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How to give mass to SM
fermions?

@ Partial ﬁompos&eness ts the mosk Fooputar
ﬂframewmrw*

o Ik preoﬁi&&s keavv spivwl/z “&op par&vxers”

o Additional light “pions” are a must




How to give mass to SM
fermions?

Qaptmta the Higqgs with a campasi&e c:»pera&car:
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Yt P LR t_l On qitr (AZ Yy (JLtR)

High scale (flavour)

Unsuppressed coupling (top) requires d~ 1 ,
Le. the dimension of a scalar field!

Gruess who'
It wallkes Like a scalar, it e

Lt quacks like a scalar... & Noburaliness

pmbtam!

Lk s prababtv a scalar!



How to give mass to SM
fermions?

T@P Par&iat tompas&ammsz

AR i
Ko 53 Optr (AQWMD tR)

Unsuppressed coupling (top) requires dp ~ 5/2
Not related to a scalar dimension...



How to give mass to SM
fermions?

T@P Par&iat tompas&ammsz

AR i
Ko 53 Optr (AQWMD tR)

yrf iR, Yrl Tol:

o Top partners emerge from the spin-1/2
composite operators.

o They cannoct be too heavy (mulki-TeV range).



Grenerie prapm&es

' They have QCD gauge interactions, leading
to “mc;wdetwmdepemden&” pair produc:&wn
(caveal: neutral naturalness, EW conkr.)

Coupling to W, Z and H are “chiral” (iL.e.,
involve dominantly one &Mrau&j)

Charges related ko qua\rwsz T(+2/3), B(-1/3)

Exotic charges from custodial symmetry;
X(+8/3), Y(-4/3)



TQF' Par%mers abk colliders

Pair production: Single production:

Wb e
~Cp /R OF sinf/r

Only cie.pev\cis on the mass (ko o Production depends on a
first approximation) coupling (model dependence)
Can study as a function of the o Becomes more relevant at high
Branching Ratios mass (new searches)

Other F?rociwt:ﬁov\ channels: EW pair produe&iov\, resonant
proc&u{:ﬁon via heavier bosomn, ...



T op Parmers abk colliders

35.9 fb"' (13 TeV)
ATLAS

Vs =13 TeV, 36.1 fb”
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Combinakion wikh many channels Final skakes with 1 or 2 Lep&ov\s

o Strategy: focus on a specific final state (bW, tH, t2), design
op&amai searches

o Express a bound on kthe mass in the BR Farame&er space.



TQF Par%mers abk colliders

For single Fradu&:&m\, ohe may adc:-p& a similar strateqy, with
one additional parameter: a coupling

We can finally re-express the Lagrangian in Eq.(2.1) in terms of the relevant 5 parameters as follows:

CL{Z

CL&VV g i g i
L = RT{ [T/ rRW " dy ] + Y 2 [TL/RZ#’YMUL/R]

My V2
Gi(l— €&z —w) M

70 - [TR/LH uL/R]} +h.ec. with G=1-( —(.
H

BR(T — Zj) = Gjet€z,  BR(T — Zt) = (1 — (jet)Ez

(1
BR(T — Hj) = Get(1 =8z —&w),  BR(T — Ht) = (1 — Cjet)(1 =z — Ew)

BR(T — WTj) = (jetéw , BR(T — W'b) = (1 — (jet)éw -

13084172
One of the many possible parameterisations...



Projections for 100 Tey
collider:

035 r (] |t iz e s

T - Wb BR(T - Wb) = 0.5 0r  Xsp o Wt
Vs =100 TeV = Vs =100 TeV

N [ €pp. = €5p. = 1.2% E\_ epp. = esp. ~1.7%
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Fig. 104: Left: Exclusion reach for a top partner 7" of electric charge 2/3; Right: same plot for an X /3 of charge
5/3. The plots are obtained by assuming that future searches at 100 TeV will be sensitive to the same number of
signal events as the current 8 TeV ones. Namely, excluded signal yields S.,. ~ 25 and S, ~ 10 are assumed for
the 7" and the X5 ,3. Signal selection efficiencies are also extracted from 8 TeV results. In the case of the single
production mode, for which no dedicated searches are currently available, the efficiency (e, ;) 1s taken equal to
the pair production one for simplicity. Further details can be found in ref. [777].

Ma&sedomskvi, Panico, Wulzer 14090100




This is the “standard” story,
can we 9o beyond?

Do we need ko?

YES



Top partners as barvams

Goauge-fermion underlying theory

1
A o H V@DG (L o ltypically Loop-—-suwressed
. g
T o psi need to carry colour and flavour

quantum numbers

dnalve e 7/2

1 o higher dimension, but easier to generate
-
fl. & Note: issue with other 4-Fermion
T inkeractions non avoided!!! Anomalous
dnalve =7 /2 dimensions are crucial!



Sequ,és tering QCD

gTC : rep £4
(0
SV EW

global : (W) # 0

.

F’NGB Higqs
DM?

y G Ferretti, D.Karateev
rep R 1312.53
£330, 160406467

X I =yyx or ¥Yxx

colour + hypercharge

a) (xx).#0

coloured FNGBS
di-boson

bla o =0

Light top partners
from t Hooft anomaly
conditions?



Al exampte

Barjons: VXX

Ferrebttl 1404.7137

Preliminary Lattice results are available!



Barjo-ns:

Al exampte

XX

Ajjm“ et al 1¥01.058%09

Sextet J=0

Fundamental J=0

Chimera (J,1)=(1/2,0
Fundamental Pseudoscalar
Fundamental Vector

Sextet Vector



Crlobal symmelries

More precisely, the global symmetries are:

SEENG) < SU(N,, ) (1)Q X Ul

WZW btermw:

2
g; kg

LD — a PGl Gy,

3272 f,

Anomalous U(1) -> heavv 77’

Coefficients depend
on the underlying dynamics! 01”&‘4090&\0& U(l) -7 F?NG’B a

G =AW Z L | ‘ .
AW Z, g Decays and Fradu&mm

Cai, Flacke, Lespinasse 1512,0450% C)V\i.v Via WZW QMOMO\LU«



Model z.ooi.ogv

Ferrekbti
1604 086467
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Exokie &wp pm%mm ci@.c:sz

In realiskic models:
N.Bizot et al, 1¥03.00021
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my, [GeV]

Benbrik et al, 190705029
Xie Ke-Pawn ek al, 190708594
Zhang Mengchao et al, 190%.07824

Phenomeno Logv
skudied in:



T2 exokbic c{e&ajs

Zhang Mengchao et al, 190%.07524

We recast:
o CMS excited &OF: @ Runll

CERN-EP-2017-272

>’-\
o
T
S
14
)

o ATLAS RPY SUSY € Runl

CERN-PH-EP-2015-020
(Runil upd&&& has too high HT cut)

Below kb Ehreshold: o ATLAS T—>kHy @ Runil
a-> g9

CERN-EP-2018-031
a-> bb



T2 exokbic de«t:ajs

Zhang Mengchao et al, 190%.07824

BR(a — gg) = 100%, BR(a — bb) = 0% BR(a — gg) = 0%, BR(a — bb) = 100%

T VLQ@13TeV

RPV@8TeV
ExTop@13TeV

700 800 900 1000 1100 1200
400 500 600 700 800 900 1000 1100 1200

m7[GeV] mr|GeV]

Bounds are subs&am&ialtv wealkened
for decays into jets!



T2 exokbic de«r:a:js

1000 1500 2000 1000 1500 2000
SM measuremenks Mr (GeV) Mr (GeV)

can do beblker
Ehan BSM searches!

T-ska->Ebb

1000 1500 2000 1000 1500 2000
My (GeV) My (GeV)

Les Houches 2019 proceedings, 2002,12220



T2 exokbic de«r:avs

S —» VV'

Recasting of

ATLAS 1707.04147 High-—mass

pp->SSttviat ciimf?hoﬁah
BR(S-yy)=100%

and r{/Mr = 01%

95% CL excluded o [pb] :

observed limit
14 1.1

13 14 1.1
13 11 14 1.1

1.2 11 1.1 1.1
1.2 11 1.1 1.1

.3 1.2 1.2 1.2 1.1

Benbrik ek al, 190705029

Recasting of
CMS 1710.10614

pp->SSttviat
BR(S-Zy)=100%
and rr/M{ =01%

600 700 800 900 1000
me [GeV]

95% CL excluded o [pb]
observed limit

Mut&-—t&p&ms

(4-tops)

’7

0.34

900

1000




T2 exobic dﬁﬁ&js

Benbrik ek al, 190705029

Significances for yy SR
pp->tf'-(St)(ST)
Kw=0

Pseudoscalar
KW=0 50 = == 20

1000 1200 600 800 1000 1200 1400 1600 1800 2000
my [GeV]




T2 exobic dﬁﬁ&js

Benbrik ek al, 190705029

Significances for yZ SR
pp->tt'=(St)(Si)

Pseudoscalar
Kw==- k B

B 139" (runll)
B 300 fb™" (run 1)

1000 1200 1000 1200 1400 1600
my [GeV]




Xs: exobic d@.&avs

Cascade decays after t and 7 decay

EAE NG . foot stotes
B oW - o
.

Decays of the
scalars are

(W) (Wt .
exclusive

i R —— (eibther one
bo bWt g bW T W + X th th )

We recast the SSL CMS search in
CERN-EP-2018-258

Xie Ke=Pan etk al, 1907.058%94



Xs: exobic dec‘:avs

2.0 ,

Br(ng—trtg) = 100% Green: bound for standard

clet:aj X = b W

N ——————

1.5 Solid: 35.9 fb™'; dashed: 3 ab=t+"

Xie Ke=Pawn et al, 1907.08%94



Xs: exobic dec‘:avs

2.0r |
BI(X5/3—>tL¢+) = 100%
¢+—>W+’y+z
¢tV +—>t
1.5/ Solid: 35.9 fb™'; dashed: 3 ab™! The high-pT photon
nmay be used to tag

Ehis decaj mode!
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Xie Ke=Pawn et al, 1907.08%94



Exokie %op par%mer d@.cavs:
other channels

o Decays to a Dark Matter (collider
stable) scalar.

o ﬁe&avs to vectors.

o Top Fmr%mers with exotic QCD
charges: octets...



Cubloole

Light pseudo-scalars are ubiquitous: singlets +
colour octet (+ charged ones)

Partial Composi&emess -3 &op Par&vxers ak
colliders

Exobic c&@.&avs are Ehe norm!

Projections and detailed studies for LHC and
future colliders missing

' Direct production of the Light pseudo-scalars/
vectors: See bonus bracl,



Bonus Eracle



Model z.o-oi.ogv

Pseudo-Real Real SU(4)/Sp(4) x SU(6)/SO(6)

Defines tan( Theory confines!

=<QQX>

Note: there is enough bm*voms to give mass to
the top (and boktom) only’



Stihglets @ LHC:
b &C, TFlacke, G.Fervetti,
H.Serodio

1902.06%90

4

1

! T T 1 rrm O ! e rrr ! e rrrr ! rorrrt T TTIm T 1110

1 10 1 10
fy [TeV] fy [TeV]

2jet — WW
Zh — ZZ
yy@sd —— 2y
YY HU@T




Stihglets @ HL-LHC:

&C, TFlacke, G.Fervetti,
H.Serodio
1902 .06%90

T T T 10! T T

100 102 10° 1 10 10! 102 102 1 10
m, [GeV] f, [TeV] m, [GeV] f, [TeV]

101

—— tt — WW —— 1T —— 3/ab
— 2jet  — vy —— bb
Zh —— boosted T - Brgsm"’lO%




Stihglets @ FCC:

o Hadron option can Probe higher
nmass values

o The open light-mass window (18-68
GeV) ideal for FCC-ce!



Stihglets @ FCC:

FCC-ee (M1)

91.2 GeV
161 GeV
240 GeV
350 GeV
365 GeV

ACornell, A.Deandrea, BFulks, L.Mason
RO0O4 09%2E

Swall cross—-secktions:
high Lumimas&j T‘equiredf

ocro(ee — jja,a— tH17) (pb)

FCC-ee (M1)

91.2 GeV

161 GeV |

240 GeV
350 GeV
365 TeV




COM 91.2 GeV

ete” w1l a,a— 1T

FCC-ee
150 ab~!

Stihglets @ FCC:

Model

ROO4 09%2E

at the Z.wpata.

Machine Learning used to

merov& semsf,&ivi&j:

M, [GeV]

10
20
30
40
50
10
20
30
40
20

Cut and Count

20

3.55x10°%
3.40x10?
8.88x10°
4.17x10*
3.75x10°

30
6.00x10°
7.99x10*
1.67x10°
5.62x10°
3.38x10°
7.99x10%
7.65%x103
2.00x10*
9.38x10*
8.44%10°

i 1/ab

ACornell, A.Deandrea, BFulks, L.Mason

‘?ropasaci search with di-tau ciacavs,

Machine Learning

20
1.24x10*
68.5
103
7.13x10°
4.96x10*
446
74.9
210
2.06x10°
2.67x10*

Qequired integrated Lu,mi,hosi,&v

30
2.79x10*
154
232
1.61x10*
1.12x10°
1.00x 103
169
473
4.63x10°
6.00x10*




Colour octek

| tnesa | BROo
® — g9, 97, 9Z, (it) ' |
‘P&Lrﬂpraciu&wn Sihgl,ewprcwdu&wm
via QCD interactions via gluon-fusion
: s GC, ADeandrea, T.Flacke, Adyer
77 136 b 2002.01474

1500 2000 L 1500 2000
Mqy[GeV] . ; Mqy[GeV]

“béaajs wikh pka&oms are relevank!



Colour oclktet @ HL-LHC

Can we use pho&oms
< 4 | z , >C, ADeandrea, TFlacke, A Iyer
LA Pmr*prc:aduthom? 5 i

R002,01474

o Strategy: same baseline as pair-dijet search,
replacing one or two j with a photon

L 8 5h
BP1 (900,74.2) BP3 (1100,16.7)
Fale pka&om added: Y, =1/3 Y, =2/3 Yx = 1/3 Y, = 2/3
Zg999 10.32 748 gggg
o Zggqy 502 13.03 ggm 1.09
Sg9gy  0.48 1.74 ggm 0.22
;. g 1.91 21.08 | Zy5, 047
= ﬁ 2.81 Oggvy 0.09
BP2 (1000,34.4) BP4 (1200,8. 3)
Y, =1/3 Y, =2/3 YX:1/3 Y, =2/3
HL-LHC can PT’ObQ 7.5 5.45 gggg 1.91
up bo 1.2 TeV 2.19 6.07 ggm 0.63 1.77

0.29 1.11 ggm 0.24 0.92
0.98 1097 | Zygyy,  0.25 2.83

0.13 2.01 | 849  0.09 1.48




Colour octel @ FCC~hh
Caln we use pho&oms

GC, A Deandrea, T.Flacke, Adyer

LA PQ&"“P\"O(&MC&EOM? 2002.01474
= SEraEegj: same baseline as pair"dEJQE search,
reptaciug one or two | with a Pko&om
Fale pko&on added: 7 5

24
€jsy = 10 BP1 (2.5,270) BP2 (3,100)
Y, =1/3 Y, =2/3 Yy =1/3 Y, =2/3

N
||
Sk

Zogqy 117 308 | Zyggy  4.98 13.6
Zoggry AT 58.2 | Zygyy 287 31.1

FCC-hh can reach in the mulki-TeV range!



Light pseudo-scalars via the Higgs

D.Buarque Franzosi, G.Ferretti, L.Huang, JShy,
2O0S,1367%

A ~ hnn coupling

rrrrrr

— S/IA?

50 Leptonic _
— B (100% fakes) -

20 - —_B (50% fakes) -
3R Exes) ]

Events@L=3/ab
G

Events@L=3/ab
T N T

100 120 100 120

my[GeV] m,[GeV]

Figure 4. Left: Number of events for HL-LHC for the dominant background processes (2.5) after
selections (3.1) and (3.2). The solid lines refer to samples with two ME photons (n, = 2) and the
dashed lines to 1 ME photon (n, = 1). The dominant background for low m, are 3/2y and 2(2~
and for high values of m,, is 4/1vy with a fake photon typically originating from an electron. Right:
Total background (B) and signal (S) rates after selection cuts. The magenta curve is obtained with
the reduction of 50% in fake photon rates. The bands indicates MC statistical error.



Sigma-—assisted
misalignment

D.Buarque Franzost, &.C,, A.Deandrea
1%09.0914-6v2

- Grrowing lattice evidence for Light 0++ state
i models with walking window

The sigma mixes with the Higqs: universal
effects for all cosets!



Sigma-—assisted
misalignment

D.Buarque Franzost, &.C,, A.Deandrea
1%09.0914-6v2

o Grrowing lattice evidence for Light O++ state
in models with walking window (see later)




Sigma-assisted
misalignment

D.Buarque Franzost, &.C,, A.Deandrea
1%09.0914-6v2
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