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@ UV considerations from Anomalous dimensions of potential
top-partners
@ Composite states
e Vacuum, pNGB, o, p
o A light top-partners?
© How do partially composite top quarks interact with gluons?

@ Conclusions
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1 - UV considerations on Partial Compositeness (PC)
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@ Technicolor (TC): 4D confining gauge theory Gpc with fermionic
matter — dynamical EW symmetry breaking (hierarchy problem)
e Composite Higgs (CH): Vacuum misalignment (Higgs is a pNGB)
(Little-hierarchy problem and doublet nature of Higgs)

v ="Fsin0

@ Top-quark PC: Top-quark mass generated via mixing with composite

operators O ~ QxQ, xQx ...
2

oL = /g\%:__(QLOR + RO +he), Qu=(t,,b)"
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Fermion masses

@ The SM works pretty neatly.
Ly = —yHGLug + -

@ Yukawas are the only relevant operators — suppression of FCNC via
the GIM mechanism. Extra source of FCNC suppressed automatically
by v2/A3,,

e In TC, flavour scale Ar > 10* TeV > A1¢ generates low energy
4-fermion interactions, schematically:

00999, [5@Qdu |, [ aaou 1, [ dudu
F F F F

ETC PC FCNC
@ Extended Technicolor (ETC) (Dimopoulos, Susskind 79, Eichten, Lane 80)
e Partial Compositeness (PC) Kaplan 91

@ Yukawa is NOT the only relevant operator. Is it enhanced w.r.t.
4-fermion FCNC operators? — Walking Technicolor
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Walking Technicolor

Presence of the IR (near-)fixed point.

- A\ ) = A )Y@ <
(QQerc) ~ In (A=) (QQrc) ~(5e=) " T (@ere)
: n .
i (¢4 o ncur—coniomml

A= 100-1000 A,

uv

A Energy Ar A’ 4

e For ETC, H= QQ, As = [HTH] is bounded by d = [H] and a large
enough Ag infers d close to 1 which revive the SM hierarchy problem
Ratazzi, Rychkov, Tonni, Vichi 08, 10.

@ In principle, PC does not have this problem, but still a large
anomalous dimension is necessary.
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malous dimensions of potential top-partners

DBF, Ferretti 1905.08273

@ Even before understanding the dynamics, more fundamental

symmetry-related requirements to construct PC models are important

Ferretti, Karateev 13

@ A list of most promising candidates with fermions in 2 representations

of GHC IS
[ Name [ Gauge group [ P [ X [ Baryon type ]
M1 S0(7) 5% F 6 X Spin PXX
M2 50(9) 5xF 6 X Spin Pxx
M3 S0(7) 5 X Spin 6 X F Ppx
M4 50(9) 5 X Spin 6 X F Papx
M5 Sp(4) 5 X Ap 6 x F W»xXX
M6 SU(4) 5 X Ay 3 x (F,F) PXX
M7 50(10) 5xF 3 X (Spin, Spin) Pxx
M8 Sp(4) 4 x F 6 X Ay Papx
M9 SO(11) 4 X Spin 6 x F Ppx
M10 S0(10) 4 x (Spin, Spin) 6 x F Dipx
M11 SU(4) 4 x (F,F) 6 X Ay Ppx
M12 SU(5) 4 x (F,F) 3 X (A2, A7) DX, bxX
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One-loop anomalous dimensions

o We are interested in objects like(X,, Y3Z,) and (xavgzb, X a Weyl
fermion and (...) an Gyc invariant.

@ The anomalous dimension has a wave renormalization piece and a
piece from diagrams like below

N
Pagy X ayz

1
’Y’J(g) - £ <3U - §5U(3x +ay + az)) .
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@ We can construct now 3 hyper-color singlets with opposite quantum
number of third family g, and tp

@ and compute the coefficient A, v = lg—22A

67

) ~) )

potential top-partners (1/2, 0) other (1/2,0) (1/2,1) (3/2,0) PP X X

M1 2778, - 9/2 39/8 9/8, 3/2 33/8 9 63/8
M2 11/2, 6 15/2 572, 2 13/2 12 27)2
M3 3978, -9/2, 27/8 9/8, 3/2 33/8 63/8 9
M4 11/2, 6, -15/2 572, 2 13/2 27]2 12
M5 3/2, 6 15/2 /2, 2 9/2 12 1572
M6 -15/4, -15)2 35/4 5/4, 5/2 25/4 15 45/4
M7 4578, 27/4 81/8 2778, 9/4 63/8 27/2 | -135/8
B 15/2, 6, -3/2 1/2, 2 9/2 15/2 12
M9 45/8, -15/2 105/8 35/8, 52 75/8 165/8 15
M10 45/8, -27/4, -81/8 2778, 9/4 63/8 13578 | -27/2
MI1 3574, -15/2, -15/4 5/4, 5/2 25]4 45/4 15
M12 66/5, -54/5, -18/5 6/5, 18/5 225 72/5 | -108/5
-24/5, -36/5 -72/5 24/5 12/5 48/5 -108/5 | -72/5
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Position of IR fixed point

2
3
.4
5

B (Np=12)

SU(3):
Perturbative expansion not very reliable.
Disagreement in the Lattice community.

2-loop seems to reproduce better lattice results.

4 loop over-estimate the conformal window and give small g* - result
in Pica, Sannino 16 based on 4-loop.

@ We use a more conservative approach g* between 2-loop and 4-loop
Zoller 16

@ More sophisticated methods to use perturbative expansion exist e.g.
Antipin, Maiezza, Vasquez 18
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Results

@ Free dimension [XXX] =9/2. A v* ~ —2 would make a good

enhancement.

@ Showing the largest absolute

(negative) anomalaous dimension
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@ Can identify promising model
M8 are not promising!)

candidates (most studied models M6,

@ and the specific most promising top-partner candidate.
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2 - Composite states

o Below chiral symmetry breaking scale A = 4xf, hyper-quarks
condensate into composite states that can be described by Chiral
Lagrangians

spin | SU(4)xSU(6) | Sp(4)xSO(6) | names

QQ 0 (6,1) (1,1) P

(5.1) x

XX 0 (1,21) (1,1) A

(1 T

XQQ 172 (6,6) (1.6) 0

(5.6) !

M8 as example PSR VR R () we | u
. (5.6) ¥}

Symmetry breaking RN i
QxQ  1/2 (15,6) (5.6)

pattern SU(4)/Sp(4) ) e | b
ﬁg » (15, 1) (5.1) a

(10.1) »

Xotx 1 (1,35) (1,20) ac

(1,15) Pe

Ferretti et al. 1312.5330, Ferretti et al. 1604.06467, Cacciapaglia et al.
1507.02283, Bizot et al. 1803.00021

@ What are the phenomenological implications of IR physics from this
PC framework?
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Effective Chiral Lagrangian

o Let's start assuming heavy (integrated out) fermions.

@ Including (pseudo-)NGB and a scalar techni-sigma excitation
n 5.
Y =exp [2\6;(%)} Eq, Mo=> MogXo, h=MNg, n=My
i=1

2
L = kg(a)%DMZTD“Z - %(a,m)2 — V(o)

fC . o
+ k(o) }/L}Z'%(Qat ) T (PSP + hec.
— K(0)Ve = kg(0) Ve = k(o) Vin

Loop induced and techniquark induced potential

G

top-quark PC: V, = Wkt(a/f)z(yfyﬁTr [Pex! P, X Tr [ZPL, TP
T
Gauge: V, = Coke(a/f)’ (g’ Tr[S'E(S'T)" ]+ " Tr [S°Z(S°X)*])
techniquark mass: Vi, = Cpnkm(o/f)fPmqTr [EgX].
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Sigma-assisted natural composite Higgs

DBF, Cacciapaglia, Deandrea (1809.09146)
Typically, the top interactions dominates the misalignment dynamics

(0V /06 = 0)
V(Q) = Vtop(e) + Vgauge(e) + Vmass(a)
ETC:s2 — 1 s2—0
PC: s3 —1/2

@ In Partial Compositeness (PC), m; o fsy9, so top loops give
V ~ f2m? which minimizes for § = 7 /4

e PC provides a natural EWSB+CH mechanism,

@ However, a large 0 leads to large modifications in the Higgs couplings,
EWPO and coupling measurement problems

OV v c
KV:L:CQ% \[2/2, /ﬂtziagmt:ﬁéo.
v fm; Co

with the top coupling specially severe, since cog — 0 in the PC
dominated case.
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The role of heavy composite states

The problem

The common lore is that CH needs high scale f = 1.2 TeV to avoid EWPO
and Higgs coupling constraints, which requires fine-tuning.

| A

Our claim

@ The ubiquitous presence of scalar and vector excitations help
alleviating these constraints.

@ The expected masses and couplings of these states, from unitarity
arguments and from lattice calculations, provide the correct
parameters to evade the bounds.

@ We predict novel signatures not yet fully explored that can be
searched for at the LHC.
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o Perturbativity, |k/| < 4, pert. unitarity v = f <1(y=02in
the plot), I'/mp, <1 (black curves, 0.3, 0.5, 1)

o EWPO, o creates the valleys and vectors shift and broaden them.

e Higgs measurements, k¢ v. I'(h— nn)
(dashed line) for m,, = 0 - larger masses
(my, or A rep.) opens parameters space
and interesting experimental signatures.

mp,[GeV]

@ Dynamically inspired composite
resonance profile works nicely. o:
|k | ~ 1.2 vy r—11—>]av|—1
with My = 4rxf, g = 3.
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Direct searches

° (CMS 18') and pp — hy — tt (from DBF, Fabbri,
Schumman 17)

hy hy 12

gg |re” Ar(Te) 154’ |

o = —_—
7= 90 T AP

Bolzoni, Maltoni, Moch, Zaro 11’

+ UXBF(H’\I;)z gg: Anastasiou et al. 16, VBF:

\I_ 2206 0.85- | i \ 1273
1273 P \\

986
833

735

cos(26)
mp,[GeV]

665

611

569
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One nice top partner
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@ 1 sector condensates SU(4)— Sp(4): EWSB, 5 (p)NGB (Higgs
doublet (H) + singlet 7)

@ Y sector condensates SU(6)— SO(6): 20 (p)NGB (7. ~ 84+6+6)

U(1)? — 2 abelian pNGB: a, i’ (anomalous)

Bunch of fermionic states, 12, 1, 5, 10 of Sp(4) — top partners
and top mass via PC

1

4
+1/2 1
6

2
1
1 2/3 1
1

QI QO b=t i

@ + vector states, o, and higher spin stuff...
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Low energy spectrum

Q Vs> ( )1/6 - (;(22)7/6 +Ts

Assumptions:
@ Only one W (much lighter than others)

@ W lighter than 7. and vectors (might be motivated)
Lagrangian:

_ o~ = _ Ks CS i
L=—yfQVgr—yrfV tg — MV, Vp +h.c + sgé/ 2\; V VMZ/ . fmf Fraf

S

e Top partner (V) sector, 3 free parameters: f, yg, M (Use y; to fix
mt)

@ Scalar (s = a,n) couplings quite fixed

D. Buarque Franzosi (Chalmers Univ.)
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Scalars

- a,n decays

500 700 1000

>
10 50 100 500 1000 100 150 200 300
m, [GeV] my, [GeV]

Bizot, Cacciapaglia, Flacke 18
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@ Small mass expected m, oc my, completely generated by
technifermion masses — small to avoid fine-tuning.

2 o ~2  EA, 2,0 2.0 ~2 92 (0 — cop)
m, = m,+ Z(mh/ce — mnte), A, = mhsg(é B y—
ov

= 2135y (fCt’(Czo —6)co — 2Cmm¢) =0.

@ Decay n — Z7 dominates in the range 65 GeV < m,, < 170 GeV using
Bauer, Neubert, Thamm 17

1oL ww fi(Acos6)=500GeV |
— //

Zy
— bb /
| — v

50 100 150 200 250 300
mg[GeV]
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o T, Xy3, t’ mix to mass eigenstates t, T1 .
b',B — b, By
T, Xs/3 remain unmixed.

@ 3 light top partners, M3 = st/3 =M

o Competition BSM vs SM decay
BR(T — tn) = 100% BR(Xs/3 — tW) = 100%

e T; a bit heavier M, = M + O(v?/f) and decays more
democratically and model dependent

o Ty, B much heavier M? ~ M2 + y, 2

24/07/19 21 /37
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° pp— 7o ttnn — tt2y2Z is a quite striking signature, can it
compete with the SM decay pp — X5/3X5/3 — ttW™ W~
(M > 1.3 TeV pair-prod. ~ 1.6 for k=1 incl. single prod.)? Try to

answer in 1907.05929.

1400|

Significances for yZ SR | 6Bys=10%

pp->{F-(St)(ST)
Kw=-kg

1200

50 == =20

W 1397 (run Il)

1000 W 300 b7 (run 1)

800

ms [GeV]

600

.
s
s
s
\
\

-
\
|

200

800 1000 1200 1400 1600
me [GeV]

600

@ For large masses M, single production might become competitive. In
this case the couplings are relevant and might enhance the singlet

production.
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@ Analysis not optimized. Limited by MC statistics. Could look at 2
branchings.

@ Neutrino channel could be interesting
pp — nntt — ZZ~~vytt — LT vu+ jets

@ Relax assumption, e.g. lighter vectors and 7

D. Buarque Franzosi (Chalmers Univ.) Pheno considerations for top-quark PC 24/07/19 23 /37



3 - Gluon interactions to top partners and top quarks

DBF, Tonero 1907 . XXXXX

@ A composite state interact very differently than a point-like particle.

@ Our goal is to estimate the typical scales and effects of these modified
interactions for
@ top partner production;
@ partially composite top quark production.
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The proton inspiration

ete™ — pp Bijker, lachello 04
o~ 422 Oy (s) (/1 — 2 (1 n 2MZ) | Ger ()2

S S
|G ()2 + 242 | G (s) 12
| Get(s)* = ( (HM) )

: : : s Point-like: |Gegr(s)]* =1

FlGeV)

---.- proton exchange
— —1,(1950)

Yy — pp (K{usek—Gawenda, Lebiedowicz,
Nachtmann, Szczurek 17)
Exponentially suppressed w.r.t. point-

G (yy— pp) (nb)

059}‘( 0.6
lle .

le .
5 TES B, like case.
107k} I VENUS
o L3
v OPAL 1
-4 by By el
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One-gluon form factors

@ Elementary t’ and composite T’ states mix to form the mass
eigenstates (t, T) (simplified model with a SU(2), singlet T)
ttR=CcLRtLrR+SLR TR
@ In fully analogy with the nucleons EM interactions, the interaction of
T’ with a single gluon can be parametrized at tree level by the form
factors
ia"q,

2M

(e = e 7T [ A + Rl T

Fl(q)—]-"‘mfl( q°), F(0)=1, F(0)=rg

@ The top quark acquires non-standard interactions from the mixing

a -Ta io-/“/qu
(2 = af T [V R + T FE (@)

2
FE(@) = 1+ (2P + sk PR)ypila) . FEF(67) = suswPald”)
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Phenomenological parametrization of the form factors

@ Data from several proton scattering experiments are well fitted by the
so-called dipole approximation

2 -2
_ q i 2
GE(q*) = n™'Gp(a®) = Gp(q®) = (1 — T el9l ))
D

2
GE(a) = F'(a) + 410 (@), Gi(@") = F'(@") + F'(a”)
P
@ In the time-like region an extra absortive factor and resonances
eventually appear (with more sophisticated models)

A similar behavior is expected for the top partner. We use the dipole
approximation to parametrize the gluonic form factors of T' for ;1 < m,,

Kg

Fi(q®) = Go(q°) (1 + 1—4M2/q2) . Fa(q®) = Go(q?) (1_qf/g(4,wz)) :

D. Buarque Franzosi (Chalmers Univ.) Pheno considerations for top-quark PC 24/07/19 27 / 37



Probing form factors in qg — TT

|
'
|
; N y

Ng 0.100 \\\ — n=nl6 — n=ril4 }-
0.010 _
10-5 EFT ----- Full . - 0001 EFT ----- Full
0 5 10 15 10 0 5 10 15
Vs[Tev] Vs[Tev]
pure case (C[_ =Cr = 1) top-partner (simp. model \ = 3)

@ Scales (arrows): Ac1, Aco, m, = 6f and 2mt.

e Parameters: M = 9f, Mp = 5f, f = 0.6 TeV and kg = 2. Inspired by
SU(4) lattice calculations Ayyar, Degrand, Hackett, Jay, Neil, Shamir,
Svetitsky 18
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Effective low energy expansion
@ The Pauli and Dirac interactions can be derived from the EFT

&

Lerr = vz

By To(s2PL + siPr)th(—D?)D” G2, + f—;ﬂsLsta“” T.thy(~D?)GZ,

= ATE’Y“ Ta(SfPL + 5,‘2?PR)tDV G/jy + g;;\jlg s spto™” TatGEU + .-
c,1

&R Y 8shg =
— Sth“TatD G, + ‘:I\j to" T,tG;,

@ Leading dimension (last line) is the typical framework for the study of
top—quark structure, Englert, Freitas, Spira, Zerwas 12, Englert, Gongalves,
Spannowsky 14, Fabbrichesi, Pinamonti, Tonero 13, ... - based on the
assumption that new physics sits at high scales.

@ This is generally not justified. E.g. proton A, ~ 600 MeV.
Nonrelativisitc quark model (NRQM) (Manohar, Georgi 83) —
intermediate scales where pions and quarks coexist Ac < p < Ay

@ PC might present a low compositeness scale with small
coefficients, not well described by the leading dimension
Lagrangian

2 1

2 2 Kg _ e
L - M e

= /\_
M2~ 4M? ©
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Probing form factors in gqg — tt

yof| — 6=m6 0=ri/a

10 \
o N
- \
L_'? ‘\‘ _pmmrnmmnnns
08 \ 7"
T
\ _/
06 EFT ----- Full []
0 1 2 3 4 5
Vs[Tev]
2
| Gerrl”.

o Parameters: M = 9f, Mp =5f, f =0.6TeV, kg =2 and A =3
(s = 0.091 and sg = 0.313).

@ Scales (arrows): Ac1, Ac2 and m, = 6f.

@ Mixing angles enter only linearly — higher dimension operators are
relatively more relevant than naively expected

@ Chromomagnetic moment more suppressed than Dirac-like
interaction: s;sg and helicity suppression.
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Results for qg — g* — - --

o Large suppression in qGg — TT.

@ Enhancement in the total cross section of qg — tt ~ 1%, with
m(tt) > 1TeV ~ 4%.

@ A new single production mechanism. Energy dependent g* — ¢t T
(parametrization more complicated due to different spinor masses)
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Two-gluon form factors

o To describe gg — T T we can get hints from vy — pp process in

ultra-peripheral ion collision.

@ The main contribution near threshold can be modeled by the proton
exchange mechanism and the £(1950) resonance (the handbag
mechanism contributes at high energies) Kiusek-Gawenda, Lebiedowicz,

Nachtmann, Szczurek 17

100 F—r——— 1y

10:
=
(5] 1:
&}
4
i)
£ 0.100¢
£
T o010}
o
0.001L— point-like
FF
T S S S R
2.0 25 3.0 35 4.0
Vs [Gev]

Yy — PP
proton exchange contribution
| cos 6| < 0.6.
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gg — TT
@ A similar suppression is expected for the top partner production.
e Only F(q?) contributes. Dirac operator (f1(g?)) equivalent to 4f
operators at tree-level
@ We assume no resonance near threshold.
@ The soften of the cross section can be parametrized by an overall
exponential form factor F(t, u,s).

MT - MT,bareF(ta u, 5)

F(t,u,s)? + F(u, t,s)? sH+u—t . s+ 2t+2u
F(t,u,s):%, F(t,u,s) =exp | — A2 , F(t,u,s) =exp T2
+ F(t,u,s 2 2
2x10*
= 1x10*
3
g i
,g. 5000 point-like
= FF
B
1)
=t
2000

20 30 40 50

Vs [TeV]
mr =9f, mp =5f, k=2, Ar = 11f, f = 0.6 TeV, |cosf| < 1.
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gg — tt

e Pauli-type interaction is doubly suppressed (Helicity and s; sg).
@ Details of the form factors form not extremelly relevant. We use the
ansatz

Fe(t,u,s) = (1/2)[(c} + c3) + (s? + s3)F(t,u,s)].

1.005

=}
S
S

0.995¢

0.990 -

(do/dE)/(dor/dE)sm

0.9851 FF

0.980

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

VsTev]
mr = 9f, mp = 5f, R = 2, /\T = 7f, f= 0.6TeV.
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Conclusion

PC is a promising alternative to give mass to the top quark in models
of DEWSB.

We can estimate best model candidates and top partners from largest
anomalous dimensions.

Composite resonances may play a role in experimental constraints,
even in EWPO,

@ and have phenomenological implications.

Top partners from composite completion may have interesting
experimental signatures.

The existence of compositeness effects before the appearence of
resonances is well motivated.

We expect a large suppression in the production of the top partner
pair, that might be relevant for current and future searches.

The deviations in tt production are expected mostly in gg initiated
production.

New energy dependent single production channel is a possibility.
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Simplified model:
LD —MT/ Th—yQ HTh— AT/ th+hc

Bounds on operators:
With QCD corrections at NLO DBF, Zhang 15

my
—0.0099 < sLsRmﬁg < 0.0123

Barducci, Fabbrichesi, Tonero 17

2 K
—0.018 < (s7 + s3)m? ( — g) <0.017.
FAMZ O aM?
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Composite Higgs

Sp(2N.) [ SU(3), [ SU2), [ U(L), | SU(4) [ SU(6) U(1)
81 O i 2 0

2

5, = i i 7 4 1 | —3(N.—1)gy
Q4 O 1 1 —1/2

A model example: Gripaios,Pomarol, Riva, Serra 0902.1483
Luy = QiPQ + 6Ly + 6L,

@ Global symmetry SU(4) spontaneously breaks to Sp(4) via the
condensate SU(4)/Sp(4)

(Q! Q3 pevPec) ~ PEY
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@ The direction of the vacuum can be parametrized by the vacuum
misalignment angle

Eq = cosE, +sin QES

° Eg: vacua that leave the EW symmetry intact.
EQB: vacuum breaking EW symmetry to U(1)gm

@ Generates hierarchy between compositeness scale f and EW vev v

v="Fsin0

e Higgs = pNGB EW doublet of spontaneous SB G/H.
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Partial Compositeness, Kaplan 91

Sp(2N,) | SU@), | SU@), | U(L)y || SUM) | SU(6) ()
81 a 1 2 0
2 PYZ NS
o - . - 7 4 1| =3(N.—1)gy
Qa &) 1 1 ~1/2
X1
X2 H 3 1 s
X3

1 6
x4 %
X5 H 3 1 -z
X6

A model example: Ferretti, Karateev 1312.5330

@ Top-quark mass generated via mixing with composite operators

5£‘—7(QOR+1'RO +hC) Q—(t b)
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Typically top interactions dominates the misalignment dynamics.

In Partial Compositeness (PC), m; o fsyg, so top loops give
V' ~ f2m? which minimizes for s3 = 1/2 (different in ETC, sp — 1)
PC provides a natural EWSB+CH mechanism.

Large sy leads to modifications in Higgs physics and EWPO, which
can be alleviated by the effects of composite resonances, f 2 600 GeV.

mp,[GeV]

DBF, Cacciapaglia, Deandrea 18
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@ This framework relies on the presence of an approximate IR fixed
point and a large anomalous dimensions v* of O.

@ Defied by low values of v*, Pica, Sannino 16. Their results however rely
on the 4-loop S-function.

o No agreement in the lattice community either about the presence and
magnitude of IRFP in some theories.

@ A more modest and conservative estimate still allows for a large
anomalous dimension and regards PC as a promising alternative

to the SM.
¥ -1.56 -1.01 -0.71 -0.52
g -0.43 -0.36 -0.31 -0.26

s \ -158 -2 -o72
-0.43 -0.36 -0.31

7 Y 160 -1.03
h -0.43 -0.36

-1.63

6 ms -0.44

5 6 7 8 9
NSpin

Example SO(7), more comprehensive study in DBF, Ferretti 1905.XXXX
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Techni-o unitarity implications

@ A striking evidence of strong dynamics is the growing (with E?)
behavior of Goldstone Boson Scattering (GBS) amplitudes

S .
7:725”’]20.
- "4

B P VLRSS AR AR @ controlled by strong effects at high energies,
12 / broad continuum or composite resonances,

saturating unitarity - similar to hadron physic
the scalar excitation is therefore its unavoida
consequence.

|aao(s)|

@ |AM unitarization, based on dispersion
V5] relations, predict very well hadronic spectrun
and give us a guidance.
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o Unitarity implies that a eventual resonance lighter than v = <1,

My
4\/mf ~

and the closer it is to this limit, broad/continuum excess take place.
2.0

1AM — g,=0.8
— §o=0.63 — g,=0.4

v =0.86

Solid: Fixed width
Dashed: Running width
sing = 0.2

|ano(s)]

Vs[Tev]
@ The above analysis assume f > v and neglect low energy interactions.
@ Unitarity indicates also reasonable values for the coupling g, = k¢ /2 ~ 0.63,
which approaches the unitarized amplitudes.
@ Increasing evidence of the presence of a light scalar state in theories with an

infra-red conformal phase from lattice and gravity duals Athenodorou et al 16,
Aoki et al 17, Elander et al, 17
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o — h mix

I Am,2,+Bn"12
€20 ’

A = kp — 2k
52 (K~ 2K).

B = (K, + k) - 3ke] + (ks — 2K)

...and modify Higgs couplings

(hl) _ ( Ca  So ) (h) /i’\7/1 = cyCa + (kg /2)s950
ho —Sa  Ca g /g’(/z = —CgSo + (klc/2)59ca
c
kM= L k;S9Sa
Amp, + Bii @
By R = — s+ Kisica
oz h C@
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Vector composite states

@ Unitarity and dispersion relation arguments can also be applied to the

vector resonances leading to |a, = \[Mp(l L )| (DBF, Ferrarese, 17')

T4 — Lo
12 — NLO — LO+v

lag1 (s)|

@ Similar result from width bounds DBF, Cacciapaglia, Cai, Deandrea,

Frandsen 16’
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i - Consistency of the theory, which includes perturbativity of the
couplings and perturbative unitarity of pNGB scattering;

ii - Higgs property measurements, namely its couplings and total width;

ky = 1.035+0.095
ke = 1127517
Besm < 0.32  Higgs will decay to n if m, < my/2
iii - EWPOs;
1 — (k)2 A 2
AS = Mlog——(ﬁ v) og 1 1+ AS,
om Mp, om Mmp,
AS, — 167(1 — r?)s3

= DBF, Cacci lia, et al. 16’
2(g2 n gz) — g2(1 — r2)502 acciapaglia, et a

iv - Direct search of the heavy scalar.
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R (s)
crc ReFy(s
M L 2

2m2\ T (2m% + s 3
2 2 2
|Gett, 7(5)] = 1+ (1 + TT> {#(CR + ¢ )Refi(s) +

2 2 2 2

mT 8mT +s 5 5 2
+— cp +¢ 1—- L +66c— fi(s 7T cpe |Fa(s
Y, |:(R L)( s ) RL :|‘1( )‘ M2 R L‘ 2( )I

3MTS (4 )Ref(S)FS () b - Q)
2Mm3
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=/ 8s = 8s -
Ly = TirtD,T + M—ZT’W T.T'A(-D*)D G}, + ﬁT’o”“’ T.T'Fa(-D?)G},
(2
L,y =t "Dyt (3)
L =Ly + Ly + Lmass
£ = Tiy*DuT + &y Dyt — mpTT — meft
& - u 2 2 2 &s - 2
+mm" Ta(sPL + sgPR)th(—D°)DY G}, — msLtha‘WTath(fD )G
8s = 2 2 2 8s = 2
+W Ty" To(cp PL + cgPR)T i(=D")D" G}, + mchRTa‘“’ T.T F2(=D%)G,,
8s _ 2
+Wm“ Ta(srerPr — sLeLPL)T Ai(—D?)DV G}, + (t < T)
8 _ v 2\ ~a 8 = uv 2 ~a
+mto' Ta(—s crPRr + sre  PL)T Fo(—D )GMV + mTo' Ta(cLsrPr — crsyPL)t Fo(—D )GMV
+... (4)
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HO* Ht
H@SE( . 0)@56(2,2)@(1,1):5 (5)

—H H

T X =~
wE(B T,)@Te(2,2)®(1,1):5. ©)
iv2 ) _1

T = exp TI‘I , transforming as: ¥ — g¥h™ ~, for g € SU(4), h € Sp(4), (7)
L=y fTr (@szRzT) + yrfTr (z*u’:LzT"fR) — MTr (¥, Wg) + he. (8)
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R

= - _ = T,
Loops == (2 T T T1) (M + hT, + srs> IZ + he )
Tr
0 nycos2 (g) 7nysin2 (%) 0
RE sin 0 M 0 0
M=\ V2
YR 0
Vel sin 0 M 0
0 0 0 M
0 —%yLsinH —%yLsinH 0
YR
I — \/55050 0 0 0 (10)
h YR
Wcose 0 0 0
0 0 0 0
0 0 0 nysme
Is = 0 0 0 0
0 0 0 0
iyrcos® 0 0 0
2 2 2
YLYRfv 1% v
. = \L/;M o<ﬁ>, my =M, mt//:M+O<E>, t,//7M+O<f2>. (11)
M ny nf =
th—MtL-%— ", TL:VtL+ﬁt£//, T =t', Ti=t (12)
yRVM yrVM YRV
T =tr + fM th + NIT tg', Tr=tp — Nir try, Th=tn — \/EMtR’ Tr = tg
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