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The ideal world:

I need ko write a Alas! Mj model is

paper tonight! ruled out!

The wise
exyarimen&atis&

R

4



The real world:

Higqs
t:oupl.ihgs!

~lavour'

Strugqling to op

put together couplings!
a model '

in the midst

"y

of “buzzers”!

Higgs mass!




What s our jab?

o Models can be ruled oul, but cannct
be proven right!

X @ Ruled out!




What do we khow aboul the

The mass has been prec:isetv
measured!

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

The uncertainties are skill
large!

Coupling measurements are

atwajs subject to model

assump&iov\s! 3

Higqs?

- ATLAS and CMS
LHC Run 1

¢ ATLAS+CMS
SM Higgs boson
— [M, €] fit
[ ]68%CL
[ ]95% CL

10 10°
Particle mass [GeV]




What do we khow about the
Higqs?

o Theoretical Modelling, ie. the Standard Model Higgs

LHiggs iy (DM¢)T(DM¢) 7 :u2 ¢T¢ T (¢T¢)2

“wrong sigm"

It well describes S
the symmetry breaking, 7_@' s O_ Pauli
but no dynamical ) makrices
insight!
S i
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!

o “Implication of dynamical symmetry
breaw‘ia«g”, S.W@.E,nberg, ‘ths.fi’;ev. D13 (1976)
274

o “"Mass without scalars’, S.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 Croldstones include the
Llongitudinal d.of. of W and
Z

e T Pwms

o the Higgs is a Easeu.do-—

g  sigma
Goldstone (FNGB)



Comyos&emess,
and the Higqs bosown




Comgosi&emess,
and the Higqs bosown

Mixed




Comgosi&e%ass,
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

In this paper we explain how to construct models where the weak interactions are broken by
the composite Higgs mechanism. Such theories differ markedly from SU(2) xU(1) breaking
scenarios that involve either fundamental scalars or technicolor. The low-energy spectrum of such
theories include a composite Higgs boson, as well as exotic composite scalars and a new massive
U(1) gauge boson. We analyze in detail the workings of the SU(5)/SO(5) composite Higgs model,
previously described by two of the authors, in order to acquaint the reader with the generic traits
of such theories.




CQMPQSE%QMess,
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

SU{2)»xU(1) breaking

su(zy~u(1)
= preserving

"

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.




ComPosiEamess,
and the Higqs bosown

ANATOMY OF A COMPOSITE HIGGS MODEL

Comn jecture:

- Any good idea in BSM has been studied in
the 70% or early ¥o’
- Corollary: it is still worth our time to study
them i view of what we kinow now!

direction by an angle 8. In the SU(2) x U{( 1) preserving basis, 1t looks like the PGB field &, corresponding
to angular excitations, has developed a VEV. The mass of the W is then characterized by the scale
Auc 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 )
/CD TC 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 Higgs need to become
a massless Goldstone
to join the obther 3
i a full mulkiplet
of the unbrolken
SU(RMx0(1) symmetry




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 (see tomorrow)



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

R s Higqgs “
E D G ; ; Cor
cose | T L.E T doubi.e&s F’N 35

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

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

SU(ﬁ)/ SO(§> SU(‘-’(-) & 1 1 4 Dugan, Georgi, Kaplan

TES

SU(4>XSU(4> SU(N) %MV\A 2 15 &G, T.Ma

l80%.07014

&.C,, M.Lespimasse

SU(@)/‘SF(@) SF(ZN){:«.&M& 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



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



Partial ﬁampos&émms

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

o What are Ehevj «compasﬁ&a

Conformal of? (QCD colour...)
region
o What generates the
Yulcawas?
16 TeV A ~ 4 f Vector resonances,
g Top F:om&ners
o, f Condensation scale
(extra pions)
100 GreV vsm ~ fsind EWSB




Comyasi&e Darlke Makter

o Some pNGBs may be stable due to
residual unbrolen gtcwbod,
svmme&ries

o Stable techni-baryons may give rise
%0 QSBMMQ%T’E«C .DM S\Nussithov

Phys.Lett. B16S, 55 (19%6)



SU(4)/Sp(4)?

Frigerio, Pomarol, Riva, Urbano
1Ro04- 2% 0%

241

f? Tr(D,T) DS = %(c’-)ph) 5(@u)”

2

1 [_(h'(?p'(} — n(‘?uh,)z] +O(f ';)

482

+ (2921-1'-’,1 Wos +(g”i—g’2)ZpZ“) [f"*sﬁ - =

1 : 9 1
+§(‘726h£ — 541°) (1 - m

d,, cos 0 m
647~  f

»CWZW iy (QQ WILLVWILLV 50 9/2 BMVE,LLV)

No Linear couplings in the chiral Lagrangian,
however ik det&js via the WZW interactions.



TC Limik: 0 — g

1 . 1

5(8;»"')2 + 5(0#7})2

1
48 f2

> Tr(D,X) DFY =

[_(h'(?p'(} — n(‘?uh,)z] +O(f ';)

Rkvft&ov, Sannino

0% 09,0713 In the TC Limik, SF.*(ZQ—) C U(l)em % U(l)bm

o h +in is charged under the unbroiken U(1)om,
V2 and thus stable (TIMP).



A @Qmpas&e 2HDM

&.C, T.Ma
1§0%.07014

Triplet Complex bi-doublet
(RHDM)

SURIR Triplet



A ﬂompos&e 2HDM

&.C,, T.Ma

SU (3) HC 150%.07014

Is it there o parity stabilising the pions?

S Sy papt O p:("; _?,2>

S %8

Hl iy H1 } Mimics the minimal case
Jal O —H 2

A — —A Dark Sector!

N — —N



A t‘ompas&e 2HDM

&.C, T.Ma
l§0¥x. 07014
1 [ 0;AT+5//2 —i®y . vel 0
= — v , )] = el T :
{1 2 ( ?‘DL a;N* — 9/\/5 (P 5 SRy 0 ve'P

o cosf 1 e sinf 1
T\ —e*Psing 1 cosf 1

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

Beta = relative phase of the two T-quarks:



A t‘ompas&e 2HDM

&.C, T.Ma
1§0%.07014

Lyvwe = —f (@tn) |TPLa(yu® + yo=)] + (02)as T P (3T + ]| + hc.

sLNNEE S HNEE O

4 “Yulkawa” ac‘;u,PLLv\g)s.

Pobential
for theta

Vico (@) =0, f4 | 8|32 =it -+

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 I (V1Y) sin” 0



A t‘ompas&e 2HDM

&.C, T.Ma
1§0%.07014

Lyvwe = —f (@tn) |TPLa(yu® + yo=)] + (02)as T P (3T + ]| + hc.

sLNNEE S HNEE O

4 “Yulkawa” ac‘;u,PLLv\g)s.

Pobential
for theta

Vico (@) =0, f4 | 8|32 =it -+

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

: A
B +2v2 Re(Y15Y;) sin(26) 70

Set to zero
by phase-shift

Custodial
violating

VEVs!! No + Ao

f

s1igd)| Im<}-;7i<}/t) sin” @



A «a‘om[pos&%@. 2HDM:
spe&%rum

The spea&rum assem&iatbj d@.pawis on 2 paramaﬁarsz

o A Yukawa coupling; 5 Mapr — My

Mapy, T My g

o A mass difference.

2 _ ol
le mll1'7

2 2 2 . 2 2 e
4 N 7 4 r N Tnl l b «a & a J J T _‘t N Tnl (/ . 4
m J\U s( ) l ) N m g 811129

-+ ...

2mg, + m%,
5 7% 16sin%6
mé,

“2sin®0

m: + C

|

m>(1+8) + C,




A {:om[pos&%@. 2HDM:
spea&rum

{[TeV]

Fp =2V2f

» CP-odd

- charged

(DM?)




A aomyos&e 2HDM:
Darle—-Makter

QQ.LL& &buhd{lhﬂﬁf 1703.06903

Excluded

1000 2000 3000 4000
M, [GeV]




A &OMPOSEE@. 2HDM:
Dark—-Makter

Direct Debection b

Thermal relic Fixing DM relic

--- XENON-1T
— PandaX-il
— LUX-2016

--- LZ-projected ‘ --- LZ-projected

0 4 0
1500 2000 2500 3000 500 1000 1500 2000 2500 3000




A «a‘om[pos&%@. 2HDM:
Dark—-Makter

Indirect Detection o o

Thermal relic abundance

10

—~_
=~
n
(3]
£
o
—
~
A
>
@
\'/
~—
(@)
L=

Fermi-LAT
— H.E.S.S.

0 .
500 1000 1500 2000 2500 3000 1500 2000 2500 3000
“ﬂDM|xaeWﬁ| l‘omlxse\q




A &OMPOSEEQ 2HDM:
Dark—-Makter

Indirect Detection o o

Fixed DM relic abundance

10
P

~_
=
(7}
™
£
&
—
=
A
>
©
\'/
-
O
L=

log_ (<ov>/(cm’s™))

500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 0
M,,, [GeV] M,,, [GeV]




A ﬂOMF’OSEEQ 2HDM:
Darke-Matter

G.C, T Ma, YW, B.Zhang
1703.06903

m, [GeV] m, [GeV]




Cubloole

o Other mass mixing patterns can be explored!

&.C., TMa, Yy, to appear

ol ]
S '

1
g 1
o 1
.g .
v 1
- 1
= ]
2 I
a 1

1
g "
&) 1

500 1000 1500 2000 250A0 3000
m, [GeV]
1

Dominantly SUR) triplet!



Cubloole

o Other mass mixing patterns can be explored!

&.C, TMa, YWy, to appear

aW
nn
—
g
g
—
<
a1
+—
o)
O
)
o
o
=
o]
o

5C0 1000 1500 200C 250C 3000
m, [GeV]

s0% doublek




Cubloole

o Other mass mixing patterns can be explored!

o Models with top partner (partial tompos&eness)
can also preserve the DM pariEj!

&.C,, TMa, YWy, to appear



Cubloole

Other mass mixing patterns can be explored!

Models wikth top partner (Farﬁiat
tompos&eness) can also preserve the DM
F?&T‘L&'jf

Other cosets can give rise to Dark Matter:

SU(6)/Sp(6) 5 PN&T; ;;;::Zrak‘e“ &.C,, T Ma, YWy, to appear

SU(G) /SO (6) 20 F‘NGBS G .C., ADeandrea, AKushwaha,

woTk L progress



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!



A &omPos&@. 2HDM:
EWTTs

]. - K%' AP‘C[) 3(1 - K%}) AI:C’L‘:
—1 AT Higgs = —————— |
67 . my Higes 87 cos? Oy . mp

&.C, T.Ma
1§0%.07014

ASHiggs =

sin“ @ sin@ m¥y — m?Aol Apcp

- ATpJ’VGb' 2

&7 sin® Oy miy MpNGB

ASpJ\)GU =

Rounds similar
Fo mbnimal cases.



