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Some SOIUtlonS to the Original idea: Georgi-Kaplan (1984) SU(5) — SO(5) (14 GBs)

hierarchy problem consider Agashe, Contino, Pomarol (2005)
the Higgs boson of a
dynamical origin, global symmetry
(alike W[_, ZL)
e. g. composite Higgs [ S50(5) ] [Scalars and heavy fermions]
Spontaneous 4 massless GBs
breaking

scale f ———> (h, 0", 07,¢°)
(like £ in QCD) —_—
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EET




Original idea: Georgi-Kaplan (1984) SU(5) — SO(5) (14 GBs)
Agashe, Contino, Pomarol (2005)

global symmetry

[ 50(5) ] [Scalars and heavy fermions]

Explicit

Coupling of (soft) breaking | Spontaneous 4 massless GBs

SM fermions ’\,’ breaking

and gauge bosons scale f —— (h,o", o, gpo)

(like = in QCD)

witz,

l

m: #0

4
S0(4)

generates scalar potential at loop level

which breaks EW symmetry at scale v 7% f



Original idea: Georgi-Kaplan (1984) SU(5) — SO(5) (14 GBs)
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Usually studied in non-linear (effective) realizations
(they appear to have some tension with data)

Agashe et al (2005), Contino et al (2011), Panico et al (2013), Carena et al (2014)...

We will use a linear (renormalizable) implementation GBs

Barbieri et al (2007) SOO)
b

7 2
[ 50(4) ] l

generates scalar potential at loop level

which breaks EW symmetry at scale v 7% f
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substituted by Higgs h
E—

SM Higgs .
sigma o
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SM Higgs substituted by { Higgs h
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SM Higgs substituted by { Higgs h

sigma o
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spontaneous SO(5) explicit SO(5) breaking
breaking (Coleman-Weinberg)
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SM Higgs substituted by { Higgs h

sigma o

V(h,0) = =\(h* + 02 — f2)? 4+ af3c — B2 h?

—_— —— —
spontaneous SO(5) explicit SO(5) breaking
breaking (Coleman-Weinberg)
Vo = f%
— Both h and o get a vev: . 5
— [0}
Vv = f1 / 1-— W + b3
. They mix: (nght) _ (C?S’y —sin 7) (h)
Heavy siny  cos7y o

4 parameters: {G,: = (V2v?)1, mp, Mg, sin? 7}
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V(h,o) = =\(h* + 0% = f2)? +afdc—BF2H

—_—— —— —
spontaneous SO(5) explicit SO(5) breaking

breaking (Coleman-Weinberg)
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1
LgsC Zgzv2 W+W” —I—f f(g +g°)WV* Z,Z"
1 1
v(hcosy +osinvy) <2g2WIZL WH™ + Z(g2 +g'2)ZMZ“>

1 1
+ (h? cos?y + 2ho siny cosy + o2 sin®~y )(Zg2WjW”_ + §(g2 +g°)Z2,2")

e h has the SM couplings suppressed by cosy (mp < m,)
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1 1
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1 1
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e h has the SM couplings suppressed by cos~y (m, < m,)
e The o acquires a Higgs-like behaviour through siny (mj, < m,)
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1 _ 11
LgsC Zg2v2 wiwe + 2 Z(g2 + g2z, 7~
1 1
+v(hcosy +osiny) <§g2ler WH™ + z—l(g2 —i—g'z)ZﬂZ“)

1 1
+ (h? cos®y + 2ho'siny cosy + o2 sin~y )(Zg2 WiIwr™ + §(g2 +g°)Z2,2")

e h has the SM couplings suppressed by cos~y (m, < m,)
e The o acquires a Higgs-like behaviour through siny (mj, < m,)
e My, Mz impose (h) = v = 246 GeV
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V(h,o) = =\(h* + 0% = f2)? +afdc—BF2H
N—_——

—— —
spontaneous SO(5) explicit SO(5) breaking
breaking (Coleman-Weinberg)

h and 0 mix =  modifications to Higgs couplings

0.8 V>Ve
region
Excluded by Hi dat
0.6 xcluded by Higgs data V<_vc
.2 region
. . sin~Y
relation with ATLAS-CONF-2015-044,

0.4 Excluded by Higgs data

non-linear: CMS-PAS-HIG-15-002
V2 o ATLAS-CONF-2015-044,

§= 2 sy I Cvis-PAS-HIG-15-002

(mﬁ >> m;,) ’

Panico et al (2012)
Panico, Wulzer (2015) 0.0

m,, (TeV)

Planck Valencia 2016 Linear o-Higgs model Sara Saa, UAM/IFT Madrid 6 / 17



Fermion sector

Two types of terms in the fermion Lagrangian:

A y ! "
Y y g
C et 4 et 5 L _etetg t
SO(5) breaking  SO(5) invariant SM fermion mass generation
top yukawa:
SO(5) breaking light-heavy mixing Vi~ /\Z/Mlpz

light fermions do not couple directly to h
(a la seesaw)
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We use vectorial fermions in 5 and 1 of SO(5):

v =y ~ (X, Q, T®))

P =y~ (Q. X, B®)

X Q T(lys) Q/ X’ B(1,5)
U(1)x +2/3 +2/3 +2/3 -1/3 -1/3 —-1/3
T +1/2 ~1/2 0 1/2 ~1/2 0
SU2) x| (2,7/6) (2,1/6) (1,2/3) (2,1/6) (2,-5/6) (1,-1/3)
u(1)y

XU=5/3| Q'=2/3 Qu=2/3 | Xv=-1/3
2/3 ~1/3
Ce X?=2/3 | Q'=-1/3 / Qd=-1/3 | X'9=-4/3 /
SO(5) explicit breaking terms for the 3™ generation quarks:
‘C§O€57 = —[ A qLQr + /\/1 ?7LQ}; + Ao TES)tR + A3 :rlfl)tR

+ N, B®bg+ Ny BPbg+ hc

2 particles with exotic electric charge
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We use vectorial fermions in 5 and 1 of SO(5):

W=y~ (X1Q,TO) |, v =y~ (@, X, BO))

X Q T15) Q X’ B(1,5)
U(1)x +2/3 +2/3 +2/3 -1/3 -1/3 -1/3
T +1/2 -1/2 0 1/2 -1/2 0
SU@2)x| (2,7/6) (2,1/6) (1,2/3) (2,1/6) (2,-5/6) (1,-1/3)
U@1)y
Xv=5/3 | QU=2/3 QU=2/3 | X=-1/3|
Qe X9=2/3 | Q4=-1/3 23 QY=-1/3 | X' =—-4/3 Y3

SO(5) explicit breaking terms for the 3™ generation quarks:
Lsowy = —[M qLQr+ Ay Qg+ A2 7—£5),ERJr As TL(I)tR
+ Ny B®Pbg+ Ny BMbg + h.c]

2 particles with exotic electric charge
Planck Valencia 2016 Linear o-Higgs model Sara Saa, UAM/IFT Madrid 8 / 17



Fermion sector

Two types of terms in the fermion Lagrangian:

A y ! i
v vy L
t—.: + —_—— - t—.:.i.—t
SO(5) breaking  SO(5) invariant SM fermion mass generation

top yukawa:
SO(5) breaking light-heavy mixin _ v A2 M2
(5) g lig y g ye ~ Y A%/My

light fermions do not couple directly to h .
(a la seesaw)
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Fermion sector

Two types of terms in the fermion Lagrangian:

A v ih ih
t—é + éé -> t—0=0=0—w -ty
SO(5) breaking  SO(5) invariant SM fermion mass generation
top yukawa:
SO(5) breaking light-heavy mixing Ve~ Y AZ/MLPZ

light fermions do not couple directly to h .
(a la seesaw)

Heavy fermion loops dominate the effective scalar potential:

.- S b 4+ SOy
@ ) X — \/loop (h,O’)
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- - i + -
L c P M(h,o) g @ D

Coleman, Weinberg (1973)
S0(5)breaking

1 2 MMF
Vioop = — g7 Tr 2N MM + (MM T)? log <ﬁ> + (MMT)2log ( p

) - peanay?

divergent

Tr(MMT) = [SO(5)in]
Tr((MMT)2) = [SO(5)im ] + Ao + BH

Planck Valencia 2016 Linear o-Higgs model Sara Saa, UAM/IFT Madrid 10 / 17



_ = o + o
TP O

Coleman, Weinberg (1973)
S0(5)breaking

1
Vloop 64

f 1
—Tr | 2P MM + (MMT)? Iog< ) + (MMT)2log (MM ) - 5(MMT)2

divergent

Tr(MMT) = [SO(5)in]
Tr((MMT)2) = [SO(5)im ] + Ao + BH

= V(ho)=A(R+0>—F)? +afle —BrRK

two SO(5) breaking terms required as couterterms
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Precision tests: scalars and exotic fermions contributions

Computed with analytic formulas + numerical diagonalization of fermion
mass matrix

Novikov, Okun, Vysotsky (1993) 010+

Orgogozo, Rychkov (2012) L

Dawson, Furlan (2012)

Lavoura, Silva (1993) [ ]

0.05f ]

z 0.00} Egher m, ,

fermionic contribution i \ ]

1o, 20, 30 regions for _005; f=1TeV ]

global fit to E mi, =2 TeV, s? =004 ]

(AS, AT, Ags) ol ® 1My =6 TeV. 2 = 0.06 |

2005 0.00 0.05 0.10 0.15 0.20

AS

— larger m, might lead to more tension with data
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020 023

1, mixing with 7" 1 mixing with X4

005 000 018

0.0 0.1 0.2 03 0.4

1, mixing with 7%" and 7%

t; mixing with exotic singlets correlated with AT > 0 and 6gzp, 5,

tr mixing with exotic extra doublet correlated with AT < 0
Dawson, Furlan (2012), Anastasiou, Furlan, Santiago (2009)
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g particle and LHC data arXiv:1507.05930 (ATLAS),

arXiv:1509.00389 (ATLAS),
CMS PAS HIG-13-002,

Only SM top contribution (no added heavy fermions): CMS PAS HIG-13-003,
arXiv:1411.0322

Future Higgs data (5%)

Higgs data

B ATLASWW |4
ATLASZZ
CMSZZ

S

e f > 250 GeV >.
4 N
c

107!

N,

'\ hoS
v My 2 900 GeV

)

—/) P

1w %,
my 2 550 GeV ) \
. I I Fulure ATLAS 7Z o]
e S Future CMS ZZ
0_000.,2 TR T T 74 02 04 05 08 10 12 14 16 18 20

m, (TeV) m, (TeV)
white area: SM + generic singlet allowed
natural h as pseudo-Goldstone boson(to the right of dashed black curve)
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o particle and LHC data arXiv:1507.05030 (ATLAS),
arXiv:1509.00389 (ATLAS),

CMS PAS HIG-13-002,

Adding heavy fermions the constraints might weaken: CIS A HIG 13005,
arAiv: .
Present Future

V Higgs data Future Higgs data (5%)
ATLAS WW 1

ATLAS 72
\‘\ > e
N o > 000 GeV
b : '\\
"— “
5 n
m, > 500 GeV
RSN . 2
g, i Future ATLAS ZZ e
mesttiinh Future CMS 77
0.00- ‘ ‘ : |
TPPIIETE CIeY 02 04 06 08 10 12 14 16 18 2.0
m, (TeV) m, (TeV)

white area: SM + generic singlet allowed

natural h as pseudo-Goldstone boson(to the right of dashed black curve)
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Can it be the 750 GeV diphoton bump in diphoton? ATLAS-CONF-2015-081,
CMS-EXO-15-004
Very unnatural in our model:

* the mixing needs to be very suppressed (no signal in other channels)

=f2<0 — X (hP+5>+f%*)> = no spontaneous breaking

also a <<'1 = strong fine-tuning of soft terms

* higher fermion multiplicities required to increase gg production and
v~ decay
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Fermionic effective operators

If My, >> m, and heavy fermions are integrated out:

Oﬁ/lq) = (Hfiﬁu H)(@uv"qv)
Ofy) = (H'i D', H)(@r'+"qu)
Oww =07 H tg

O,p2 = 02 G H tr

Oy = |H\2 aLITItR

l

top mass and top Yukawa

Work in progress: send m, — oo together with exotic fermions for
my >> My and My, >> m,
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Conclusions

* We have defined a complete renormalizable model to understand
scenarios with a Goldstone Higgs
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Conclusions

* We have defined a complete renormalizable model to understand
scenarios with a Goldstone Higgs

* There is interesting phenomenology: top and bottom partners, heavy
scalar o, deviations from SM couplings...

* We find that a not too heavy o shows less tension with precision tests

* LHC data already probe the parameter space for a light o. Could it
be waiting in future data?
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Thank you
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BACKUP
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Renormalization parameters of the scalar sector:

{6r=(2N7 m m sinty)

4wy,
tan2y = W
A= s'”;jz"”zf <1+cot27:§> ,
B m2m2
4\ sin?ym* + cos? vm —2m?m2’
a? B sin (2’y)( — m,27)2
462 4(sin® ym% 4 cos2 ym} — 2m?m2)’

_ V3(sin? ym? + cos? ym{} — 2m3m?)

(sin? ym2 + cos? q/mh)z
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As usual, the global symmetry is enlarged to have particles with same
quantum numbers as SM quarks:

50(5) X U(].)X — 50(4) X U(].)X ~ SU(Q)L X 5U(2)R X U(].)X
5 SU2)L x U(L)y

y =79+ x

SM quarks hypercharge y = 1/6,2/3,—1/3 = 2 possible values for
the x charge: x =2/3,—-1/3
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SO(5) invariant heavy fermion kinetic terms and Yukawas:
Crve = &3 (ip — Ms) /3 4 p(=1/3) (i — M) (=1/3)
+ @3 (i — Mz) x (2/3) 4 ¢(=1/3) (ip — M) y(~1/3)

-y ¢(2/3 ¢x2/3) Yo @73) ¢>x(2/3)
Ao - T e e
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Lo = U, M(h,o) Vg, V= (x“, T, B, x’d) ,

T — (t’ QY, x4 T(5), T, Qlu) . B= (b, Q9 X", B(5), 5(1)7 Qd) ‘

M(h,0) = diag(Ms, M (h,0), MB(h,o), Mg),

0 A 0 0 0 N
0 M 0 0 y1% 0
0 0 Ms 0 y o0
T V2
Mi(ho) = A 0 0 Ms yioc 0|
A3 yzﬁ }/2% y2o M 0
0 0 0 0 0 M

MB(h,o) = M7 (h o) with {yi, Aj, M} <> {y/,N;, M} .
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= the Higgs has the SM couplings to W, Z suppressed by cos~y

+ also the gluon fusion is dominated by the SM top loop — it is also

suppressed by cosy

Ke

1.6

1.4

1.2

=

0.8

0.6

0.4f

Planck Valencia 201

ATLAS-CONF-2015-044,
CMS-PAS-HIG-15-002

FATLAS andCMS

Preliminary

* SM —68% CL
+ Best fit ---95% CL

LHC Run 1

2 _ Oi
ki = SM

0;

= cos®y > 0.82 at 20

=| sin?~ < 0.18 at 20

6

"H\mw‘mmmmmuumu‘i
1.

07 08 09 1 11 12

[CJATLAS
[Jcms
[CJATLAS+CMS
4
Ky
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Connection with non-linear models: h coupling to fermions

2
. . . v .
relation with non-linear: £ = o) ~ sin® v,  (my >> mp)

MCHMq_7_g = MCHMs_s5 1_5 1= fermions in the 1 and 5 of SO(5)

—  dim 4 yukawa operator: (¢54)i

2
v
= KF = Khtt = 1_525,\/:/,CHM4a gzﬁ
standard setup: MCHMSs= all fermions in 5 of SO(5)
— dim 5 yukawa operator: (156)(¢"s)
MCHMs _ 1 B 2§ Panico, Wulzer (2015),

= kg

V 1 - f Carena, Da Rold, Pontén (2014)

i i NS
PR & N z =
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Connection with non-linear models: h coupling to fermions

relation with non-linear: &

Planck Valencia 2016

kp = /T — € # KMCHMs

~

2
=a~ siny,  (m, >> my)
Ky = HA\;’CHMf’ =y1-¢
1-2¢

LHC (7 TeV+ 8 TeV)

|« Standard Model

* Best fit
— 68% CL -

| — - 95%CL

Linear o-Higgs model

11

'l ¢<o01s8
it Emcrms < 0.12

combination, 2o

12 13
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