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What can we learn about higher energy scaIes?J

Higgs boson vs natural and unnatural theories
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Where is New Physics?

Hierarchy problem: |mj ~ A [A = highest scale h couples to] J

How to deal with it?

— The Fermi scale is natural [= NP at scale A < TeV]
— Multiverse: Fermi scale anthropic, near-critical, ..

— Third way(s)
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Where is New Physics?

Hierarchy problem: [A = highest scale h couples to] J
How to deal with it?

— The Fermi scale is natural [= NP at scale A < TeV]

— Multiverse: Fermi scale anthropic, near-critical, ..

| Higgs boson and the SM up to higher energies
Buttazzo, Degrassi, Giardino, Giudice, Salvio, S, Strumia arXiv:1307.3536

Il Higgs boson and the NMSSM
Barbieri, Buttazzo, Kannike, S, Tesi arXiv:1304.3670,1307.4937
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Extrapolating the SM to higher energies

, 1
V26,

— My < 175 GeV or A non-perturbative before Mp;

A
V(h) = —m?h? + Zh4 M? =2 v2, v

Before LHC:
— M), 2 110 GeV or our vacuum is unstable Cabibbo et al. 1979,..
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Extrapolating the SM to higher energies

A 1
V(h) = —m?h?> + Zh* M2 =2)\v2, V2= ———
( ) 4 h \@G,u
< i .
Before LHC: M}y, < 175 GeV or A non-perturbative before Mp)
— M), 2 110 GeV or our vacuum is unstable Cabibbo et al. 1979,..
Vacuum decays via quantum tunneling to the true minimum! J
1040
10%
107 dP
0 Prob density of decay: —— = Aje™°
g ' Y V' dvdt ~ B
s S=f 1 tion of the classical
s —20 —om L
S 18,30 3 TN(=hg)] — action of the classica
18:‘5‘: field that interpolates the vacua
0 100 1 10° 100 102 101 Coleman 1977, Callan Coleman 1977,..
h in GeV
Exponential sensitivity to A & A < 0 = precise computation needed! J
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Most accurate computation to date (full 2-loop)

MS parameters in terms of physical ones: G, as(Mz), My, My, Mz, My

Mu) = %Mﬁ — WX =@\ + A, G, = \/%%2 (14 Ar)
vds = \[21(;# = minimum of Veg(h)
5@\ = f%/w,% {Aro(2) + Mif, [% + 6(2)M§} —ArD (Aro(l) + 1z [;T—;Z + 5(1)M,2,D}
Aro(z)
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Most accurate computation to date (full 2-loop)

SM couplings

MS parameters in terms of physical ones: G, as(Mz), My, My, Mz, My
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Metastability of the SM vacuum
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2001 nstability
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Metastability of the SM vacuum

Top pole mass M; in GeV
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Error on boundaries: as and theory

as(Mz) — 0.1184
0.0007
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Metastability of the SM vacuum

My > 129.9GeV + 2.0(M; — 173.35GeV) — 0.5GeV >

Red dotted: Instability scale A; in GeV.

Higgs pole mass M, in GeV
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Higgs pole mass My, in GeV
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Metastability of the SM vacuum
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In terms of Planck scale parameters

30 e e ] Phase diagram of the SM potential
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Legenda: No EW vacuum: A|ew scale < 0, Planck-scale dominated: Aj > Mpjanck
Anthropic band Agrawal et al. 9707389

’)\ and y; are near-critical: accident or deeper meaning?‘
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Where is New Physics?

Hierarchy problem: [A = highest scale h couples to] J
How to deal with it?

— The Fermi scale is natural [= NP at scale A < TeV]

— Multiverse: Fermi scale anthropic, near-critical, ..

| Higgs boson and the SM up to higher energies
Buttazzo, Degrassi, Giardino, Giudice, Salvio, S, Strumia arXiv:1307.3536

Il Higgs boson and the NMSSM
Barbieri, Buttazzo, Kannike, S, Tesi arXiv:1304.3670,1307.4937
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Natural Supersym Metry [Dimopoulos Giudice '95, Cohen Kaplan Nelson '96]

m3 = —~2(m, + |uf?) .
3 o
omiy, = = —5yim? (1+a%/2) og
8a A g
Sm? = ——= M2 log —
mt 37 3 log M3 . .
::::::::::fu_ ............
H
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Naturalness and my, in the MSSM

Isolines of A, [tan B =4, max mixing]

m? < m? cos® 283 + A2 =T

mp ~ 126 GeV = A; 2 85 GeV =

4 L vy

—> stops above a TeV! a0t
— fine tuning worse than 1%! J 5007
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Naturalness and my, in the NMSSM

NMSSM Add singlet S AW = ASH,Hq + £(S)
— m? < mzczﬁ + A2 4222 52 = Lighter stops allowed!

— Better fine tuning for A > 1! ...,Hall Pinner Ruderman 1112.2703
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Naturalness and my, in the NMSSM

NMSSM Add singlet S AW = ASH,Hq + £(S)
— m? < mzczﬁ + A2 4222 52 = Lighter stops allowed!

— Better fine tuning for A > 1! ...,Hall Pinner Ruderman 1112.2703

A specific Example: The scale invariant NMSSM  [£(S) = k/3 S3]

4000 Gherghetta et al. 1212.5243
3500 ¢ dlo V2
3000 FT, = max; ﬁ
1
3 e dv: [~ 2 in MsSM]
& 2000 ~ M a2 s
= 2 2
= 1500 dmy, A3 g m2

1000

all points: FT in v better than 5%
green: combined FT better than 5%

(AMESS =20 TeV)
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The Higgs sector

(CP-even scalars)

— How Higgs measurements affect parameter space
— Where to look for the other Higgses

— Sketch of a model for A > 1

Filippo Sala Higgs boson vs natural and unnatural theories 10/24



Physical parameters (no specific NMSSM, no scatter plots..)

hs H
Hpn = Zl =R" g , R= RPRZ®RL My, =125.7 GeV |
2

A — ( M2(m2, A tg, Ay)

| = R7diag(m?, . i )R
VMl VM2 M3

Analytical relations! 6, v, O'(th, Mpy, My, A, tg, At)
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Physical parameters

(no specific NMSSM, no scatter plots..)

hs H

_ T _ pl2p23pl3
Hon=[h | =R"[h|, R= RP’RPR] mp, =125.7 GeV |

hy S
MP(m2e, X\, tg, A
M2 _ ( H= B f) _ RTdiag(m}z,37 ml211’ m,2,2)R
2
VMl VM2 M3

Analytical relations!

57 v, J(mhzv Mp,, mpy=+, )‘7 tﬁv At)

5]

det M2+m%1 (mf11 —tr M?2)

2 2 2am? (m2 o2
2 Thy =My det M +’"h3(mh3 —tr M<)
YT (2 —m? ) (m? —m? T m2 —m?  det M2—m?_m?
( hy ”2)( hy h3) hy  h3

2 2 2 it M2
7 Tt (Rt M2)
2 2 A2 2 2
S5 = [2sgcas.Y (mh3 — mh2) (2./\/111 = mp ey —m
A2 2 2 2 2 2 2 2
+2Mj, (mh3 (CU S5 U) + rnh2 (Sv - s,ycg)
X ma. — m2 2 — m2 c? 2+ m — m? 2:54
[ hy S~ h1 Sy hy b o
2
2 (m —
+ hy

2 2 2 2 2 2 2 271
mhs) (mh3 +mh2s,y = My (1+5"r)) s }

iz(,zy+s c )7m%3(c +5252 )

Filippo Sala Higgs boson vs natural and unnatural theories 11/24



Physical parameters (no specific NMSSM, no scatter plots..)

h3 H
th =(h|= RT | A ) R= R§2R3/3R;3 mp, = 125.7 GeV J
h S
M2(m2., M\ tg, A
pz = PO B Rt gt )R
VM1 VM2 M%
Analytical relations! 4, 7, J(mhz, Mpy, My, A, tg, At)

Two limiting cases

H decoupled: mjy, > my,, and 0,6 — 0  free par.s:
S decoupled: mp, > my, , and 0,7 — 0  free par.s:
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Higgs couplings and fit

tan 8

[hic = b = ¢, (csh — ssH) + 5,5 |

Bhytt ) 8hy bb 8h Vv
e = EllE tanﬂ)’ v = (s —sstan ), S = &G
Ehtt &hbb Ehvv
LHCS8 status
14+ -
95%C.L.
12+ -
10F - al j
2+ 4
6F -
68%C.L.
af , 1
2F -
—02 0.0 0.2 04 0.6 0.00 0.05 0.10 0.15 0.20 0.25
siné siny

s5=0,01503
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Higgs couplings and fit

[hic = h = cy(csh — ssH) +5,S ]

Bhytt S5 8hybb 1A%
= =, (cs + ) =2 = ¢ (cs — sstan fB) = = CCs
SM 2l tan 57’ SM gl J SM gl
Ehtt &hbb Ehvv
LHC14 projections (300 fb~1)
14 \\ , 8k
12
o
10
E 8 , I, 95%C.L.
o I
4 , 2t
: 68%C.L.
2 i
h n | | I ki U . . . . |
-0.2 0.0 0.2 0.4 0.6 0.00 0.05 0.10 0.15 0.20 0.25
sind

sinzy
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H

m,,(GeV)

decoupled case [0,0 =0, free parameters: mp,, A
Bmff _ Bmwv Bhff  8mvV
o emyY 2t _ 27T — g [A; =75 GeV]
SM SM Y SM SM Y
Ehtr &hvv Ehtr Ehvv
m? m
. .2 hh h
Isolines of sin®y = —F——+
my, — mp,
A=0.8 A=14
00 ‘ ‘ ‘ ‘ ‘ - 500F ‘ ‘ ‘ ‘ ‘ .
0.05
450 ] 450[] 0.1 J
0.025
400 ] 400[ 1
0.2
3500 0.05 1] % 350l 3 1
Q
=~ 0.25
300—\0. ] & 300F ]
20— 9 250F .
=
200 02\ 7 i 7
1504 L L L T L o 150 L L L L T i
10 15 20 25 30 35 40 1.0 15 20 25 3.0 35 4.0
tan B tan B
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H dec - phenomenology of h;

mp, > 250 GeV: hih; dominant decay

A=0.8,vs =2v
/ 80%
40%
450} / ]
400} 200 —
S 350f 60% ]
90%
e 50% :
hy — hh £ 300’\40%\ k ]
30%
250[ \\ ]
200}
150}, : ; ; ‘ ‘ 3
10 15 20 25 30 35 40
tan

CMS and ATLAS: work in progress...
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A=14vs=v
5000 : : | Ty 7
50%
|, 40% ey
505 30% /]
20% 0%
400} 10%, ]
< /
g 010 80%)
) 20%)
£ 300} 3‘0%\ ]
250} \ 1
200f
1501 : : : : : d
10 15 20 25 30 35 40
tans
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H dec - phenomenology of h;

mp, < 250 GeV: signal strengths = s2 x Standard Model

SOOF" T SO0F v
450F 1 450
400f 400 ———.
st 10% R
35 ] E 350f—
30% £ 300
—50%
250 ‘ 250
0% 60%%
200} \/\ 200f
s
150E; : : ——— . 4 150k
10 15 20 25 30 35 40 Lo
tan 3
Filippo Sala
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H dec - phenomenology of h;

mp, < 250 GeV: signal strengths = s2 x Standard Model

SOOFT T SO0F Y
- 504
450 450 B
400 400
ﬁ(lf

1(]r

= 350 ] 5 350 1
3 ] a]'
hy -+ VANAL E ann =
2 2GMS \F7TeVL49fb‘\FsTeVL51fb‘ §102,‘m‘.m‘m‘lm‘l.uwml‘m,
=10° ¢ I T 3 b"’ ] :
bw E —Observed ] B F ATLAS‘.)Prehmmary —gbser\l/engL q :
) [ ] Expected ] 60 15 | Ho>ZZ'>4 EI Xpecte: 1
s | | E Expected + 1o 1 = Vs=7 TeV:[Lat =4.6 b 1o
= 10 E L Expected + 26 T j_% 10F g rovifiot-207m’ 20 3 _0
E 3 O i Ta0
- o
| [ s b 1
3 [ 8 /\_/\ 1
%c, ! P ] 1 E R
10 B Hosww s iviv] - i
S ‘ ] 107 3
200300 A0 B0 110 120 130 140 150 160 170 180
(GeV) m,, [GeV]
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H dec - Trilinear Higgs self coupling  ghnn/ghh

A=0.8, v =2v A=14, vos=v
500F ‘ ‘ ‘ ‘ \ . S0P
400} ] 400,
S ss0f ) ] S 0]
Qo Qo
& 300} ] & 300} B
T
250f ] 4
200L\ ] 4
1500, 3\ = ‘ ] 150}, : : : ; ; 4
10 15 20 25 30 35 40 10 15 20 25 30 35 40
tan 8 tanp
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H dec - Trilinear Higgs self coupling g/,h;,/gﬁ,',\f'7

A=0.8, v =2v A=14, vos=v
500[" ‘ 3 500["
i A
400F 400*
% o 3507 | ‘ \\\
Qe \
& 300 \ \ 300—\

3
e
£
1000 F p—)HH+X [ ] n(pp—)HH+X i
= 8 TeV, My = 125 (-LV 1000 F Vs =14 TeV, My — 125 (.L\f ]
wol s~ HH - — gg+HH  —_
' — HH 100 b -
wl ™ ud qq — HHqq' -0
o 10
orp 17 ‘ 1} g —+ WHH - ’ e
q — ZHH .
0.01 - | 1 . . L .
To1 3 5 ! S 3 101 3 3
)\uuu Aftin Aamm/ Afirn
LHC? work in progress... Baglio Djouadi Spira 1212.5581
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H dec - hy lighter than hy

FIT: again LHC14 impact is mild (A = 1.4 wants tg > 10)

h pheno: again signal = s2 x SM, direct searches not (yet) competitive

Trilinear Higgs coupling ghhh/g}?m: [Red: h, — bb LEP exclusion]

A=0.1A;=85GeV,vs = v A=038,A;=75GeV,vs = v

120 pp—

120} — -
100]

80

60

My, (GeV)
My, (GeV)

40|

20H

Ok
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S decoupled case [y,o0 =0, free parameters: my,, tg, A]
h Cs hsbb hs VV
gs3|\t/|t— = gém = 55 + taCs g§M —s5  [Ar=75GeV]
8Ehtt B Ehbb hVV
LHCS fit status: dashed: my+ cont: A
] 006" 07 08 09 1 1112 14 16]
o= 0t
] 2001~ |- ~400-
s S 350F
@ 60 y 1 @
£ £ a0 0
40 H 250k
2 ] soob 2007
ol : : : 0f) ) ‘ ‘ ‘
2 4 6 8 10 2 4 6 8 10
tan g tanp

Indirect bounds on H* from B — Xs!

[Miy(ts,...) =0 —= 6 =0

h3 pheno: more similar to MSSM, CMS and ATLAS are looking for it

Filippo Sala
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my, (GeV)

S decoupled case [y,o0 =0, free parameters: my,, tg, A]
8hstt Cs 8hbb mvww .
o = S0 — o o = So + tgCs M- = 56 [At =75 GeV}
Ehtt B hbb hVV
LHC14 fit projections (300 fb—!): dashed: my+ cont: A
2wl e 006" 07 08 09 1 1112 14 16]
ﬂ o. 50t |
100 /] |
06“ 400} 7 ~400 |
80 P |
g w0 ||
I o L |
601 ] E wool" ’;‘;30(:}‘
o ] 250F
® 1 20020
ol : : : ‘ ol ; ; ;
2 4 6 8 10 2 4 6 8 10
tan g tanp

Indirect bounds on H* from B — Xs!

[Mia(t5,...) =0 —= 6 =0

h3 pheno: more similar to MSSM, CMS and ATLAS are looking for it

Filippo Sala
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Fully mixed case and hy — v

Signal strengths relative to the SM  [mj, = 500 GeV, s2 = 0.001, v; = v]

A=01 A;=285GeV A=08 A;=75GeV

120+ 120+

100} 100
8ol 8ol

60

m,,(GeV)
m,,(GeV)

20} 400

20t 20+

tan 8 tanp

Red: LEP h — bb Dark Red: LEP h —hadrons

hy, > hruc: harder to have an enhancement
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The MSSM [free parameters:

LHCS fit status: cont: A]

My, (GeV)
m,(GeV)

IN)
~H
o
©
1S
N
N

LHC14 fit projections: above regions completely filled, up to my, >~ 1 TeV

A .

[if £ ; very large this conclusion could change]
ms=

t
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Pheno summary

@ Higgs couplings = mj,(MSSM) > 350 GeV*
2 1 TeV from LHC14!

mp, ;,(NMSSM) can be much lighter!

*see also D'Agnolo Kuflik Zanetti 1212.1165
Gupta Montull Riva 1212.5240
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Pheno summary

@ Higgs couplings = mj,(MSSM) > 350 GeV*
2 1 TeV from LHC14!

mp, ;,(NMSSM) can be much lighter!

@ )\ > 1 still allowed in H-dec case, not in S-dec case

*see also D'Agnolo Kuflik Zanetti 1212.1165
Gupta Montull Riva 1212.5240
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Pheno summary

@ Higgs couplings = mj,(MSSM) > 350 GeV*
2 1 TeV from LHC14!

mp, ;,(NMSSM) can be much lighter!

@ )\ > 1 still allowed in H-dec case, not in S-dec case

@ Where to look for another Higgs?
H-dec: h, — hh, or SM-like S-dec: hs — tt, bb, ..

*see also D'Agnolo Kuflik Zanetti 1212.1165
Gupta Montull Riva 1212.5240
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Pheno summary

@ Higgs couplings = mj,(MSSM) > 350 GeV*
2 1 TeV from LHC14!

mp, ;,(NMSSM) can be much lighter!

@ )\ > 1 still allowed in H-dec case, not in S-dec case

@ Where to look for another Higgs?
H-dec: h, — hh, or SM-like S-dec: hs — tt, bb, ..

@ Other effects? Large deviations in Appp allowed in H-dec case

*see also D'Agnolo Kuflik Zanetti 1212.1165
Gupta Montull Riva 1212.5240
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Almost done..

The Higgs sector

(CP-even scalars)

— How Higgs measurements affect parameter space
— Where to look for the other Higgses

— Sketch of a model for A 2> 1
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Almost done..

The Higgs sector

(CP-even scalars)

— Sketch of a model for A 2> 1
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Living with a A 2 0.7

mp =~ 126 GeV + Naturalness = A(weak scale) > 0.8
Hall Pinner Ruderman 1112.2703, ...

A perturbative up to GUT scale = A(weak scale) < 0.7
Espinosa Quiros PLB 279 (1992), ...

Ways out

Add max number of families in 5 + 5 of SU(5) that do not spoil GUT
=A<038 Masip Munoz-Tapia Pomarol hep-ph/9801437,...

Promote (some of) S, H,,, Hy to composite objects
Harnik et al. hep-ph/0311349, ...

= A < 2, not bigger otherwise strong sector at ~ 10 TeV (EWPT)
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Sketch of a model for A > 1

@ Field content: NMSSM + vector-like F, ~ 5 and Fy ~ 5 of SU(5)

Fy.d D hy g with same quantum numbers of standard H, 4.
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Sketch of a model for A > 1

@ Field content: NMSSM + vector-like F, ~ 5 and Fy ~ 5 of SU(5)

Fy.d D hy g with same quantum numbers of standard H, 4.

@ Superpotential W: PQ symmetric, SU(5) broken only by H, 4

W = A¢SF,Fy+ M,F,F, + MyF4F, + myH,h, + mgHghg + M\ H, Qt

— S, H, = c,H, + s,hy, Hi = cqHy + sqhy are massless

— W = ASH, Ay + ytH,Qt, A= Xssusa, ¥ = AeCu

@ Add PQ-breaking soft terms at Fermi scale

Growth of A cured above M, 4, m, 4 < 1000 TeV (A < 1.5) J
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Conclusions

Learning from the Higgs boson: unnatural (I) and natural (II) new physich

| SM vacuum metastable, X and y; near-critical ~[deep message?]

I NMSSM Higgs sector, insisting on physical parameters

Il Higgs fit still allows for light ho 3 discovery maybe challenging

— improve searches [e.g. hh final states|, we could miss it!
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| SM vacuum metastable, X and y; near-critical ~[deep message?]

I NMSSM Higgs sector, insisting on physical parameters

Il Higgs fit still allows for light ho 3 discovery maybe challenging

— improve searches [e.g. hh final states|, we could miss it!

Thank you for your attention!
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