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Spontaneous Symmetry Breaking — scale f
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Gauging SM group #H and Yukawa couplings

Eixplici’r Symmetry Breaking — & = v?/f? < 1]

Non vanishing Higgs mass — m; < f*

HIGGS/EW HERARCHY PROBELEN'BEQVEED!




The Higgs as aa(opNEsEBeson




The Higgs as aa(ppNEsBBeson

The Composite Higgs Model framework: SSB nonlinearly realised;




The Higgs as aa(OpNEBBesun

The Composite Higgs Model framework: SSB nonlinearly realised;

® Several coset configurations (4 or plus GBs): SO(5)/S0O(4),
SU(5)/S0(5), SO(6)/SO(5), SU(4)/SU(3), SU(4)/Sp(4), e}




The Higgs as aa(pNEsBBeson

The Composite Higgs Model framework: SSB nonlinearly realised;

® Several coset configurations (4 or plus GBs): SO(5)/S0O(4),
SU(5)/S0(5), SO(6)/SO(5), SU(4)/SU(3), SU(4)/Sp(4), e}

® Phenomenology discussed in the context of linear (SILH) &
non-linear (HEFT) Effective Field Theory;

[Giudice (2007), Contino (2011), Alonso (2012), Panico (2012), Redi (2012), Carena (2014), ...




The Higgs as aa(pNEsBBeson

The Composite Higgs Model framework: SSB nonlinearly realised;

® Several coset configurations (4 or plus GBs): SO(5)/S0O(4),
SU(5)/S0(5), SO(6)/SO(5), SU(4)/SU(3), SU(4)/Sp(4), e}

® Phenomenology discussed in the context of linear (SILH) &
non-linear (HEFT) Effective Field Theory;

[Giudice (2007), Contino (2011), Alonso (2012), Panico (2012), Redi (2012), Carena (2014), ...]

513 (Mostly) Model Independent approach, providing
a parameterisation of all possible UV completions;




The Higgs as aa(pNEsBBeson

The Composite Higgs Model framework: SSB nonlinearly realised;

® Several coset configurations (4 or plus GBs): SO(5)/S0O(4),
SU(5)/SO(5), SO(6)/SO(5), SU(4)/SU(3), SU(4)/Sp(4), e}

® Phenomenology discussed in the context of linear (SILH) &
non-linear (HEFT) Effective Field Theory;

[Giudice (2007), Contino (2011), Alonso (2012), Panico (2012), Redi (2012), Carena (2014), ...]

533 (Mostly) Model Independent approach, providing
a parameterisation of all possible UV completions;

- Contains polynomial dependence on GBs, it is
non renormalisable: limited energy validity;
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Following the (QCD) Chiral Lagrangian example it may be
enlightening to analyse the relation between:

[Linear vs Non-Linear %modelsj

The Minimal Linear SO(5)/S0(4) %+model (MLYM):

® UV complete model based on the SO(5)/SO(4) SSB
pattern, having the Higgs in the GB sector;

® Varying the %mass allow to study both the “light”
and “heavy” limits in a renormalisable framework;

® Indicate the preferred “projections” on the HEFT
Lagrangian of the MCHM (in the non-linear limit);

Previous attempts only partially covered these items;

[Barbieri (2007), see also: Alanne (2014), Gertov (2015)]
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General features of the SO(5)/SO(4) MLY: rrerugio et at. (zoi6)
® Real scalar field in the fundamental of SO(5):

(= Cararand)

® Two types of heavy vector-like fermions in the 5 and 1 of
SO(5) (top and bottom partners) and massless SM quarks:

Yp~5 — Ms o] _ 0
111 My (tr,br) — T

IHOH)ISM

® SO(5) invariant proto-Yukawa couplings:

G’l @ "R+ Y2 %R "#D el Mass terms
1, o yup /M
® Partial compositeness cwgm

O 1@ " as)! R+ "5 tR+ 3T MR )
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The most general renormalisable scalar potential SO(4) invariant
contains 8 parameters, but only 4 needed for consistency: Barbieri (2007)]

V(h,o) = AX(h* + 0% — ) +af’c — Bf*h?

SO(5) invariant term Explicit SO(5) breaking
induces SB to SO(4) induced by fermionic loops
® One has the following expressions for vevs and masses:
2 ' 2 n
g A L L g A
4" 2 4"2  2#

1/2
mi,(,_4>\f2{(1+i§>¢[1+5(1+4;2 B)] }
. J

for the physical light/heavy scalar states (f, &) rotated with
respect to the original fields (,0) by an angle y:

(h) <fz cos" + I sin ) ARV,
D] = LT «— tan2vy =

Mcos" | hsin 3v2 — i — f?
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The MLYM ScalurPRiderdidl Fobpsps

® The generalised fermionic mass matrix of heavy and SM
fermions contains SO(5) breaking terms (&1, &2):

@LMf(h,O)\IfR I (I — {' ,",t,éé.é)

® The SO(5) breaking propagates to the 1-loop scalar potential:

G N T e U )

® It induces two divergent SO(5) breaking terms:

@[(M}Mm = [SO(B)y + A0+ B;@
Te[MM ] = [SO(5)iny

® To ensure (one—loop) renormalisability of the model:

(V(h, o) D aflc — Bfh )




Parametxssreanommabdaiadion

The 4 parameters appearing in the scalar Lagrangian can be
expressed in ferms of the 2 known + 2 unknown observables:

s \

Gg ! v =1.166# 10 ° GeV, my =125GeV, m,, sin?!

by the following exact relation:

i I = Sin” “mp 1+ cot?" mi k
' 8v? m?

# mZm¢

4 siP"mf +cos?"mA ! 2mZm?

$2 sin?(2")(m? | m2)?

442 A(sin?"m¢ +cos2"md | 2m2mR)
2 - v2(sin® " mi +cos?"mf | 2m2m?)

(sin®"m? +cos?" m2)2
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® Extra Heavy Coloured Fermions Q, EW singlet (but in non—

. . . .[Kim (1998), Di Luzio et al. (2017)
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[Peccei&Quinn (1977)]

General features of the KSVZ In@pisible Axion: xim 1979)
[Shiftman et al. (1980)]

® Extra Complex Scalar , SM and SO(5) singlet:

¢ — __ialfq r scc.xlar, al= pseudoscalar!
V2 fal= axion decay constant

® Extra Heavy Coloured Fermions Q, EW singlet (but in non—

. . . .[Kim (1998), Di Luzio et al. (2017)
minimal versions could also be EW charged);lim (9%8) (o1,

® Q and s must transform non—trivially under an additional
global U(l)pq symmetry:

[QL,R —emrPQrr s ei(nL_nR)ﬁs)

ILs= QiDQ+vyy Q sQr + h.c.

® Dirac mass term for Q forbidden by the U(l)pq symmetry;
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® The EW and U(l)eq Soft Symmetry Breaklng scalar potential:
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® The EW and U(l)eq scalar get vevs:
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The KSVZ IIn @isiblAidon

® The EW and U(l)eq Soft Symmetry Breaking scalar potential:

V(H,s)=X2H'H —v?)? + \;(25%s — 4>\S¢ HTH

® The EW and U(l)eq scalar get vevs:

- RSO A A

® The Heavy Fermion get a mass term from SSB: Mg o y; f,

® Anomalous couplings with Gluons and Photon:

Oés Ca T e a Cq, o
[5£U(1)pg — 87r fig a G H G 87-‘- ijWaFM FMV+...j

w Solve dynamically the Strong CP problem trough the anomaly;

W The most striking signature given by the Can  coupling;
14
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How to implement the KSVZ axion in the MLYM: rivio et al. 1710:07715)

® Extend the scalar sector: real scalar in the fundamental of
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How to implement the KSVZ axion in the MLYM: rivio et al. 1710:07715)

® Extend the scalar sector: real scalar in the fundamental of
SO(5) plus a complex scalar singlet of SO(S)-

(¢ (7"177T2,7T3,h 0 ) + [ ol aff
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How to implement the KSVZ axion in the MLYM: (srivio et al. 1710:07715]

® Extend the scalar sector: real scalar in the fundamental of
SO(5) plus a complex scalar singlet of SO(S)-

Gb (7"1771'2,7T3,h 0' ) + [ ol aff

® Following KSVZ add the SO(5) invariant Yukawa like couplings
between heavy fermions and the complex scalar field s:

0Ls =21 (XpsXR + h.c.) + z5 (Y s¢Yr + h.c.)

® But in a more general framework you can also “"promote” some!
(all) the SO(5) breaking partial compositeness couplings:

0Ls = M5 (G A2x5)R + Aast (Asxitr) + A3s X tr
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How to implement the KSVZ axion in the MLYM: rivio et al. 1710:07715)

® Extend the scalar sector: real scalar in the fundamental of
SO(5) plus a complex scalar singlet of SO(5)°

(¢ (7T1,7r2,7r3,h, o ) + [ ol aff

® Following KSVZ add the SO(5) invariant Yukawa like couplings
between heavy fermions and the complex scalar field s:

0Ls =21 (XS xR + h.c.) + 25 (ELS YR+ h.c.)

® But in a more general framework you can also “"promote” some!
(all) the SO(5) breaking partial compositeness couplings:

OLs = A15 (R 2x5)VR + Aos VA5 1tR) + A35

O:01%:-;., (L ;10=(>:W:2,;-10; - ;!A,; , A/MBSCDE
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® Write the most general SO(5)/SO(4) scalar potential, including
one loop CW divergent terms and counter—terms: (Merio et al. 1710:10500]

V(g,s) =V>P(¢,s) + VWV (e, 5) + V¥ (g, s)

SSB sectors for SO(5) SO(5) and U(1)eq breaking terms
and U(l)pq symmetries needed by renormalisability
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V(g,s) =V>P(¢,s) + VWV (e, 5) + V¥ (g, s)

SSB sectors for SO(5) SO(5) and U(1)eq breaking terms
and U(l)pq symmetries needed by renormalisability
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% 5 SO(5) invariant parameters (3 couplings and 2 scales);
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® Write the most general SO(5)/SO(4) scalar potential, including
one loop CW divergent terms and counter—terms: (Merio et al. 1710:10500]

V(g,s) =V>P(¢,s) + VWV (e, 5) + V¥ (g, s)

SSB sectors for SO(5) SO(5) and U(1)eq breaking terms
and U(l)pq symmetries needed by renormalisability

G/SSB(gb, $) = AT p — )% + Xs(25%s — f2)% — 2X44 (5*5) (¢T¢D

% 5 SO(5) invariant parameters (3 couplings and 2 scales);

VOWV(8,5) =[SO(5)], + dio + (@1 + d2)h® + by h*
+dio(s + 5%) + da(¢7B) (s + s*) + d3(¢T P) (55 + 5*5*)

% 4 SO(5) breaking parameters and 3 U(l)pq breaking
parameters in the divergent CW one—loop term;
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a :1( 2_|_ /2)
di = 4(y1M 1 + yoMs)! 5! 3 1=5 "+
-1
dh = y3l 21 2y%l 2 b= [2g4+ (92+g,2>2]

@ =2yi(z1+21)! 2! 3+2y2(z5+ 25)! 2! 3
& =2 y1yo(z1 + 21)Ms + 2 y1ya(2s5 + 25)M 1
& =2 y1yo (2125 + 2125) .
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® Explicit expressions for CW divergent terms generated by
fermionic and bosonic one-loop diagrams:

a :1( 2_|_ /2)
01 = 4(yiM1 + yoMs)! 5! 5 L=g\Ww md
~ 1
d2 = y3! §1 271 5 b= 29"+ (4% +97)’]

@ =2yi(za+ 21)! 2! 3+2Y2(zZ5 + 2Z5)! 2! 3
& =2 y1y2(z1 + 21)Ms + 2 y1y2(z5 + 25)M 1
& =2 y1yo (2125 + 2125) .
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® Explicit expressions for CW divergent terms generated by
fermionic and bosonic one-loop diagrams:

« Fermionic and gauge contribution to SO(5) breaking sector;
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The Hiemrotlyyppriolbhern i REX/ Z

® In KSVZ frameworks the PQ symmetry is usually nonlinearly
realised, i.e. the moduli field r is integrated out and only the
axion remains at Low Energy: See F. Pobbe and J. Alonso posters for more pheno;

My X A/ 8As fs =| (1g,fs/f )" 1
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realised, i.e. the moduli field r is integrated out and only the
axion remains at Low Eﬂ@l"gY: See F. Pobbe and J. Alonso posters for more pheno;
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® The LO potential and vevs at Low Energy read:

[VRLO(h,!): "R(hZ+ 121 £2)1 #xf2h%+ $h4)
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[ffz'i <1+1)\3¢f—3’2> froc fi for fs>>fj

2 N f?

® fr ~ fsunless the unnatural condition \;, =0 is imposed;
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The Heavy fFemmion coori¢ent

Two type of fermions with different charge under an extra U(1)x
can be defined (X=2/3 and X=-1/3) for the 5 and the 1 of SO(5):

(5) 5 (1)
155! (X,Q,TH), 1,0 T
5 n n 1
st (@X7BO), &1 BW

The decomposition of fermions under SU(2). x U(1)y group is shown

Charge/Field X Q T(l,S) Q/ X' B(1’5)
I +1/2 ~1/2 0 +1/2 ~1/2 0
SU@Q) xU()y | (2,+7/6) | (2,+1/6) | (1,+2/3) | (2,+1/6) (2,—-5/6) | (1,—1/3)
z +2/3 +2/3 +2/3 ~1/3 ~1/3 ~1/3
o X*=45/3 | Q* =+2/3 T Q" =+2/3 | X" =-1/3 e
Xd=42/3 | Q*=—-1/3 Q4= -1/3 | X'4=—-4/3
Fs Og F4 )G

22



The Heavy Femiam Lagyaagdgian

® The SO(5) preserving part of the Lagrangian includes the
proto-Yukawa interactions with the scalar multiplet:

Lsor = 122/3) - IIDI Ms I(2/3)+|E(' 1/3) - |m| I\/I | (13
+ b(2/3) iD! M, "3 4 pC 13" ! M, U3
2/3) yu (213 2/3) yu (213
|y B RISy, 1R g B9
" 11/ 3 n (! 1/3 m 1 1/ 3
! Y1!QE i (R ! Y2!ﬂée #

® The SO(5) breaking part of the fermionic Lagrangian is given
by partial-compositeness couplings with SM (massless) fermion

[Kaplan ‘91]

LM = — _AquQR + A2T<5)tR + AgT(l)tR —+ hc]

_ A’1 LQ + MBYbe + ALBMbg + hc}
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SM fBermdsnnnasss ggeeeradion

® Combining the SO(5) invariant proto-Yukawas with the SO(5)
breaking partial composite interactions:

N y P "
Y Y . Yy
e— + s > " e—a—e "
SO(5) breaking ~ SO(5) invariant SM fermion mass generation

one gives rise to a see-saw mechanism for generating the SM
fermion masses. The leading order can be obtained schematically

[ g Or'! O Tél) p TL(1) rota ]

I 4 M s y.1!H" M1 =3

v | I =1 3
|V|1|V|5 and Yb ylM;'LMé

Vi ! y1 Vv
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The SO(5)5s1i{4 Fczlalagaggegesiortor

Setting the notfation useful in the next slides:

oo (h;;)U @ | > U(=¢ "

/
D,U(x) =0,U + igWﬁ"aaU — i%BMU03 —> V,=(D,U)U

The SO(5)/SO(4) scalar-gauge sector reads (o is a SM singlet)

Y Vh :
Lgs! (DyH) (DuH) SV VS ?“ A cosl +% sinl # ,VH'$
' [ 1]
1° . . .
t 2 A% cog! +2 A% sin! cos! +*2 sin’! # VMg

® The first term identify the Gauge Boson masses:

9* Vi @+g)vi |
4 4 '

® The scalar-gauge couplings are “SM like” but with a cos*
suppression for fi (and a sin* suppression for*)

M3 = MZ = Vh " V=246 GeV




