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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
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| 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



The list of dim=6 operators of the effective

L . h b K i the [it ; Buchmuller and Wyler
agrangian has been known in the literature NPB 268 (1986) 621
since long time

| will follow the parametrization and the Giudice, Grojean, Pomarol, Rattazzi
analysis of: JHEP 0706 (2007) 045
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POWER COUNTING:

= each extra derivative costs a factor 1/A

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

1 1
For a strongly-interacting light Higgs (SILH): ? > K
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AL =ALp+ ALFE custodial invariance

forbids this operator

probe Higgs strong coupling g, l
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the request of

AL =ALp+ ALFE custodial invariance

forbids this operator

probe Higgs strong coupling g, l
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"  Absence of FCNC from tree-level exchange of the Higgs requires flavor alignment
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"  Absence of FCNC from tree-level exchange of the Higgs requires flavor alignment
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Parametrize corrections to
tree-level Higgs couplings:



Probes of Higgs strong interaction
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For any value cy,cy # 1 the theory becomes at high energies
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For any value cy,cy # 1 the theory becomes at high energies
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Ex:

--------------------- A‘S p— p—
2 _
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A to keep the theory perturbative
must come in before A,
to regulate the scattering amplitudes
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Ex: suppose LHC measures (cv,c,) # (1,1)
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C a D,W*TW h

W9 (Hie"iDPH) (D'W,,) pt W , o
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B

Use equations of motions:

custodial invariance

OuYuvZvh

D,V V,h = (mV, + Yy,4)V,h
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contact correction to oA m%v
three-body decays = Acrr A2

inclusive WW,ZZ rates
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C DWW h

W2 (Yo" DIH) (D" W) S | o

2myy, one linear combination

- ‘ 0uZ 2y h fixed due to (accidental)

;Zg (HTi(ﬁ“H) (0”B,,) custodial invariance
W a,ufy/u/Zl/h

subleading correction m%v
. ACWj: 7
to tree-level couplings ’

‘Form factor’

v effects
contact correction to oA m%v
three-body decays = Acrr A2

inclusive WW,ZZ rates
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Use equations of motions:

=

LEP already puts strong
bounds on these operators

correction to
WW, ZZ decay
rates too small

DMWJVWV_h
one linear combination
(%ZLWZV}L fixed due to (accidental)
custodial invariance
OuYuvZvh

AN

D,V V,h = (mV, + Yy,4)V,h

S = (EW —+ EB) 5 103
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These operators imply couplings of photon
and gluons to neutral particles and give
corrections to the gyromagnetic ratios
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(9 —2)w x (cuw + cuB)
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These operators imply couplings of photon
and gluons to neutral particles and give
corrections to the gyromagnetic ratios
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WhEWo b, Zyu Zyh,

one linear
combination

fyw/ywjh7 ZWVWh starts at dim=8

GuGuh

2 2 5
G~ Tw Y+ My
G0 ( A? ) oz ~ ¢ (167r2f2)

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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interactions

Corrections to h—WW, ZZ differential 5A V2 test Higgs strong
distributions and h—YyZ rate: Asnr h (F)
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My
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In principle h—Yvy, 9g rates also probe
strong dynamics ...
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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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= (9*e) (HD ,H)

the Higgs coupling to SM fermions: Asnr

Fermionic operators

(@E*y“w) (V,+hV,+...)

In principle they probe the strength of 0.A _ ()\2 U2>
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Fermionic operators

E,,: — <— —

= (y"p) (HY D |, H) (V") (Vy + RV, +...)
In principle they probe the strength of 0.A ~ B ()\2 112)
the Higgs coupling to SM fermions: As ' g2 f?

In practice fermion compositeness is already strongly constrained:

Cur <1.0x1073, &y, <1.0x1072, &y <1.0x1073,

EWPT a Crg <2.0x107%, &y, <2.0x107%, ¢y, <0.01, cpq<0.03
L pole
Crgy <2.0x107%, &y, <2.0x107°, €xp <0.1
b — s 0.4 x 1073 < &pqp < 1.3 x 1072
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L

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

ex: CV:1—|—67H

. . CWWwW Cz7 C
(2) The following relation holds: ¢z, = o) 2 cot (O ) — % tan(fyy)
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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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Nambu-Goldstone boson composite Higgs

Suppose the strong dynamics has a global
invariance SO(5)—SO(4)

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

" four NG bosons form an SU(2). doublet H(x): the Higgs
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Nambu-Goldstone boson composite Higgs

Suppose the strong dynamics has a global
invariance SO(5)—SO(4)

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

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

Invariance under the Goldstone symmetry implies:

= resummation of powers of H/f (Higgs non-linearities),

while still assuming expansion in 0/ A

= some operators forbidden if SO(5) unbroken
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H(z) — %(z) = @/ 5,

Yo = (0,0,0,0,1)

(D*H){(DPH), [0,(H'H)]" — (D,%)°
(HTUiﬁH> (DY W,,)" — (zwﬁz) (D*W,,,)’

(DMH)TJ%'(DVH)W;'W N (D“E)Tai(D”Z)W/jV
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H(z) — X(z) = @/ /5,

ZO — (07070707 1)

(D" H) (DFH), [0,(HTH)]” — (D,%)*  —>
(;ﬁy’ﬁg) (D*W,,)" — (zTaiﬁE) (DY Wp)*

(DMH)TU@'(DVH)WZW — (D“Z)Tgi(DVE)WZV

cy fixed by choice of
coset (ex: SO(5)/SO(4))
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H(z) — %(z) = @/ 5,

Yo = (0,0,0,0,1)

(D*H){(DPH), [0,(H'H)]" — (D,%)°
(HTaiﬁH) (DY W,,)" — (zwﬁz) (D*W,,,)’

(DMH)TJ%'(DVH)W;'W N (D“E)Tai(D”Z)WﬁV

Operators that require explicit breaking of SO(5):

_ C _
yo b Hop (1455 HUH) = S8 A

G, G H'H — G%, G (STATAY)
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H(z) — %(z) = @/ 5,

Yo = (0,0,0,0,1)

cy fixed by choice of

2 2
(D) (DM H), [0u(HH)]” = (Du2)” = 0 s605) /5004,

(HT a’D“H) (DY W,,)" — (ZTU’LD“E) (D*W,,)

(DMH)TU@'(DVH)W;'W N (D“Z)Tai(D”E)WZV

Operators that require explicit breaking of SO(5):

_ C B o .
Yy YL HYR (1 + —g HT[—]) N ¢L)\LZET)\R¢ 5 Gy flxed. by choice
v of spurions A, R

G, ,G*"H'H — G, G™" (STATAY)



H(z) — %(z) = @/ 5,

Yo = (0,0,0,0,1)

cy fixed by choice of

2 2
(D) (DM H), [0u(HH)]” = (Du2)” = 0 s605) /5004,

(HT a@D“H) (DY W,,)" — (ZTU%DME) (D*W,,)

(DMH)TU@'(DVH)W;V N (DMZ)TU@'(DVE)WZV

Operators that require explicit breaking of SO(5):

_ C B - .
Yy YL HYR (1 + —g HT[—]) N wL)\LZET)\Rw 5 Gy flxed. by choice
v of spurions A, R

GZVGGWHTH — G, G (ET)\T)\E) A\? suppressed

23



couplings cy, ¢y, predicted functions of £ in a given model

Ex: MCHMS cv = v1-¢

CMS Preliminary {s=7TeV,L<5.1f" Vs=8TeV,L=<122fb"

2_O:IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII:
N =
1.0F " /:’g\) -
B ° ]
0.5 o LA 3
0.0~ o —~
0.5 I E
-1.0 ‘\ // &
: o N ;
-1.5F e -
- . :IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII:
0.0 0.5 1.0 15 2.0
Cy

24

Red points at £ = 0.2, 0.5, 0.8

ATLAS Preliminary + SM
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h — vy, 99 — h in composite Higgs models

Rates modified because of shift in tree-level Higgs couplings

A(gg — h) = A(gg — h)sm < ¢i(§)

A(h — 7y) = A(h — )8, x c(&) + Ah — )T x ev (€)

Contribution from heavy states encoded in local operator

c g/2 5
2 — B, B" H'H

mW 2 )\2
EZNO< T )X—

= 2
Cg9s v
925 GG H'H
My,
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A stronger result holds in (minimal) models with partial compositeness:

The contribution of heavy fermions to the rates
I'(9g9 — h),I'(h — ) vanishes identically
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A stronger result holds in (minimal) models with partial compositeness:
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proof relies on Low Energy theorems for ggh and vyvh: Ellis, Gaillard, Nanopoulos, NPB 106 (1976) 292
Shifman et al., Sov. J. Nucl. Phys. 30 (1979) 711

Kniehl, Spira Z. Phys. C69 (1995) 77
Gillioz et al. arXiv:1206.7120

In the limit of soft Higgs emissions

(soft Higgs = vanishing Higgs mass and momentum )

70000 Y~ - .
zn: 71, _::: A(gg — h") x (W log det [MT(h)M(hﬂ)h:U
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Kniehl, Spira Z. Phys. C69 (1995) 77
Gillioz et al. arXiv:1206.7120

In the limit of soft Higgs emissions

(soft Higgs = vanishing Higgs mass and momentum )

70000 Y~ - .
zn: ’IZ, _::: A(gg — h™) x (W log det [MT(h)M(h)}>h:U

In minimal composite Higgs models with partial compositeness

det [MT(R)M(R)] x Ap(R)Ar(R) = | A(gg — h"™) = A(gg — h™)sm x F(€)

Falkowski, PRD 77 (2008) 055018 Contribution of heavy fermions cancels out
Rattazzi, Vichi, JHEP 1004 (2010) 126

Azatov, Galloway, PRD 85 (2012) 055013
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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

For a composite Higgs, largest new physics effect expected to show up in
tree-level Higgs couplings

h—YY and gg—h protected by Goldstone symmetry: contribution from
heavy states (ex: top partners) are expected to be very small



