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coupling strength grows with energy and saturates at g, < 4w
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A: the Higgs is itself a (pseudo) NG boson [ Georgi & Kaplan, '80 ]
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ex: > 4 NGBs transforming as a (2,2) of SO(4) [ Agashe, RC, Pomarol

SO(4) NPB 719 (2005) 165 ]
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1210 e = | D, HI? + S [0, D]+ 2 () [0, ()] + .

[ Giudice et al. JHEP 0706 (2007) 045 ]
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1. O(v®/f*) shifts in tree-level Higgs couplings. Ex: a=1-cy (?) +...
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Q: why light and narrow 2

A: the Higgs is itself a (pseudo) NG boson [ Georgi & Kaplan, '80 ]

SO(5)
ex: > 4 NGBs transforming as a (2,2) of SO(4) [ Agashe, RC, Pomarol

SO(4) NPB 719 (2005) 165 ]

. 2 /
1210 e = | D, HI? + S [0, D]+ 2 () [0, ()] + .

[ Giudice et al. JHEP 0706 (2007) 045 ]
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2. Indirect: Precision measurement of low-energy quantities
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How to test Higgs compositeness

1. Direct: Reach energy threshold for direct production of new resonances

2. Indirect: Precision measurement of low-energy quantities

i) virtual corrections to single-Higgs processes /Qi

ii) tails in scattering amplitudes



to Higgs couplings



10

strong scale

9UAS) = AT iy 5 = A7

Precision measurement of Higgs couplings

can give an appraisal of the strength of

the underlying interactions

gr=g(m.) — My = gu f




10

strong scale

9UAS) = AT iy 5 = A7

Precision measurement of Higgs couplings

can give an appraisal of the strength of

the underlying interactions

gr=g(m.) — My = gu f

N
/@* S W, Z. h

00 g2v?

O m?2

/

from NL sigma model




10

Precision measurement of Higgs couplings
can give an appraisal of the strength of
the underlying interactions

-

contribution of resonances
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strong scale

9(As) =47 gy A5 =47 f

Precision measurement of Higgs couplings

can give an appraisal of the strength of

the underlying interactions

gr=g(m.) — My = gu f

N
/@* S W, Z. h

contribution of resonances

f Suppose we find:
00 00 M
— — — 0P L > A OTP
O O leap © = I o 7
j my > M

from NL sigma model
(from direct searches)
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In practice resonance contribution

is further suppressed:

se w2 g? gg
CSM f? ms g2

loop-induced h—YY,g9g

y
h
y
g
h
g

Effective operators violate
the Higgs shift symmetry:

2 7
B2, H'H

2 prf
G2 H'H

tree-level coupling to vector bosons

h h [au(HTH)}Z

renormalization of NGB kinetic term
requires breaking of Goldstone symmetry

tree-level coupling to fermions

" " WHY H'H
> — >

resonance corrections arise only from wave-
function renormalization in simplest models
with partial compositeness



Sum Rule for h—YY,gg
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Only exceptionis: h — £~y

[ Azatoy, RC, Di lura, Galloway, work in progress]

Relevant operatoris Ogw — OB

Opp = (D*H)'(D"H)B,,

Opw = (D*H)'o"(D"H)W},

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange




13

Only exceptionis: h — £~y

[ Azatoy, RC, Di lura, Galloway, work in progress]

Relevant operatoris Ogw — OB

Opp = (D*H)'(D"H)B,,

Opw = (D*H)'o"(D"H)W},

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange




13

Only exceptionis: h — £~y 0CZ~ 2 g2o?
SM "7 F2 2
[ Azatoy, RC, Di lura, Galloway, work in progress] CZ’Y f e
Relevant operatoris Ogw — OB 7
T( DV h
Onp = (D*H) (D"H)B,,
Opw = (D*H)'o"(D"H)W}, !
1. Invariant under Higgs shift symmetry
2. Odd under LR exchange
0A 202 v?2 Am?
A(h — Zv) = Ay x F(€) +6A ~ N.Np (22} ~ NN "
Asnm ms f2 mz



13

Only exceptionis: h — £~y

[ Azatoy, RC, Di lura, Galloway, work in progress]

Relevant operatoris Ogw — OB

Opp = (D*H)'(D"H)B,,

Opw = (D*H)'o"(D"H)W},

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange

shift of tree-level 22
Higgs couplings 1 + O (—)

2
from nlom f

dcz,  V?  giv?
ST
Z
Y
2,2
~ N.Np (9*7; ) ~ N.Np
m*




13

Only exceptionis: h — £~y

[ Azatoy, RC, Di lura, Galloway, work in progress]

Relevant operatoris Ogw — OB

Opp = (D*H)'(D"H)B,,

Opw = (D*H)'o"(D"H)W},

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange

A(h = Z) = Ags @ 5A

shift of tree-level 22
Higgs couplings 1 + O (—)

2
from nlom f

dcz,  V?  giv?
E I ERT
/
h
~
5A 2,.2 2 A 2
Asm m2 f? m2

multiplicity of
composite states
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251 f=500GeV

Only exceptionis: h — Z’y L 01<r<25

i = 800 GeV

[ Azatoy, RC, Di lura, Galloway, work in progress] 200~ g.l <r<?5
11 R S S S S

[a—
o

Relevant operatoris Ogw — OB

T(h—Zy)/SM

Oup = (D"H)'(D"H)B,,, Rescaling from

nlom dg=v?/f?

06  -04  -02 00 02 04 06
om/m

Onpw = (DFH)T o'(D'H)W},

1. Invariant under Higgs shift symmetry

2. Odd under LR exchange mp Strong dynamics MUST break LR

2,2 2 2

Asm m3 f7oms
shift of tree-level 22 multiplicity of
Higgs couplings 1 4+ O (—2> composite states
from nlom /



Tc:ils in scattering amplitudes
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Precision measurement of scattering amplitudes
can give an appraisal of the strength of the
underlying interactions

a2 =auE (10( £2))

strong scale

9(As) = 4™ gy s = 47 f

oooooooooooooooooooo

My = s |
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Precision measurement of scattering amplitudes
can give an appraisal of the strength of the
underlying interactions

strong scale

9(As) =47 uusasaasany A5 =47 f

g« =g(ms) y e :g*f
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strong scale
Precision measurement of scattering amplitudes

As) =4 Ag =4r
i i P ——
can give an appraisal of the strength of the 9(As) " o f

underlying interactions

g« =g(ms) y Ty :g*f

Suppose we find:

E” exrp ex E
A2 —2) = 1+O<m2)> Opy, 7 0 g« >g(F) = 5hhpg
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Precision measurement of scattering amplitudes
can give an appraisal of the strength of the

underlying interactions

strong scale

9(As) =47  psay As = 47 f

A W2k
Suppose we E? E
can bound —z < €pp  hence M > NG =M
E2 5€£Up 0 oxp E
A(2—>2):5hhv—2 1+ hh # » g*>g(E): 5hh E
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strong scale
Precision measurement of scattering amplitudes

As) =4 Ag =4r
i i P ——
can give an appraisal of the strength of the 9(As) " o f

underlying interactions

A Wz
Suppose we E? E
can bound —z < €pp  hence M > NG =M
E? >
AR =2 =0y (1 i ) Onn, 70 g->g(E) = /03 —

then we get the 5,619}?) E
stronger limi Ge>g(M) = | 7= —
ger limit €Enn U
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LHC 14TeV mpp > 800 GeV
A 2T COUTESEL T T

15 | 12--1.1.__]

10—1 #\‘\ ! ‘ ‘ ‘ ‘ ! LT~ ‘ ! ‘ ‘ ‘ ‘ !
1000 1500 2000 2500
M, [GeV]
E2
A(2_>2):5hhv—2 (1—|— )

measurement of resonance effects
gives direct access to strong dynamics

o(pp — hhjj)

R —
o(pp — hhjj)|LET

_ Gn 2
£—2f77((9“ )"+ ..

[ RC, Marzocca, Pappadopulo, Rattazzi, JHEP 1110 (2011) 081 ]
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LHC 14TeV mpp > 800 GeV

Mgyt [GeV]

Uy N - R VA i D N
s0 -5 3, s 12--1.1.._
_ o(pp — hhjj)
R = —
o(pp = hhjj)|Ler
= a
L="nO,m)+...
2f ( % )
[ RC, Marzocca, Pappadopulo, Rattazzi, JHEP 1110 (2011) 081 ]
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A high-energy e*e" collider
(such as CLIC 3TeV) can
provide a clean environment to
make precision studies of

scattering amplitudes

[ RC, Grojean, Pappadopulo,
Rattazzi, Thamm, to appear ]

Example:  WW — hh . N / \
AWW — hh) ~ = (a® — b a ’ g
(W = hh) ~ 5 (a* ~ 1) ; N

2 2 / 4

! 2 / 4

. r Chg 2 9 9 B v 3¢\ v
dim 8: OH—2 7 |H["0,|H|"0" | H| b= 1—20Hf2+(30%1— 5 >f4
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Ex: SO(5)/SO(4)

In PNGB Higgs theories the whole a=+1-¢
series in H/f can be resummed:

b=1-—2¢
At dimension-6 level: Ab = 2A g2 (1 i O(AQQ))

v
§=F
Ab=1-b

Aa® =1 — d?
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In PNGB Higgs theories the whole a=+/1-¢ £ = U_2
series in H/f can be resummed: !

b=1-—2¢
Ab=1-5b
At dimension-6 level: Ab = 2A g2 (1 i O(Aa2)) A2 1 _ o
size of dim-8

Scenario 2: Ab corrections

Aa? ~Ab ~ 1%
Exp. precision ~ 1%
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Ex: SO(5)/SO(4)

In PNGB Higgs theories the whole a=+1-¢
series in H/f can be resummed:
b=1-—2¢
At dimension-6 level: Ab = 2A g2 (1 i O(AaQ))
Ab

Scenario 2:

Aa® ~Ab ~ 1%
Exp. precision ~ 1%

1. SILH proved

2. SILH (i.e. Higgs doublet) disproved

e
Ab=1-b
Aa® =1 — d?

size of dim-8
corrections

21
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An e™e” collider with /s = 3 TeV can reach a

precision of a few % on the coupling b through

the process eTe™ — viv hh — v bbbb

Expected precision on 0p with [ = 1 ab_l/a4

Barger et al.

PRD 67 (2003) 115001

RC, Grojean, Pappadopulo, Rattazzi, Thamm, to appear

measured Ods
5 -0.5 -0.3 -0.1 0 0.1 0.3 0.5
0 | —0.01%555 0017535 0.01%g5; 001755, 0.01%55; 007553 0.0% 3
0.01 | 0.0170% 0.027092  0.027003  0.027007  0.021003  0.011503  0.011502
. 0.02 | 0.027052 0.037092  0.037007 0.037002  0.021005  0.021502  0.021502
®0.03 | 003709 0.04739 0.04709% 0.047395 0.037095 0.03709%  0.0370:02
0.05 | 0.05%392 0.061393 0.07t59  0.06799  0.057992  0.0579%9  0.0570:29
01 0IE 0158 01E 01 01tE 01kE 01ty
03| 03%5 03%5 03T  03T55 03T 0.3T5g 03750
05| 05T5, 05T 0575  05%55; 05T 05755 05750
5(, =1- b/ CL2
(Sd3 =1- d3 / a
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precision of a few % on the coupling b through

the process eTe™ — viv hh — v bbbb

Barger et al. PRD 67 (2003) 115001

RC, Grojean, Pappadopulo, Rattazzi, Thamm, to appear

Expected precision on 0p with [ = 1 ab_l/a4
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measured

b -0.5 -0.3 0.1 0.3 0.5
0| —0.01700 011003 (17003 0.07003  0.05503
0.01 | 0.01799% 0.02+99  (,02+003 0.017093  0.0179:92
S 0.02 | 0.027993 0.03+9:93 (031004 0.0270:92  0.0219-92
® 0.03| 0037992 0047093 004100 0.037005  0.037003
0.05 | 0.057092 0,06+098 07+003 0.055055  0.0557:0,
0.1 0115992 0134003 11+0:07 0.1%005  0.17903
0.3 038902 34992 3+002 0.370:02  0.310:92
0.02 0.02 0.02 0.02 0.02
0.5 05502 05550y 0-51g0; 055002 0-5150)

5(, =1- b/ CL2

(Sd3 =1-— d3 / a
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An e"e” collider with /s = 500 GeV—1TeV can
reach a precision of ~20% on b through the

double Higgsstrahlung process

RC, Grojean, Pappadopulo, Rattazzi, Thamm, to appear

6d;=0

Black: 0, =0

Red: 5():0.5

Dashed: /s =1TeV
é: \ ,’“\\
= Solid: /5 =500GeV |,/ !
'U // - ‘l
e \l
_-=2" }
o ) : T ‘_‘_‘_‘_’:____, -
200 400 600 800 1000

my, 1n GeV
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An e*e collider with /s = 500 GeV —1TeV can
reach a precision of ~20% on b through the

double Higgsstrahlung process

RC , Grojean, Pappadopulo, Rattazzi, Thamm, to appear

AN
Soli

do / dmhh

Region |

————————————

200 400 gpp 600 800 1000
my, 1n GeV

Cut on My useful at \/E = 1TeV

7 >W;$
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An e*e collider with /s = 500 GeV —1TeV can
reach a precision of ~20% on b through the

double Higgsstrahlung process

RC , Grojean, Pappadopulo, Rattazzi, Thamm, to appear

Region Il
5
£ AN
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o)
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= ':’ ____________________

200 400 599 600 800 1000

my, 1n GeV

Cut on My useful at \/E = 1TeV

6ds

10F "\ 7 °

0.5

00

—05| (65843)=(0,0)

-1.0¢

(0.25,0.25)

-10

05



An e*e collider with /s = 500 GeV —1TeV can

reach a precision of ~20% on b through the

double Higgsstrahlung process

a
RC, Grojean, Pappadopulo, Rattazzi, Thamm, to appear + w + >WM$
: /
d3

500GeV

100 "\
Region I :
05F
=
£ AN
E Soli
° g 0.0‘
Region | S
J """"""" —05] (65.043)=(0,0)
200 400 50 600 800 1000 [ (0.250.25)
my, 1n GeV :
-10t, . U -
-10 ~05 0.0 0.5 1.0

Cut on mpp, useful at /s = 1 TeV &b
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reach a precision of ~20% on b through the

double Higgsstrahlung process

a
RC, Grojean, Pappadopulo, Rattazzi, Thamm, to appear + w + >WM$
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Cut on mpp, useful at /s = 1 TeV &b
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An e*e collider with /s = 500 GeV —1TeV can

reach a precision of ~20% on b through the

double Higgsstrahlung process

a
RC, Grojean, Pappadopulo, Rattazzi, Thamm, to appear + w + >WM$
: /
d3

500GeV

10F "\ | 1
Region Il '
500GeV+1TeV
05 '
é L
£ AN
E Soli _
° "6(} 0.0‘
Region | S _
J ____________ =05 (65:043)=(0,0)
200 400 500 600 800 1000 . 0.250.25) _
mpp in GeV [ 1TeV |
_1'0_ .................. \ 1]
-10 ~0.5 0.0 05 1.0
Cut on mpp, useful at /s = 1 TeV &b
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Conclusions

Tests of Higgs compositeness (i.e. strong EWSB) can be done by precisely
measuring low-energy quantities

Higgs couplings:
only h—=Z7Zy (but not h—YY,gg) can give direct information of spectrum of

heavy resonances: large effects possible

From VV —hh:
- coupling hhVV at few % (eTe” with /s =3TeV )
- tests of Higgs effective Lagrangian at dim-8 level: PNBG vs SILH

From double Higgsstrahlung:
- coupling hhVV at ~20% (e*e” with v/s = 500 GeV + 1 TeV )



