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Naturalness

myp, =~ 125 GeV SM may be valid up to Mp;
but
many reasons to expect new physics at a scale Ayp > Agns

SM as an Ly = |DuH|? + p2|H|? — \(|H|?)? — Y;; ¥ HUI + h.c. J
effective theory

[H?] = 2 — naturalness problem

mp

f
h o 95M 2
- == - - dmy, = A% p
dm? 125GeVy2/ A 2
— h| . NP . -
A= ‘ mi ‘ ( ) (SOOGe\/) fine tuning 1/A J
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Composite Higgs Model: Higgs as pseudo-GB

Symmetry can protect the higgs boson mass

> supersymmetry
> shift symmetry

D. B. Kaplan and H. Georgi (’80)

Higgs as a composite pseudo Goldstone boson J

I~ 1/Acom

v

2 g%M 2

X 167'['2 ACO’ITL
he — he +af + ...

no mass term at tree level

gauging of .
elementary sector | SU(2);, x U(1)y composite sector (1 < g, < 4m)
(9o < 1)
= SSB: G 5 H
SU(2)r x U(1 .
©))3 D)y partial iy ~ gof

compositness
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Fun with group theory:

G H Ng GBs rep[H]—rep[SU(2) x SU(2)]
SO(5) SO(4) 4 =(2,2)
SO(6) SO(5) 5 5= (1 1)+ (2,2)
SO(6) SO(4) x SO(2) 8 4.0+4 2=2x(2,2)
SUG)  SU@ xU() 8 1 5+45=2x(22)

MINIMAL MODEL with SU(2)¢

Agashe, Contino, Pomarol (hep-ph/0412089)

SO(5) — SO(4) — GBs: (2,2)

Higgs = pseudo-GB
(mp, < myp)

EWSB like in the SM
<}f> = {=02/f?

v = fsin
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Fun with group theory:

G H Ng  GBs rep[H]=rep[SU(2) x SU(2)]
(5) SO(4) 4 4=(2,2)
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SU()  SU4) xU(1) 8 4 5+4,5=2x%(2,2)

MINIMAL MODEL with SU(2)¢

Agashe, Contino, Pomarol (hep-ph/0412089)

SO(5) = SO(4) — GBs: (2,2)

Higgs = pseudo-GB

(mp, K myp)
EWSB like in the SM
v = fsin <;> = £ =02/f? @
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» 5D CHM Agashe, Contino, Pomarol (hep-ph/0412089)

5D gauge symmetry — 4D global symmetry

» 4D effective descriptions

> CCWZ low energy effective description of a GB Higgs
Giudice, Grojean, Pomarol, Rattazzi (hep-ph/0703164)

> DISCRETE MODELS
Panico, Wulzer (hep-ph/1106.2719), De Curtis, Redi, Tesi (hep-ph/1110.1613)
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—lDC‘Hl\.[ De Curtis, Redi, Tesi (hep-ph/1110.1613)

SSB G/H — CCWZ formalism

U(IT) = exp (iTl/f), T =v2h*T% U(Il) = gU(I)KI(I, g)
iUTOLU = el T+ diT% = e, +dy

L= ﬁmd ") =
4

‘ ~

(aucp) (8,®) for SO(N)/SO(N — 1)

[

& =U()®o, (Po)a =danN

Spin 1 resonances as gauge fields

QZ — g Q2hT(H7 g)
Ql — gLng}Lz @2 = 92‘1)0
£ ~ Tx[0,2{0,] | , L~ (0"D)T0, By

SO(N)L+r SO(N —1)
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4DCHM De Curtis, Redi, Tesi (hep-ph/1110.1613)

SSB G/H — CCWZ formalism

U(M) = exp i1/ f), T =+V2h*T% U(Il) — gU(IT) Al (11, g)
iUTOLU = el T + diT% = e, +dy

/2 f2 T .
5 (@ ®)T(@,8) for SO(N)/SON — 1)

£ =Lomidar) =
& =U()®o, (Po)a =dan

Spin 1 resonances as gauge fields

SO(N)L 4SO(N)r X  SO(N)

QQ — g Qth(Hv g)
O — grgh 4,9 By = 0,

£~ Tr[9,0[0,0] | j L~ (0°D,)T0,®,
SO(N)rL+r SO(N —1)
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—lDC‘Hl\.[ De Curtis, Redi, Tesi (hep-ph/1110.1613)

SSB G/H — CCWZ formalism

U(IT) = exp (ill/f), T1=v2h*T% U(I1) = gU(IT) k' (1T, g)
iUTOLU = ef T + d2T% = e, + dp

f2
2
& =U)®9, (P0)a =0dan

L :fZQTr[d;,d”} =L (8#0)T(8,®) for SO(N)/SO(N — 1)

Spin 1 resonances as gauge fields

SO(N)g X SO(N)

QZ — g Q2hT(Ha g)
Ql — gLQI.g.Ir% A"g (I)2 = QQ(I)O

£~ Tr[0,910,] \ L~ (0122)T0, Do
SO(N)r+r
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K copies — moose model

Qi = gi—1 g;r . Qg1 = gx Qrq1 b

GBs : U(H)Zﬂlﬂ]{_;rl

K massive spin-1 resonances + SO(N)/SO(N — 1) GBs

nearest neighbour interactions : K —+ o0 = 5D theory )
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Non Minimal 4DCHM

Add non nearest neighbour interactions (also considered in low energy QCD)

Qi r

|
G Q0,1 R R Qr-_1.K /G-I{\QKKH‘I’O IH

| | QO,K Ql,K+1
Qo, K 41
/ T
link fields: Q; ;= [] Q& Qij = 9iQ.;9;
k=it Qi k1 — 9, x41h' (11, g;)
K f2 K ) K
L= Z 9 (D) D*Q; 5] + Z i 2* (D Qi k41%0) T D* Qi k110 — Y —5 i [A“"AW]
i,j=0 i=0 i=1
DSy = 0, Qi — 1A, Qi j + i ;A Fis = Fiir Q55 = (Qa )T
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The model reproduces the most general effective lagrangian up to
two derivatives for a SO(N)/SO(N — 1) CHM

equivalent to CCWZ fOrmulatiOn (Marzocca. Serone, Shu (hep-pl\/1205.0770))

» Interpolate between discrete models and low energy effective models
calculability generality

» Control deviations from extra dimensional theories

» Higgs potential

» S parameter

ni (unipi) M-C Cortona /05 /14 9 / 22



Higgs potential

[ Cu— Integrate out the composite sector
— Agashe, Contino, Pomarol (hep-ph/0412089)
. s mp
.
Mo(p?), Th(p?) Mo (p?) = —’;—3 + Ma(p?)

111 (p*) = 2[4 (p?) — Ma(p)]

—_— m, I (p?) (Pe)* = (JE(p) T (—p))
—_——————— mw, Mz Hd( 2)(Pt);w = <J§(p)J~V —p)>

Coleman Weinberg effective potential for the Higgs at one-loop order

)

|

Y \ N 9 d4p Hl 2
O O O v, h) / in2
iy I I o G oo = 5 | Gamyi 1 (p?) ™"
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Calculability of the potential

A d4p Hl(p2) 2 500
(2m)* To(p?)

nearest neighbour interactions :

2m§(m31 — m%)

I (p?) = v
g3(P? + m3)(P* +mZ,)
mgl —o00 = logA
9 9K
fOl le f[(fl[( fKK+l
rrrrrr H
K
fIQ(KJ,-l | | AR 1

L (p?) =

AK T (02 +m2)(p2 +m2,)  (p?)°K
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Effect of non nearest neighbour interactions?

N(p?)

I (p?) = S +ng+1
Git1
( : ‘; Jor i : fici fu+1 f1+11+2 fRR+1
fl}(+l
M%) ~ —— ) d=2i
(p?)4
@_@i fk 1K frK+1
U[\\l
i (p?) ~ fo 1 — d=0, A®
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Effect of non nearest neighbour interactions?

N(p?) 2 ?
I (p?) = + for+1
TS +m2 )(? +m3) 77
91 9i
[ f fi-i SN o
01 2 ;@’”‘\Gi+1)’ - ,71GA/L777 H
| T fir1 T
1
I (p?) , d=2i
(r?)?
g1 9K
for fi2 fr-1K frr I
,,,,, . GK |
f“[\"#]

M (p%) ~ for1 — d=0, A?
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Effect of non nearest neighbour interactions?

N(p?) 9
I (p°) = + for 1
TS, 02 + m2) (2 +m2,) -
g1 Gi
fi fi f,,ﬂ( ) PO o
- S : 7"\Gi+1)7 - -Tn GA ,Lf*f H
| T fir1 T
1
1T (p*) , d=2i
(p?)?
@* G- "”'\/GK\} **** H
[ T forc1 -

M (p%) ~ for1 — d=0, A?
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Rules for the calculability of the Higgs potential:

2 500 ?—o00

mi(p*) "= 0 (), pILEH) "= 0 (1)

(I) violated by the term that directly connect
the first site to the breaking = A2

(IT) can be violated with incomplete multiplet
of resonances = logA
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S parameter

Tree level contribution due to spin-1 resonances ( see Grojean, Matsedonskyi, Panico
hep-ph/1306.4655 for other contributions)

AS = 4m0? 7d log ITy

wi' Y dp2 p2=0
\/ < > \/ 1 1
AS = 4702 Z 4 2 M8 N

m2 m2 ) dp? 1p2=0

nearest neighbour interactions — AS > £ 22 I (~ ED theories Barbieri, Pomarol,
~ mg Rattazzi hep-ph/0310285)

non nearest neighbour interactions — N (p?)

o 1 1 f? - ngH
.fOK+1 B AS:47T’UQZ m72+7 T —

mz, f?

smaller contribution to S but the potential depends quadratically on the cut-off
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Simple model: p1, p2, a1

V(h) ~ logA

foz #0, f=1TeV

m(TeV) m(TeV)

AS < 4=

2
mp

non minimal terms can lower the tree level contribution to the S parameter
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lication to hadrons

Effective model for hadrons interactions som, Stephanov (hep-ph/0304182)
Bando, Kugo, Uehara, Yamawaki, Yanagida (PRL 54 (1985) 1215)

SO4) _ SU@2)L x SU(2)r pions «— pGB Higgs
SO(3) ~  SUQ2)rL+r

mi+ - mfro «— V(h)

2,2 2
3 mom m
2 2 EM p Ttay ay
msy —mio log 4

2 _m2 2
dr mg, —mg ms

mp #2957 (KSRF) x

2

. . . m
nearest neighbour interactions — > 3
Becciolini, Redi, Wulzer (hep-ph/0906.4562) prme

non minimal terms : possible to reproduce both KSRF and §m?2
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Conclusions

» we generalized a 4D CHM where the Higgs is a pGB
» the calculability of the Higgs potential is under control

» non minimal terms may lower the tree level contribution to the S
parameter

» in an effective model of hadrons non minimal terms may help to reproduce
phenomenology
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Thank you for your attention!

i (unipi) M-C Cortona, 30/05/14



Backup: Effective model of hadrons

Explicit model
p(770), a1(1260): only the extreme non minimal term is possible
KSRF can be reproduced but m?, —m?2, ~ A2

™ us

Effective model of p(770), a1(1260), p’(1450)

2 2
mZ, —mZ, ~logA

fis
@ for @ fiz @fzs ~>DOI H KSRF + 5m3r

fo2
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Backup: Convergence of the potential

1 A
Lo = 5P [HO(QQ) Sap + 111 (Q?) <1>TTATB<1>] A ABY
calculating the path integral over the composite fields on a constant GB background
1.4 B
Lepy = 5 A0S0 A0

v g%féll f(?l
1% 1%
= 1 (AP AYE) + o " oap

rotate the GBs on the last site (Px k41 =P, Qi—1,s =7)

in constant GB background the only term that contains & is

2 2
IkFkK+1 g A ABp gT
3 AKMAK TTUTpd — N/ KA

the UV leading contribution to IT; (Q?) comes from the diagram

1
2
A As Ax  Ag As A M (Q%) ~ @
ANAXANS - ANAANN - AN XANA~
d=2K
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Backup: Spin 1/2 resonances

Dirac fields W% at each site (r is a representation of SO(5))

dependence on the choice of the representation - 5 =4&1
~~ S—~—
SO(5) SO(4)

the link fields €; ; allow fermions at site ¢ and j to interact

K
L= zlb il
=1
K . .
— Z [MZJ\TJZQZJ‘I/% + Y;j\T/iQi,K+1‘I’0<I>gQK+1,j\I/% + h.c.]
i.j=0

M;; =m;
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R T _ 1 ho, .
L=qLp (Hé(szESIHQ*Hf(pz)HcHi) ar +tg p (Hf)(p2)+§sm2?ﬂﬁ(pz)) tr

7

+ % sin ; cos % ME(p?) qrHetg +hec.
N PQ [(TUQ) W@\ . oh . IMIQ)E .k ,h
VReop = ‘NC/ @)1 KHS<Q2> * H5<Q2>>Sm ;eI m @y Mt 7O f]

QMIQ) L 0, Q@) L o

Q2 MHQY)P 5 0.

ny(Q?* ~ W
mi(Q* ~ W = drrLrr>3 drr>1

@) ~ gl
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