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hj
sl QR W e e N A e || e

0 0 0 0 1 1 1 -1 0 -2 2

Vsg = —piH] Hy+ X\ (H] Hy)? — p3 HY Hy + X (H] Hp)® — 3 Hy Hs + A3 (H3 Hs)?
+ ko H HiH} Hy + k5 H] HyH) Hy + k13 H] HiH: Hs + ko3 H) HyH} Hs

& (H{f HoH; + Hi H1H§>

(H;) =

U;

V2
SUR2)w xU()y x [U(1)p/| = U(1)em X Zo

/
/ V1 U3 U
<1 GeV —> Vo & = S S
i U% K12 —+ U% K23 — 2#%

u — 0 e symmetry of the Lagrangian enlarged by a global U(1)
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SCALAR SPECTRUM

2 doublets + 1 singlet Brout-Englert-Higgs fields
hO H 0 LEP2, Tevatron, LHC constraints

ha
AO

J Goldstone boson: Majoron

3 CP even neutral scalars:

} ~ degenerate and fermiophobic

2 CP odd neutral scalars:

H ~ LEP2 constraints: mpg+ 2> 80GeV

If U(1)r is explicitly broken then the Majoron is a massive long-lived particle:
viable dark matter candidate

11
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SCALAR SPECTRUM

2 doublets + 1 singlet Brout-Englert-Higgs fields
]’LO H 0 LEP2, Tevatron, LHC constraints

ha
AO

J Goldstone boson: Majoron

3 CP even neutral scalars:
} ~ degenerate and fermiophobic

2 CP odd neutral scalars:

LEP2 constraints: mpg+ 2 80GeV

If U(1)r is explicitly broken then the Majoron is a massive long-lived particle:
viable dark matter candidate

Coupling Majoron-SM fermions:

) L gTee sk

cooling rate of white dwarf: |g7e.| < 10712

U o2 = w2 S0.2 GeV vz /v

UV U1 Vg 11
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SCALAR SPECTRUM

H* ~ HE, ha ~V2Re(HY), J ~v2Im(Hs) and Ay ~ v2Im(HY)

vy < 10 MeV ( Z”O > _ R(—9) ( ggzgg >

production and detection of the new scalars:

o ha, A? and H* couple to the SM sector through gauge interactions

o h¥ and HY couple also to SM fermions:

s (H) = o(pp — hY/HY); x Br(h®/H® — 1)
Z el — s B = )

o(pp — HY);
o(pp — h)fM

o(pp — ho)z‘
o(pp — h)fM

= cos”(6) , — sin?(0)

12
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SCALAR SPECTRUM

e A P(ho)tot
¥ - T'(RY — inv)

2

cos(0)2 (R =B (A =i
T = JJ)

2

00 02 04 06 08 1.0
Br(h®- ] ))

SM Higgs boson
Mho ~ 125 GeV

5]
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SCALAR SPECTRUM

I‘(ho)tot
L'(h° — inv)

2

2

T = JJ)

ATREAS SR SNGHE0US

cos(0)2 (R =B (A =i

0.18
' 0.28
CMS: R, = 0.797 5,
0.0 0.2 0.4 0.6 0.8 1.0
Br(h’- | J) 5
SM Higgs boson
4
=
Mo ~ 125 GeV R
L3
=
R
+ 2
G, a?m3 m?2 0 m?2 =
0 Piga S0 G0 Sl hO h hO —
v? O Mpo : L A Y b VA N A T A e -.'".:‘-"'.:,-_".- ! "-'. .'-';'-Il'-" P
2 i M= Ao (4mHi) o RERALES A et e L
100 200 300 400
/ my- [GeV]
)\H+ g- =~ — (k12 cos(f) + ka3 sin(f) vs/vy)

13
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Summary

UV - completion of Inverse/Linear Seesaw with a U(1) symmetry

add 2 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hjs

all new Physics at the TeV scale

reach phenomenology to be tested at LHC and intensity frontier experiments

14
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Summary

UV - completion of Inverse/Linear Seesaw with a U(1) symmetry

add 2 RH neutrinos + 1 scalar doublet H> + 1 scalar singlet Hjs

all new Physics at the TeV scale

reach phenomenology to be tested at LHC and intensity frontier experiments

add 1 complex scalar singlet S with L'(S) =1

14
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Backup Slides




SCALAR SECTOR

By @ vgp dp || e Che ML B W Ay |8
TG (U R St Joee | i L s B L ke 08 | R st 1
Vs¢ = VsB + VbMm
Vep = —pi Hi Hy + M\ (H{ H1)* — p3 HY Hy + Mo (H] Hp)® — 3 H3 Hs + A3 (Hj Hs)’

+ ko H HiH] Hy + k), HI HyH) Hy + k13 H] HiH; Hs + K93 H) HoHZ Hy
/

L (HIH2H3+H§H1H§)

V2
Vom = p%S*S+ Ag(S*S)2 + Fy H H15*S + Fo H) HyS*S + F3 H: H3S*S
/7
+ hS2H| H, +h* S*2H} H, — %(525@ R SEAER
(%

SU(Q)W X U(l)y X [U(l)L/] — U(l)em X Z2

the lightest component of S is stable

16
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TYPE I SEESAW SCENARIO AND LEPTOGENESIS

Thermal Leptogenesis: N; produced by thermal scatterings after inflation

M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45

L 1 A
D ()\MNl HTLE—I—hC) e §M1 NlNlc

- B

L-violating couplings Majorana neutrino
M < Ma 3
N]_ il - e - H
Lo/ Tn.
CP violation in decays T

T L
AJ, sphalerons A p —m—x—/

<« —>

lepton asymmetry baryon asymmetry I s La
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VARIATIONS OF LEPTOGENESIS

Typical Dirac leptogenesis / neutrinogenesis scenario:

o

18
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O _
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Typical Dirac leptogenesis / neutrinogenesis scenario:

O _

- Nz

18
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VARIATIONS OF LEPTOGENESIS

Typical Dirac leptogenesis / neutrinogenesis scenario:

O _

Dick, Lindner, Ratz, Wight, 2000
Murayama, Pierce, 2002

Pei-Hong Gu, Hong-Jan He, 2007
Pei-Hong Gu, Sarkar, 2008

Sahu, Sarkar, 2008

Gonzalez-Garcia, Racker, Rius, 2009
EM, Josse-Michaux, 2011

Davidson, Elmer, 2012

Kohri, Mazumdar, Sahu, Stephens, 2009
Feng, Mazumdar, Nath, 2013

np = Ny X NNp

® The asymmetry stored in the left-handed leptons is equal but opposite to that stored in
the other fields

® The left-handed asymmetry is partially converted into a net baryon number if no
equilibration between the lepton doublets and the other fields occurs before the decoupling
of the sphalerons

e Interplay between LR-equilibration and sphaleron washout determines the final amount

of the baryon asymmetry 18
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SEESAW SCENARIOS WITH A GLOBAL U()r

1 o CE M// o S
Byas S 2S*S+—MNNC+< ST o = e Gy TS SR O Nc+h.c.)
t Hg 5 31V31Vg g D 1V3 \@ 3 \@ 31VDIVp

EM, Josse-Michaux, PRD 84 (2011)

1]
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SEESAW SCENARIOS WITH A GLOBAL U()r

1 S Eo
_»Cint ) /A%«S*S+§M3N3N§—|—<QSNDN3—

1/

U

V2

8}

SeHY 1+
LN

EL Ny NS, - h.c.)

out of equilibrium decays

N3

\

AS
CP Violation

ANp
1° step

EM, Josse-Michaux, PRD 84 (2011)

1]
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SEESAW SCENARIOS WITH A GLOBAL U()r

1 A e 1/
—Lie D peS*S + 5 Ms N3 N + (gSND N3 — “—ﬂsmg +

8}

H-Np NS + hee.
TR )

out of equilibrium decays

N 3 \ EM, Josse-Michaux, PRD 84 (2011)
AS
CP Violation
ANp scatterings 2° step
1° step
q sphalerons
R (oS8t T, 5 > AB

lepton asymmetry baryon asymmetry
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SEESAW SCENARIOS WITH A GLOBAL U()r

2-Step Leptogenesis
scatterings: O(a?), O(a”p?), O(g%), O(g” &), O(yi 1), O(g% yi,) and O(g*)

decays/inverse decays ANp =2 scatterings 1° step
[NgHNDF] [NDNDHSS] [NngNDS}

scatterings on N3: CP violation included

[NgNDHgHg] [N3SHNDH3] [NDSHNgHg]

Ty, o (S )2 50TeV
H(M3>_ 106 M3

2° ste
decays/inverse decays g
| Np < L H | | Np <> LH,| scatterings on N3
scatterings on top-quarks
[NpL < 1Qs] [ Npt(Q3) < LQs (?)] scatterings with gauge bosons
e TR 20
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SEESAW SCENARIOS WITH A GLOBAL U()r

2-Step Leptogenesis

i X, " Q
— D D) e oS e N ( SNpNs — —=S?H} + —
t i oh e d e D

D

N3 1H3

CP asymmetry in N3 decays: / g‘\ | 2
B v e, L T Te 10TeV?Y | () L
S 167 Mg D 1 GeV Mg e

Np asymmetry @ 1° step:

Hs ND NB + hC)

L asymmetry @ 2° step:
YAL' o Yan, m2(y1,42)

Final baryon asymmetry: YA X €ecpm (g) 12 (y1, y2) 21
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