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Mownsieur le Higgs:
enfin!

.ahnd the LHC crew
LS kappj!

CMS

b H—=yy
\s=7TeV.L=5.11"
\s=8TeV,L=531"

Events / 1.5 GeV
(6) ]
h -

1000+

S+B Fit

Bkg Fit Component
| (J=i0o
| B 20

S/(S+B) Weighted

110 120 130 140 150
m,, (GeV)

o



Monsieur le Higqgs:
enfin!

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

We have a new on,
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What do we now aboukb ik?

o Theoretical Modelling, Le. the Standard Model Higqgs

L:Higgs iy (D,u¢)T(DM¢) i :u2 ¢T¢ = A (¢T¢)2
“wrohng sigh”

It well describes 3

the symmetry breaking, is R A Paull
but no dynamical 5 makrices
insight!
B
e e 246 GeV




What do we know aboub ik?

Lriiges = (D) (DEG) + 1* ¢'0 — A (91 0)°

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

e T2y e RO
o= B p =~

o We can rewrite the Lagrangian as:

as doublets of SU(2)

> Both transform
[pseudo-real E,rre.p]

P = (gE gb) — ( _%lz ZZZ ) A %Tr (D, @) (D"®)] + %Tr DTR] + ...

uncovers a “hidden” invariance

Uy - Ul
£ L under a global SURIL x SURIR




What do we know aboub ik?

& Nown-lLinear desarip&mv\:

s—ewr (090 Ly = £ (DDIDES) - V(W

(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?

Composi&amess is a way ko dvnamiaaLL:j Fro&ed:
the Higgs mechanism,

No scalars

-
-

No hierarchy problem! Compositeness

scale

3 TeV Ao ~ dmosm

Comgosi&e scalars

UsSM 246 GeV




The QCD %emptaﬁe

Symmetry breaking by compositeness
LS a experimanf:auj tested mechanism!

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

The quark condensake in QCD
breakes bhe £W symmebry!

mw — ggw 40 MeV

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



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

o “Implication of djnamitat symmetbry
break*ﬁng", S.Weinberg, ‘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
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o Croldstones include the
Llongitudinal d.of. of W and
2

QCD kem pto&ez

e T Pioms

o the Higgs is a heavy bound
state (singlet under H)

il o SQSMO\



Comgosi&emess,
and the Higqs bosown

QCD kem pto&ez

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

s T Pioms

o the Higgs is a Easeu.do-

g sigma
Goldstone (FNGB)



Comyos&emess,
and the Higqs bosown

It’s a story of alignment .
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Comgos&@.mass,
and the Higqs bosown




péoms -

Comyos&emess,
and the Higqs bosown

QCD ktem Pi.o&e:

f — ? B O 2
/CD TC pNGB
£ 130 MeV | 246 GeV 1.2 TeV

......................................................................................
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--------------------------------------------------------------------------------------



Anatomy of the potential

Higgs mass i the small theta Limik:

mp, ~ yfsinb ~ yvsn

Naturally in the right ballpari,
without fine buning

The Higgs heed to become
a massless Goldstone
to join the obther 3
i a full mulkiplet
of the unbroken
SU(Ix0(1) symmetry




Higqs:
PNGB vs. stgma

Mass s param. lighter that
the tmmpos&ane_ss scale

The couplings to SM states
are V\a&u,rauj close ko SM

Tuning the tilk in the
po&am&iat!

1% Mass is expez:&ed ko be heavy
(close to the rho)

W The couplings to SM states
are Unkknown!

= o tuning is necessary,



pNG-B Comgas&%e Higqses:
which model?

SO(5) SO(4)
SU(3) x U(1) SU(2) x U(1)
SU(4) Sp(4)
SU(4) [SU(2)]? x U(1)
SO(7) SO(6)
SO(7) G2
SO(7) SO(5) x U(1)
SO(7) SU@)?
Sp(6) Sp(4) x SU(2)
SU(5) SU(4) x U(1)
SU(5) SO(5)
SO(8) SO(7)

SO(9) SO(8)

SO(9) SO(5) x SO(4)
SU3)? SU(3)
SO(5)]? S0(5)

SU(4) x U(1)  SU(3) x U(1)
SU(6) Sp(6)
SO(6)]? S0(6)

v

v
/*
v
/*
/*
/*
v
/*
/*
v
v
{*

/*

/*
/*

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

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

(4,2) =2-(2,2)

4 5+4.5=2(2,2)

14 =(3,3) +(2,2) + (1,1)
7T=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

14 14=2-(2,2)+(1,3)+3-(1,1)
15 15=(1,1)+2-(2,2)+(3,1)+(1,3)

NS oRBoullwollE oo otk

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, Csaki, Serra 14012487



The ~CD approw::k

&G, FSannino
14-02.0233

Define a confining gauge group (Grc)

Add in N fermions charged under the
confining group Gre

Assign SM guantum numbers to the fermions
(Ehus providima embedding in the global
symmetry)

- Couple them to SM fermions (see tomorrow)



The ~CD approac:k

Crrc Core SM

w QTC Q{: QSM
Rrc is real: Gr = SU(N¢) <¢zw3> SU(Nw) > SO(N¢)
pseudo-real: Gr = SU(2N,) <¢Z¢j> ST (2N — Sp(2N,,)

campl&x: Cre = SU(N¢)2 <?7DZ¢]> SU(Nw)Q — SU(Nw)



The ~CD approa«r:k

e o Higqgs “
k : Cwr : ' Cr
cose . &T L.E il doubi.e&s F’N Bs

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

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

SU(ﬁ)/ SO(5> SU(‘-’(-) & 1 1 4 Dugan, Georgi, Kaplan

19%s)

SU(4)XSU(4> SU(N) «{:M,Md 2 15 &.C, TMa

160%.07014

&.C,, M.Lespimasse

SU(@)/SF(&) SF(ZN)fuMd 2 14 n prep.



A minimal case

T.ijkov, FSannine 0¥09,0713
Galloway, Evans, Lu.Ej, Tacchi 10011361

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

} SUR) doublet




A minimal case

T.ijkov, FSannine 0¥09,0713
Galloway, Evans, Lu.Ej, Tacchi 10011361

SU(2)rc Su(4)ll) SUR).|U)y The Ew Svmmeﬁrv
is embedded in the global
flavour symmelry

SU(4) !




A minimal case

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

Am&isvmme&ric: nakrix

(T =T

Un-broken subgroup defined by:

S Yt Ly el R

T.Rj&&;v, FSannine 0¥09,0713
Galloway, Evans, Lu,Ej, Tacchi 10011361

This f:heorj LS
Asvm tobtic Free
and comfgv\es i the IR!

Under the global symmetry SU(4):
>o— U -2Xg-U 4

SU(4) -> Sp(4) !



A minimal case

Am&insvmmeﬁrits

(Y"9?) = 6su(a) — Bsp(a) D Lsp(a)

SF'(Z{'-) ~ SO(8) cowntains a SO(4) subgrou,p:
identify with custodial symmetry!

Plons:  Yspa) — (2,2) & (1,1)

generators.

£
< o) 0 > Preserves the EW



A minimal case

Broken SU(4) generators

Xt X% X9 X' Higgs doublet X7 singlet

TR n e R T U5 TS

B
|
Q)
N
=y

Let’s give a VEV ko the Higqs:

New EW breaw‘ing

3 4
<7T4> = 26 = QZFX : ZO
VAL UUmm



A minimal case

g il <cos 2 ! L i2/2X % sin

V2f 2\;]5]7 )

U

(cos@+i2\@X4sin9) 9:2\5]0

Defines a rotakion in the SU(4)  Spurions, however,
space: To study the theory el ool volaked.,
i the new vacuum, it is enough '
to apply this rotation to the |
strong sector: Mis-alignment’




A minimal case

In the Unitary gauge:

Y = er BYHHnY?) 2l = |cos | + " sin = (hY4 T 77Y5) ' 20/,

/ r f N/
brolken gen. in new vacuum
Chiral Lagrangian:

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




A minimal case

1 1
f2 Tr(DuE)TDMZ = §(auh)2 + 5((9,“77)2

1 2
+48f2 [—(h@,m - nauh) ]

s/ (1 _ (h* + nz))

24/2 12 f2

(25)

Moy =29 i 0 —
f L 20 i
ghww = V2> fsinfcosf = gmy cosb
o Decoupling: SM approached for small theto

o Deviations w.r.b. SM predi,&&ioms due ko theta!

o There are no Llinear couplings of the singlet!



A minimal case

Frigerio, Pomarol, Riva, Urbano
1204- 2% 0%

L
2

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



A minimal case

Frigerio, Pomarol, Riva, Urbano
1204- 2% 0%

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

The DM candidate has derivakive taupi.w\gs wikth the
Hiqgqs boson: weakened DD constraints!

Balkin, Ruhdorfer, Salvioni, Weiler
1¥09,09106



A minimal case

Frigerio, Pomarol, Riva, Urbano
1204- 2% 0%

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

The DM candidate has derivakive taupi.w\gs wikth the
Hiqgqs boson: weakened DD constraints!

Balkin, Ruhdorfer, Salvioni, Weiler

BOLSE;S dﬁ PQMdQM&! g ! 1509,09106



A minimal case

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

1

WYz

1

+ (292WJW_# _|_ (g2 + glz)Z’u,Zu) [fzsg + ;%gh (1 — 12f2 (h2 + 772))

+1(C20h2 — s5n%) (1 . : (25)

8

2412

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

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



WZW watkters!

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

anomalies’

dy M 2 2 ~
L — 642?2 7 (g2WWWW X0 BWBW>
d¢ =4 o Predictive power!
Dimension

) Couptihg ko 2 pha&oms vanishes'

of TC rep



A minimal case
TC Limik: 0 —

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

1
+

1 -1
+§(c29h2 — s%n2

L\wzw =

Rkvft&ov, Sannino

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

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

T



The po&ah&al

Vi —Cty£2f4 sin‘ 6 — 4C., f* coad

0
%V == 2(—Cty£2 cos @+ 2C,,,) f*sin@
Fine tuning
12 £2 2 12 4o
e = s COSWl | Cmd COSH — Otyfl / sin
Ci0 ~
gives the correct A o)

Higgs mass!



Comyasi&e Darle Makter

o Some pNGBs may be stable due bto
residual unbroken gtobo&
svmme&rms

o Stable techni-baryons may give rise
%0 O\Sjﬂ'\m&.&riﬁ .DM S.Nussinov

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



A ﬁampas&e 2HDM

&.C, T.Ma
SU(S)HC 150%,07014
SU(4) x SU(4) — SU(4)
Triplet Complex bi-doublet
(RHDM)

SURIR Triplet



A «t‘ompos&e 2HDM

&.C, T.Ma

SU (3) HC 150%.07014

Is it there o parity stabilising the pions?

st 5L p. 5T b A 0, )

Si=pS

H1 it Hl } Mimics the minimal case
H Do —H 2

A — —A Dark Sector!

N — —N



A tampas&e 2HDM

&.C, T.Ma
1§0%.07014

o cosf 1 e’ sinf 1
T\ —e'PERigl  costd

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

Beta = relative phase of the kwo T-quarks:



A tampas&e 2HDM

&.C, T.Ma
1§0%.07014

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

LV LI LI SV
y, = Y~ Ye — (Y3 — ya) y, = Y1~ + (Y3 — Yra)
2 22 ’ 22 ’
4 “Yukawa” couplings! v Yyt (st e) Y — (vt va)
2/2 ’ 22 '

Potenkial
for theta

Vion(0) = o0 1+ 8102 oindiB

h1
f

P +4v/2 Im(Y,Y;) sinf —

2v/2|Y,|? sin(26)
ho

Set to zero
by phase-shift

ji

. * . AO
Custodial > +2\/§ RQ(YDYt> SIH(QQ) 7
violating

VEVs!! No + Ao

f

e Sy, Im(Yj:kYt) sin2 v



A tampas&e 2HDM

&.C, T.Ma
1§0%.07014

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

LV LI LI SV
y, = Y~ Ye — (Y3 — ya) y, = Y1~ + (Y3 — Yra)
2 22 ’ 22 ’
4 “Yukawa” couplings! v Yyt (st e) Y — (vt va)
2/2 ’ 22 '

Potenkial
for theta

Vion(0) = o0 1+ 8102 oindiB

h1
f

P 41/2 Tm(¥5Y;) sin @) —

2v/2|Y,|? sin(26)
ho

Set to zero
by phase-shift

ji

Y 7ok . AO
Custodial > +2\/§ Re(} ’7Yt> SIH(QQ) 7
violating

VEVs!! No + Ao

f

el 4 Im (¥ Y;) sin” 4



A «a‘omPos&@. 2HDM:
spea&rum

Fﬂ-:2\/§f

» CP-odd
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e peubral
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A COMPQS&Q 2HDM:
Darle—-Makter

QQLL& O\b%@‘\dﬁhﬁﬁf 1703.06903

1000 2000 3000 4000
M, [GeV]




A «a‘omPos&@. 2HDM:
Darke-Matter

&.C, T Ma, YW, B.Zhang
1703.,06903

Direck Dekeckion Indirect Dekection
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The SIMY miracle

Hochberq, Kuflilk, Volanski, Wacker
14-02.614-3

e 3 -» 2 drives freeze-outl, while epsii.ons keeps
equilibrium with the SM

o 2 -7 provid&s self-interactions to explain struture
formation



The SIMY miracle

Hochberq, Kuflilk, Volanski, Wacker
14-02.614-3

Hochberq, Kuflilk, Murayama,
Volanski, Wacker 1411.3727

SU(R) wikh
& 3 -2 from WZW av\mmatvj interactions 2 Dirac doublets!

o Naktural SQ.E‘“MPI campasi&a theories!

@ 2 -» 2 is hormal F'LCJM scattering



Nobt-so SIMPle miracle

Hansen, Langeeble, Sannino
1607.614-3018690

o 2 -» 2 is a LO process, while 3 -» 2 (WZW) NLO!

o Cownsistenk NLO chiral expansion needed.,

NLO band from
N.=2 N.=2 R—?2 cross sect,
c=2, Ny _ 10 counter-terms

Perturbakive

upper bound Upper bound from

bullet cluster
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