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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(2) .xSU(2) r
SU2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

! UV behavior of these GoldstoneOs? !
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(2) 1xSU(2) r

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons
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! UV behavior of these GoldstoneOs? !
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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(2) .xSU(2) r
SU2)v

massive W*, Z: 3 physical polarizations=eaten Goldstone bosons

! UV behavior of these GoldstoneOs? !
i1 2" )y

| —

2 I 1 ! — e

VvV .

Lonass = MG W WH + “m32z,ZH = 7T Du! Dy Goldstone of
SU(2) .xSU(2) r/SU(2) v

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

. .
---------------------------------------------------------------------------------------------------------------------------------------------------------------------

contact interaction growing with energy
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the behavior of this amplitude is not consistent above 4 ! v (1103TeV)
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Weak vs. Strong EWSB

what is unitarizing the WW scattering amplitude?

@kly coupled mode> @gly coupled mode>
..... i @er wa@

prototype: Susy
susy partners ~ 100 GeV

W'

prototype: Technicolor
rho meson ~ 1 TeV

need new particles to stabilize resonances needed for unitarization
the Higgs mass generate EW oblique corrections
bounds on the massezs of these particles o 8] < 10 3
Q! _V;/ mmmm—p M, > 2.5 TeV
fine-tuning O(1%) mi @95% Cl
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Higgs as a PGB: a natural extension of SM

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

One solution to the hierarchy pb:
Higgs transforms non-linearly under some global symmetry

* .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

3 GoldstoneOs
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Higgs as a PGB: a natural extension of SM

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

One solution to the hierarchy pb:
Higgs transforms non-linearly under some global symmetry

* .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

3 GoldstoneOs at least a 4 " Goldstone

Examples:so(5)/s0(4): 4 PGBs=W ., Z,, h
Minimal Composite Higgs Model

L Next MCHM

SU4)/Sp(4, ):5PGBs=H,s

SO(6)/SO(5): 5 PGBs=H, a

Minimal Composite
SO(6)/SO(4)xS0O(2): 8 PGBs=H 1+H> T Two Higgs Doublets
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How to probe " composite nature of " Hi#s?

| Anomal!s c!plings
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What Is the SM Higgs?

A single scalar degree of freedom neutral under SU(2) xSU(2) r/SU(2) L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* *

2 | nm 2 e -~

\Y; : h h h
L = —1Tr D! D! 1+2a—+b— ! 141" 1+ c—

EWSB A K ul Vv V2 L R Vv

OaO0, ObO and OcO are arbitrary free couplings

W W growth cancelled for

' 22 _

A== s XS a=1

h V2 s! m¢ restoration of

\ \ perturbative unitarity

- *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What Is the SM Higgs?

A single scalar degree of freedom neutral under SU(2) xSU(2) r/SU(2) L

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* 3

vZ_ | h  h?7 " h™
Lewss = 7 Tr Dy! Dyl 1+2a-+ by | 1" 1" g 1+co

Oa0, ObO and OcO are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW a WW
For b = a?: perturbative unitarity in inelastic channels WWwW a hh
- a
b a
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What Is the SM Higgs?

A single scalar degree of freedom neutral under SU(2) xSU(2) r/SU(2) L
.............................................. T
\Y; - h h h
L = —1Tr Dy! D! 1+2a—+b— | 191" 1+ c—
EWSB L L Vv V2 L R Vv
Oa0, ObO and OcO are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW a WW
For b = a?: perturbative unitarity in inelastic channels WWwW a hh
For ac=1: perturbative unitarity in inelastic WW all

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

L} L EWSB can be rewritten as D U H D U H 4}
' 0

H = J_i_ei!a"a/v
2 v+ h

hand! ?(ie W_andZ,) combine to form a linear representation of SU(2) xU(1)vy
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What Is a composite Higgs?

A" particle that combines with W | and Z, to form a SU(2) doublet
that acquires a vev

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

*
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

fénormalizable Jeye| = uniqueness
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What Is a composite Higgs?

A" particle that combines with W | and Z, to form a SU(2) doublet
that acquires a vev

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* .

*
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

fénormalizable Jeye| = uniqueness

3 .
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

deviations of Higgs couplings originate from higher dimensional operators

TuHP Y HPPH" HP’Bw B |H[?Gy GV
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Anomalous composite-Higgs couplings

ch ! O(1)

= M) 2
H (! "h)- +
Modified Higgs couplings , 1 | a v?
Higgs propagator ~ | > CHW#:L 12
ggs propag rescaled by 1+cHiz

a=1#?2 b=12# c=1#?2

-----------------------------------------------------------------------------------------------------------------------------------
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PGB Higgs: Strong EWSB with 2 Scales

oV (weak scalef¥
f (strong coupling scale¥
! _ O~ ............... / \ ““““““““““““ | =~ 1
SM limit “ Technicolor limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple .. vector resonances like in TC
................ Dilator
— —2  °CCalso Skiha~s L e
............. b b—a ""'-------........,___,
3 SM
. . 1T Y, 1 # 3
Composite Higgs Lewss = @zh +b7h? Tr Dyl Dy!
VS. s

_ Composite Higgs

SM Higgs : ,@ universal behavior for large f

a=1-v?/2f ¢ b=1-2v?/f °

1
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Composite Higgs vs generic anomalous couplings

e

generic anomalous couplings can be quite complicated, e.g.

C2

52! ZW + ey ZM 2

Ly 7 = mzh- ClzuzLl +

...many coefficients, various possible origins
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Composite Higgs vs generic anomalous couplings

generic anomalous couplings can be quite complicated, e.g.

Lnt z = mzh- Clz“ZLl + WZ Z”' + %!H!"# ZH! Z"#

2f 2

. -
-----------------------------------------------------------------------------------------------------------------

o IWHIZ 1 5 H DRH (’yyf|H|2ff{Hf +h.e 2 H|®

*
3 * .
----------------------------------------------------------------------------------------------------------

(other resonances etc give subleading contributions)

very predictive models:
given the coset space, the Higgs couplings depend only on #
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Effective Lagrangian

® exira Higgs leg:  H/f ® extra derivative: ! /m

..................................................................................................................
.

. .
-----------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------
3

* 3 *
----------------------------------------------------------------------------------------------------------

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

ICW III ' ICB : ll!
—ZH"D“H (D Wy)' i i—= HD*H (! By)
2m| 2m|
,..2 ........................................................................... ,2 ....................................................................
ICHw / Ui ’ ICHB
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mz a6l 2, 0 T m 16' |
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Y
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Deformation of the SM Higgs: current constraints

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
*

2 | mnm ' 2 - 1 ~
Y - h h h
| = ¢ TN Goldstone of SU(2) 1xSU(2) r/SU(2) v D,/ I W,

_————— SM 0a=10, Ob=10 & Oec=46——
Current EW data constrain only OaO (and marginally OcO)

- gaugephobic Higgs _____ —
| MCHMs c=(2a%-1)/a

A VMCHM4 M 3~ MCHM5
0.8 | ‘l"\. 0.8 \ .
D Mfvay
N |
CIU 0.6 '||u:1’
i l
l y
0.4 \ . -
. U fermiophobic e EW
| L 1.‘\’\" ) ‘ oYY
— Higgs |
| 0.2 99 | 0.2 |
: LEP,
R . |
1 .....? p O |
i ‘ : o~ | SM limits 80 100 120 140 160 180 200 |
80 100 120 140 160 180 200 ]
Mu lGeVI i
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Deformation of the SM Higgs: LHC constraints

J | ATLAS Preliminary E P'S
©
c — Observed CLs :
bix ---- Expected j Ldt=1.0-1.2fb
= Joe -
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m, [GeV]
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i — Observed L Pd
---- Expected 1
10+ W io det=1.0-2.31b :

’ l+20
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\s=7TeV

1 L o a1 o a0 J 4 a4
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LHC is now a Higgs exploring machine
(and It has quickly surpassed Tevatron)

A not so elementary Higgs boson

Christophe Grojean

Warsaw, 27 August 2011
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled inthe (m 4,a) plane
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LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)

Christophe Grojean A not so elementary Higgs boson Warsaw, 27 August 2011
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled inthe (m 4,a) plane
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Be careful
rescaling combination " combination of the rescaled channels
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Higgs anomalous couplings @ LHC
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(ILC/CLIC could go to few %, ie, test
composite Higgs up to 4$f~ 30/60 TeV )
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How to probe the composite nature of the Higgs?

2. Strong scattering

Christophe Grojean A not so elementary Higgs boson 19 Warsaw, 27 August 2011



How to probe the strong dynamics?
Look at pair production of strong states

® strong WW scattering

v W E? no exact cancellation
-- = | | | _ : :
h (3 g M2, of the growing amplitudes
................. W W
5 : S
ATWAWS T WEWE = A(s,tu)! 1%+ A(ts,u)! 1%+ Ayt )@ A= 11 @ v2

large L needed
not competitive with the measurement of OaO via anomalous couplings
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How to probe the strong dynamics?
Look at pair production of strong states

® strong WW scattering

W W E? no exact cancellaton
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h (3 g M2, of the growing amplitudes
................. W W
s : S
ATWAWS T WEWE = A(s,tu)! 1%+ A(ts,u)! 1%+ Ayt )@ A= 11 @ v2

large L needed
not competitive with the measurement of OaO via anomalous couplings

® strong double Higgs production

A z2z01 hh =(W'W! ! hh)= b" & Viz

access to a new interaction, ObO

distinction between OactiveO (higgs) and OpassiveO (dilaton) scalar in EWSB dynamics
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Double Higgs production: ObO and &ld coupling
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asymptotic behavior
sensitive to strong interaction

threshold effect

anomalous couplingO
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Strong Higgs production: (3L+jets) analysis

strong boson scattering <{ strong Higgs production

A z°Z%1 hh = A W W' ! hh = %

mp = 180 GeV

fermions in spinorial
cy=1

W+ |+ : _ I
w jets eptons
Y I/ ‘pr! 30Gev  pr! 20 GeV

VV\\//+ |+ X !Rjj > 0.7 !R|j (I > 04(02)
0w i Pilt s bl 2A
W-

Dominant backgrounds: W Il 4j, ttW2j, tt2W(j), 3W4;...

forward jet-tag, back-to-back lepton, central jet-veto

v/ 1 | 08| 05
sighibcance @ 300t | 40| 29 | 1.3 o
luminisity for 5! (fb" ) | 450| 850 | 3500 | good motivation to SLHC
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Measuring the non-linearities of the Higgs

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm Oin progress

v2_ ! h  h2~ 1 1" 3m?
Lews = T Dyl Dyl 1+2a-+b; V(h) = émﬁh2+ s - Th h3-

d3

the LHC might not be enough
to distinguish between
strong and weak EWSB

00 01 02 03 04 05
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How to probe the composite nature of the Higgs?

3. ldentifying discrete symmetries of strong sector
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Geometry of Coset fromW "W~ # 3h
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Probe of possible discrete symmetrles In the strong dynamics
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a process with an odd # of PGBs
requires a coupling breaking the coset structure
le cannot be mediated by strong interactions alone
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=0 for mediated by SM gauge
symmetric coset interactions (breaking of

coset structure)
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W'W-# 3h @ CLIC

non-symmetric coset
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How to probe the composite nature of the Higgs?

4. Detecting heavy resonances

Christophe Grojean A not so elementary Higgs boson 27 Warsaw, 27 August 2011



A heavy composite WO

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

How can we tell the difference between a massive gauge field
and a resonance from a strong sector?
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A heavy composite WO

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

How can we tell the difference between a massive gauge field
and a resonance from a strong sector?
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gyromagnetic ratio of any elementary particle of mass M
coupled to photon must be g=2 at tree-level to maintain
perturbative unitarity up to energy & >> M/e
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A heavy composite WO

Observing a tower of resonances would a direct evidence of the strong interactions
However, in the best configuration, LHC will have access to a few ones only

How can we tell the difference between a massive gauge field
and a resonance from a strong sector?
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(g! 1)BH W, W, dimension-4 operator mediating WO $ W' after W-WO mixing
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Conclusions

EW interactions need Goldstone bosons to provide mass to W, Z

EW interactions also need a UV moderator/new physics
to unitarize WW scattering amplitude

. WeOll need another Gargamelle experiment
to discover the still missing neutral current of the SM: the Higgs
weak NC <{ gauge principle
Higgs NC <{ ?

----------------------------------------------
....................
IIIIIIIIIIIII
----------
...........
........
--------
.......
------
llllll
------
-----
lllll
at ny
u® Ny

a® "y

.® ]

Strong EWSB w/o an elementary Higgs can be very similar to SM
It might take some time to decipher the true dynamics of EWSB!
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