MODIFIED COUPLINGS
FOR A

LIGHT COMPOSITE HIGGS

Roberto Contino

Universita di Roma La Sapienza



I

Effective Lagrangians for a light Higgs



In absence of a direct observation of new particles, our
ignorance of the EWSB sector can be parametrized in
terms of an effective Lagrangian

" The explicit form of the Lagrangian depends on the
assumptions one makes

" If new particles are discovered they can be included in
the Lagrangian in a bottom-up approach



In absence of a direct observation of new particles, our
ignorance of the EWSB sector can be parametrized in
terms of an effective Lagrangian

" The explicit form of the Lagrangian depends on the
assumptions one makes

" If new particles are discovered they can be included in
the Lagrangian in a bottom-up approach

| WILL ASSUME:

1) SU(2).xU(1)y is linearly realized at high energies

2) h(x) is a scalar (CP even) and is part of an SU(2). doublet H(x)

3) The EWSB dynamics has an (approximate) custodial symmetry

global symmetry includes: SU(2).xSU(2)r—SU(2)v
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each extra derivative costs a factor l/A
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ignorance of the EWSB sector can be parametrized in
terms of an effective Lagrangian
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POWER COUNTING:

= each extra derivative costs a factor l/A

= each extra power of H(x) costs a factor g, /A =1/f

For a strongly-interacting Higgs:
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The list of dim=6 operators of the effective Lagrangian
has been known in the literature since long time

Buchmuller and Wyler, NPB 268 (1986) 621

In the following | will follow the SILH Giudice, Grojean, Pomarol, Rattazzi
parametrization proposed in: JHEP 0706 (2007) 045
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Probes of Higgs strong interaction

(H'H) 0,(H"H)

HYH vy Hir + h.c.

(#' 1)’

effective theory

Ay =

Parametrize corrections to
tree-level Higgs couplings:

Ac N v? _ (g*U)Q

csmy f? A

4 A
9x\/CH

A - to keep the theory perturbative

new physics must come in before A
to regulate the scattering amplitudes

domain of validity of the
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Notice: LEP already puts strong A My ~ 10~3
bounds on these operators A2 ™

effects expected
to be small

[ Giudice, Grojean, Pomarol, Rattazzi, JHEP 0706 (2007) 045 ]
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These operators imply couplings of photon
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corrections to the gyromagnetic ratios

Cyzh X (CHW — CHB)

(9 —2)w < (caw + cuB)

11



11

2 .
g > tLCaHw Y

o3 X e (DMH) o (DMH) W,

gz icupyg’
X
1672 A2

(D*H)" (D" H) By,

g v g"”
1672 A2

B, B" H'H

2 2
9« Cqg s pv rrt
X y H"H
1672 A2 GG

These operators imply couplings of photon
and gluons to neutral particles and give
corrections to the gyromagnetic ratios

Cyzh X (CHW — CHB)

(9 —2)w < (caw + cuB)

-

WhEWo b, Zyu Zyh,

one linear
combination

fyw/ywjh7 ZWVWh starts at dim=8

GuGuh

They cannot be generated by
integrating out heavy states at tree-level
in a minimally coupled gauge theory

[ Giudice, Grojean, Pomarol, Rattazzi, JHEP 0706 (2007) 045 ]
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[ Giudice, Grojean, Pomarol, Rattazzi, JHEP 0706 (2007) 045 ]
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For a pNG boson Higgs additional suppression
follows from breaking the shift symmetry

[ Giudice, Grojean, Pomarol, Rattazzi, JHEP 0706 (2007) 045 ]
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Effective Lagrangian in the unitary basis
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L

Effective Lagrangian in the unitary basis

1 1 1 /3m?
— wEn o212 - h 3
28uh(9h thh +d36< ” )h + ...

1 h EPT h
Yv=u,d,l

Qlem — v v v v
+ S (QCW{/VW:VW H +cZZZWZ“ —l-QCnyZILW’y'LL —I—C,Y,Y’y'u,/y”)

o) h h h

S a a (v — + uv v
—+ 8_7'(' ng G/“/G K ; + Cw (Wy DNW H + hC) ; -+ Cz ZV@MZM ;

C C h
+< U 2 )Z,,@MVF‘”;JF...

h
U

sin Oy cos Oy  tan O

The same effective Lagrangian describes a generic scalar h (custodial singlet)
with SU(2).xU(1)y non-linearly realized

Each term can be dressed up with Nambu-Goldstone bosons and made

manifestly SU(2).xU(1)y invariant

RC, Grojean, Moretti, Piccinini, Rattazzi JHEP 1005 (2010) 089
Azatov, RC, Galloway JHEP 04 (2012) 127



Effective Lagrangian in the unitary basis

1 1 1/ 3m?
L=20,h0"h— =m2h>+ds - <3mh> ne

9 2 6 v

1 h EPU h
Yv=u,d,l

Oéem — v 124 v v h
+ S (2 CWW W;VW Wt czz Zuw M+ 2czy 20 + Cyy YY" )5

Qg a a uv h — v h v h
-+ 8_7'(' ng G/“/G H ; -+ Cw (Wy DMW_‘_M + hC) ; + Ccy Z,,@MZ“ ;

Cw Cz h
— 2,0, YY" — + ...
+ (sin Ow cosOyy  tan QW) wl v +

The only predictions of SILH (for single Higgs processes) are:

(1) The deviation of each coupling from its SM value must be small
2

Cg v
ex: cy = 1 -+ 7?
i i : __ww = Czz _ 9
(2) The following relation holds: Czry = (200 5 cot (O ) 5 tan(Oyy )
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Effective Lagrangian in the unitary basis

1 1 1 /3m?
— wEn o212 - h 3
L 28uh(9h thh +d36< ” )h + ...

1 h EPT h
Yv=u,d,l

Qlem — v v v v
+ S (QCW{/VW:VW H +cZZZWZ“ —l-QCnyZMV’y'LL —I—C,Y,Y’y'u,/y”)

Qg a a uv h — v h v h
—|— 8_7'(' ng G/“/G K ; —|— Cw (WV DMW_‘_M —|— hC) ; —|— Cz ZV({?MZ’LL ;

Cw Cz h
— 2,0, YY" — + ...
+ (Sin Ow cosOyy  tan ‘9W> wl v +

h
U

" Large deviations from SM couplings do not necessarily disprove a Higgs
doublet (e.g. non-linearities can be large)

In that case a test of doublet/pNGB Higgs can come from double (and triple)
Higgs processes

RC, Grojean, Moretti, Piccinini, Rattazzi, JHEP 1005 (2010) 089

RC, Grojean, Pappadopulo, Rattazzi, Thamm, work in progress
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SO(5)/SO(4) non-linear sigma-model

Enlarge SO(4)/SO(3) to SO(5)/SO(4):

[ Agashe, RC, Pomarol, NPB 719 (2005) 165 ]

= four NG bosons form an SU(2). doublet H(x): the Higgs
is the fourth NG boson

= resums powers of H/f (Higgs non-linearities), while still
assuming expansion in /A

Validity: F < A <Anf
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SO(5)/SO(4) non-linear sigma-model

RULES:

Dress up all operators with NG bosons and build the most general
Lagrangian invariant under local SO(4) transformations

Building blocks: CCWZ variables

U(r) = eim(@)/J —iU(m)'D,U(m) = ds T + B4 T*

1l
+ ... EMNAM+F7TDM7T+"'

d, — h(m,g)d,h'(m,g)

By, — h(m,9) B, h™ (7, 9) +i[0h(m, g)]h ™" (7, g)

h e SO(4)
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SO(5)/SO(4) non-linear sigma-model

O(p*) Lagrangian SILH Lagrangian

f* Tr(d,d") On

Of = [Tr(d,d")]?

OF = [Tr(d,d, )P o
0F = Tr[(EL,) + (BL)’] Ow, O
Of = Tr[(EL, £ EL)i[a", d"]] Oupw,OHnB
05 = [Te(T** [dy, d, ) — [Te(T"%[dy, )] dim=8

[ RC, Marzocca, Pappadopulo, Rattazzi JHEP 1110 (2011) 081; Azatoy, RC, Di lura, Galloway, work in progress ]



SO(5)/SO(4) non-linear sigma-model

O(p*) Lagrangian SILH Lagrangian

f? Tr(d,d") Oy

dim=8
OF = Tr[(EL,)? £ (ER)? Ow, Op
Of = Te[(EL, £ ER ) i[d", d"]] Onw,Onp
O3 = [Te(T"[dy,, d,]))° — [Te(T*#[d,,, dy))]” dim=8

Not included [require SO(5) breaking]: BWB’““/HTH GZVG“WHTH (HTH)3

[ RC, Marzocca, Pappadopulo, Rattazzi JHEP 1110 (2011) 081; Azatoy, RC, Di lura, Galloway, work in progress ]
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OF = [T]r(alual,/)]2 Operators with +(-)

<—— superscript are even (odd)

O3 = Tr[(EL )? £ (ERV)2] under a LR parity
Oy = Tr[(EL, £ ER)i[d", d]]

O5 = [Te(T**[dy, d,))]” — [Te(T**[d, d,))]

7T7'—>—7T7' d,u_>PRLd,uPLR —1
, i i PLp = ~1
PLr: T — 47 E,LI; — Ppy Ef Pr1 41

1)
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O3 = [Tr(dudu)]2 Operators with +(-)
4 I \9 R \2 <—— superscript are even (odd)
O3 =Tr[(Bn)” + (B)] under a LR parity

O = Tr[(BL, £ ER)id", d"]]

O5 = [Te(T**[dy, d,))]” — [Te(T**[d, d,))]

7'(7:—)—7'{'7: duHPRLd,uPLR —1

. 4 4 Prr = —1
PL: T T E£<—>PRLE5PRL +1 )
+1

Notice: Pir: is an accidental invariance at O(p?)

2
L3 = - Tr(dyd")



Part 2

The decay h—=LZY in composite Higgs
models

[ Based on: Azatoy, RC, Di lura, Galloway, work in progress ]
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Why looking at h—ZYy

Mediated by two operators of the SILH Lagrangian:

LCHW Y

Onw = 1 I (D"H)'o®(DFH) W,
icHBY
Oup = 1672 f2 (D“H)T (D*H) By, —
Cz~ —
Onn — M B. B* gt H '
BT g2z T B

Qo h
€2~ ( 27 )%WZM ;

CaB — CaAwW

4 Sin(29w)

— 2tan«9W CBB
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Why looking at h—ZYy

Mediated by two operators of the SILH Lagrangian:

LCHW g a o |
TEgE (D*H)'¢%(D"*H) we,

Opw =

icHBY t
O = D'YH)' (D*H) B,,,

only one breaks

cBBg'”
the Higgs shift Ogp = B H'H
symmetry —

Cz~y =

aem
€2~ ( 27 )7

CaB — CaAwW

4sin(26y)

h

AL
v
a v

— 2tan«9W CBB
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Why looking at h—ZYy

Mediated by two operators of the SILH Lagrangian:

LCHWY
1672 f2

Omw = (D*H)'¢%(D"*H) we,

icHBY t
= DFH)Y (DMH) B,
OuB 167r2f2( )" ( ) By

only one breaks

CBB 9’2
the Higgs shift Ogp = B H'H
symmetry

Unlike h—vyy, gg, the rate h—vyZ does not
carry the extra spurion suppression:

Qo h
€2~ ( 27 )%WZM ;

CHB — CHW
4Sin(29w)

Cz~y =

— 2tan«9W CBB

I'(h— Zvy) (11_2)
F(h—>Z’y)SM_1+O f2

tests Higgs strong interactions
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Why looking at h—ZYy

Mediated by two operators of the SILH Lagrangian:

LCHW Y

= DMH)'o (D' H) W
OHW 167T2f2 ( ) g ( )W,LLI/

. /
LCHBY

— wn\T (e
Ounn =T (D*H)' (D'H) B,

only one breaks

CBB 9’2
the Higgs shift Ogp = B H'H
symmetry

sz =

Qo h
€2 ( 2T )%WZM v

CaB — CaAwW

4 Sin(29w)

In the SO(5)/SO(4) Lagrangian there is one operator at O(p?):

Onw — Opup —

O, = Tr[(E[jV _ E{j,,) ild", d"]]

— 2tan«9W CBB
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Why looking at h—ZYy

Mediated by two operators of the SILH Lagrangian:

LCHWY
1672 f2

Opw =

. /
LCHBY

(D*H)'¢%(D"*H) we,

— wn\T (e
Ounn =T (D*H)' (D'H) B,

only one breaks

CBB 9’2
the Higgs shift Ogp = B H'H
symmetry

sz =

Qo h
€2 ( 2T )%WZM v

CaB — CaAwW

4 Sin(29w)

In the SO(5)/SO(4) Lagrangian there is one operator at O(p?):

Yuv

Ouh/f

Ouw —Owp  — Oy =Tx[(EL, — ER)i[d",d"]]
\/

Z,(v/f)

— 2tan«9W CBB
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By integrating out heavy modes with mass M one expects:

b M
log —

— L M
C4 (mh> C4 ( ) —|_ 16772 mh
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By integrating out heavy modes with mass M one expects:

b 1 M
O —_—
167‘(’2 5 Tmh

1 A X

1672

cy (mp) = ¢y (M) +
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However: 4 = Tl"[(Eﬁ,, — Ef},) idH, dVH is under PR

Accidental P invariance of the O(p?) Lagrangian forbids
any running due NG bosons
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By integrating out heavy modes with mass M one expects:

b 1 M
O —_—
167‘(’2 5 Tmh

1 A X

1672

cy (mp) = ¢y (M) +

Naively the IR contribution would dominate over the UV one

However: 4 = Tl"[(Eﬁ,, — Ef},) idH, dVH is under PR

Accidental P invariance of the O(p?) Lagrangian forbids
any running due NG bosons

c, entirely comes from UV threshold contributions
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By integrating out heavy modes with mass M one expects:

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

. S b M
cy (mn) = ¢y (M) + = logm—h
l IR running due
at 1-loop: ~ 1 to light modes
1672

Naively the IR contribution would dominate over the UV one

However: L= Tr[(ElfV — Efy) ild", dy]] is odd under Prr

If Pr is an exact invariance of the strong dynamics,
generating O, costs an additional weak spurion factor:

2
1 A back to the

X —= —

- 16772 gz estimate of vy, gg

Cy
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Example #1: tree-level exchange of a heavy spinl

Consider the case of one spin-1 (3,1) of SU(2).xSU(2)r
lighter than the other resonances

pu — D, 9)puh™ (7, 9) + [0uh (7, g)) B (m, g) P ll

mMp, MW
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A=g.f
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Example #1: tree-level exchange of a heavy spinl

Consider the case of one spin-1 (3,1) of SU(2).xSU(2)r
lighter than the other resonances

A=g.f
Pu — h(ﬂ-79>pﬂh_1(ﬂ-7g) + [aﬂh(ﬂ-7g>] h_l(ﬂ-79> IO ﬁ mp
mp~ gpf —>  Gp < g« Mp, MW

Assumption: the derivative expansion of the Lagrangian is controlled by ( /A ):

2 a ja 1 a a 1% m2 a a 2
E_Zdud M_4 2 pr/pLu +2 2p (puL EML) +ZO‘ZQ"+
9o1, 9o i
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Example #1: tree-level exchange of a heavy spinl

Consider the case of one spin-1 (3,1) of SU(2).xSU(2)r
lighter than the other resonances

A=g.f
Pu — h(ﬂ-ag>pﬂh_1(ﬂ-7g) + [aﬂh(ﬂ-7g)] h_l(ﬂ-ag) IO ﬁ mp
mp~ gpf —>  Gp < g« Mp, MW

Assumption: the derivative expansion of the Lagrangian is controlled by ( /A ):

Q1 = Tr (p""ild,,d,]) leading operators in (9/A)

) m? 1
@ = Tr (7 1) Ex 04 (V47,07 has o € oty ~
gp gy
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P can be integrated out by
solving the e.o.m at lowest order

pu = E, +0(0% /m?)

Lopr = (—g% + a2) Tr[(Ejyﬂ + (a1 — az) Tr[EL, i[d,, d,]]

P
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P can be integrated out by _ B O(92 /2
solving the e.o.m at lowest order Pr T 07/ p)

Loy = <_g_1g -+ a2) Tr[(Ej,,)Q} r (B ild,, d,)]]
T

O, generated if (¢; are non-vanishing

O, h h
/ |
W/M/ // ’)/Iuy : Z
nv
% AVAVAVACSVAVAVATAVAVAVAY:
Z, 8%
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P can be integrated out by _ B O(92 /2
solving the e.o.m at lowest order Pr T 07/ p)

Leps = <_g_1g + a2) Tr[(Ej,,)Z} r (B ild,, d,)]]
T

O, generated if (¢; are non-vanishing

vl h

0
T 4 :
NWV\A/@ 7‘“’@ L
V]

non-minimal couplings
(arise at loop level)
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The coefficients (¢; can be estimated by assuming the following criterion:

the strength of any interactions of the resonance . .
does not exceed ¢, up to the cutoff scale [ Partial UV completion ]

RC, Marzocca, Pappadopulo, Rattazzi
JHEP 1110 (2011) 081
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JHEP 1110 (2011) 081

\\ E2
Ex: v A(rmp™) ~ g, [af, + a1 F]
A<g. for E<A < <o
* a1 3 9
-~ g or ~ g*gp gg
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The coefficients (¢; can be estimated by assuming the following criterion:

the strength of any interactions of the resonance . .
does not exceed ¢, up to the cutoff scale [ Partial UV completion ]

RC, Marzocca, Pappadopulo, Rattazzi
JHEP 1110 (2011) 081

N E2
Ex: v A(rrp™)) ~ g, [af, + alF]
A < for E<A <1 < !
] 35 —
~ O« or ~ g*gp gg
: 1 g
By saturating the bound: 12~ — X 5
g; 16w
In general: c; = (ot —af) — (af —all) ~ !
9 : 4 1 1 2 2 1672
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Example #2: one loop of heavy fermions

Let us neglect the mixings with elementary
fields and work in the CCWZ basis:

L=x("iVy—m)x+ ¢ x~y"id, x
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L= X (Y, m)x + ¢ X7"idy x
}

0, + z'(E[j + Ef)

LR symmetric
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Example #2: one loop of heavy fermions

Let us neglect the mixings with elementary
fields and work in the CCWZ basis:

L=X (7“ m) X @v“idu X
| \

arbitrary

L R
Op + Z(Eu + k), ) coupling

LR symmetric

Only one diagram generates O, :

L =T[(EL, — EL)ild",d"]]

no SO(5) explicit
breaking into the loop:
fermions can be taken
E,, as SO(4) eigenstates

SO(5) explicit breaking from
gauging entirely subsumed
into the external legs

d,=2Z,(v/f)+0um/f+...
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MODEL 1 [MCHM5T:

Composite fermions in 5’s of SO(5)

X = (27 2) D (17 1) — {X47X1} L = X4 (’}/'u Zvu — m4) X4 + X1 (/V'LL ZV,LL — ml) X1

+ ¢ XaYMidy x1 + hec.
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MODEL 1 [MCHM5]: Composite fermions in 5’s of SO(5)

X =(2,2)®(1,1) = {xa, x1}

There is an accidental Pr invariance
in the spectrum and in the couplings

Noticed in: Mrazek et al. NPB 853 (2011) 1

L=xXa(¥"iV, —ma)xa +x1 (Y"iV, —mi) xa
+ ( X4 ’}/'uidlu X1 + h.c.
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+ ¢ xay"id,, x1 + h.c.

There is an accidental Pr invariance
in the spectrum and in the couplings

Noticed in: Mrazek et al. NPB 853 (2011) 1

EL /coupling\ R
(2,2) (2,2) — (2,2) (2,2)
du @y dy du Ly dy
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MODEL 1 [MCHM5]: Composite fermions in 5’s of SO(5)

X =(2,2)®(1,1) = {x4, x1} L=xs(Y"iV, —mg) xs+ X1 (V*iV, —mi) xa

+ ¢ xay"id,, x1 + h.c.

There is an accidental Pr invariance
in the spectrum and in the couplings

Noticed in: Mrazek et al. NPB 853 (2011) 1

EL / coupling \ R
(272) (272) —_ (272) (272) # CZ =0
dy (1) dy dy (1) d
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MODEL 2 [MCHM10]:

x=1(2,2)® (3,1) @ (1, 3)
= {X4, X3L> X3R}

Composite fermions in 10’s of SO(5)

L= Z i (Y iV, —my) X

i—=4,3L.3R

+ (1 X4 V“idu X3L + Cr X4 W“idu X3Rr + h.c.
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MODEL 2 [MCHM10]: Composite fermions in 10’s of SO(5)

ZEReE ey L= Z Xi (Y1 —myg) X
= { X4, X3L> X3R 1=4,3L,3R

+ (1 X4 Widu X3L + Cr X4 W“idu X3Rr + h.c.

E, E} E}
(3.1) (3.1) <2,2>/\<2,2> <z2>/¥a>
Cr - Cr _ .
dy (2,2) dy dy (3,1) dy dy (1,3) dy
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MODEL 2 [MCHM10]: Composite fermions in 10’s of SO(5)

ZEReE ey L= Z Xi (Y1 —myg) X
= { X4, X3L> X3R 1=4,3L,3R

+ (1 X4 Widu X3L + Cr X4 W“idu X3Rr + h.c.

ECI): EL EL

G/ \lr . R

dy (2,2) do Ay (3,1) dy dy (1,3) dy
ER

(1,3) (1,3) same diagrams as above with

(L+ R ), have the same value
CR R CR
Ay (2,2) do



B 1 A?
In general: €4~ 753 {(C% — (%) log (mnggR)
m2 C2m2 _C2m2
(G CB)log gt 4 CESL R |
m3r, my



Azatov, RC, Di lura, Galloway
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In general:

work in progress

C4N

2 2 9 2 9
2 2 sr . Gim3r — CeM3g
+ (¢7 + Cg) log —5~ + 5
3L my
AA(h — Z7)
A(h - Z”Y)top

';.. | | L | | |
Shw I —— A S . !

%y £ ‘ ‘ | [ [ |

-'x:.:..z;‘. | | Blue: f =800GeV

| (] “.. ‘ | | | I
Rz ~ Red: f=500GeV

2 R~ . . | i
R T o R e | | |

\P e . .+ :oo e | | |

| A P o | . M3L — M3R
_(‘3_6 —(‘0.4 —(‘).2 J ’Y’:’:l,j' ] .‘. 9i4;' .. 0‘L6 mgL _|_ m3R

: : : ¥ ...3 ® o A i:f:u‘

| | | R 0 =,
I I - 2T COWma

a a a - a":&
R I - a S B

| | | | | e

varying my, msr, msp between [2f,10f]
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Conclusions
—

= Effective Lagrangian for a light Higgs useful to interpret current data and
guide future searches

" Most important is to have power counting rules to estimate impact of new
operators on physical observables

" Decay h—Zy can in principle be a probe of Higgs strong interactions,
contrary to h—YY,gg

" |In practice h—Zy is protected by P at leading order, same estimate as
for vY,gg follows in (motivated) models where strong dynamics is LR
symmetric

" Yet scenarios with O(1) enhancements in h—Zy exist, and an experimental
measurement would be important
33



