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Outline

M The Higgs resonance discovered at the LHC makes the physics case for future
accelerators stronger than ever

M Theoretica
the Higgs cou

arguments supporting the importance of sub-percent precision for
bling determination continue to grow ... especially to find hints for non

Standard Mod

el Higgs

M An e+te- collider has a great potential on top physics: mass, width and precise
coupling determination, very important for NP (partial compositeness)

QUESTION:

To which level of precision do we need to measure the Higgs and

top couplings to probe the dynamics behind the EW symmetry breaking

mechanism?

Try to answer within a Composite PNGB Higgs Scenario

M Higgs as a PNGB provides an elegant solution for naturalness

M Extra spin-1 and spin-1/2 resonances are naturally present in CHMs
Minimal effective calculable description: the 4D Composite Higgs Model (4DCHM)

M Phenomenology at future e+e- colliders
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Higgs as a Composite Pseudo Goldstone Boson

Kaplan, Georgi '80s

Gsm
90

The basic idea
» Higgs as Goldstone Boson of G/H in a strong sector
» An idea already realized for pions in QCD

How to get an Higgs mass?

» (& is only an approximate global symmetry go — V' (h)
» EWSB as in the SM

» And the hierarchy problem?
no Higgs mass term at tree level

2 A
2 do A2 1
_> 5mh Y 167-‘-2 ACOm [ B l/"\l'nln @
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Composite Higgs Model
From now on, composite=pseudo-Goldstone

How to construct a complete Composite Higgs Model?

> G/HD4, Gspy CH
» Computable Higgs mass: finite 1-loop effective potential

> Need for composite resonances! |
(V)

Fa
MINIMAL MODEL with SU(2)¢

Agashe, Contino, Pomarol (hep-ph/0412089)

» Not too large tuning § = v =246 GeV, f~1TeV

SO(5) :
SUE) x50 — GBi(2,2)

N

\I

J
J
|

 SU@px Uy |

.\\ ‘\ v sL ‘J /

Higgs = pseudo-GB
(mp K M)
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Explicit Models in 4D

Elementary Sector Strong Sector
———

App € SUQR) X U(l)y  Lumix = goAuJ* + AYY  py, U € Gitrong

go <1 my, 1 < g, < 4w

4D Effective descriptions:

) Slmpllﬁed model (tWO sectors without GB) Contino, Kramer, Son, Sundrum ’07

» General low-energy effective description of a GB Higgs (CCW/Z) Giudice, Grojean,

Pomarol, Rattazzi 07

» Add the lightest composite resonance contino et al. 1109.1570; De Simone et al. 1211.5663;
Grojean et al.1306.4655

DiSC rete models: Panico, Wulzer 1106.2719; DC, Redi,Tesi 1110.1613
» Deconstruction of a 5D model

» Description of the composite degrees of freedom accessible at the LHC
» Calculability
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4DCHM = Minimal 4D realization of MCHM5

DC, Redi,Tesi 'l | Agashe, Contino, Pomarol '04

N——

_3 E><tra part|c|e content: |
*Spin | resonances — * { 57,3 W'
'Spm 1/2 resonances |

Strong sector:

resonances + Higgs
bound state

| Extra fermions: ,
Spectrum: N } f © 8¢ 8b Qem=2/3,-1/3 '{
S * 2128 Qun=5/3,-4/3

“minimum for Uanlte

gp= strong coupling Z;‘V_ 18205&? } Vv H|ggs potentlal
Linear elementary-composite couplings (partial compositeness)
q _
A y ArqrOr + ArLqgtOr + YO, HOpR A
""" ySM=€L°Y°€R " mg

SM hierarchies are generated by the MIXINGS:
1& light quar|<s elementary b and t partially composfne

= — == —— — — — — — E— —
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4DCHM implemented in numerical tools

* Scan over model parameters with Mathematica program constrained by
o, Mz,Gr,Zy, coupling and by top, bottom, Higgs masses:

165 < my(GeV) < 175, 2 < mp(GeV') < 6, 124 < my(GeV') < 126
output automatically read by LanHEP/CalcHEP

Automated implementation

LanHEP: package for the automated generation of Feynman rules
Semenov, arXiv:1005.1909

CalcHEP: package for automated calculations of physical observables
Belyaev et al, Comput. Phys. Commun. 184 (2013) 1729

HEPMDB: model available at https://hepmdb.soton.ac.uk

* Fermion parameter range for the scan:
e 500 GeV < my, Ay, A¢,, YT, my., YB, my, < 5000 GeV
e 50 Gev < Ap,,Ap, < 500 GeV (partial compositeness spirit)

e Benchmark points: .75 < f(TeV) < 1.5 and 1.5<g,<3
m, >~ fg, > 2 TeV  (EWPT)

7
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The 4DCHM and the 125 GeV Higgs-  “Jorerripene 13052971

like signals at the LHC

i
1

.

HoZZ

ATLAS-CONF-2013-014, g
CMS-PAS-HIG-13-005

— |

f=1.10 TeV,
f=1.20 TeV,
L 4
{io

H—bb

T ) 4 . A
o ATLAS
o+ CMS Hesr
B -0.75 TeV.
0 f=0.80 TeV,
[ f=1.00 TeV, :
1
1 H-W*'W

—1.0 —0.5 0.0 0.5
IT

A 1.5

'
2.0

Moretti Pruna,1302.2371

Higgs couplings to SM states are
modified due to mixing

* | 5~20% reduction of Higgs total width

due to Hbb coupling modification

For production and decay channels
heavy bosonic and fermionic states

can play a role via loops but NGB
symmetry protects the couplings
No large deviations.

performing X*- the 4DCHM can fit as well as the SM

points compliant with bounds from

t', v, Ts/3 direct searches
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Drell-Yan signals from the 4DCHM at the LHC

Barducci, Belyaev, DC, Moretti, Pruna, 1210.2927

Quarks can annihilate also in Z’ (and W’)

tree-level processes Q_,_
- 1

pp — I*1~ (NC)
pp — 1"y, + c.c (CC)

[ =e,p

/' (W) could be discovered as peak in the di-lepton invariant mass (missing-
energy invariant mass) spectrum 7' =79, 75,75 W' =Wy, W5

* Bounds on the mass of new £ and W' crucially depend on their widths (large
width if the threshold for the decay into 171" is reached)

* The analysis of the Z'and W' line shapes could reveal the presence (or not) of
ight extra fermions
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Calculating significance, neutral channel - 14 TeV LHC

S/VB VL L = 100/1000 fb~"
MZ’ — fgp
_LHCeldTeV, I'y/my=1% ¥ LHC @14 TeV, I',/m,=10% !
25 — == 25"
20+ 20",
o | Br [\
1.5} 1.5F SN
Lo} Mz < 2TeV N\ 35T 10}
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
oL f(GeV) Y _ f(GeV) 4

’ small width is mandatory for Z’ detection in DY processes

|0
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Calculating significance, neutral channel - 14 TeV LHC
S/VB VL £ =100/1000 fb~?

Mz = fgp

LHC @14 TeV, I'y/mz=1% L LHC @14 TeV, I',/m,=10% |

1000 1500 2000 2500 30 1000 1500 2000 2500 3000
- f(GeV) : f(GeV) |
FZ’/MZ/ — 1% FZ’/MZ’ = 10%

’ small width is mandatory for Z’ detection in DY processes

|0
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if the LHC will not measure deviations from the SM in single Higgs
production larger than 10% and does not discover any new particle
with a clear role ........

How can we decide if the Higgs is the elementary SM Higgs or is it a
composite state of a strong dynamics or it emerges as a PNGB from
an underlying broken symmetry!?

An electron-positron collider (cleaner environment for
precision measurements) could help in detecting
deviations in the cross sections for single, double Higgs
production, top pair production ..... > (indirect) probe
of compositeness and PNGB schemes
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Contino,Grojean,

Use a general parametrization of the Higgs Pappadoptlo,

couplings by means of an effective Lagrangian  Raftazzi.Thamm 1309.7038

L | Expected sensitivities at:

LHC 14TeV 300fb~*
CLIC 3TeV lab™?
ILC 250GeV 250fb~1

+500GeV 500 b}

(68% error on the x-section
value w.r. to SM)

05
02!

0.1}

: | H CS ngle ""'ij.st-;;r::ﬂ;‘sev f
' CLIC Double Higg

| i

0.02! E‘Nﬂ AL . EWI?T.malnIy from

5 ' . deviations on ghvv
001 o C Single Higgs
ok Y !

0.005/
0 2 4 6 8 10
m,in TeV

To the sensitivity on ¢ = v*/f?it corresponds a reach on the
compositeness scale A = 47f (Ex. A =30-40TeV @ILC)

but the model details often matter!
|2
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Use the 4DCHM to test the potential of the proposed e*e” colliders
In detecting PNGB nggS models (Barducci,DC,Moretti,Pruna,1311.3305)

Single Composite Higgs Boson produced via HS and VBF

Extra Gauge bosons Z’
and W’ can be exchanged
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Use the 4DCHM to test the potential of the proposed e*e” colliders
In detecting PNGB nggS models (Barducci,DC,Moretti,Pruna,1311.3305)

Single Composite Higgs Boson produced via HS and VBF

e~ Z e Ve

Extra Gauge bosons Z’
and W’ can be exchanged

g 1.3 Hig_gf-stmhlur?g (500 GeV)
12
o 0(6+6_ — HX)4DCHMBR.(H — 7:)4DCHM 1.1 — i
M T a(eter - HX)suBR(H — i)su et Ll
1} BB
) B B T B g
T I — Vs =500 GeV, £ = 500" | f: |
expected accuracies %9f Wi A
for the piare shown | et il
ILCTDR 1306.6352 |
the decoupling limit could be ILC Higgs White Paper g, . . . 1 . |
inaccurate as it fails to account for ‘ '3'0-?;?(3) o S s
significative interference effects rowmass 12T f =800 GeV, g, =2.5

J =1000 GeV, g, =2

* = decoupl. limit

Thursday, July 2, 2015



_|_

Top Yukawa coupling from e"e™ — ttH measurement

o(tth)
L RS M SRSRARRARMARAS
| | expected accuracies
1.2 P -
| . . for [y are shown
L0 |
O | . | [ =800 GeV, g, = 2.5
% O‘BE oﬁj?:(.:,: . f = 1000 GGV gp = 2
£ ;--_:f%Ei:_-iﬁ_-_-_------_-----_-__-; )
0.6 A | scan over the fermion
| . parameters with
0.4 o

Mt’>700GeV

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

; ; ; 0.6 08 10 12 14 16 18 20
Coupling modifications + 55(1000 GeV)

extra Z’ and t’ exchanges

\ from resonant t’ exchange

O = decoupl. limit
only coupling rescaling

olete” — Hitt BR(H — bb \
( t)apcamBR( JaDCHM no extra matter

0'(6+6_ — Htas_\dBR(H — bl_))SM

Hbb =

The potential of a future e+e- collider in assessing CHMs and their finite mass effects is
very significant also via top-quark processes

WARNING: the extraction of the top-Yukawa coupling in NP schemes, like this one, cannot
simply rely on the rescaling of the couplings predicted by the model
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Top quark precision physics at an ete- collider

TpX (k?,q,q) = e {’Yu (F (k) + v F5 (k) — 222 (g + ) (iFsy (k) + Wst’fq(k2))}

2mt
in the SM, tree level, all F>= 0 and F‘Y{/_SM i g, F'YASM =0, FZ‘}SM = 1 | §32 ,FZASM ityses 1 ,
1 gL 1 48,,Co 3 ! 48,Cy)
30_,;—'._ 30,.:"- .y
| - A A
¥ <1 gL = e(Fiy — Fiy)
9 10} ¢ = 10 nge(Fle_FFlZV)
C c
S 0 7 S 0 - SM
2 3 Ag/gl7) =(9—9"")/g
a _1ol vl < _10} g s i
Pe SR Barducci, DC, Moretti, Pruna, 1504.05407
-20 ' ..-: : -20 ' gt ]
-30 e e -30 e e
-10 -8 -6 -4 -2 0 -10 -8 -6 -4 -2 0
Ag./g. [7] Agi/gy %)

1.5 <g, <3, 0.75 < f(TeV) < 1.5 and scan over 4DCHM fermion parameters
black points: My, ~ fg, > 2 Tev and My p x > 0.8 TeV(left), 1 TeV(right)

compliant with direct search limits and EWPT bounds (5,1, Zbibi)

(6rojean, Matsedonskyi, Panico 1306.4655)

max deviation on the left/right couplings -8/+20%
15
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Top-quark EWV coupling determination

Various BSM models predict large deviations in the top EWV couplings.
Ex. Zt ty, Ztrtr = different BSM scenarios (@) 4DCHM (o)

(based on Richard 1403.2893)

2 ' " ) / (o)
c
- . ' ‘\ . R /O
§ 1 lu.c, (=500 GeV, L=500 fb" ey y ‘.AgR gr(%)
: . LHC, |, >
LHC, Vs=14 TeV, L=3000 fb™ v 4 20%
lths.nev.on (2005) 054013 P R relative precision on
Phys.Rev.D73 (2006) 034016 N \ . 1.0(2.5
o B 0% gr(r) ~ 1.0(2.5)
8 "LC . (Amjad et al. 1505.06020)
I © ‘ o— 2 : “.
‘\ I \\ ’ “* ‘\ l = B
-30% -20% =10% 10% + 20%  30%
@ -I0% L Ag/g(%)
\‘ ‘1‘ “‘ |‘
E W Te20kEn

Measure x-section and Ars for 2 beam polarizations:
P(e’)=+/-80%, P(e*)=+/-30%

e Polarization needed to disentangle Z-boson and photon form factors

sensitivities: .

LHC ~ 10%, HL-LHC ~ 5% ASSUMPLIONS: (60 /0)star ~ 0.5%; (0Arp/ArB)stat ~ 1.8%

ILC(500) < 1% with polarized beams QCD corrections are under control.
GLioiLl b v dinad ciralsslb teialy) Large EW one-loop corrections - further work is needed.
Systematics must be controlled to 1% level
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Top pair production within the 4DCHM
Vs = 370,500,1000 GeV

The modifications of the process arise via 3 effects:
[ modification of the Zee coupling (negligible)

[ modification of the Ztt coupling from: mixing
between top and extra fermions (partial
compositeness), mixing between Z and Z’s

[ the s-channel exchange of the new Z’s (interference)
- commonly neglected BUT can be very important also
for large Mz

Total cross-section (e e” — tt)

Observables: { Forward-Backward Asymmetry Arg
Single and Double Spin Asymmetries Ar, AL

Born approximation - QCD and EWV corrections not included
ISR and beamstrhalung included but not important when considering O/Osm

|7
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Observables:

M Total cross-secction o(eTe™ — tt)
N(cos@* > 0) — N(cos8* < 0)

4 Forward-Backward Asymmetry App = N(cos 6* > 0) — N(cos6* < 0)

[ Double and Single Spin Arp =
Asymmetries N(=, =)+ N(=,4) = N(+,+) — N(+, )

N _
is the polar angle in the {7 rest frame

N(+,-) is the number of events with +1 (-1) helicity for top (antitop)

B Spin asymmetries focus on the helicity structure of the final state fermions. Leptons

from top (antitop) semi-leptonic decays are used as spin analyzers, see Khiem et al. 1503.04247
for top quark form factor extraction using top polarization observables at ILC 500

B A and Ay are related to the helicity angle distribution (Amjad et al. 1307.8102)

B A is sensitive to the relative sign of vector and axial couplings of Z and Z’ to tt

We define observables over the entire invariant mass spectrum of the tt system
The code used for our study is based on helicity amplitudes, defined through HELAS subroutines

|18
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With or without Z’ exchanges @ 370, 500, 1000 GeV

red: all points f=0.75-1.5, gs=1.5-3, black: MT>800GeV Mz>2TeV

e*e »tt @370GeV e*e »tt @500GeV e’ e -»tt @1000GeV
1.20 : 1.20 1.20 . '
1.15 1.15 1.15
. 110 _1.10 _1.10
e 1.05 Z1.05 E[5105
< 1.00 < 1.00 < 1.00/-9998
& 0.95} & 0.95} : 21 Rooes) e
0.90} 0.90} 2 O R 0.90 :
0.85} ' 0.85} R e T 0.85}
0.80 becs ETUUOIR TS 080t 0.80 . '
0.900.951.001.051.101.151.20 0.900.951.001.051.101.151.20 1.0 1.5 2.0 25
0/Os 0/Ospm O/Osm
e’ e -»tt @370GeV e’ e -ttt @500GeV e'e -ttt @1000GeV
1.20 : 1.20 — 1.20 SR
1.15 1.15 1.15
_1.10 _1.10 _1.10
= 1.05 = 1.05 = 1.05
< 1.00 < 1.00 < 1.00—==
& 095 & 0.95 & 09sf. .
< < < N
0.90 0.90 +9 0.90 :
0.85 ) 0.85 0.85f =7

0.80 . 0.80 ' . 0.80 .
0.900.951.001.051.101.151.20 0.900.951.001.051.101.151.20 0900951.001.051.101.151.20

0/0Ogm 0/0Ogm O/Ogp
& coupling Ztt modification only ./

Interference of the Z’ with the SM plays a crucial role
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With or without Z’ exchanges @ 370, 500, 1000 GeV

red: all points f=0.75-1.5, gs=1.5-3, black: MT>800GeV Mz>2TeV

AFB/AFB cp

AFB/AFB o
- - - - — — w—h
O

- 0D o0 €4
S

e e -ttt @370GeV

1.20
1.15
1.10
1.05
1.00
0.95¢
0.90¢
0.85
0.80

1
1
B

0900

)

-=d
— N
=

o O O O

0 - - —
¥

5

O/Ogg
e e -ttt @370GeV

951001.051.101.151.20

Q

900951001.051.101.151.20

e e -t @500GeV

1.20
1.15
1.10
% 1.05
1.00
0.95¢
0.90}
0.85}

rl

AFB/AFB

0.80 - i
0.900.951.00 1.051.10 1.151.20

O/0gm
e e -ttt @500GeV

AFB/AFB g
o

00951001051101.151.20

0/0« M

4

AFB/AFB &

AFB/AFB o

1.20
1.15
1.10
1.05
1.00
0.95
0.90
0.85;
0.80

e e -ttt @1000GeV

—r—r——————y—

0.85

0.80
0

coupling Ztt modification only

1.0 1.5 2.0 2.5
O/Ogm
e'e -ttt @1000GeV
3
900951001.051.101.151.20

/ o

Interference of the Z’ with the SM plays a crucial role
up to 40% deviation in the x-sect @ 1000 GeV !
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Bounds on the composite scale and coupling from o(eTe™ — tt)

glosy @370 GeV

0.10} A > 10%
10% >A>6%
6% > A > 2%

0.08

0.06}

0.04}

15 20 25 30 35 40 45
m, [TeV]

?}2

fzﬁa

0.10}
0.08
0.06}

0.04}

glosy @500 GeV

vvvvvvv

--
-
-
Il
-
-
-

I'l

"
2
-

‘.
r

-~
Bl "a

Vv
-an

15 20 25 3.0 35 4.0 45

mp = fgp7

.l ™

PP SPPD U SN

oglosy @1000 GeV

vvvvvvvvvvvvvvvvvvvvvvvvv

A>10%

A>2

=\
1
A > 10% 0.10r:, < =
10% > A > 6% ' ‘g. - -‘L 10% > A > 6%
l),‘(;)[J Z :. ...l X k_;‘.::” > "_',
‘\
'\\‘ gp=3
u -

A‘AQIM AAAAAAAAAAAAAA

m, [TeV]

O — O0OSM
A\ =
OSM

Points correspond to f=0.75-1.5, gs=1.5-3, Mt>800GeV. For each point we have
selected the configuration corresponding to the maximal deviation

sensitivity up to Mz ~ 3.5TeV @ 500GeV
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Single Spin Asymmetry AL

1 d’o 1 | —~ - &
— = —[1+BjcosB,+ B,cosB; —CcosB,cosB Oa,
odcos8,dcos0; 4[ ] geiilie 4 g d .’
ya

By ~ AL(t), B2~ AL(t), C~ ALL e’ €
1  do 1 A hel e d b / Bernreuther 0805.1333
— = —[1 cos b, ici istributi .
5 deost. S+ AL ] helicity angle distribution o 07

e e -ttt @500GeV e e -»tt @1000GeV :
20 , 2.0 , |

large deviations of both
signs @ 1000GeV mainly

due to the SM-Z’s
interference

0.0 - ) ool t. : -
09 1.0 11 12 13 1.0 {5 20 2

N

AL depends linearly on the couplings so
it is sensible to their signs
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Disentangling the effects = 4DCHM: M, = fg, = 3TeV, T'z//Mz = 0.03

100 w : 1 I T T T T I 06 T | T T T 1 I E ' I I T T T I
I 00 [—=====———-
1072 — i
-0.2
o (pb) B AIL
1074 — ,_,’._"..'T-T'T""" L
_}/f _ - L il
10-6 |—
10-8 <
W R | -0.1 :
500 1000 500 1000 500 1000 500 1000
E., (GeV)
solid: |SM|~2 dashed: Int(SM,Z2) the two Z’ interference
dashed: |4DCHM|~2 dotted: Int(SM,Z3) contributions are opposite sign for
solid: |[SM'|~2 without Z’s AL and same sign for sigma, AL, Ars

AL is unique in offering the chance to separate Z; and Z3 as they
contribute with opposite sighs (beam polarization could help)

22
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Polarized electron-positron beams

opp = 3 (1= PPY(0-s +04) + (P P)(os- — 0]

o(—,+) =o(e;,e}), P(P’) polarization degree for electrons (positrons)

deviations ~10% at 500 GeV (roughly the same of the unpol.)

e*e »tt @500GeV e*e -tt @500GeV
13— 13— :
12f¥ . 12
g 10— . : . 2 10
— N NS A I Y I ] C . .
< 09 SN < o9
0.8 R 0.8F
C . ] C
Tk, L L c el . . C R R
“"Hazsl >> |9zl - 0T 9z2l >> lgz3l
o+t : oel—-— L ]
0.8 0.9 1.0 1.1 1.2 1.3 0.8 0.9 1.0 1.1 1.2 1.3
alosm alasw
/ /
P=—1, P =+l P=+1, P =1

Z> and Zzinterference have opposite signs. AL is a good observable if ete- beam
polarization is available to deduce the presence of nearly degenerate resonances
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Slope of the helicity angle distribution Amjad et al. 1307.8102

the angle of the lepton from the
W boson in the top rest frame

1 do

1
= —(1+ A cosOpe)

P T
o dcos 0}, 2 : et :
e — eR -
0.8 |- — RLeconstruct%ih. 4 -
I gﬁpgra%tl?grrbundzar 3 S
AL can be derived from the 06 3 I -
slope of the helicity angle 04l b5
distribution. Better c
reconstruction for BP’=+1,-1. 0.2 H gi
(5AL)stat—|—syst > 4% 0 R A G el Yt WA
-1 -0.5 0 0.5 1
If NP is present, the slopes cos(6, )

change
24
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Slope of the helicity angle distribution Amjad et al. 1307.8102

the angle of the lepton from the
W boson in the top rest frame

1 do 1
— — —(1+ A 01,¢
o dcos 0}, 2( + Az 08 Onel)

1T TR
— Q.0F
s B
— Fi‘egonstructt\ehtlih, y

............ gﬁ’&'a%%rbundzar B

0.8

0.6

AL can be derived from the

UT]UI!'I]U

slope of the helicity angle 04l b5
distribution. Better =
reconstruction for PP’=+1,-1. 0.2 i -
(5AL)stat—|—syst > 4% 0 A i i s Mot AN

-1 -0.5 0 0.5 1

If NP is present, the slopes cos(6, )

change  ===3p 4DCHM~10% deviations in AL @500GeV
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Slope of the helicity angle distribution Amjad et al. 1307.8102

the angle of the lepton from the
W boson in the top rest frame

1 do

1
= —(1+ A cosOpe)

. T R SRR
o dcos 0}, 2 E S d
I — ejer '
0.8 | — RLeconstruct%cljh. 4 ~
e SM BERground " 5
AL can be derived from the 06 3 -
slope of the helicity angle 04l b5
distribution. Better | <
reconstruction for BP’=+1,-1. 021 .
0AL)stattsyst > 470 e T  w C i

0

( Y -1 0.5 0 0.5 1
If NP is present, the slopes cos(6, )

change  ===3p 4DCHM~10% deviations in AL @500GeV

Warning: the deviations come from coupling modifications but also
from SM-Z’ interference. In case of multiple Z's the interferences
could be opposite in sign and cancellations in AL might occur.
Beam polarization helps in disentangling the effects
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Conclusions

g Future et+e- machines will have a great potential in discovering imprints of
partial compositeness in the top-quark sector

[ Realistic scenarios can be built and analyzed with the full spectrum:
the 4DCHM embeds the main characteristics of composite Higgs models with
partial compositeness

M It describes new spin-| resonances and extra-fermions which could be
accessible at LHC run2

™ If nothing is seen, or, better, if the LHC will give some evidence, e'e

machines have the opportunity to test composite Higgs scenarios: precise
measurements of the Higgs and top couplings

lZWarning: interference effects of the new resonances could be crucial and must
be taken into account to extract the sensitivities to CHMs
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BACKUP SLIDES




4DCHM = Minimal 4D realization of MCHMb5

DC, Redi,Tesi 'l | Agashe, Contino, Pomarol '04

Explicit breaking Composite sector

of global symmetry SO(5)/S0O(4)
1 a a
Lele = _ZA[J.VA[J.U S
1 A A 1 2 a 'a 1 2 g a . 2
Leomp = =7 Ppu P + 5MpPuPL + S, PPy + |OuH — igpppH|® + nl terms...
1 2
e — —mgg—oAi — mgg—oA“p“ - (6“HTA“H) nl terms...

g3 gp

» Non linear structure <> GB Higgs
» GB decay constant

2+ 13
» Composite spectrum
2 p2 2( £2 2
2 _ 9plfi SO(5) 2 gp(fi +f3)
SOW =m =757 So@) " Mm =T 3
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Fermion sector: which representation?

A phenomenolgical choice (protecting Zbb) Agashe, Contino, da Rold, Pomarol '06

S2/3 = 216 D276 D 1273, B_1/3=25/6 D21/6DP1l_1/3, Y =T3r+ X
— . LT e
qL UR qL dr

4DCHM: four extra fermions in 5 reps of SO(5) -- minimum for UV
Ay, Do finite effective potential

bp ®

Explicit breaking Composite sector

of global symmetry qr 553 SO(5)/S0(4)
Yr | Extra fermions: |
tR @ AtR 52/3 ) 8.t’,8~b7 Qem:2/3,_1/3 :‘

e 2T 2B Q... =5/3,-4/3

] I

Partial compositeness: 3rd generation quarks only
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top Yukawa coupling

Coleman-Weinberg effective potential generated at |-loop

9 [ d% LIL(p?) o h] dip 9II; . , h
V(h)gauge — _/ In [1 -+ ZHo(pz) S1n }] / 27‘(‘)4 81_[0 S111 ?

d4p HQl | h 5
V(h)fermions ~ —Nc/ (27_‘_)4 [ng —+ ] SlIl — —I— N / [ HqHu] SlIl2 ? C082 ?

UV finite in the 4DCHM
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The role of extra-fermions

Z’ and W’ line shapes In relation with masses of heavy fermions: take the
same masses and increase the widths I'/M ~ 1%, 20%, 50%

pp - l+1- pp - l+nu & c.c.
- -2
10 2 ¢ LA B ] T 7 L [ LA B B I LA A S I LA B B I T 1T : lo - v v v l v ’ ! ’ I ' ’ v ’ I ’ ’ ’ v I ’ ' ’ ’ l ’ ’ ’ E
Z2 N Z3 - K :
5 i = \ -
Ltlj 1 o . i //"JJ 110/0 )
~ 1% : B -
S sl NC] § wel0s G
N v ' — 107 (= - 1 —
s 20%. ST 20 5
= _n ok, = i \ :
P ™ ~ pt
| “ =
E N =
g, <
% w04 = 1 B0% .
N E & ~, S
S - b ~ T
o S
Z lJ
- ) T — l A L | — l I — A l I T — l A | I — l I — lo— 1 L A l L ' 1 1 l 1 A ' L l e J — 4 l ded. ' L l L L ’ '
2000 2250 2500 2750 3000 3250 3500 2000 2250 2500 2750 3000 3250 3500
My, (GeV) My (GeV)

* Bounds on the mass of new Z’ and W’ from direct searches in leptonic
DY processes crucially depend on their widths

e [he analysis of the Z’ and W’ line shapes would reveal the presence (or
not) of light extra fermions
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Top-quark EWV coupling determination at the FCC-ee

Optimal-observable analysis of lepton angular and energy distributions from top-quark
pair production with semi-leptonic decays at FCC-ee with 360 GeV and 2.6 ab"'
tt — (bW)(bW) — (bqq")(blv)

the lack of initial polarization is compensated by the presence of substantial final state
polarization and by a larger integrated luminosity

d’c  3mBa’(s)

BSe(z,cosf) z and 6 are the lepton (reduced) energy and polar angle

dzdcosf 28
2 A‘Agp\/gp\(%)
g . . LHC, [ -
3 1 DY,
5107 M FCC-ee ‘. s
; __“|‘o%
: (Y
- | —tobo4——o |
- -30% -20% -'jO%F; -e elO% ' 20%  30%
: @ f-o% L Ag/gi(%)
10‘3 — ‘ “\ --‘.\.20% “\
L2 Ay r2 re \ , ‘
1 1% 2y

LHC (14TeV, 300 fb! FCC-ce (360GeV, 2.6 ab™') < 1%

ILC(500GeV, 500 fb!) with polarized beams continuous(dashed): from angular and energy
(ILC-TDR 1306.6352; Amjad et al. 1505.06020) distributions of Iepfons (b_quarks)
FCC-ee (360GeV, 2.6 ab") (P.Janot, private communication)

the sensitivity on FZ14 can be reduced by a factor 2 by

, , warning: large QCD corr. near threshold,
increasing the c.o.m. energy to 420 GeV (Janot 1503.01325)

possible underestimation of x-section error
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Disentangling the effects = 4DCHM: M, = fg, = 3TeV, T'z//Mz = 0.03

Single Spin Asymmetry AL -polarized beams- P=-1,P’=1| (left) P=1,P’=-1 (right)

ee~»tt ee~»tt

0-8 : 1 Ll I L] L] 1 1 I ] L] 1 ‘J‘ ] L) L] 1 l ] ] L] L] I ] L] L] L] T T 1 I T Y T T I 1 T T 1] I T T 1 T I T T T T I T T T T -ﬁ

. solid: |SM|~2 . - — e w  solid: |SM|~2 _
- <4 o . s ———— e, e T e e -
- dashed: |[4DCHM|~2 - % dashed: |[4DCHM|~2 18
H— ) ' — ) =
solid: |SM'|~2 : 5’ solid: |SM'|~2 i 5'
dashed: |22|~2 1% dashed: |Z2|~2 15
dotted: |Z3|~2 -1 dotted: |Z3|~2 1=
dot—dashed: |Z5|~2 1% dot—-dashed: |25|~2 12
dashed: Int(SM,Z2) - : dashed: Int(SM,Z2) 10
dotted: Int(SM,Z3) 1 dotted: Int(SM,23) 1~
dot—dashed: Int(SM,Z5) 1e dot—dashed: Int(SM,25) - :
dashed: Int(22,23) — - dashed: Int(22,23) 1,
dotted: Int(22,25) 1.l - dotted: Int(22,25) 1+

dot-dashed: Int(Z3,25) ] L dot—dashed: Int(Z3.25) i

1 A A l A A 1 1 l L A A A l L A L 1 l L L A ' I 1 L A | o : 2 1 | 2 N 1 2 I 1 1 2 N I 2 1 1 1 I 1 1 1 N I N N M N b
1000 2000 3000 4000 5000 6000 - 1000 2000 3000 4000 5000 6000

Eem (GeV) Eem (GeV)
Positive contribution from SM-Z3 interference Negative contribution from SM-Z; interference
negligible SM-Z, interference negligible SM-Z3 interference

Polarization preferentially selects one or the other of the
Z> and Z3 contributions inAL 9z, >> 92, 9%, >> g7,
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