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Monsieur le Higgs:
enfin! '

...and the LHC crew
IS happy!
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Monsieur le Higgs:
enfin!

For a theorist, this Is the beginning of a new eral!

We have a new toy,
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What do we know about 1t?

@ Theoretical Modelling, i1.e. the Standard Model Higgs

L tiggs = (D @) (D¥¢)+ W ¢'¢ — A (¢70)°

“wrong sign”

It well describes ;
the symmetry breaking, Ti a U_ Pauli
but no dynamical 9 matrices
Insight!
b
V= ——— ~ 246 GeV




What do we know about 1t?

L Higgs = (D ,9) (DF )+ P2 ¢'¢ — A (¢7¢)°

@ Custodial symmetry as a lucky accident:

as doublets of SU(2)
[pseudo-real irrep]

qb(%) c5:<i02>-¢*:( P

Both transform
>k
Pd —Lu

@ We can rewrite the Lagrangian as:

<2 n | " 2
=Pl e i A %Tr (D, ®)(D'®)] + %Tr e -

uncovers a “hidden” invariance
under a global SU(2)L x SU(2)R




What do we know about 1t?

@ Non-linear description:

v—oRe (08 Ly <H8(D,3) (BIS)! V(L

(V)

@ It correctly describes the symmetry breaking.

@ The coupling of h to gauge bosons ARE proportional to
the mass (but not determined).

@ However: trilinear h coupling iIs not determined!



Do we still need BSM?

Compositeness iIs a way to dynamically protect
the Higgs mechanism!

E 2 92 2
O™ oo N
No scalars
No hierarchy problem! Compositeness
scale
3 TeV | C | 4] Vgm

Composite scalars

gy | 246 GeV




The QCD template

Symmetry breaking by compositeness
Is an experimentally tested mechanism!

q= ( Z > (q9) = (QrqL) = (2,2)sU(2)1.xSU©2)x

The quark condensate In QCD
breaks the EW symmetry!

f,
Ty = 97'. 40 MeV

This observation led to the development of
Technicolor In 1979-80.



Note: this 1deas 1s as old
as the Standard Model i1tself!

o “Implication of dynamical symmetry
breaking”, S.Weinberg, Phys.Rev. D13 (1976)
974

o “Mass without scalars”, S.Dimopoulos and
L.Susskind, Nucl.Phys. B155 (1979) 237



Compositeness,
and the Higgs boson

l'k!“
N
e

QCD template.:

@ Goldstones include the
longitudinal d.o.f. of W and
Z

. 7T  plons

@ the Higgs Is a heavy bound
state (singlet under H)

1 Sigma




Compositeness,
and the Higgs boson

QCD template:

@ Goldstones include the - iar pions
longitudinal d.o.f. of W and

Z

@ the Higgs Is a pseudo-
Goldstone (pNGB)

! sigma



Compositeness,
and the Higgs boson

Its a story of alignment ’

v



Compositeness,
and the Higgs boson




Compositeness,
and the Higgs boson

QCD template.

=

--------------------------------------------------------------------------------------

......................................................................................

--------------------------------------------------------------------------------------

QCD
T 130 MeV
pions -> PNGBSs 135 MeV
sigma 500 MeV
rho 775 MeV
proton 038 MeV



Anatomy of the potential

Higgs mass in the small theta limit:

mp ! yfsinf! yvgm

Naturally in the right ballpark,
without fine tuning!

The Higgs need to become
a massless Goldstone
to join the other 3
in a full multiplet
of the unbroken
SU(2)xU(1) symmetry




HIgQgs:
PNGB vs. sigma

Mass 1Is param. lighter that
the compositeness scale

The couplings to SM states
are naturally close to SM

Tuning the tilt in the
potential!

Mass is expected to be heavy
(close to the rho)

W The couplings to SM states
are Unknown!

‘::- No tuning Is necessary!



ODNGB Composite Higgses:
which model?

4=(2,2)
2.1/2+ 10
5=(1,1)+(2,2)

(2’ 2)i2 =2 (2’ 2)
6=2-(1,1)+(2,2)
7=1(1,3)+(2,2)

100 = (3,1) + (1,3) + (2,2)
(2,2,3) =3-(2,2)
(4,2) =2 (2,2)

4 5+3.5=2(2,2)

14 =(3,3) +(2,2)+(1,1)
7=3.(1,1)+(2,2)
8=2(2,2)

(5,4) = (2,2)+ (1 +3,1+3)
8=10+2+1/2+ 30
10 =(1,3) +(3,1) + (2,2)
3_1/3+311/3+10=3 1o+ 2112

SO(5) SO(4) v
SU(3) x U(1)  SU(2) x U(1)
SU(4) Sp(4) v
SU(4) [SU2)P xU(1) v*
SO(7) SO(6) v
SO(7) Ga v
SO(7) SO(5) x U(1) v*
SO(7) SU(2)]3 v
Sp(6) Sp(4) x SU(2) Vv
SU(5) SU(4) xU(1) v*
SU(5) SO(5) v*
SO(8) SO(7) v

SO(9) SO(R) v
SO(9) SO(5) x SO(4) v'*
SU(3)]? SU(3)
[SO(5)]? SO(5) v
SU(4) x U(1)  SU(3) x U(1)
SU(6) Sp(6) V¥ o 14 14=2-(2,2)+(1,3)+3-(1,1)
[SO(6)]? SO(6) v 15 15=(1,1)+2-(2,2)+(3,1)+(1,3)

~NBE 0NNt gE oo ook

Table 1: Symmetry breaking patterns G — # for Lie groups. The third column denotes whether the
breaking pattern incorporates custodial symmetry. The fourth column gives the dimension N¢ of the coset,
while the fifth contains the representations of the GB’s under ‘H and SO(4) = SU(2). x SU(2)g (or simply
SU(2),, x U(1)y if there is no custodial symmetry). In case of more than two SU(2)’s in H and several different
possible decompositions we quote the one with largest number of bi-doublets.

Bellazzini, Csakil, Serra 1401.2457



The FCD approach

G.C., FSannino
1402.0233

Define a confining gauge group (Grc)

Add In N fermions charged under the
confining group Grc

Assign SM quantum numbers to the fermions
(thus providing embedding In the global
symmetry)

Couple them to SM fermions (see tomorrow)



The FCD approach

Gc GF SM

I Rrc RF Rswm
Rrc is real: G = SU(Nw) | | | ' i SU(Nw) — SO(N¢)
pseudo-real: Gr = S/ (2N,,) || | . e ST (2N — Sp(2N,,)

complex: Gr =  SU(N; )2 <?7DZ¢J> SU(N, )2 I SUNT)



The FCD approach

coset GTC TF Higgs EpNGBs
' : :doublets:

-------------------------------------------------------------------------------------------------------------

SU(4)/5p(4) (Sp@@N)ifund: 1 | 5 «f—Minimal!

-------------------------------------------------------------------------------------------------------------

SU(5)/SO(5) SU(4) 6 1 14 Dugan, Georgi, Kaplan

1985!1!

SU(4)xSU(4) g 5
(/S)LJ(4)( ) YY) ;fundg Z 15 1?02.010%4

G.C., M.Lespinasse

SU(B)/3p(6) iSp(2N)ifundi 2 | 14 s



A minitmal case

T.Ryttov, FSannino 0809.0713
Galloway, Evans, Luty, Tacchi 1001.1361

Grg = SU(2) g 2 Dirac doublets

rEU s = Dp P =lioc geUs Ug W) 1cDE

SUR2)rc |SU(4)y |SUR2)L | U(1)y

} SU(2)r doublet




A minitmal case

T.Ryttov, FSannino 0809.0713
Galloway, Evans, Luty, Tacchi 1001.1361

SU@)tc|SU(E)y SUR)L | U()y The EW symmetry
IS embedded In the global
flavour symmetry

sU(4) !




A minitmal case

SU(2)1c |SU(4)y |SU2)L | U(T)y

Antisymmetric matrix

(T =T

Un-broken subgroup defined by:

S To+25:8 =0

T.Ryttov, FSannino 0809.0713
Galloway, Evans, Luty, Tacchi 1001.1361

This theory Is
Asymptotic Free
and confines In the IR!

Under the global symmetry SU(4):

ZQ%U°ZO'UT

sU(4) -> Sp(4) 1!



A minitmal case

Anti-symmetric

111" = 6514y # Bspay $ sp(a)

Sp(4) ~ SO(5) contains a SO(4) subgroup:
identify with custodial symmetry!

Pions. Ospa)y — (2,2) & (1, 1)

(i! 2) 0 Preserves the EW
0 Ll generators.



A minitmal case

Broken SU(4) generators

Xl, XZ, X3, X % Higgs doublet X2 singlet

e G hie Tl A ; Z
| = eariii® Al eI G =) Bl Al T

Lets give a VEV to the Higgs:

P ! !o : eifv_x4 New EW breaking

vacuum



A minitmal case

g U : i v
e =4 - i2/2X % sin
( 2v/2f 245 f)

; s ; v
— s ensl 142 9X Tsin! !—ﬁ
Defines a rotation in the SU(4) Spurions, however,

space! To study the theory
INn the new vacuum, It Is enough
to apply this rotation to the

strong sector! Mis-alignment!

are not rotated.




A minitmal case

In the Unitary gauge:

3 = o7 (WY HIY?) >0 = |cos * 1+ ! sin v (hY4 = 77Y5) - 210

fooz f N/
broken gen. in new vacuum

Chiral Lagrangian:

1 1
f2 Tr(DuE)TD“Z = §(auh)2 + 5(@”7)2




A minitmal case

2V2
M, = 20 08in ! = e
Gww =  2g°f sliil €0l = gmyt cis!

@ Decoupling: SM approached for small theta
@ Deviations w.r.t. SM predictions due to theta!

@ There are no linear couplings of the singlet!



A minitmal case

Frigerio, Pomarol, Riva, Urbano
1204.2808

1
) (8uh)2 + 5(@”7)2
1

1872 |—(hOun — nduh)?] + O(f7°)

+ (20 WiW T+ (% + ¢%)Z,2¢) [f283 v 20l (1 S G 772))

2v/2 122

1

+§(c29h2 — 551°) (1

1

2412 (25)

No linear couplings in the chiral Lagrangian:
Tempting to think of the singlet as DM!



A minitmal case

Frigerio, Pomarol, Riva, Urbano
1204.2808

No linear couplings in the chiral Lagrangian:
Tempting to think of the singlet as DM!

The DM candidate has derivative couplings with the
Higgs boson: weakened DD constraints!

Balkin, Ruhdorfer, Salvioni, Weiler
1809.09106



A minitmal case

Frigerio, Pomarol, Riva, Urbano
1204.2808

No linear couplings in the chiral Lagrangian:
Tempting to think of the singlet as DM!

The DM candidate has derivative couplings with the
Higgs boson: weakened DD constraints!

Balkin, Ruhdorfer, Salvioni, Weiler

BaSiS dependent”| 1809.09106



A minitmal case

1
) (8uh)2 + 5(@”7)2
1

1872 |—(hOun — nduh)?] + O(f7°)

+ (20 WiW T+ (% + ¢%)Z,2¢) [f283 v 20l (1 S G 772))

2v/2 122

1

+§(c29h2 — 551°) (1

1
24 2

No linear couplings in the chiral Lagrangian:
Tempting to think of the singlet as DM!

Defining the Higgs h In the misaligned basis,
no linear derivative couplings of the DM candidate
to the Higgs exist!

(25)




WZW matters!

In QCD, coupling of the pions
to EW gauge bosons are
generated by (global)
anomalies!

di 27

cazt g W SOCRE

Lwzw =

d¢ = @ Predictive power!

Dimension
of TC rep

@ Coupling to 2 photons vanishes!



A minitmal case

TC limit: 1 =

!

dy.cos! #°
Lot = P q Wqu“”' g BWB“”
61 i
Rhyttov, Sannino
0809.0713 In the TC Iimit, Sp(4) C U(1)em X U(1)om
e h +1in is charged under the unbroken U(1)owm,

V2 and thus stable (TIMP).



The potential

Ve Cglgtmm !l 40,1 aol

%V = 2(—Cty£2 cos @+ 2C,,,) f*sin@

Fine tuning!

Ciy.°f 2 Chl el
shidi tYt m S t Yt T plse
N =5 CoS 2 + CO0S. = sin® ! =
i 4 2 4
[
Gyl 10 i
% | § A e
gives the correct | e

Higgs mass!



Composite Dark Matter

@ Some pNGBs may be stable due to
residual unbroken global
symmetries

@ Stable techni-baryons may give rise
to asymmetric DM S Nussinov

Phys.Lett. B165, 55 (1985)



A composite 2HDM

G.C., T.Ma
SU(S)HC 1508.07014
SU@) ! SU@)" SU(4)
Triplet Complex bi-doublet
(2HDM)

SU(2)R Triplet



A composite 2HDM
SU(S)HC G.C,, T.Ma

1508.07014

Is It there a parity stabilising the pions?

> = el s Py P:-!()Z!(!)z

S i B

H ; | H ; } Mimics the minimal case
Ho 1" Hy
e

N-L N

Dark Sector!



A composite 2HDM

G.C., T.Ma
1508.07014

cos! 1 e' sin! 1
e gnt!.1  cositl

Beta can be removed by
an SU(4) rotation:

Beta = relative phase of the two T-quarks!



A composite 2HDM

G.C., T.Ma
1508.07014

Ly = —f @tr) | TlPra(un + ] + (i02)as TP (ysS + 9] | + hic.

sLNNEE S HNEE O

y,—Ya—ve-Ws—yw) . Ya— Yot Us —yu)

(11 77 = 2\/_ , 2\/_ ,
4 “Yukawa” couplings! yo o Vvt Wt us) v — (v
2/2 ’ 22 '

Vtop(@) — 1 f4 8|Yt|2 Sin2 0+ Potential
for theta
11 2 hl
2 21Y;|%sin(26)
f
_ i h
Set to zero ! : £02
e +4 2 Im(Yp Y;)siné 7
N - ; AO
Custodial $+2 2 RG(YD! Yt ) sin(26) 7
violating 3
Ny | |
VEVs!!! P+ 4 Im(Y7 V;) sin? @ |




A composite 2HDM

G.C., T.Ma
1508.07014

Ly = —f @tr) | TlPra(un + ] + (i02)as TP (ysS + 9] | + hic.

sLNNEE S HNEE O

y,—Ya—ve-Ws—yw) . Ya— Yot Us —yu)

(11 77 = 2\/_ , 2\/_ ,
4 “Yukawa” couplings! yo o Vvt Wt us) v — (v
2/2 ’ 22 '

Vtop(@) — 1 f4 8|Yt|2 Sin2 0+ Potential
for theta
11 2 hl
2 21Y;|%sin(26)
f
_ i . B
Set to zero o ; §r2
by phase-shift S a Im( N Yt) Sy i
e § Lar A : AO
Custodial $ +2 2 Re(Yj V) sin(260) 7
violating N | 0 ;
VEVsI! S Im(} Yt) sin 9 |




A composite 2HDM:
spectrum
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»CP-odd

_i

J

|

'\

N

-

|
A

« Singlet
-~ Charged

" neutral

N [T TR R SN TR Y TR S SR S B TR R TR TR TR N T
0.00 0.05 0.10 0.15 0.20 0.25
6




A composite 2HDM:
Dark-Matter

G.C., T.Ma, Y.Wu, B.Zhang

Relic abundance: 1703.06903

Excludec

bv
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A composite 2HDM:
Dark-Matter

G.C.,, T.Ma, Y.Wu, B.Zhang
1703.06903

Direct Detection Indirect Detection
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The SIMP miracle

Hochberg, Kuflik, Volanski, Wacker
1402.5143

o 3 -> 2 drives freeze-out, while epsilons keeps
equilibrium with the SM

@ 2 -> 2 provides self-interactions to explain struture
formation



The SIMP miracle

Hochberg, Kuflik, Volanski, Wacker
1402.5143

Hochberg, Kuflik, Murayama,
Volanski, Wacker 1411.3727

SU(2) with

o 3 ->2 from WZW anomaly interactions 2 Dirac doublets!

& Natural set-up: composite theories!

@ 2 ->2 1s normal pion scattering



Not-so SIMPle miracle

Hansen, Langeeble, Sannino
1507.514 301590

@ 2 ->21s a LO process, while 3 -> 2 (WZW) NLO!

@ Consistent NLO chiral expansion needed.

NLO band from
N.=2 N.=2 2->2 Cross sect.
c=4 = _ 104 counter-terms

Perturbative
Upper bound from

_\,.
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©

upper bound
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bullet cluster

Relic density

PR TP | LA LI

10 A 10O
my [GeV] LO miracle!




