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The Skandard Model
is finally complete!
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Mownsieur le Higgs:
enfin!

and Ehe LHC crew
Ls h&F’F‘jE

| j( MS
!h (S H-yy

L \s=7TeV,L=5.11" A
W, 's=8TeV,L=531" ]

Events / 1.5 GeV

—

| —¢— Data
S+B Fit

Bkg Fit Component

=10
[ =20

S/(S+B) Weighted



Mownsieur le Higgs:
enfin

For a theorist, this is the beginning of a new era!

We have a new EOj,
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Do we skill need BSM?

We have a pretty
good idea of

the mwechanism




Do we skill need BSM?

ATLAS —o(obs.) Total uncertainty
m,, = 125.36 GeV —osexp) Tloonp

S Apa +0.2
How p  =1.170%

(8 TeV) + 5.11b" (7 TeV)

Combined my = 125 GeV
pu=100%0.14

H — vy tagged
pn=112%0.24

M, =1.00
H — ZZ tagged

pu=100+029

— WW tagged
n=083%0.21

H — tt tagged
u=091+0.28

H — bb tagged
u=084+044

o Still large uncertainties on
the Higgs toupiihg
measurements,

\s=7TeV, 45471

| PiEng
o Ample space for BSM!!!! o arer 208 Signal strength (u)




Cutline:

An old idea: compositeness
Rediscovery of composite Higgses

Back ko the origins: fundamental
composite dynamics (FCD) approach

Non-minimal models, and Darke
Makter



Comgosi&evx@.ss,
and the Higqs bosown

Global symmetry of the system:

g —H

SU(2) x U(1) = U(1em

SM gauge symmetry,

d Groldstones ihﬁtudﬁ the | QC‘D &QMFLQEQ:
longitudinal d.of. of W and K

Z

~ - F?EL(:)MS

o the Higgs is a haavt} bound

state (singlet under H) e O stgma




Comgosi&evx@.ss,
and the Higqs bosown

Global symmetry of the system:

d

SU(2) S (1),

SM gauge symmetry,

Groldstones include the | QC‘b &QMFLQ&Q:
longitudinal d.of. of W and FK

Z

e ~ T F?ELC)MS

the Higqs is a pse_udov i
Croldstone g SLSMQ



Comgosi&emess,
and the Higqs bosown




Higqs:
Fw(’i‘émtds tone vs. sigma

Je Mass is param. Lighter that ’ Mass s expec&ed ko be heowv
the tmmpos&emass scale (close to the rho)

= The couplings to SM states W The couplings to SM states
are haturally close to SM are Unknown!

W Tuning the tilk in the = No tuning is necessary,
potential’



Qedusco-verv of eomPos;Ee
Hnggses '

Randall Sundrum

ds = (5>2 (=)



Qeduscaverv of aamFos;Ee
Higqses

Randall Sundrum

Etemen&mv
sector
H ©3 Bwiroaug

gauge bosons

k. : o Fermiown par&iat
o Conformal dynamics

composi&euess

L Lk tential
o UV-insensitive potentia = F g B e B



Comgosi&e Higqses:
which wmodel?

SO(5) SO(4) ; 11

SU(3) x U(1) SU(2) x U(1) 1035
SU(4) Sp(4) : 5=(1,1)+(2,2) 129,47,64]
SU(4) [SU(2)]* x U(1) (2,2)12 =2 (2,2) - [65]
SO(7) SO(6) 6=2-(1,1)+(2,2) —
SO(7) G2 7=1(1,3)+(2,2) 66
SO(7) SO(5) x U(1) 100 = (3,1) + (1,3) + (2,2) -
SO(7) [SU(2))? (2,2,3) =3-(2,2) -
Sp(6) Sp(4) x SU(2) (4,2) =2-(2,2) 165]
SU(5) SU(4) x U(1) 4_5+4.5=2(2,2) ~[67]
SU(5) SO(5) 14 = (3,3) +(2,2) + (1,1) 9,47, 49)
SO(8) SO(7) 7=3-(1,1)+(2,2)

SO(9) SO(8) 8=2-(2,2) 67|
SO(9) SO(5) x SO(4) (5,4) = (2,2)+(1+3,1+3) 34]
[SU(3))* SU(3) 8 =10+ 2412+ 30 8|
[SO(5)]2 SO(5) ' 10 = (1,3) +(3,1) + (2,2) 132]
SU(4) x U(1) SU(3) x U(1) 8. 1/3+3413+10=3-10+2412 135[/41)
SU(6) Sp(6) v 14=2-(2,2)+(1,3)+3-(1,1) 130,47]
(SO(6))? SO(6) v 15 15=(1,1)+2-(2,2)+(3,1)+(1,3) 136

Table 1: Symmetry breaking patterns ¢ — H for Lie groups. The third column denotes whether the
breaking pattern incorporates custodial symmetry. The fourth column gives the dimension Ng of the coset,
while the fifth contains the representations of the GB’s under H and SO(4) = SU(2). x SU(2)r (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.




Anatomy of the potential

5m2 ks y2 A2
o 1672




Anatomy of the potential

Strong dynamics
: estimate

4

R
16w o




Anatomy of the potential
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V ~ asin®f + Bsin* 0




Anatomy of the potential

V ~ asin® 6 + Bsin* @

MuaLmnuna: i Ui



Anatomy of the potential

V ~ asin® 6 + Bsin* @

MuaLmnuna: 0 ~ €



Anatomy of the potential

Expiiai&

bre.odfihg;?

V ~ asin®f + vsin

MuAaLmnun: 0 ~ €

Possible!



Anatomy of the potential
Higgs mass i the small theta Limik:

mp, ~ yfsint ~ yvsy

Naturally in the

right ballpark,

without further
fine tuning




The ~CD appraw::k

&G, FSannino
14-02.0233

Define a confining gauge group (GTC)

Add in N fermions charged under the
confining group GTC

Assigh SM quantum numbers to the fermions

Couple them to SM fermions



The ~CD approatk

cosek GTL. T dou,bi.e&s F.'NGBS

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

SU(4)/spl4) | sp(zw) {md 1 5

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

ss MUALWVAL!

SU(s)/S0(8) SU(é—) & 1 14
‘SU(4)xSU(4-) ..................... il
N A 2 : 1 150%.07014
......... / SU(4>SU(””'“5 |

&.C., M.Lespinasse

SUE)/Sp(6) SpN) fumd. 2 14 o



The minimal case

T.(Zyi:&ov, FSannine 0¥09,0713
Gralloway, Evans, LuEv, Tacchi 10011361

An&iws:jmmeﬁria

(Y"7) = 63u(a) = Bsp(a) D Lspa)

Sp(4) contains a S0(4) subgroup:
identify with custodial symmetry!

Piowns, 5Sp(4) it (27 2) D (17 1)



The minimwal case

Go\LLoij, Evans, Lu.Ev, Tacchi 1001,1361
&.C., FSannine 1402,0233

Mn - Cm.f4ﬁ(23 ’ 2)
1. : ,
~ Cp, (—4f4c9 +V2f3sgh + ZfZCQ(hZ +0%) +.. )

a=1

. . 1 . 1. . o
;2 [f48§ + —2f30059h + §f2(629h2 — sjnz) + ...

V2




The minimwal case

Arbey, &G.C., Cai, Deandrea, Le Corre, Sannino
1502.0471%
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The minimal case

&.C., Cai, Deandrea, Le Corre, Sannino

Arbev "

1502.0471%
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The minimwal case

Arbey, &G.C., Cai, Deandrea, Le Corre, Sannino
1602.0471%

Singlet cannot be
Dark Matter!

Anomalous coupling to:
WW, ZZ, Z gamma

LHC 13

Opp->nn

Opp->nnjj
Opp-snnt
Opp->nnv

Opp-sn

Opp-snjj

Opp-snt

Opp-snVv
mn [GeV]




The minimwal case

L&E&££€ T’@..‘SM&SL" 3 TeV

My ~ Zalordie Vo
sinf

e 205 TeV S 19 Tl
& sin: G 5

Mg ~ 177

mp

2> 600 GeV

m ~Y
£ sinf "

FIG. 6: The vector meson and axial vector meson masses in physical units. The chiral
hid Wy = L 2o (re )

extrapolations have been performed using a linear fit to the points where m, < 0.12.




A tampas&e 2HDM

&.C, T.Ma
1§0%.07014

Lrcp = 1D,y — v Mgy

1 [ 0;A +5/V/2 —idy
H _— . x 1 .
2 1P, o;N' —s/\/§



A tompos&e 2HDM

&.C., TMa
160% . 07014

Potential

¢ s 4 )% g s
e p(e) Cif {8‘ i for theta

2v/2|Y;|? sin(26) 7
ho

+4v/2 Im(Y35Y;) sin 6 N

+2v2 Re(Y}Y;) sin(26) %

No + Ag

+ 4 Im(Y74Y;) sin® 0 7




A camPos&@. 2HDM:
EWTTs

2
sin? 0 My — mA"l Arcp

ATynes = :
P 87 sin® Oy mé, MpNGB

Rounds similar
Fo mnimal cases.



A aomgos&@. 2HDM:
spe&&rum

s CP-odd

- singlet
- charged

S neutral
| (DM?)




The hot potato: fLavour!

1601.03%1%
&.C,, HCal, TFlacke, S Lee, A.Parolini, H.Serodio

100,000 TeV §  Adavour Light flavours

near-conformal
c&vvxamics
10 Tey 1y T Vectors + top mixing
Condensakion scale
1 TeV fi AN PE«OV\S) + Eop Par&mers
100 GreV vsm ~ fsind EWSR




The hot potato: fLavour!

o In FCD, the origin of the top partial
compositeness can be probed!

C

A2

top

tpyprh — yp 1

o ka are the %op par&mers Lighter thawn
other resonances?



Light t Hooft Top Partners

&.C,, A.Parolini
1611.05163

TABLE I: Fermionic field content of the first model.

Barnard, Gherghetta, Ray 1311.6862
Ferretti, Karateev 1312 .8§330

o (QQ)#0 breaks SU(Ng) — Sp(Ng) , 9iving a pNGB Higgs.

o In the vacuum (yx) =0 ,SU(N,) is unbroken.

Asun.y o dim(x) = (2N, + 1)(N, — 1)



Light t Hooft Top Partners

&.C,, A.Parolini
1611.05163

lobal suymmebries

| [SU(Ng) X SU(Ny) |Sp(Ng) x SU(Nx)

o Makched if Ng=2N..For No=4,A = § of Sp(4) ~ SO(s)!



... few words on the
diphoton excess

More precisely, the global symmetries are:

SU(Ng) x SU(N, ) X (1)Q X U(l)

Looge _ 5.1 ... 3.3
osww ’

@ i /
C.o s Anomalous U(1) -» heavy o

—0.29 ... 0.31,

Losww

Coszy _ 019 ... 017, Orthogonal U(1) -> NGB O

osww

T 0.021 ... 0.033,
I'esww

Decays and Frodua&iam
ov\i.v via WZW amomatv.

Cati, Flacke, Laspimassa 1612 . 0460%



Sun mary and oubtloolk

FCD is a guide to build composite Higgs models!
A very simple Higgs sector is possible (SU(4)/5p(4))
Less minimal models feasible: DM? LHC signatures?

FCD allows to probe fermion mass generations (UV
completion, conformal windows...)

FCD models can be bested on kthe Labbice’



