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The Standard Model
is finally complete!

(is LE?)

Can it be the first
ever etemem&arv
scalar Fmr&ide,?



Compositeness:
who are thou?

Think of QCD as a template:
o spin-0 states are made of
more elementary fermions

o a hew confining (gauge)
force binds them toqgether

o s[aea&rum depehds o khe
global (flavour) symmetries

SU(2) x SU(2) — SU(2)

—® . DIONS




Comgzos&emess:
who are Ehou?

Dark ﬁampasiéemessz

o Spin-0: the Lightest pion may be stable (Dark
Plon)

o Spin-1/2: protected by a Techni-Baryon
number (asymmetric DM)

3 Spi,vwl and higher: Evpmau.v deamjj ko
Faions/bar'jans



Comyos&&ev\msz
who are thou?

One dvnamics to rule the alll




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



Comyos&emess,
and the Higqs bosown




The ~CD approatk

&G, FSannino
14-02.0233

Define a confining gauge group (GTC)
O

‘t‘

Add in N fermions charged under the
confining group GTC

cosek Q N i doubi.&&s F?NGBS

Dugan, Georgi, K&PL&M

su(w)/so(u); R e s £

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

SUCNDXSUNNY/: -
SU(NY

&.C, TMa

407 e,



The minimal case

T.nyP:Eov, FSannine 0%09,0713
Galloway, Evans, Luty, Tacchi 1001.1361

(p"p?) = 63u(a) — Bsp(a) D Lsp(a)

Sp(4) contains a S0(4) subgroup:
Lcieh&i{j with custodial svmmehfjf

Pilowns. 5S]@)(4) 7 (27 2) D (17 1)

Is it there a parity stabilising the (1,1)?



The minimal case

T.ij:l’:ov, FSannine 0¥09,0713
God.towav, Evans, Lu.F:j, Tacchi 1001,1361

(p"p?) = 63u(a) — Bsp(a) D Lsp(a)

Sp(4) contains a S0(4) subgroup:
Lcieh&ixfj with custodial svmme&rfjf

Pilowns. 5Sp(4) 7 (27 2) D (17 1)

P € Sp(4) (2,2) = —(2,2)

P:<(1) 01> (T 1



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]




A tampas&e 2HDM

&.C, T.Ma

SU(3)uc 150%.07014
SU(4) x SU(4) — SU(4)
Triplet Complex bi-doublet
(RHDM)

SURIR Triplet



A «tompos&e 2HDM

&.C,, T.Ma

SU (3) HC 150%.07014

Is it there o pariby stabilising the pions?

SR Yy Pl p:("; _?,2)

Sk e

Hl iy H1 } Mimics the minimal case
H e —H 2

A — —A Dark Sector!

N — —N



A tampas&e 2HDM

&.C, T.Ma
1§0%.07014

. ve'P 0
<<I>H> == <H1 —1—ZH2> e < 0 veiB )

s cosf 1 e sinf 1
TN Pl 1 cosf 1

Bebla can be removed bj
an SU(4) rotation:

Beta = relative phase of the kwo T-quarks:



A t‘ompas&e 2HDM

&.C, T.Ma
1§0%.07014

Ly = —f (GLtr) [Tr[Pl a(YnX + Ut?zt)] + (Zoz)aﬁTr[P (Y3 + %421)]] + h.c.

sLNNEE S HNEE O

4 “Yulkawa” COMFLLMSS.

Potential
for theta

Vico (@) "=l f2 |8Ya st @

h
2/2|Y;|? sin(26) 71 +
P +4v/2 Im(YY;) sin 6 %

_ A
B 212 Re(Y7Y;) sin(26) 70

Set to zero
by phase-shift

Custodial
violating

VEVs!! No + Ao

f

by | 4 Tm(Y2Y;) sin2 0



A t‘ompas&e 2HDM

&.C, T.Ma
1§0%.07014

Ly = —f (GLtr) [Tr[Pl a(YnX + Ut?zt)] + (202)aﬁﬂ[-p (Y3 + "/MET)]J + h.c.

sLNNEE S HNEE O

4 “Yulkawa” aoupiihgs.

Potential
for theta

Vico (@) "=l f2 |8Ya st @

h
2/2|Y;|? sin(26) 71 +
b 42 Im(Y¥5Y;)siné %

: A
B +2v/2 Re(¥5Y;) sin(26) 70

Set to zero
by phase-shift

Custodial
violating

VEVs!! No + Ao

f




A «r::om[pos&%@. 2HDM:
spe&&rum

F. = 2V2f

» CP-odd

- sthglet
- charged

| (DM?)




A aomPos&@. 2HDM:
Darke-Matter

o Singlet pheno similar to SU(4)/Sp(4) case

o Other pNGBs can be stable:

DM = SU(R)R Eriplet ‘Pretimimary resulbs
(&.C., T.Ma, S.Zhao, B.Zhang)

Grood DM thermal

relic densikies Possibi&.
Plancle

mpy ~ 1 =2 TeV
sin @ ~ 0.1

Overclosure

QDMh2 > 1

$U(6)/SF'(&) and olthers
4000 6000 8000 10000 12000 Mhdﬁr LV\VQSELSO\ELOV\!

M(GeV)




The hot potato: fLavour!
Tjjpi;c:at %cpmparﬁmer sCenario:

QTC : rep R
@
SM EW

global : (QQ) # 0

F’NG’B Higqs
DM?

Ex&ep&iov\: 150&:00623

y Gr.Ferrebti, D.XKarateev
T’QP < 1312.6330, 1604 .064-67
: : ‘

X T' = QQx or

colour + hypercharge

a) (xx).#0

coloured pNGBs
di-boson

blaxx) =10

Light top partners

QXX



Predicting di-boson
resonances

More precisely, the global symmetries are:

SU(Ng) x SU(N, ) X (1)Q UL )

2,%

r 9i Fi a 6""°ﬁGLqux,3a

- 3272 f,

Anomalous U(1) -> heavv 77/

Orthogonal U(1) -> pNGB @

G =AW Z qM w PR
g /3 ‘Dea‘ajs and Fradu&mm

Cai, Flacke, Lespinasse 1612.0450% C}Vki.‘j Via WZW OLMOM&L?«



Predicting

di-boson

resohnanees

Sp(2N:),2< N:. <18 F A |suq) | sue |2/3
SO(11), SO(13) Spln F Sp(4) | SO(6) 2/3

Sp(2N.), N. > 2
Sp(2N.), N. > 6
SO(11), SO(13)
SO(7), SO(9)
SO(7), SO(9) F Spin
SO(N.), N. > 15 Adj F
SO(N.), N. > 55 S F

Spin F

SU(5)
AdJ F SO(O)
F Spin

2/3
su) | sue) | 1/3
SO(5) | S0(6) | 1/3

1/3

SuU(6)

Sp(6) 1/3

SU(4) A F SU(5) su32 1/3
SO(IO) SO(14) F Spin| S0() | su@®) |1/3

SU(7)

SU(N.), Ne > 5
SU(N.), N > 5
SU(N.), Ne > 5
SU(N.), Ne > 8

TABLE I: The complete list of theories.

som |spm ® |W| B |2
SO(lO) Spin F | SU(4) S0(6) 2/3
As
F

The HC repre-

sentations are: F fundamental, S 2-index symmetric, A 2-
index anti-symmetric, Az 3 index anti-symmetric, Adj ad-

joint,
U(1)x charge assignment.

Spin spinorial of SO. The last column contains the



Model scan for
the dipha&om excess

Batvaev, G .C. Cail, Flacke, Parolini, Serodic 1512.0724-2
BR(U — X Y)

BR(O_ atay ,y,y) R_qg s 1400, Rw'w' 5 19, RZZ S, Gv RZ‘7 5 2v

i =

3 . |Rww Rzz Rzy Rgg Dot fa LT
‘ SU(7) (F,As) 9.5 3.0 0.8 140 04 ¢
SU(4) /50(4) SU(5) (A,If:) 10 3.2 0.91 1300 3.2 830 [——p [SINAEIN
SO(11) (Spin,F)| 4.4 0.51 3.5 ).

sU(4)/sp(4) SO(13) <s§i2,p) 2.6 0.2

SU(4) (A,F)
SO(7) (F,Spin)
SO(9) (F,Spin)
SU(8)/50(8) SO(10) (F, Spin)
SO(11) (F,Spin)
SO(13) (F,Spin)
SO(14) (F,Spin)

TABLE 1II: List of models that can explain the di-photon
excess and are compatible with present data. The mod-
els are grouped according to the Higgs coset: SU(4)%/SU(4)
for the top block, SU(4)/Sp(4) for the second block, and
SU(5)/SO(5) for the bottom one. Values for Iyt and f, are
given in GeV.,



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?

Di-boson (ciiﬂpkoﬁon) @ the LHC is a “standard
candle” for compositeness (via the WZW anomaly)



Sunm mary and oubtloole

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?

Di-boson (di“FkO&OM) @ the LHC is a “standard
candle” for compositeness (via the WZW anomaly)
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A very cumbersome
%kearfj, wikh simgzt@
Uner workings!
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Comgosi&emess,
and the Higqs bosown




Anatomy of the potential

3 .’
3 .’
Q
.’ 3
| .’ .

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® 6 + v cos @

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




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 =5 of Sp(4) ~ SO(s)!



A camPos&@. 2HDM:
EWTTs

2
sin? 0 My — mA"l Arcp

ATynes = :
P 87 sin® Oy mé, MpNGB

Rounds similar
Fo mnimal cases.



