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Composite Higgs (CH) in the CCWZ framework

Unitarity in Goldstone Boson Scattering (GBS)

v < E < m,: LET, O(p*) corrections and GBS at colliders.
E ~ m,: the scalar excitation.

Comments on Partial Compositeness (PC)

Conclusions
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1 - Composite Higgs (CH)

@ Technicolor (TC): 4D confining gauge theory Gpc with fermionic
matter — dynamical EW symmetry breaking (hierarchy problem)

(Weinberg 76, Susskind 79)

() ~ 2= f = v

e Composite Higgs (CH): Vacuum misalignment (Higgs is a pNGB)
(Little-hierarchy problem and doublet nature of Higgs)
(Peskin 80, Preskill 80, Georgi, Kaplan 84’, Agashe, Contino, Pomarol 05)

v ="fsin6
Model example (Gripaios, Pomarol, Riva, Serra 0902.1483):
Sp(4) | SU(3)e [ SUR). | U(T)y | SU4) | SU(6)
] o 1 2 0 A 1
Y34 | O 1 1 +1/2 1
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Condensation: the raise of electroweak scale and pNGBs

e UV Lagrangian ~
Luv =iy + 6L, + 0L

@ Global symmetry at quantum level (from kinetic terms) (U(1) is
explicitely broken by gauge anomaly)

G = SU(4)

@ Gauge interactions, fermion masses and other interactions might
break the global symmetry

@ Condensation at scale A ~ 4xf

<w cwﬁ C/eaﬁ cc’ > ~ f3E1£)J

@ Spontaneously breaks G — H

SU(4) — Sp(4)
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CCWZ formalism

@ Below condensation scale, the d.o.f. are the composite states,

e including the (pseudo-)NGB 7 from the symmetry breaking
manifesting its non-linearity properties

E(r) = e™X g(m) = €(n') = geh(g, )t

@ The custodial group SU(2); x SU(2)r “rotates” with the Higgs (or
pNGBs) vev

Q=eMXn/f T R =9QT[ RQ" SU(2)y left unbroken
@ Chiral expansion in 9" /f with the gauged Maurer-Cartan one-forms

wp = IV V= (0, — igW]T] — ig'B.TR)E
Wy = @u+@,=x,+s, Proj. to X4, 54
X, — hx,h', s, — hs,h + hO,hT
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o The leading order kinetic term O(p?)
f2
Lo = W<X//X/' + %)
@ generates the vev relation
v ="fsin6

o the Higgs-VV couplings modifications

0.98 (EWPO, indirect)
kv~ cosll —~ 1 0.90 (Higgs couplings meas.)
0.96 (SMEFT fit individual c,p)*
*Ethier, Ambrosio, Magni, Rojo 2101.03180
@ ¥ depict spurionic G-breaking terms contributing to the pNGB

potential
o At O(p4) Gasser, Leutwyler 84, Bijjnens, Ecker 14

Li = Lo(x"x"xux) + Li{x"x, ) (x"x) + La{x"x") (xux0) + L3{x"x,x"x,)
) ~\ I o “\2 2 o 2\
+  La(x"xu)(X) + Ls{x"xuX) + Le ()" + L7(X)" + 5 Ls (X" + X7)

i Lo(Fux"x") +1/4Lio(f2, — F2,) + Kif (xX"x. ) (X° + %°)
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2 - Unitarity of GBS amplitudes

o m2rb — 7719 scattering amplitude in exact SU(4)/Sp(4). Sp(4)

channels 55=1910d 14 = A® B @ C and partial waves, J
o Elastic unitarity condition read

Imay(s) = ]aJ(s)]2

ano(s) = am(s)+as(s)+ -

0 s
3,(40)(5) = T6:72 Low Energy Theorem (LET)
2
%o = S L (B0 (5 foni) 4 205
() = Hep [167r2 (12 Tagloelz) T2mi ) +3laln)
A Y pa LN ’ N ,
A ’ ~ - ’ N ,
N ’ A4 N N ’
~ 7’ N ,
@ + [ @ + ® +
RARR R R So RN
’ \ 7’ A 4 Y
4 AN V3 N P N
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e Unitarity/Perturbativity test :

@ LO prediction is conservative. NLO corrections anticipate unitarity
violation.

@ Unitarity implies an eventual resonance is lighter than
M, < 1.75/sin 6 TeV. (Similar bounds for vector channel).

@ Values of L;: 1/(47)? (NDA), specific combinations bounded by
unitarity and positivity Zhang, Zhou et. al. 18, 20

@ Inverse Amplitude Method (IAM) unitarization model derived from

dispersion relations, describes p hadron Dobado, Herrero, Pelaez 99’

sinf =02 |0
141 — 1o 1AM ‘ ‘ ‘ ‘
1.2 NLO 0.2HN

0.0~

L[(8Tev)

—0.2F~

-0.4

/
‘/?[TEV] 4 6 8 10 12
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, GBS at colliders

@ The minimal SO(5)/SO(4) is a peculiar coset because
SO(4) ~ SU(2) x SU(2). The unbroken projectors and operators can
all be split in independent terms

-} Neglecting CP-o0dd and terms with X Contino, Marzocca, Pappadopulo,
Rattazzi 1109.1570

L‘4 = C,'O,'
, \2 , \2 cL2y R2\
O1 = (xux")", O = (x,x")°, O3 =(E,;)—(E,,)

nz pv /o

O = —ilxux [FLEE 6F]), OF = (F0)), 05 = (LY = (B2
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Linearization and Universal relations

@ ‘“Linearization” to SMEFT in the SILH basis (Giudice, Grojean, Pomarol,
Rattazzi, 07) with extra dim-8 subset

L= Z %Oi-l- Z %

i=H,T,y,6 i=W,B,HW,HB P

4 C tHO,

; f2mf,(H H)O;

@ Universal relations from couplings due to the non-linear nature of the
symmetry realization can only be respect by including dim-6 and
dim-8 operators of the linear framework, e.g. the couplings
Z A [CPh)v + C2h(h/v)?] respect

th_l CHB
T[—ECOSGAJf 1+CHW (/f)

@ Moreover, leading operators in strong VBS (”)172 appear only at dim-8

in the SMEFT.
[ 203 [ f2o;f [ 20, |
[ —4(Ow — Op) | 2(Oxw + Oup) [ 2(Onw — Ong) |
l o [ rPo. [ l
[ 4[Ow + Op — (OHW +Oup)l | —4[Ow — Op — (Onuw — Opp)l | |
cy=1 ¢ =-1/3, c=—4/3
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Feynrules/UFO implementation

e Implementation of CCWZ framework in FeynRules/UFO at O(p*) to
describe CH collider phenomenology.

@ FeynRules/UFO provides a flexible tool to simulate collider events e.g.
in MadGraph, using all its features like polarization selection,
possibility to include radiative corrections.

@ Would allow e.g. a more robust test of the Universal relations.
e Difference of the CCWZ/CH framework w.r.t. SMEFT and HEFT:
e Universal relations from non-linear symmetry
o Natural inclusion of other pNGBs (in non-minimal cosets - minimal
coset is NOT realizable by a fundamental gauge theory. )
e and other heavy resonances e.g. spin-1 DBF, Cacciapaglia, Cai, Deandrea,
Frandsen 1605.01363

e HEFT decribes CH, with a set of Higgs expansion coefficients (Higgs
is treated as a singlet) e.g. Delgado, Dobado, Llanes-Estrada 1408.1193;
Alonso, Brivio, Gavela, Merlo, Rigolin 1409.1589, and resonances e.g. Dobado,
Llanes-Estrada, Sanz-Cillero 1711.10310
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GBS at Colliders

Bl e el

GBS are embedded in more complicated processes at colliders.
Longitudinal weak bosons are manifestations of the GBs (equivalence
theorem)

Polarized scattering with MadGraph_aMC@NLO DBF, Mattelaer, Ruiz, Shil
1912.01725

M@ — qHWiWy, A=0,T
Di-Higgs via VBF

Qg2 — q1qahh

Di-pNGBs via VBF:

Qg — qighm, @@ — qigyr°n°, -
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pp — jjhh at O(p*)

@ Trilinear coupling has to be added (from potential) - suppressed.

5 10° 1 sm
1 p%6=03
4 1 p6=03
8 g g
= = =
© © ©
@ b 9
[ @ 2102
1
0
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
mi(hh)(GeV) m(hh)(GeV] m(hh)(GeV]

Selection cuts
pr(j) > 20GeV, |n(j)| <5 M(j) > 200GeV
In(h)| < 3.5. pr(h) > 30GeV,
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@ Will ATLAS show an excess at high energy hh? JHEP07(2020)108

@ Non-resonant scenario parametrized “only” by ky and kpy Bishara,
Contino, Rojo 1611.03860

Other Lorentz structures are present - Other observables?
70wz, (At e gz, (f ot
m v 1 v + 1 V2 ) pnv 2 v + V2

DI = 91O — g P

ATLAS ¢ Damz0ieds

_ [ Mutiiet

(5=13TeV, 126" [ arnaar

Signal region B Mon allhad i
[ ooF nonresonant HH

Events / 40 GeV

it uncertainty

0 narfow resonance (800 GeV)
VBF non-resanant HH (k,,=3.0)

RN

Data / Pred.

200 300 400 500 600 700 800 900 1000
m,, [GeV]
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pp — jjWo" Wy at O(p)

1 sm
1 p%6=03
1 p%6=03,¢=1
10°
2 2 2
8 8 ]
= o o
(<] © ©
2 9 9
€ € €
] g g
] H 2
@ @ o
600 800 1000 1200 1400 600 800 1000 1200 1400 600 800 1000 1200 1400
mW*Ww-)(Gev] m(w*w-)(Gev] m(w*w-)Gev]

Selection cuts

pr(j) >20GeV, [n(j)| <5

M(jj) > 250 GeV, An(j) > 2.5,
In(W*)| <3.5. pr(W*) > 30GeV,
M(W*W™) > 500 GeV,

@ Same-sign WW has been studied in the HEFT context Kozéw, Merlo,
Pokorsky, Szleper 1905.03354
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VBS Polarization Analysis

31 _
e BSM scenarios ¢y = 0.8, cg = 0.9
s Selection cuts
o
g pr(j) >20GeV, [n(j)| <5
10 M(jj) > 250GeV, An(jj) > 2.5,
In(W*)| <25. pr(W=) >30GeV,
=25 M(W* W) > 300 GeV,
glég S p— X Very hard to distinguish from SM.
o | S AR S
300 400 500 600 700 800 900 1000
M(WW) [GeV]
pCMSM (a2 =1) p-CM CH (a = 0.8) p-CM CH (a = 0.9)
Process o [fb] fia/ o] | A | oCH/eSM | o] | A | oCH/oSM

wtw= 171 o 173 o 1.00 172 e 1.00

wiwy 119 70% 16 | 69% 0.98 15 | 69% 0.96

1/W0Jr W; 20.6 12% 21.5 13% 1.05 22.0 13% 1.07

_[JW.?: WO_ 23.8 14% 24.1 14% 1.01 239 14% 1.01

ijWO+ Wcr 5.45 3% 7.17 4% 1.31 6.01 4% 1.10
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Polarization variables

@ One can use polarization variables beyond typical VBS cuts to e.g.
extract the longitudinal component e.g. Mirkes 92, Bern, Diana, Dixon 11,
Stirling, Vryonidou 12, Belyaev, Ross 13 .

e In MadGraph_aMC@NLO DBF, Mattelaer, Ruiz, Shil 1912.01725.

pp — JWTW,, with W' = pufy, and W, — e 7,

Unpolarized
um of polarization(OSP)

um of polarization(MadSpin)
ranseverse(OSP)
ongitudinal OSP)
Transverse(MadSpin)
Longitudinal(MadSpin)

[pb/0.02]
3
e

do
dcos(0)

osp
MadSpin

§

*I 08 06 04 02 0 _02 04 06 08 —

cos(8)
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@ Can be used as tool to extract polarization fractions (see Carlos Cid talk)

1 do
o dcosf

@ and assess other useful variables, including selection cuts on decay
products, e.g. pr(e”) > 20 GeV,

8

do
dcos(6)

[pb/0.02]

OSP
MadSpin

0000 nrprEb
SN SN

E(1 + cos6)? f, + %(1 — cos0)? fr +

90 :10

" Unpolarized

Transverse(OSP)

w Longitudinal (OSP)
Transverse(MadSpin)
Longitudinal(MadSpin)

.« Sum of polarization(OSP)
Sum of polarization(MadSpin)

cos(6)

—08 06 04 02 0, 02 04 06 08 1

§sin2¢9fo

4

In(e”)] <25, AR(je)>0.4

o Very hard measurement. fy with DNN — ¢y ~ 0.9 at L = 3/ab 4%

systematics. Jinmian Li, Shuo Yang, Rao Zhang, 2010.13281

@ Current fy measurement at CMS: uncertainty ~ 130% CMS 2009.09429
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Other pNGBs

Electro-weak coset SU((2)L xU(1)y
SU(F))/SO(:B) 34 +30+ 211/2 + 1y
SU(4)/Sp(4) 24172+ 1o

SU(4) x SUEY /SU(4)p |30 + 24172 + 2412 + Loy + 1o + 1

Color coset SU(3). % UlL)y
SU(6)/50(6) 80 + 6(_2/3 or 4/3) + 623 or —4/3)
SU(6)/Sp(6) 80+ 323 + 343

SU(3) x SU(3)'/SU(3)p 8o

Ferretti 1604.06467

o At low energy VBS competes with other production mechanisms,

o Offshell Higgs and top contact interaction DBF, Ferretti, Li, Shu
2005.13578

@ DY for charged pions.

D. Buarque Franzosi (Chalmers Univ.) GBS in CH models 11/02/19

19/27



n production via VBF and double-n-strahlung

@ Double-n production via kinetic term (VBF, 27-strahlung) DBF,
Ferretti, Li, Shu 2005.13578

f2 _ M2 2 cos @ sin® 6
LD —D,UD*U" > (MpWH W, + =227, ) (1+ ———h— =0
8 2 v 1%
@ Single-n via WZW anomalous interaction (VBF, n-strahlung)
10 ?\\ ----- h* A=cos?6
! SN i [N (=800GeV inn
0.50 < 10¢ e iin
mé 0104 — Ww R § e T
® o0 — 2 f o
zy i
b 01’
001 50 00 150 200 250 300 80 100 120 140
my[GeV] m,[GeV]
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LET non-reson enhancement FCC-hh 100 TeV

@ No cancellations in EWPO sy < 0.2 (unknown alignment mechanism)
e pp — jjZZ — jjet e~ uTp events, SHERPA with typical VBS cuts.
@ Probability assumed to be a smeared Poisson distribution
@ Unitarity violation suppressed for sinf < 0.2 (Otherwise use
unitarized amplitudes WHIZARD(Alboteanu, Kilian, Reuter 08) and
PHANTOM (Ballestrero, DBF, Oggero, Maina 11)
DBF, Ferrarese 1705.02787

pp — ZZjj @ 100 TeV
= 10 ) L e CHLET scenario @ 100 TeV
]
S - T
<L — sinf=0.2
2 1.2
=y — sinf=0.15
s10 — sinf=0.1
3
<
3

—— ZZjj QCD+EW

—— LETsinf = 0.1

—— LETsing = 0.15
LET sin0 = 0.2

"
3

LRALLL I aLLL L R

ileobd bl

- S e e
iE
35 & E
o T3E Z
& 255 E
2E ,
= LS
7
b e T T T T T
4000 600 Booo 10000 12000 14000
M(ZZ) [GeV]
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. the scalar excitation

1 1 1
Ly = =k(0)F2(x,x") + Z0,00"0 — ZM25°
2 2 2
N 7’
“. 7 2m* Iog< 5 +1>
N . g 552 2 i mZ
Rt a%(s) = 5% m?,—irim,,—s —2my + ————%> +s
l’ \\
7’ ~
. 223
va= "0 T, ~ 5588, k(o) =1+ro/f +K'0%/(2f) + -
2.0 T T T
— LO — ua=1

Ua=0.5 — up=1.5

1gll o vas0S —uests <. DBF, Ferrarese 17

g =K' /2~ /2/5~ 0.63
Dashed: Fixed width
Dotted: Running width
Solid: 1AM

sind = 0.2

|ano(s)]
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2.0 e
1AM — =08
— go=0.63 — g,=0.4

v=1

Solid: Fixed width
Dashed: Running width
sinf = 0.2

[ano (s)]

5 6
Vs [TeV]

Unitarity and perturbativity give further information about effective
Lagrangian beyond pure dimensional analysis:

1.2
8 S 08and M, S — TeV
sin @
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@ The ubiquitous presence of a scalar composite state o (and vector)
might alleviate EWPO bounds

@ Ingredients: Partial Compositeness and typical couplings

@ Indication of light 0" scalar in near conformal dynamics e.g. Hasenfratz,
Rebbi, Witzel 16, Elander, Piai, 17

EWPO-+Higgs (gg+VBF)  tt

035| 7 T s

2206

1273

my[GeV]
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Scalar resonance at the FCC-hh, f = 1.2 TeV

.. 2m? .
@ Mixing h — o very small a ~ —, suppressed gluon fusion.
o

PP — ZZjj @ 100 TeV

o e e B L L B 14 CHLET+o scenario @ 100 TeV
2 El .
9 1 L m0=0.2- 1~ 1.20,~0.63
E=)
By 1ol = =015 vi=0.95,=0.
5 = sinf=0.1-v,=0.6g,=0.63
E sinf=0.1-vy=0.8g,=0.8
5 u
1.0 e e e

—— ZZjj QCD+EW

5
IR Bn At/ et e

10 —— LET+osinf = 0.1, v, = 06, g, = 0.63 @
—— LET+0sin0 = 0.15, vy = 09, g, = 0.63
. LET+0sin6 =02, v, = 1.2, g, = 063 1 -
10 3?—LET+Vsin9:O.},vA:U.?,gﬁzoﬁ E
0 S i vt RN i o IV I
4 BT
1B E
35 B E
S | E
5 25E i E
2E
15 E= E
H -
S v 5 I o S i P s
4000 6000 8ooo 10000 12000 14000

M(2Z) [GeV]
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5 - Comments on Partial Compositeness (PC)

@ One must address SM fermion in the CH context, in particular the

top-quark mass.

e Partial Compositeness (PC): top mass from mixing with composite
top partner Kaplan 91 and large anomalous dimension from Walking
dynamics Holdom 81 Example with 2 rep. of Gyc: EW v, and
QCD—charged X- Barnard, Gherghetta, Ray 13, Ferretti, Karateev 13, Ferretti
16

Sp(4) | SU(3)c | SU(2). | U(1)y | SU(4) | SU(6)
o
() | O 1 2 0 4 1
Y34 O 1 1 +1/2 1
X1,2,3 : 3 1 X 6
X4,5,6 M 3 1 -X

@ Typical pheno consequences:
o A light ALP associated to the non-anomalous U(1) e.g. 1610.06591, at
LHCb: 2106.12615
e QCD charged pNGBs (heavier than EW pNGBs) e.g. 1507.02283
o Heavy fermionic states (top partners and others) e.g. 1907.05929
e Contributions of top loops in pNGB productions — competing with
GBS
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6 - Conclusions

@ CH + PC continues to be a promising alternative to the SM.

@ It has striking predictions easily distinguible from other BSM models,

o that will be observed at the energy and/or precision frontiers of our
experimental aparatus.

e GBS, including VBS, di-Higgs, di-pNGB production are very
important processes in this context

@ The CCWZ formalism is the most appropriate to describe the CH
physics
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1 1 R
oy = EaM(HTH)a”(H*H), o7 = E(HT?”H)(HT?HH)
06 = AHTH)®, O, = yeH HF HE,

. P
_ 8 (i B o _E ey o
OW_Z(HUDH)D wa,, 03_2(HDH)BBW
Onw = ig(D*H) (D" H)WS,,,  Opg = ig' (D" H) (DY H)Bu,, .

cH=1 ¢ =-1/3, c¢=-4/3

[ 203 [ 2oF [ 2o, |
[ —4(Ow — Op) [ 2(Onw + Opp) [ 2(Onw — Onp) |
—

4[Ow + Op — (Opw + Oup)l —4[Ow — Op — (Oxw — Opg)]
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Liu, Low, Yin 1809.09126

Example of couplings table from
h

Z!

i

cl(NL)

cl (D6)

(1) bz, Drvz,

4cp) —
CTWW (72(:3 +¢ )

4+
—-¢, cosf
to o

2(cw + caw)
+2t2(cg + cup)

@) £2,, 217

2 W
_ 9w — -
2 (c4 + 2¢5 )

-2 (CZ— 72cg') cos O

—(cHw + tichs)

(3) bz, DHv A,

2t (cw + cHw)
—2tw(cg + cHB)

@) L2, AR

8 (7263 + c;) tw
4

—4 (¢, +2c;) tw

—tw(cHw — cuB)

(5) EwiDr W + hec.

4(—2c3 + C4_)
+4c4+ cos 0

2(cw + caw)

(6) $W,, wHY

74(547 + 2c;)
—4 (c;r — 2c;) cos 0

—2cHw
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2h 2h 2h
Z; . G (NL) Ci" (D6)
Qw (_ =
(1) ﬁz iy y Tcw ( 2c3+ ¢, )cos@ 1ch
V2R v +-2 ¢ cos20 2"
2“4
w
— 2 (c_ + 2C_> cos
(2) %z}wzW ES > lch
v 76% (c;r — 2c§r) cos 20 2
W
7 =
() 5z, DA, atw (=203 + ¢, ) cos0 ict
(4) 55 7,0, A0 —2tu (¢ +2¢; ) cost ict
B2t Dy — 2(—2c3 +C;)C°59 1ch
(5) WD W + hec, ot ce26 Yel
©) £W+ Y -2 (c4_ +2c5_)c059 1ch
V2 ey —2(¢f —2¢) cos26 6
4 5
7
@ “":}z‘iz# Scysin? 0 x
w
LTI — B 2
(8) T zrz 2 o sin© 6 X
7
(9) Pl Wiy 16¢; sin? 0 x
v
(10) 25ROTh vy - 16c sin? 0 x
v
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DBF, Ferretti, Shu, Huang (2005.13578)

e Although n — t — t vanishes, n?tf is always present,

h h? n? -
L O —myg (1 + ;K/t - f2 Rip2 — ﬁ’iﬁf tt
Q| tr Kt K2 | K2 An comments
6 1 cos 1/2 | 1/2 | cos6
6 |15 cosf 1/2 | 1/2 | cos@ | T3 =0of (1,3)
6 | 6 || cos(20)/cosf | 2 1 cosf ar=0
15 | 6 cos 1/2 | 1/2 | cos6
o n
umxm n
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Figure: Left: Total n pair production cross section at 14 TeV LHC for Q,, t§ in
the 15, 6 (cyan) and 6, 6 (magenta) including the coherent sum of contact and
off-shell Higgs contributions in solid lines, and only the off-shell Higgs in dashed
lines. Right: Excluded region in (m;;, sin @) space for the same choice of spurions,

using the leptonic selection.
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