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The UV behavior of the weak Goldstone

symmetry breaking: new phase with more degrees of freedom
SU(Z)LXSU(Z)R
SU(2)v

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

! UV behavior of these Goldstone's? !
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Where are these GoldstoneOs coming from?

O Are they fundamental scalar degrees of freedom?

| require at least one additional degree of freedom (the Higgs bosonl!)

O Are they composite fields? What are made of then?

| require new strong interactions that are likely to produce other bound states

O Are they components of gauge fields in higher dimensions?

| require new space dimensions

At which scale should we expect to see something?
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the behavior of this amplitude is not consistent above 4! v (*1+3TeV)
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Higgs as a PGB: a natural extension of SM

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

One solution to the hierarchy pb: :
nggs ‘rrcmsfor'ms hon- Imear'ly under some global symmetry :

K N
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

3 Goldstone's
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Higgs as a PGB: a natural extension of SM

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

One solution to the hierarchy pb: :
nggs ‘rransfor'ms hon- Imear'ly under some global symmetry :
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-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Wi & ZL Wi & ZL& h

3 Goldstone's at least a 4™ Goldstone

Examples:so(5)/50(4): 4 P6Bs=W+, Zi, h
Minimal Composite Higgs Model

S0O(6)/50(b): 5 PGBs=H, a
() ) T—L Next MCHM

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

Minimal Composite
SO(6)/S50(4)xS0O(2): 8 PGBs=H1+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):/SU(2)L

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

& h h2 h
Lowss = — T (D! D) (1 +2a- + b5 | - App! Y | 1 +co
: 'a’, 'b" and 'c’ are arbitrary free couplings
W W’ | growth cancelled for
5 1 a’®s? a=1
A= — s5— 5 ,
A V2 s — mf restoration of
perturbative unitarity
w* w*

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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What is the SM Higgs?

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

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

V2 h h2 h
Lewasp = ZTI (D,ul D,ul ) (1+2av | V2> —)\?ﬁL VR <1—|—CV>

'a’, 'b" and 'c’ are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW a WW

For b = a®: perturbative unitarity in inelastic channels WW a hh

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

L4
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. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

L} L EWSB can be rewritten as Du H TDu H 4}
1 ' 0

H= —gi! /v
V2 v+ h

h and 7 (ie WL andZ_.) combine to form a linear representation of SU(2).xU(1)y
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What is a composite Higgs?

A o 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 o 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

LuHP S [HPTH" |HPBu BY | HPG . G

Christophe Grojean A not so elementary Higgs boson 8 Corfu, 16 ™ September 201



Anomalous composite-Higgs couplings

CH : 5 : 5
L D 2](—2(9” ‘H‘ Ou ‘H‘ cy ~ O(1)

0 1 V2 2
H = v+ h §£:§ 1+CHf—2 ( h) + ...

Modified Higgs couplings | 1 I 1" ¢ A 41" 1/9
. ] . H of 2
Higgs propagator ~ rescaled by 1 4 ¢ ]Y—i 2t

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

0P (weak scale)?

2 (strong coupling scale)?

®
.
.
.
.
.
.
*
*
‘0
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple‘ ““““ vector resonances like in TC
.................... @
A SM
Composite Higgs 1 — a%h +bin? ©'D,xD,s
L ewss 9 A v U
VS. \ : .
. Composite Higgs
SM nggS O universal behavior for large f
a=1-v2/2f? b=1-2v?/f2

1
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2 (strong coupling scale)?
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.
.
.
.
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*
*
‘0
*

SM limit

all resonances of strong sector, Higgs decouple from SM:

except the Higgs, decouple‘ ““““ vector resonances like in TC
................... Dilaton
...................... b b=a?
/ G T—n
Composite Higgs 1 Lewss = avh +bih? Tr'D,¥/D,s
2 4
VS. \ : .
. _ Composite Higgs
Dilaton H'995 —y universal behavior for large f
O a=1-v¢/2f¢ b=1-2v¢/f?

1
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Composite Higgs vs generic anomalous couplings

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

Co

22 e 22

Lr_7>=mzh CleZ“+ 2

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

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

(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

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

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

CH 5 2 Cr St Yf 2 C6|
L I b T y + 6
> 2 H | 5 H'DYH |H|“f Hf hc f2|H|

* * *
3
llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

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

T Y i
o ptipeg (DU, | e (H D“H)(c‘? B, )

2m2 . 2m.2
‘,7./.5;.{/.‘./.:...-,ﬁ-‘:’é.....-:........................................................................, “/é.g;.;.;:}h:é;2.:"“:‘: ...............................................................
W. e _(D'H) o' (D" H)W?, b L _(D*H) (D' H)B,
mp 167'(' ..... TN 16 ;
....................... "~"w."%.,..m|n|malcoup]|n9hl;)/Z ) “"IoopsuppreSSstTr‘ong dynamlcs
.............. : .,..“2“..2.,‘ ‘.:.‘."2'0.“‘..:‘5,0
cr i gv g Cqg i Yy i
Sl HIHBx B 9 %0 g e ganv
m#il6! Sg m< 16! <ig
e # p = S HP
Y P e eerrernn e e e rnnn e ennnnn e rrenns®
"""" GoldsTone sym
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Deformation of the SM Higgs: current constraints

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

5 5

V h h h
—1Tr (D! D 1+2a—+b— | —-1"9 1" 1+ c—

_____________________________________________ 7T (0t D) (1+2ag e b ) e (1ey)
| = ! " /v Goldstone of SU)XSURR/SURN D! | W,

- SM'a=1l', 'b=1"&'c=l' ————
Current EW data constrain only ‘a’ (and marginally 'c’)

Christophe Grojean

- gaugephobic Higgs _____

MCHM4 ™1

fermiophobi

Higgs |‘|
------ rSM limits+3 ,

013f

MCHMs c=(2a2-1)/a

Tevatron

PRSI
: e e

" EWs04

80 100 120 140 160 180 200
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Deformation of the SM Higgs: LHC constraints

95% CL Limit on o/o,,

95% CL Limit on o/c,,,

Y
o

10"

o
T

,,,,,,,, —rr e
v | | |

ATLAS Prellmlnary EPS 1 b% . CMS Preliminary, \'s = - 7 TeV [T
— Observed ClLs 3 3 Combined, L _ = 1.1 fo B Expected + 1
. )
--- Expected det =1.0-1.2f" ‘ o 10 EPS ------ Expected + 20
W:io \s=7TeV E E
[ 1+20 =
- N
, -t
| &)
ul 1
] |
4' '
AAAAAAAAA i — | T ]
110 120 130 140 150 160 170 180 190 ém{/ 100 500 300 400 500 600
M Qe V] Higgs boson mass (GeV/c?)
vvvvv Y LI O | v ' y— g —p— ' v e — — — — —_
ATLAS Prellmmary CLs Limits ' %  CMS Preliminary, \s = 7 TeV i —e— Observed
LP g Combined, L =1.1-1.7 fo - Expected + 1o
* g:seegees 7 8 10 = LP J‘ ------ Expected + 20
P I Ldt = 1.0-2.3 fb” =
B+1c E =
[M+20 \s=7TeV =
_ o
4 32
wn
o 1
U VO HSRY TRIN T VO YERS VEN VNS 10 S WS W W NSV TR TG TR W T O P R
T RAY T paa et 100 200 300 400 500 600
BR0REA0: Siod IR0l ed0 22& [G%t/o] Higgs boson mass (GeV/c?)

Christophe Grojean

LHC is now a Higgs exploring machine
(and it has quickly surpassed Tevatron)
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Deformation of the SM Higgs: LHC constraints
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled in the (mn,a) plane
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Deformation of the SM Higgs: LHC constraints

the SM exclusion bounds are easily rescaled in the (mn,a) plane

MCHMs  ¢=(2a%-1)/a

I -
0.2 |

&—SM limits -+>», . | s SA o

~ Be careful

O rescaling combination z combination of the rescaled channels
(can be particularly important far away from SM)

O effeciency of the cuts may also depends on &
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Higgs anomalous couplings @ LHC

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
o
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T(h! fA=Qc¢" )I(h! fPBsy L(h! ZZ)=(2a" 1)T(h! ZZ)su

e el COR
o0 |- oo e, "a & " c
up to ~ 0.1:0.2
: i.e. 4nf ~ 5:7 TeV
= o \ Y,
| ﬁ e compositeness scale of the Higgs

(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
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W 2 I
hﬁi (L] ')QZW of the growing amplitudes

................. A

ATWRAWP T WEWS = A(s,t,u)625% + A(t,s,u)0% 6% + A(u,t,s)625% A :waz) v%
large Li: heeded fiZ

not competitive with the measurement of 'a’ via anomalous couplings
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How to probe the strong dynamics?

Look at pair production of strong states

B strong WW scattering

................. i W . et
[ (Lt g M2, of the growing amplitudes
................. W W

| S
ATWEWPS T WEWE = A(s,1,u)d%6% + A(t,s,u)d% 6% + A(u,t,5)5%5% A :waz) v2

large Li: heeded S
not competitive with the measurement of 'a’ via anomalous couplings fe

® strong double Higgs production

A(z9Z)1 hh)=(W; W ! hh)= (b &) =

access to a new interaction, 'b’

distinction between ‘active’ (higgs) and ‘passive’ (dilaton) scalar in EWSB dynamics
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Double Higgs production: 'b" and 'd3’ couplings

v " B B2
Lewss = ZTI D’u! TDM! 1+ 2&; 1 bU_Q
V(h) = 1m2 h? +d L | Bmﬁ 34+ d 1 3"’% 14
— 5 h 3 6 y 4 Y 2
SM: a=b=d3=ds=1
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| x :
2
mh
Al cst.+3ads—
My ! 4my, (V)

asymptotic behavior threshold effect

sensitive to strong interaction C
anomalous coupling
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Strong Higgs production: (3L+jets) analysis

strong boson scattering <{ strong Higgs production

: : + . CH S
A 72270 —hh = A W' W — hh = ¥

m; = 180 GeV
fermions in spinorial

cH=1

.
é lv jets leptons
i1 30GeV pr > 20 GeV

W % :
Y . 151 <5 n;| < 2.4
w-

Dominant backgrounds: WIiI4j, ttW2j, tt2W(j), 3W4,...

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

v/ f 1 | 08| 05
sighibcance @ 300t | 40| 29 | 1.3
luminisity for 51 (o' 1) | 450 | 850 | 3500| | good motivation to SLHC
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Measuring the non-linearities of the Higgs

2 | h k27 1 - 3m¢

v - 1
Lowss = ZTr D, D, 1+2a;+bv—2 V(h) = §mﬁh2+d36 : B3
0.8
* SLHC
0.4+

O (S)LHC is barely sensitive to d3 and b

,. O ILC has a sensitivity on ds but not on b
0.4 | OCLIC can probe both d3 and b
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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 from W"W-# 3h

Strong

EW B
S | 1 EZ E2 | ' 1 92 92

- 2m— 31 -
8" 12 16"'?2
E/f < g

Probe of possible discrete symmeTrles in ’rhe strong dynamics

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

SM

27'('—)37'(' - 8" f4 (4"f )2

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

a process with an odd # of PGBs
requires a coupling breaking the coset structure
ie cannot be mediated by strong interactions alone

3
. 2 W
Aww = 3n ~ 4Z§ aib/—; ) — Zb3 + ﬂj:z%

=0 for mediated by SM gauge
symmetric coset interactions (breaking of
coset structure)
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W'W-# 3h @ CLIC

hon-symmetric coset

invariant mass distribution for e'e” -> hhh i i

I mass a=1, b=b =d_=0
3 3

Entries 10000

C Mean 1478
0.04"— RMS 473.1
0.035 RA4fb (#swx3ab) |—E=3TeV
0.03— — E=5TeV
0.025—
0.02
0.015F #234fb
= (#sm~22ab)
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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 Corfu, 16 ™ September 201



A heavy composite W'

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 W'

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?

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

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

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 A >»> M/e

(¢! 1)B™ W}LJFVV.' dimension-4 operator mediating W' $ Wy after W-W' mixing
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A heavy composite W'

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?

pin-1

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

e\emeﬂtafy S
g=2 <{ A>»M/e <{ W'S$ Wy highly suppressed

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

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 A >»> M/e

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

(¢! 1)B™ W”WV. dimension-4 operator mediating W' $ Wy after W-W' 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

. We'll need another Gargamelle experiment
- to discover the still missing neutral current of the SM: the Higgs
' weak NC <{ gauge principle

Higgs NC <{?

-------------------------------------
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it might take some time to decipher the true dynamics of EWSBI!
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"Higgs = emergency tire of the SM"
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An Emergency Tire Even Beyond the SM

"Higgs = emergency tire of the SM"

Altarelli @ BloisO10

[picture courtesy to Andreas Weller]
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