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What do we khow about the
Higqs?

The mass has been prec:isetv
measured!

The couplings follow the
SM expectations: being
proportional to mass.

The uncertainties are skill
large! 0(10%)

Coupling measurements are

atwajs subject to model

assump&iov\s! 3
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What do we khow about the
Higqs?

o Theoretical modelling, e, the Standard Model Higgs

LHiggs ¥y (DM¢)T(DM¢) 7 :uz ¢T¢ T (¢T¢)2

“wrong sigm"

It well describes 5
the symmetry breaking, 7_2' s O_ Pauli
but no dynamical ) makrices
insight!
TAR BN
V= —— ~ 246 GeV

V2



What do we khow about the
Higqs?

Lhiiggs = (Du®) (DES) + 17 ¢'0 — A (97¢)°

o Custodial s;;mme?:rjj as a Lu,r;:wj accidenk:

o X Both transform
O = ( G ) O = (i02) SO = ( Spd* > as doublets of SU(2)

Pd [pseudo-real irrep]

o We cai rewrite the Lagrangian as:

i (q@ gb) = ( _igz ZZZ ) Liiges = %Tr (D,®)(D"®)] + %Tr ®f®] + ...

uncovers a “hidden” invariance

®— U, & Ul
" s under a global SU(R)L x SU(IR




What do we khow about the
Higqs?

& Nown-lLinear desarip&iav\:

5 2 R ( ) ) Lar = f(h) (D,E){(DS) — V(h)

(V)

o It correctly describes the symmetry breaking.

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

o However: trilinear h coupling is not determined



Do we skill need BSM?

We have a pretty
good idea of

the mechanism




Do we skill need BSM?

Composi&ahess is a way ko djnamiaati.j [arc:'&@_a&
the Higgs mechanism!

Comgosi&emess
scale



Do we skill need BSM?

Composi&aness is a way ko dvnamitaLL:j [oro&@.d:
the Higgs mechanism!

No scalars

-
-

No hierarchy problem! Compositeness

scale

3 TeV Ao ~ dmosm

Comgosi&e scalars

UsM 246 GeV




The QCD %empta%e

Symmetry breaking by compositeness
LS an experi,mmr\f:auj tested mechanism!

(= < Z ) <Q_Q> T <Q_R(JL> = (2, 2)SU(2)L><SU(2)R

The quark condensake in QCD
breakes bhe £W symmelry!

sy, = 95” 40 MeV

This observation led to the development of
Technicolor in 1979-¥0,



Note: this ideas is as old
as the Standard Model ikself!

“Implication of dynamical symmetry
breaw‘ia«g”, S.W@.E,nberg, ‘ths.fi’;ev. D13 (1976)
974

"Mass without scalars”, $.Dimopoulos and
L.Susskind, Nucl.Phys. B15§ (1979) 237



Comgosi&emess,
and the Higqs bosown

QCD kem pto&e:

o Goldstones include the . 7T PLOV\S
Llongitudinal d.of. of W and
Z

o the Higgs is a heavv bound -5l 5 SE«SW’\O\

state (singlet under H)



Comgosi&emess,
and the Higqs bosown

QCD kem pto&e:

o Goldstones include the
Llongitudinal d.of. of W and
2

e T Pwms

o the Higgs is a Easeu.do-—

g  sigma
Goldstone (FNGB)



Comyos&emess,
and the Higqs bosown




Camg?os&emess,
and the Higqs bosown

ANATOMY OF A COMPOSITE HIGGS MODEL

Michael J. DUGAN, Howard GEORGI and David B. KAPLAN
Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA

Received 14 November 1984
SU{2)»xU(1) breaking

) . — Technicolour

v < fey(zyxull)

= preserving

U
! -

Fig. 1. Shown abave is the circle of almost degenerate minima for the ultrafermion condensate, with

radius Ay, The true vacuum of a composite Higgs theory misaligns with the SU(2) x U(1) preserving

direction by an angle 8. In the SU(2) xU{(1) preserving basis, it looks like the PGB field &, corresponding

to angular excitations, has developed a VEV. The mass of the W is then characterized by the scale
Ayuc sin 6, and the shifted ¢-field (properly normalized) is the Higgs boson.




péoms -

Comyos&emess,
and the Higqs bosown

QCD ktem Pto&e:

f —3 ? (P O )
QCD TE PNGB
£ 130 MeV | 246 GeV 1.2 TeV

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

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

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



Anatomy of the potential

Higgs mass i the small theta Limik:

mp, ~ yfsint ~ yvgy

Naturally in the right ballpari,
without fine buning

The Higqs needs to become
a massless Goldstone
to join the obther 3
i a full mulkiplet
of the unbrolken
SU(RMx0(1) symmetry




Anatomy of the potential

V ~ asin®f + Bsin* 0

b <K a ng
Miima
B~ «a 0 ~ €




F?NG-B Com[ﬂos&%@. Higqses:
which model ?

G
SO(5) SO(4)
SU(3) x U(1) SU(2) x U(1)
SU(4) Sp(4)

SU(4) [SU(2))2 x UQ1)

SO(7) SO(6)
SO(7) Gz
SO(7] SO(5) x U(1)
SO(7) sU(2))*
Sp(6) Sp(4) x ST(2)
SU(5) SU(4) x U(1)
SU(5) SO(5)
SO(8) SO(7)
SO(9) SO(8)
SO(9) S0(5) % SO(4)
SU3))? SU(3)
[SO(5)]? SO(5)
SU(4) x U(1) SU(3) x U(1)
SU(6) Sp(6)
[5O(6)]” SO(6)

'y = Ceuia)xSu(s
4= 22)
2:9/2+ 1o
5=(11)+(2,2)

(2:2)13 =2 (2:2)
6=2(1,1)+12,2)
7=(1.3)+(2,2)

100 = (3.1)+(1,3) + (2, 2)

(23 2?3} =3 (232)

(4.2) =2.(2,2)

4 5 — ‘i+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 24z | 30
10=(1,3)+(3.1)+ (2,2)
3_13+3. 13+1o=38 1o+ 29,2
14=2.(2,2)+(1,3)+3-(1,1]
15={1,1)+2-(2,2)+(3,1) +(1,3)

4
5
)
8
6
7
10
12
8
8
14
7
8
20
8
10
7
14
15

Table 1: Symmetry breaking patterns G — H for Lie greups. The thirc column denotes whether the
breaking pattzra ncorporates custodial svmmetry. The fourta 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)r 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 di-doublets.

Bellazzini, Csaki, Serra 14012487



The ~CD approa&k

&G, FSannino
14-02.0233

Define a confining gauge group (Gre)

Add in N fermions charged under the
confining group Gre

Assign SM quantum numbers to the fermions
(Ehus prov&di&mg embedding in the gqlobal
symmetry)

Couple them to SM fermions



The ~CD approm::k

Crre Crr SM

w Krc Ke [Ksm
Rrc s real: Gr = SU(N¢) <¢Z¢J> SU(N¢) g SO(Nw)
pseudo-real: G= = S[/(2NN,) <W¢j> SU(2Ny) — Sp(2Ny)

complex: Gr = SU(Nw)Q <¢7’¢]> SU(]\%)Z = ST



The ~CD approac:k

B w Higqgs “
k G : ; Cwr
cose | T L.E T dc";u,bi.e&s F’N Bs

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

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

SU(ﬁ)/ S0(5> SU(4> & 1 1 4_ Dugan, Georgi, Kaplan

TES

SU(4)XSU(4> SU(N) {My\d 2 15 &.C, T Ma

l80%.07014

&.C,, M.Lespimasse

SU(@)/SF»(@) S[p(zN)fuMd 2 14 n prep.



The hot potato: fLavour!

Scale of

100,000 T&\l ‘ Aﬂavour {:QTME,OV\ YA SS

generation

How can Ehis
hierarchy be

generated?
10 TeV A ~ 4t f Vector resownances,
. ' 1)
1 TeV f L.anie.nsahic}v\ scale g~ ( 5 ) it O
(extra pions) e
100 GreV vsM ~ fsin6 EWSR Too small!




The hot potato: fLavour!

Scale of

100,000 T&\l ‘ Aﬂavour {:QTME,OV\ YA SS

generation

Inkermediate
conformal
req Lo

10 TeV A ~ 4t f Vector resownances,
Condensation scale
17T
=Y / (extra Piov\s)
100 GreV vsm ~ [ sin 6 EWSR

(W) — On

dlm[OH] 5 dH

effective Yukawa:

1
AGT

Onqiar

d—1
Miop ~ () 47 f sin 6



A nWo-q0 theorem?

Bounds on the dimensions of scalar operators
can be extracted using bootstrap techniques!

Rattazzi, Rychkov, Tonni, Vichi 0g07.0004

@), f=fo g
C‘.amposi&a Higqgs _
dreamiland d[¢2]min = f(d)

Higgs mass operator:

(6] (4Af>f

M corner!

2052 d
100 1.05 1.10 1.15 1.20 1.25 1.30 135




A ho-qo theorem?
Q: does the bound a[apbj to the Higqs?

(') = ¢V

The scalar C}PQT‘QEOT’ has
flavour indices:

many bj-timea‘r ops appear’

The bound &moi.i&s o the owne
wilth lowest dimension!



A ho-qo theorem? No...

Q: does the bound QF‘F‘L& to the Higqs?

Antipin, Mglgaard, Sannine 14066166

Gauge-Yukawa Eheorv
wikh wa&kiy@ougi&d

Stinglet channel fixed F:'OEME.
(Higgs) 7

Dimensions are calculable
(but swall...)

5.52 5.54 5.56 3.58 5.60 5.62

X




The hot potato: fLavour!

Aﬂavour

160,000 Tey |} Light fermions

Conformal
region

Veckor resonances,

10 TeV
Condensakion scale
1 T
3y / (exbra va\s)
100 GreV vsm ~ fsin6 EWSR

Mulki-scale
model

d—1

4

Me ~ (7Tf> 47 f sin 6
Ag,

!

w00l =d~ 1.5

Still, for the top, one
would need:

Atop ~ 47Tf



The Par%iat aomposi&emess
Parad&gm

Kaplan Nucl.Phys. B365 (1991) 259

: O qs 4 A N

Ad—1 HYLYR Ami ~ () f Both irrelevant if
. Aq.

we assume; A2l dgz > 4

Let’s postulate the existence of fermionic operators:

1 This dimension

s (gL QL]:L i ?jR QRJTR) is ok related
Nl & to Ehe Hi '
1 ; & & LSSS.

/

drp—5/2
47 f
flyr ¢.Qr + yr qrQR) wikh Yyr/rS ~ E 47 f




The Par%iat aomposi&emess
Parad&gm

Higqs
i

fyr QL + yr qrQR)

Mg ~ f = yrL,yr ~ 1 Mg ~4nf = yr,yr ~ 47w

Top can cancel Eop LOOF,
PUVC



Potenbkial wikh %op p&rﬁmars

Cawncellation by top partner Lm:;ps:

1O - MmO

V ~ asin® 6 4+ Bsin® @ D e

Mininauna: 0 ~ ¢

Mr~[  needed to effectively cub-off
the top Lloops.

My ~ 4n f Use techmnifermion mass!



Partial ﬁampos&émms

| o Are large baryon
100,000 T&\l ’f Aﬂavour Flavour scale anomalous dimensions
‘ consistent with QFT?

o Whal are Ehevj «compasﬁ&a

Conformal of? (QCD colour...)
region
o What generates the
Yulkoawas?
10 TeV A ~ 4t f Vector resownances,
g Top F:om&ners
Condensation scale
17T
Y / (extra Piov\s)
100 GreV vsm ~ fsinf EWSR




Summary so far:

Flavour seems to require the presence of a
conformal phase above Lambda

Needs to explain why large anomalous dimensions,
or how couplings ko quarks generated at low scale

Partial compositeness may imply Light fermionic
bound states.

Linear couplings of SM quarks need to be generated



Top partners as barvams

Goauge-fermion underlying theory

1
A o ¥i V@bG v o Ejpicaitj Loop--suwrassed
o e
T o psi need to carry colour and flavour

quantum numbers

dnalve o 7/2

1 o higher dimension, but easier to generate
A2 qYYY
fl. i o Note: issue with other 4-Fermion
T inkeractions non avoided!!! Anomalous
dnalve =109 dimensions are crucial!



Simpiés% case: QCD-lilke!

LVecchi
1506£,00623

SU(7) x 8U(7) — SU(7)

o DS (and DS) are Higgs candidates!
o coloured mesons are also present: TS, TT, ...

o 3-fermion baryons: TDS, TS, ...



SLvaiéisE case: QCD-lilke!

LVecchi
1506£,00623

C Cu Cl, Cq

Lpc = —2quDS’ — —~uTDD + — —2uTSS" + — dT'SS + hc.
A% Az Az

A%

Large mass given to T, to remove coloured mesons:
T is Like a heavy flavour in QCD.



SLvaiéisE case: QCD-lilke!

LVecchi
1506£,00623

C Cu Cl, Cq

Lpc = A_quDS — —~uTDD + A2 —2uTSS" + A2 —-dT'SS + hc.

o A%

Can barvmms have large anomalous dimensions?



Simpiéis% case: QCD-lilke!

Anomalous dimensions can be eskimaked
permrba&vebj in large Nf QCD

Pica, Sannine 160402572
LVecchi 1607.02740

ExEraFQLa&on

12 14 16

ng o & Far&urb&&iva -7



Sémpies% case: QCD-lilke!

Noke: anomalous dimensions are ‘ph:;;sia:ad.
only at the conformal fixed ?oimﬁ!

Pica, Sannine 160402572
LVecchi 1607.0274-0

Conformal
baund&rj

12 14 16

ne & p&r&urbaﬁva —




Sequ@.s tering QCD

QTC : rep 4
Y
SM EW

global : (Yh) #0

s

F’NG’B Higqs
DM?

; G Ferretti, D.XKarateev
T’QF < 1312.6330, 1604 .064-67
\ : .

X T' = Yy or

colour + hypercharge

a) (xx).#0

coloured FNGBS
di-boson

bLZAXXI T O

Light top partners
from t Hooft anomaly
conditions?

YXX



Al exam[pié

Barnard, Gherghetta, Ray 13116562

Baryons: 1y

Grrc Global symmetbries




Crlobal symmelries

More precisely, the global symmetries are:

ST (D) X SULNY) PR o XUCT

WZW terwmw:

2

g; Ky
- 3272 [,

a ﬁ/:.voﬁ r

L wGlag - Anomalous U(1) -» heavv 77/

Coefficients depend
on the underlying dynamics! 01”&‘4090&\0& U(l) -7 F?NGB a

- = A W Z il | ‘ 5
G =AW 2Z 9 Decays and Fradm:hom

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



Mode.i. z.ooi.ogv

SU(E)/SO5) x SU(B)/80(8)
SC(Ny)
S5OG(Nu) 5% 6 x I
50 Ngre) 5% F 6 % Spin T8 | i : T8 | M1, M2
SO(Nge) xS fx I o 7.4 2 i « T4 M3, MA

Pscudo-Real

Nie =4

-l

SCO(Nuc)
SU(Nu)

Psando-lieal

Sn2NVuq, ' O

SO({Nur) 4 x Spin

Complex
SC({Nyc) 4 x (Spin, Spin)
SU(Nuc) | 4 x (F,F)
Complex
SU(Nuc)
SU(Nu) 2% (L)

SU(Nue)

Ferretbi
1604 06467



Model z.o-oi.ogv

Defines tan (¢ Theory confines!

il

Note: there is enough bm'voms to give mass to
the top (and boktom) only’



Example of Precﬁc&ov\sz
di-boson resonances

Betjaev, Caaciayagtto\ et al 161006591
Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)
X Az

6

The EFT is the same!
Numerical value of couplings:

7.1 0 1.3 0 0.40

—4.3(=2.7) —0.55(=2.4) 2.1(0.26) | =0.068(—0.30) 0.18(0.18)

1.3(3.6) 58(1.3)  8.5(1.0) | 0.73(0.16)  0.18(0.18)
16. 0 1.3 0 0.18

B b S — f



Model M¥

Betjaev, Caaciaragtta\ et al 161006591

My
“a” too Light for the LHC! — =020

[y constraint (singlet) f y constraint (singlet)
Model 8. (n.;.,n;,-)=(2,0] | Maodel 8, (np »”'}) (0.2

S00 1000 1500 2000 2500 3000 3500 4000 S00 1000 1500 2000 2500 3000 3500 4000
my[GeV] my; [GeV]

For Light masses: Larger top couplings:
bounds competitive reduced diboson rates
with EW pr&a&smh! due ko tt BR.



Model M9

LN Betvaev, C.m::ti,apagtta ek al 1610,06591

1000 1200 1400
m, [GeV]

”y

Above red line, bound driven by “a”

Bounds stronger than EW precision
in most of the parameter space!



PC wikth scalars

Samnine, Strumia, Tesi, Vigiani 1607.01659

Top partner as a bound state of
fermion + scalar!

T
i i

No hneed for anomalous dimensions: the coupling is
already marginal

Many scalars can be added: complete mass and
flavour structures

Naturalness in question (maybe asymptotic safety?)

Likim, Sannino 1406.2337
Pelagqi, Sannine, Strumia, Vigiani 1701,01453



PC wikth scalars

Samnine, Strumia, Tesi, Vigiani 1607.01659

yq S Top partner as a bound state of

o fermion + scalar!

Doublets of
SU(R Ve

-Ltop—bottom — ytLQBSteTCT Q+ thtS;ﬁ + bebS:ﬁ + h.c.




Minimal model on khe

LQ%% Laé T.Rj&ov, FSannine 0¥09,0713
Galloway, Evans, Lu,Ej, Tacchi 10011361
Gre = SU(2 i e
TC = ( ) D 2 Dirac doublets

VEEUL o= D 1) =i e e ) GG ) o DS

SUR2)tc |SU@)y |SUR)L(U)y

} SUR) doublet




Minimal model on khe
Lattice

C.Pica, FSanninoet al 14127302
160706684, 1612,09336, ...

Chiral Limik:
for zero wmass,
the F:»E,ons are massless

The global svmmeﬁrvj
is broken as §
s Mo zero!

o Massless fermions cannot be simulated on the lattice.

o Eoach Fwom& tn the Fto& is ex&rapota&ed to the continuum (see next slide)



Continuum Limikt
ex%rapcﬁ&%mvx

Ex&ragmto&iom o m, method | Large errors due
S mpmcthod?, ’ .
to the e_x?:ro\pcto&mm

to Ehe conbkinuum

Data F»ow&s

%:rcm simul,

Effects of Lattice spacing
and finite volume
should be under control.

2200

1800 5 5c-05  Se-05  7.5¢-05 00001 000013 000015 000017 0.0002

Z.F (Gev')




The vecktor resocnance

Lattice

conkinuum Limik

resulks:

= 14.5 £ 3.6

I 2 =131+22

Arthur, Drach, etk al. 1602,06559

sind < 0.2

:36 0.9 ev218TeV

sin 6

- 3.2x05 TeV
=l sin

> 16 TeV

My ~ 117

e N Ge

SIMos s

my ~

mp — 125 GeV



The sp@.&rum

sinf < 0.2
Latbtice resulks: Nl i1
Mg = > 18 TeV
sin 0
N
w Spec&ruw\ campared L 3% 3 9.5 TeV > 16 TeV
o! to QCD template: 2w
different structure! ) T
) /| o
1(1'
My ~ — > 600 GeV
sin 6

SU(2) N;=2 g =297 G e Vs




Example 2:
entering the conformal window

AHasenfratz, C.Rebbi, OWikzel
1609,01401, 1611.07427

Study QCD (Le. SU(3) gauge theory) with 12 flavours.

4 flavours are Light, with mass 1,
¥ flavours are heavy, with mass 775

Conformal Chiral sym.

U\; behaviour ‘ broken (HE«SSS) o IQ

12 flavours 7 4 flavours l



= xamP
entering the con

w am, = 0.050 o MA"/F,
m amp, =0.060 5 M, /F;
m am, = 0.080
mam, = 0.100

02 04 06 0.8
mg/my,

'rmad. WA ow

AHasenfratz, C.Rebbi, OWikzel
1609,01401, 1611.07427

o Ratios do not c(epemd on the
heavy mass! (f fixed by it)

o For 1y < 1y, Light pions
become massless, while keo\vv
one deccwupi.e.

o For my ~ My, the 12-
flavour model is recovered:

ratios become equal, while
both vanish due to
conformal behaviour

feen 0, . — 0

My fr —~ T



Exampi& 2:

entering the conformal window

AHasenfratz, C.Rebbi, OWikzel
1609,01401, 1611.07427

w2m;, = 0.050 o, Mbh/F L . wam, =0.050 A Mi/F I
mam, —0.060 A M,/F, mam, — 0.060 M., /F.

s 2m;, — 0.080 1 1 - i+ mam, — 0.080 y
m 2m;, = 0.100 s 2m, = 0.100

|l
& axtal-vector
|

b3
Lo
A%

PDG 02 04 06 0.8 PDG 02 04 06 08
mg/mh mg/mh




Example 2:
entering the conformal window

AHasenfratz, C.Rebbi, OWikzel
1609,01401, 1611.07427

No sign of resonances becoming Lighter
in the conformal Limit!

PDG 02 04 06 0.8 PDG 0.2 04 06 0.8
mg/mp My /My




Suann mMary

‘Simpte tampasiﬁe models can conkain a
Dark pNGB (and the Higqs)

Thermal relic natural for moderate tuning

Testable @ Direct Detection, but no chance @
the LHC!

More work needed to expi.ore models/
theories =» FCD a precious guide!



