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Outline

M We assess the scope of a Future Circular Collider operating in e+e- mode (FCC-ee)
in determining the fundamental ingredients of Composite Higgs Models:

Higgs coupling deviations

New spin-1 resonances

EW top-quark coupling deviations and modification of their L/R structure
Partial compositeness of the quark-top (indirect evidence of heavy partners)

M We realise this program by using the 4-Dimensional Composite Higgs Model
(4DCHM) as a realistic implementation of EWSB by a composite pseudo-Nambu
Goldstone Boson (pNGB) Higgs emerging from SO(5)—S0(4)

M We establish the sensitivity of the FCC-ee to the parameter space of the model, still
allowed after the foreseen direct and indirect bounds set by HL-LHC, via the processes
e+e- — p+p-, for several c.o.m. energies and e+e- = tt at Vs=365GeV



Higgs as a Composite Pseudo Goldstone Boson

Kaplan, Georgi '80s
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f = scale of the breaking G —H

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 small tuning f ~TeV

» And the hierarchy problem!?
no Higgs mass term at tree level
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Explicit Models in 4D

Elementary Sector Strong Sector

A#,’tﬁ € SU(2) X U(I)Y Lmix = gOAuJ;; + A"Z‘II Pus Ve Gstrong

9o <1 my, 1 < g, < 4w

Linear elementary-composite couplings (partial compositeness)

 Extra particle content:  §
*Spin | resonances
*Spinl/2 resonances

o

Strong sector:

resonances +
Higgs bound state

Spectrum: - } £

9p = strong coupling

mp = 125 GeV
mw = 80 GeV \"4
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4DCHM = minimal 4D realisation of MCHMb5

(DC,Redi, Tesi 2012) (Agashe,Contino,Pomarol 2004)
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Explicit breaking
of global symmetry

Composite sector

SO(5)/SO(4)
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spin-1 resonances = gauge fields of SO(5) x U(1)
5Z + 3 W' (get mass by the SSB mechanism)

4 GB’s (3 eaten by W,Z +1 Higgs)



Partners of the third generation quarks

In the 4DCHM we include four 5-plets of extra fermions ‘I’T,ff_/B,z}_ to get an UV finite potential

LCHM

Lfermwns
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Linear elementary-composite couplings (partial compositeness)

- v At,, AtR Yr |w SM hierarchies are generated by the mixings:
V2 mr mz f a light quarks elementary, b and t

e — =

Extra-fermions of the model:
T23 (#8) B-1/3(#8) X568 (#2) Y-4B(#2)
with masses in the TeV range %X {=800GeV

De Curtis,Redi, Tesi, THEP 1204(2012)042 %0 1000 1500 2000 2500
mg(GeV)= mr, 213



BR(T—tH)

BR(T — Ht)

Lower bounds on the partners of the 3rd generation quarks
by direct searches

Bounds from multiple topology searches: pair production (model independent) and
associated single production (depends on the couplings)

X

Pair production searches set o x BR limits
depending on the extra-fermion mass X b,t

In BSM scenarios one deals with multiple heavy \ \ \
extra quarks with generic decay channels B’

e Significantly improved limits (Run1)
mT/y(Wb=100%) > 1350 (782) GeV

1400 < :
aras e oo 8 mT (singlet) > 1170 GeV
Preliminary 1200 E « mpyx (Wt=100%) > 1250 GeV
TT — Wb+X 1-lepton c‘% » mp(singlet) > 1180 GeV
dp SU(2) singlet E 2
O SU(2) doublet o e With 300/3000 fb-1 and
32 augmented search techniques,
% expect to probe around 1.5 TeV
e with both single (depends on
g couplings) production searches
0 0.102 0304 0506070809 1 0 M. Narain talk, LFC17 ECT* Sept.2017
BR(T — Wb)

ATLAS-CONF-2016-14



Bounds on Higgs compositeness
from Higgs coupling measurements and EWPO Fit

CMS Projection for precision of Higgs coupling measurement

rL(ﬂw ) Ky Kw Kz Ko Kp K | Xe

300 | [57] | [4,6] | [4,6] | [6,8] | [10,13] | [14,15] | [6,8]

3000 | [25] | 25] | 124] | (351 | [47] | [7,10] | [2,5]

The sensitivity increases with the EWPO fit

see Piccinini talk

factor 2-3 improvement from HL-LHC

In Composite Higgs Models the

> Toda |
= — :'{iz-ﬁnc HEP[T! Higgs couplings are modified
- -
@ CepC
401 FCCee (Zunpolarized) dHZZ
ST s Focee W) Ex. in SO(5)/SOM) —sar ~ V1—¢
9HZZ
1072 .
“ & <0.03 after HL-LHC P 1
q £ <0.008 after ILC/CepC Nz
& <0.002 after FCC-ee
107°
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light shaded areas consider the
effects of theoretical uncertainty

J.De Blas et al.1611.05354
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f>5-6 TeV



4DCHM : Higgs coupling deviations

Deviations expected for HZZ and Hbb couplings in the 4DCHM compared with the

relative precision expected at HL-LHC, ILC, FCC-ee Barducci et al. THEP 1309(2013)047
Janot PoS EPS HEP2015,333 (2015)

L e T e S B & Tl f = compositeness scale
o | | 0.75<f(TeV)<1.6
<
0.05~ g = strong coupling
i 1.59<gp=<3
0.1
i scan over the 4DCHM
- fermion parameters
-0.15}-
- 2
S © bench-A f=1.6TeV g,-=1.79 IHZz i X
02 A I EN BN B B B Geep - 128 e
0.06 -0.05 -004 -003 -002 -0.01 0 0.01 SN =
Ag../8,.,, Gty et

4DCHM black points: Mz ~ fg, > 2 TeV and My >800GeV, Ms;3 >900GeV

FCC-ee will be able to discover bench-A with a 100 significance!!



Bounds from the Oblique Parameters S,T,W,Y

see Panico talk
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HL-LHC bounds: |W|<0.045x 1072, |Y| <0.08 x 10~
Farina et al. Phys.Lett.B772(2017)210



Calculating significance, neutral channel DY at the LHC

['7.(GeV)

I'7.(GeV)

Three ingredients to be taken into account: [ finite widths of the new massive vectors (Iarge/width if
@ multi-Z’ signal, typical of CHMs VA
[ interference effects
1200 v v v . 1
1000} it o . FF Oy pp -1+l
00l . FF Close 10-2§1. L B B e B B B RS
o0 ) For larger Z’ =
400 “riy, masses the v -2 I i
g, black points P . ! ;
200 . ; o
L shift to the =
"3 15 30 rght ipito :
m oy (TeV) the threshold =
f mTt= mgz/2 D
1000} ' - © - :
» FF Open : ‘
800 Q"?:'f_. per I A A (N P I
= # FF Close 2000 2250 2500 2750 3000 3260 3500
600f % e, - T My (GeV)
400 N
) Differential distribution in the lepton invariant
200 L ; mass for 6 different choices of the Z’s widths:
e T T S /M ~ 2% (red); 3%(green, cyan); 4% (magenta) ;
my (TeV) 20% (black);
f=1200 GeV g*=1.8 Notice the very pronounced dip before
MZ2=2249GeV MZ3=2312GeV the peaks due to the interference

(much more pronounced for multi-Z’)
Barducci et al.JHEP 1304(2013)152



Calculating significance, neutral channel DY at the LHC-13TeV

35—

5 .................
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— @ channel Model = 4DCHM uchannel Model = 4DCHM
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Projected 95%CL exclusion limits for the 4DCHM with ''M=5% and [/M=20% for electron/muon
channel and different integrated luminosity values Accomando et al.JHEP1607(1016)068

Events within the crossing point (where the signal intersects the SM expectation) and Mz3+3[ z3
(model dependent optimization)

Ex. gp =2 and f=2TeV @ is at the border of the exclusion
limit for HL-LHC if [/M=5% but it is still allowed if [/M=20%

Analysis at the FCC-ee is based on © bench-A



High-precision at low energy
Can new physics be hiding in tails?

e+e_ —) u'l'“_ at FCC-ee DC,Moretti,Janot in preparation

Analysis based on cross sections and Ars at 87.9, 91.2, 94.3, 161, 240, 350, and 365 GeV c.0.m energies
with the FCC-ee design luminosities at each energy point:

. * Zee coupling modification

e 150 ab-1 at and around the Z pole e’ ez propagator effects
e 10 ab! at the WW threshold - _
e 5ab at the HZ maximum LA _ ‘:’3; " f
e 0.2 ab at the ttbar threshold 02—
e 1.5ab' at 365 GeV 0.1}
) B ) domemnnnaaaaaaas R o —_
° H R |- -
The uncertainties included are: 02} +
e statistical 03 A _ _ A :
e theory systematics: 10-4for the luminosity determination -04 - 4D Composite Higgs model with m, = 3 TeV
(Bhabha cross section), and 5x10-5 for Ars 05— o ron 7
e beam energy determination: precision of 100 keV at the O 18200 DB 200 58

Z pole and the WW threshold, and of 5 MeV above

1000 "gedanken experiments” produced, with cross section and Ars smeared according to their
uncertainties. The measured values are fitted to the 4DCHM parameters

2,2 264
The fitted parameters are: All the other parameters follow M3, ~ f*9s (1— chws)

+ f = the compositeness scale from the model constraints, ex. ¢ dczy
: |(\9/| ¢r= mixing angles of Z> and Z3 y 2 . 242 1 2
8 s A/[Z ?0*( g+ ?)E s — 6(2) ( 4C20€)



(P.Janot)

ete™ = Uutu— FCC-ee - fit to 4DCHM - bench-A

M2=2975+58GeV
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Crnat net
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Prob oo
Manctant 7 9724%a.01
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7.05502¢+01

M3=3071+70GeV

o & B 8 & B g 3 8 B

Strong coupling g*

Mean 1.75110e+
Sgma 1.30968¢-01

g*=1.75+0.13

c &5 8 8 5§ 58 8 3 8 8

Mz>=2980.1GeV
Mz3=3066.5GeV

The plots show the total
uncertainty on each of the
parameters, not fixing the
other parameters to their
central value

=1600.2 GeV
o*=1.787

between f and g* :
at the leading order
the deviations
depend on (f g%) 0

Strong correlation 0

x2/d.o.f.

(one entry per experiment)

VERY GOOD QUALITY of THE FIT



ete™ = utu— - 4DCHM fit to SM with FCC-ee statistics

Z width vs Z mass

x2/d.o.f.

(one entry per experiment)

24884 1 SM

24882

2.488

24878

24876

24874

B 8 8§ 8 8 3 8 8

24872

2487 10

91. 1 THEE

Weinberg angle vs Z width The y?/d.o.f. is 90, meaning that
the muon data would deviate from
the SM by almost 10 sigma at
the FCC-ee.

023188

023187

023185

023185

023184

023183

023182

the coloured areas in the 2D plots are roughly the
3-sigma ellipses (1000 experiments generated)

The SM values lie very far outside the 3-sigma ellipses



ete™ = utu— - 4DCHM fit to SM with LEP statistics -

£ wamn Weinberg angle
o : o Prob 4.56010e-01
Constant 7.97083e+01 .
Mean 2.486640+00 % Constant 7 961630401
4.465670-03 Mean 2.31797e-01
: 80 4.605840-04

2 8 8 8 g 3 8 8

-
o

2

Weinberg angle vs Z width

Q23

The y2/d.o.f. is around 1
meaning that bench-A
passed the LEP scrutiny

02335

0233

025

0232

02315

02N

x2/d.o.f.

(one entry per experiment)

02305

0.2

0.2295,%

The SM values lie close to the border of the 1-sigma ellipse

the coloured areas in the 2D plots are roughly the

3-sigma ellipses (1000 experiments generated)
VERY GOOD QUALITY of THE FIT



4DCHM parameter determination using o(eTe™ — tt)

By using the muon observables we were able to extract
f, 0,1y, g* from which we get (lepton universality):

[ modification of the Zee couplings and the Z’ee ones

[/ the masses Mz and Mz3 (their widths do not play any
role at the FCC-ee energies)

Can we have some hint of the "partial compositeness”
paradigm generally invoked in CHMs!?

Use the double differential cross-section for top-pair production close to the threshold

The modifications of the process now arise via 3 effects:

M modification of the Zee coupling (known from pu*p~)
[ the s-channel exchange of the Z’s (interference)

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

|7



Top-quark EWV coupling determination at the FCC-ee

Various BSM models predict large deviations in the top EW couplings

Ex. Ztit, Ztrtr 4DCHM (@) (Barducci, et al 1504.05407)
S Z Z
xpected relative precision on the Zt t and Zt_t., couplings at FCC-ee Rl e(F 1A e} 1V)
—_ 15 LB S RS B A A LtL tﬂtﬁx xxxxxxxx
9—«m [ e - 4DCHMf s 1.5 TeVH :
o By, ' f = compositeness scale
oF 6F- . _J FCC-ee 10 : 0.75<f(TeV)<1.5
< - I :
4 ; ; , - go = strong coupling
of - - 15<gp<3
ok : scan over the 4DCHM
f § fermion parameters
r : M>900GeV
-4 -
S T T T T © bench-A (Mz~3TeV, Mt~1.4TeV
I S— 0 2 2 6
O,
Ag /9 (%)
Expected relative precision on the top EW  In agreement with the optimal-observable
couplings by using a fully simulated e+e- analysis of the lepton angular and energy
collisions at 365 GeV for an integrated distributions from top-pair production with
luminosity of 1.6 ab*! corresponding to semi-leptonic decays
~4 years of running Janot, JHEP 1504 (2015) 182;

(Foppiani 1703.01626) PoS EPSHEP 2015,333 (2015)



Top-quark EWV coupling determination at the FCC-ee
for a 4ADCHM benchmark point

1i6xpected relative precision on the Zt t_and Zt.t, couplings at FCC-ee
| T Ll LI I L} L} L] '

f=1.6TeV, gp=1.8, m*=2.6TeV A e R
Mz=2980.1GeV  Mz3=3066.5GeV ¥ o rocete |
/M=20% R b -
)5 -
e At ) Ag*1/g?1(%)=-0.9 :

oint-A
’[Opdi\\//\{a?[icz)unlzmg AgZL=-0.0022 / AgZR/gZR(%)=2-4 P_: B
AgZr=-0.0027 -4 -
I e B N .
g /9 (%

B 7 4 it bW W S bbbl v

(S.Moretti)

x = reduced lepton energy

dQO'SM

9 9
d 04DCHM/ d“osm

0 = lepton polar angle

dxd cos 6 in the tt pair rest frame dxdcos6 ' dxdcos0



Top-quark EWV coupling determination at the FCC-ee
for the 4DCHM point-A

(P.Janot)
(AgLY/gLY , AgrY/grY) (Agl4/gL” , Agr*/gr?)
.05 - Nc’l! 0.1 -
.04} o 1) — | 4DCHM
0.03- 4DCHM 0.06}—
0.02f- 0.04}—
0.0}~ 0.02}—
of- o}
0.01f ~0.02f
-0.02f- x 0,04
0.3} 10 -0.08f— - - 1o
00410 Z' 008 — NO Z
%05 00r 005 007 001 0 001 062 003 00 005 -Oiogi oos oot 005 0 002 001 008 008 "t
LL

LL

Notice that the 4DCHM predicts no deviations of the top-quark couplings to
the photon from the SM model ones due to the U(1)em invariance

The deviations here extracted are also due to the Z’
exchanges (effective couplings)



Check: use the distributions obtained by removing the Z’s
— green ellipses

llkljll'lJlL'l
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Four parameter fit for the EW couplings:

AglLAgam
AgR”*gam
AgLNZ
AgRM

-0.0003 +/- 0.0005
-0.0001 +/- 0.0005
-0.0022 +/- 0.0013

-0.0027 +/- 0.0012

-4DCHM
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AgZ=-00022 !
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h\%,;,

The top EW coupling 4ADCHM deviations are reproduced by the fit

The photon couplings are not modified



Z’ dependence of the top-quark EW coupling corrections
(determination at the FCC-ee for the 4DCHM point-A)

Both Z’; and Z’3 are active in the top pair production

At the FCC-ee with Vs=365 GeV«Mz the Z’-exchanges

V. Z, Zy, Z

-0.04—

-0 WY T P T T N T T T
'%.05 -0.04 003 -002 -001 0 001 002 003 004 005

8 nggL

full 4ADCHM (red ellipses)

AglLAgam = 0.0013 +/- 0.0005
AgR”gam = 0.0026 +/- 0.0005
AgLNZ -0.0004 +/- 0.0013
AgRMN -0. 0041 +/- 0.0012

¢ t result in an effective modification of the EW top couplings

ff __ y 8 /
Mgt =Dg+ ) | gi—Alg",9",s)

i=2,3 i

4— Ag" =0 and the deviation
comes from the interference of
Z> and Z3 which sum in the
same direction

Ag?+#0 and the Z, —)
contribution almost cancel the
Z3one

where g' are the Z’tt couplings and g'¢ the Z’ee

0 e -

@ F
So.08f 4DCHM
0.06:_
0.04H_'
0.02:— /
of- o
-0.02 ; / /- SM
-0.04f— b
-0.06—
-0.08—

Y| =P B | M I IR [ P oy R
0'—b.1 -008 -006 -004 -002 0 002 0.04 0.06 0.086 ’ngll
gL L

80 away from the SM
( global significance of the 4-parameter fit)



Z'tt coupling determination at the FCC-ee for the
4DCHM point-A

By using the expression for the effective modification of the EWV top couplings

‘7Cff '7 e Ie
9L.rR = Z gir R—A ,8)
1=2,3

Agi% = Agi p+ ZgzLRM A7 (95,9 9)
i=2,3 Zi

and the results of the fit to the muon observables for the g¢, g
and Mz, Mzz we can extract the Z’tt couplings

In particular we can fit the parameters K r proportional to the linear mixing Atir
between the top-quark and the heavy top-partners

4 . . . - -
og KL —_— A2 (1 + M)sz)a KR = A?R(l + (MYT + YT)Q)

The FCC-ee can provide an indirect evidence of the
quark-top partial compositeness



Conclusions

M Future e+e- machines will have a great potential for BSM indirect evidence

M The FCC-ee could find clear hints of compositeness both from coupling deviations
and from the imprints of new particles

M The very-high precision in muon observables at different energies will make
levident the presence of new Z'(s) (not excluded by the HL-LHC) at a 10o-level and
also allows a model-dependent parameter determination for f, g*, mixing Z-Z’ angles

M The EW top-coupling determination of the FCC-ee allows to disentangle the effects

of coupling modifications (always taken into account in NP searches) from Z’s
interference effect

M By using the expressions for the EW top effective couplings and the physical

properties of the Z’(s) we will have the access to the elementary-composite mixing in
the top sector (partial-compositeness)

New Physics could have escaped the LHC scrutiny and manifest indirectly at
very-high precision, low-energy experiments

R o
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Calculating significance, neutral channel DY at the LHC

Three ingredients to be taken into account:

[ finite widths of the new massive vectors (large width if

QAT : / T
M multi-Z’ signal, typical of CHMs AT
[ interference effects
Accomando et al. JHEP1607(1016)068
— TOT Model = 4DCHM .
—. TOT w/o interf oo C 1.0 |
ootol — SM BP: F © Model = 4DCHM
2 s =13 TeV 08 2 BP:F
(\D v, -~ - - e ‘/— {
5 MM = 5% <00 .. 2 s =13TeV |
= 0.001 s o o M=5%
E b ~ “ ‘E
< 0.4 ~E
O -4 h ~
© 10 02l NWA Z, + Z, .
' — 2> + Z3 wio interf o
Full 4ADCHM S _
10-5 . 0.0 . . .
1800 2000 2200 2400 2600 2800 3000 200 400 600 800 1000
M// [GeV] Am [GeV]
Differential distribution in the lepton invariant TADCHN S Pe OFW(Z2+Z3)
mass for the double-resonant scenario ONWA (Z2+Z3) ONWA (Zo+7Z3)

f=1200GeV g*=1.75
Mzo= 2192GeV Mz3=2258GeV

One should avoid using the NWA (and
also the FWA) to derive limits on the
mass of new resonances.
INTERFERENCE EFFECTS are
UNAVOIDABLE even for a single
resonance scenario

Am = invariant mass window around the
Z3 pole mass

Because of the dip (due to the
interference) the choice of the
integration window is very crucial: the
bump signal could be washed out !
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do/dM, [fb/ GeV]
] (4]

(2]

x1074F New benchmark 2 |
\Js =13Tev
X 10_5* 'z2IMz = 20%

bench-A DY @ LHC 3000 fb-|I
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________
"
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25

2.0

Significance

0.5
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M, [GeV]

do

Model = 4DCHM
New benchmark 2

\Js =13Tev
L=3ab™’
/My = 20%

2500 3000 3500 4000
My [GeV]

J.Fiaschi private communication

f=1600GeV ~ g*=1.8 £=0.024

Mz=2.98TeV Mz3=3.07GeV  Mp=1.40TeV T/M=20%

. The two resonances are nearly degenerate and quite

large width: the interference effects are very important
Both interference and FW affect the “on-shell” part of the
differential cross-section

. Smearing by convoluting the signal with a Gaussian

distribution (width= 1.2% of M according to CMS detector
resolution for electron pairs)

. Even considering an appropriate integration range

(starting from the crossing point) the significance under
the peak is 1.5 at most

One could consider the depletion of events before the
peak as positive significance (this is currently under study
by the experimental collaborations)



Top-quark EWV coupling determination at the FCC-ee

At the FCC-ee the final state top-quarks are produced with non-zero polarization which
depends on the ttZ/tty couplings

the top polarization is maximally transferred to the top decay products
tt — (bW (bW ™) — (bgq')(blv)

Optimal-observable analysis of lepton angular and energy distributions from top-quark
pair production with semi-leptonic decays is used to predict the sensitivity to the EW
top-quark couplings at FCC-ee with 365 GeV and |.6/ab (3years)
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O = lepton polar angle
x = reduced lepton energy

Bi = fraction of tt events with at least one semi-leptonic top decay (I=e,l) ~44%

The 8 form factors can be determined simultaneously if the 9 distribution functions S®and f; are linearly indep.
6-parameter fit (CP-conserving only)



(see also N.Foppiani talk) (Courtesy Patrick Janot, HEP-EPS 2015)

Lepton energy and angular distributions

a Parameterization of the ttV vertex (V =2, y) | B. Grzadkowski, Z. Hioki,
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Bi = fraction of tt events with at least one semi-leptonic top decay (I=e,u) ~44%
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Energy dependence of the 4DCHM corrections with and without the Z, gand Z;
propagator contributions



