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@ Introduction: Composite Higgs (CH) models

@ CCWZ formalism for CH models

© Towards predictions: (pseudo-)Nambu-Goldstone Boson (pNGB)
Scattering at the LHC

o Di-Higgs and VBS at O(p*)
e pNGB pair production in non-minimal models

© Heavy composite resonances

@ Conclusion
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Introduction: Composite Higgs (CH) models

@ Technicolor: 4D confining gauge theory Ggc with fermionic matter
— dynamical EW symmetry breaking (hierarchy problem)
(Weinberg 76, Susskind 79)

(W) ~ 2 = f=v

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

v ="Fsin6
Model example (Gripaios, Pomarol, Riva, Serra 0902.1483):

<¢A,c¢b’,c'€a65x/> ~ f3EY, Ey = cos GEJ + sin (9Ei3

Sp(4) | SU(3)c | SU). | U(1)y | SU(4) | SU(6)
] o 1 2 0 A 1
Y34 | O 1 1 +1/2 1
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Partial Compositeness

e CH: flavour scale Ag > 10* TeV >> A1¢ generates low energy
4-fermion interactions (Q =SM fermions, ¥ = hyper-fermions)

¢www+ ﬁwoo 4 [R2Q 4 .+ [v2909
ETC PC FCNC

e Extended Technicolor (ETC) (Dimopoulos, Susskind 79, Eichten, Lane 80)

e Partial Compositeness (PC) (Kaplan 91)

e Yukawa is NOT the only relevant operator. Enhanced w.r.t. 4-fermion
FCNC operators? — Walking Technicolor and large anomalous
dimension (Holdom 81)

Model example Barnard, Gherghetta, Ray 1311.6562, Ferretti, Karateev 1312.5330

Sp(4) | SU(3)c | SU(2)L | U(1)y (4) | SU(6)
P
() | O 1 2 0 4 1
V34 O 1 1 +1/2 1
X123 | [ 3 1 2/3 1 6
X4,5,6 u 3 1 -2/3 1
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Condensation and composite states

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

QQ 0 (6,1) (1,1) o
(5,1) T

XX 0 (1,21) (1,1) T
(1,20) e

QQ  1/2 (6,6) (1,6) P
(5,6) %

XQQ 172 (6.6) (1,6) vy
(5.6) v

QxQ  1/2 (1,6) (1,6) )
QxQ 12| (158 (5,6) vi
(10,6) 30

QolQ 1 (15,1) (5,1) a
(10,1) »

Xot'x 1 (1,35) (1,20) a.
w1s) | s

Below condensation scale hypercolor-neutral composite states are formed
Scalars: pNGBs 7 (and QCD charged 7¢), o excitation

Vectors pH, a (pt, at)

Fermions (including top partners)

U(1) ALP (anomalous and non-anomalous)

Extended content: conformal dynamics, dark matter candidates (e.g.
1808.07515), ...
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A common framework for the collider simulation of CH models.

Construction of the Lagrangian within the CCWZ formalism

Callan, Coleman, Wess, Zumino 69
Power counting (~ EWxL): p?, g2f2, myf, yf?

Precision: Incorporation of operators at NLO in the chiral expansion.
Only pNGBs, EW bosons, SM fermions.

Exploration: the production and decays of new states, pNGBs, and
heavy resonances.

Respecting the approximate symmetries of the dynamical breaking,
including relations in the interactions between pNGB, gauge bosons,
SM fermion and heavy composite states.

Implementation in FEYNRULES/UFO (in progress)

Flexible tool to simulate collider events e.g. in MadGraph, using all
its features like polarization selection, possibility to include radiative
corrections, parton shower etc.
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pNGBs, EW bosons and SM fermions

1
WB WJ.//// o ZB/”/B////

iy vy L
(xFx, + x+) 2 Wi

NZ
F Cof'g? (T8 s M o) + CLf*g"* (T8 Tol8 TEo).

@ pNGBs of the spontaneous G/H breaking are the lightest states

@ pNGBs 7 from (11)) condensate gets masses from electroweak loops,
hyper-fermion masses and top interactions
— m2 ~ O(g2f2, myf, yf?)

@ pNGBs 7. from (xx) condensate gets masses from gluon loops and
hyper-fermion masses, — m2_~ O(g2f?, m,f)

Electro-weak coset SU2)1 x U(L)y
SU(5)/50(5) 34y 430+ 2510+ 1o
SU(4)/Sp(4) 212+ 1o

SU(4) x SU(4)'/SU(4)p |30 + 24172 + 25172 + 1ar + 19+ 1

Color coset SU3)e x U(l)y
SU(6)/S0(6) 80+ 6(_2/3 o 4/3) + 623 or —1/3)
SU(6)/5p(6) 80+ 325 +3 )5

SU3) x SU(3)'/SU(3)p 8
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D. Buarque Franzosi (Chalmers Univ.)

@ Wess-Zumino-Witten terms Wess, Zumino 71, Witten 83 - Topological
terms universal and model independent, besides being

phenomenologically relevant for the description of bosonic decays of
pNGBs

@ Linear term in the pNGB:
1
Lwzw = (I;M( f)xQF,,,/F’”/(Ql_lQ +Q'NQ)

+QfF,QNQF™Ql + QF,QINQfFraQ) .

@ SM fermions as spurions of G - more model dependent

§1= 456" %0
V= {gT_Ang — hyht.

= QiDQ+ LiPL + GilPu + dildd + &iDe

f‘

«Yl,zQ(U+Yd1Q1d+Y1Lze+Y,/1L1,/+hc}

+ double—trace terms — V,
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Next-to-leading order Lagrangian (pNGBs and EW bosons)

@ The Leutwyler-Gasser terms Gasser, Leutwyler 83, 84 for a generic coset
Bijnens, Lu 0910.5424

L= #{L()(x“x”x#xﬁ + Li{x"xu ) (x"x0) + La(x"x") (xux) + La{X"xux" %)
1
+ La(x"xu) (x) + Ls(x"xuxs) + Ls (x4)” + Lr(x-)* + 5L (% +x2)

. rd v 1 e z
- 1L9<fp,uXMX > + ZL10<fp2V - f/fl/>}

e Similar to propagating photons Urech 94, with EW bosons

c {KI xux)(T%) + Ko (xux" ) (T8 o8 T o) + K3 (x,T) (x"T)

g2p? = 16 162
+ Ks (xux"T?) + Ko ((xux"TE oM T E0) + h.c.) + Kr (x4 ) (M)
+ Ka (x4 ) (T8 Zol & o) + Ko(x+T?) + Kio({x+ ¢ ol Xo) + h.c.)
+ Kin((x-T&"ZoM T 50) + h.c.) + Kio((x* D, oM " 50) + h.c.)

+ KisD, M Eo(D"T#") £o + KD, ' D*re T}
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Towards Predictions: (p)GBS at Colliders

ol o Te

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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Minimal CH SO(5)/SO(4) at O(p*) and tree-level

@ Peculiar feature SO(4) ~ SU(2),. x SU(2)g. Objects can be split in
L-R.

1 17 v — v 174
EQ”CH = W{Lﬂx“x@(x Xy) + Lo(xMx") (xux0) 4+ L3 (S]" Spv.t — Sk Suw,R)
—iLg ((F/" + " )xux) — ilg ((F" — 5 )xu%)

v 1 — v v
")+ ZL10<’CLH fuvt — " fuvR) }

1 A A
+ ZLE(fuvf

@ The higher dimension operators induce corrections to the kinetic
terms, as

1 v 1 i ipv 1 v
£ =7 BuB"[1+ Xg] = 2 Wi, W14 Xw] — ZWSVB“ Xaw

@ The implementation in FEYNRULES requires the fields to have
canonically normalized kinetic terms and diagonal masses.
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Di-Higgs via VBF pp — jjhh
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VBS pp — jWTW~—
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Longitudinally polarized VBS pp — jiW," W
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pNGB pair production in non-minimal models at O(p?)

@ The SU(4)/Sp(4) model contains 5 (p)NGBs. The Higgs bi-doublet
(2,2) and a singlet 1 (1,1) under custodial SU(2), x SU(2)r group.

@ BR considering only 2-body bosonic decays at tree level

re =
‘ 1 =

6=02 —
6=03 I b}

[ oo

BR(7-2X)

1072
1000 2000 3000 4000 200 600 800

400
200 400 200 80 1000 m(nn)iGev] priniGev]

e If i is light enough VBF and n?-strahlung can compete with
production via Higgs and top loops e.g. DBF, Ferretti, Huang, Shu
2005.13578
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@ The SU(5)/SO(5) model contains 14 C SO(5) (p)NGBs
e 14 of SO(5) — (2,2) +(3,3) + (1,1) of SU(2). x SU(2)r
@ (3,3) >5+3+1(ns, m3, m) (1,1) = 1 (n) of SU(2)y.

BR(1-2X)
BR(n1-2X)

200 400 600 800 1000
m, [GeV]
1004 — mZ
nBw
— ndz
107 — niw-
5 X
B B
T
€10 £
z z
& &
10-2
1074
200 400 600 800 1000 200 400 600 800 1000
m, (GeV] my [GeV]

0=03, m +s:0=600GeV, m +0="500GeV, my, =400GeV, m, =300 GeV.
5 3

16 /21
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pp — jinin; pp — jing g~

Evens@s/an
Evens@s/an

1000 2000 3000 4000 1000 2000 3000 4000
m(nn)GeV] m(nn)[GeV]

States can also be produced via Drell-Yan processes, that can also be
simulated in the framework.
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Heavy Composite Resonances

Scalar excitation o
@ Incorporated via expansion parameters

1 1, 1
L, = Eho(ﬁ/f)f2<&zxﬂ>4*§{%M70“U“* iAﬂgﬁz‘*’W(”/f)C%

ki(o/f)=1+Ko/f+---
@ Indication of light 0" scalar in near conformal dynamics e.g. Hasenfratz,
Rebbi, Witzel 16, Elander, Piai, 17
@ An example: A |ightish 0t DBF, Cacciapaglia, Deandrea 1809.09146
EWPO+Higgs (gg+VBF) tt

2206

My [GeV]

19/21
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Spin-1 pt, a*
@ Incorporated via the Local Hidden Symmetry construction — LO
parameters: g, r, My, My

1 1 1
. o / w 2 o\ 2y A\
Ly = 02 (FuF") + Efo (Xouxp) + 5’(1 Xipxy )

+ rff (xouKx'KT) + Eﬂf (D'K D,KT) .

10 5
Fu=Vu+ A, =) ViVi+ > ALY,
a=1 a=1

@ An example: SU(4)/Sp(4) implementation (DBF, Cacciapaglia, Cai,
Deandrea, Frandsen 16, DBF, Ferrarese 1705.02787)

1.40v % BR 95%CL exclusions @ 100 TeV - #=0.15

SU(2)y SU(2); x SU(2)r TC CH B l-C=1ab ! U-L£=10ab"
0,E 2 WZ-L=1ab"' ¥1Z0 WZ-L=10ab""
o : Guews | °r gﬂ :
v sy 3 m
50+ 3
Eo (2.2)
Vi 1
0, £
a,; 3 ?u
A Zﬁ 1 (22)
<0
o 1 (1.1)
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Conclusion

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

@ The developed tools will allow an unified framework for the study of
CH models at colliders
- with the non-linear structure of the symmetry breaking

o Exploratory:
e pNGBs in non-minimal models
e Resonances: vectors (added via local hidden symmetry), scalar
excitation, top partners (see Avik Banerjee's talk)
o Appropriate for the study of pNGB pair production and other BSM
signatures.
@ Precision: incorporation of NLO terms,
e Renormalization program for pNGB/EW boson loops
o Suited for a robust test of (Generalized) Universal Relations Liu, Low,
Yin 1809.09126
o the phenomenological study of VBS and di-Higgs production (relations
including quartic interactions)
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Backup

Franzosi (Chalmers Uni Precise description of CH models



Anomalous Trilinear gauge coupling

The coefficients L3, Lac and Lfo contribute to aTGC
m% T +
0g1z = ((7r)2> (—2L3 + Lg)cosf + Lg,

o, = (s ) (400 2L}p)

Fit Falkowski, Gonzalez-Alonso, Greljo, Marzocca, 1508.00581 not very strong
bounds (expected L ~ O(1))

400
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Anomalous Quartic couplings

2
L = - 2((’) -0 ) [1+ M (78C0$9L7 +L++cossL7)
Qcc = —& (Oww 1 Wi, Ton2f? T+ "

4
m
t 2 2L1Oww,1 + L2(Oww,1 + Oww ,2)]

ITl —
+g26a/(OWZ,1 — Owz,) [1 W (Scos oLy — (1 — 45{4”/)LI + cosOL, +sa/L;r):|
P
m m
+ vg 4Z (2L1Owz,1 + LOWwz 2)
w2 f!
2W (o o LM 16cos 0L, + 2(4sh, — sy — 1)L oLy + s L
—e;( AZ,1 — AZZ) +W(* cos 3+(SW75W7)47COS 4+5W5)
e m2
ng Z (2L1Owz,1 + LOwz,2)
m
+ W 2(L10zz,1 + L20z72)

2 2
> eV
(Owa1 — Oway) {1 =" (215 - L;)}
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n of SU(4)/Sp(4) 2005.13578
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CCwz

@ Vacuum ¥ g = cosf¥ g +sin 0% 4.

@ Minimization cos 8, = %, for yiCe > 2|Cpy .
t

@ Generators

Ve .Yo+3%0- V3T = 0, S?.Yg+¥5-5°T = 0,
Ye.5, -5, YT = 0. X?.Yg—¥Yg-X°T = o0,
. 5
iv?2
U:eXp TZT{'aya 5

a=1
w, =UD,U,

D, =0,— igW,S" —ig'B,S°,
X, =2Tr[Yaw,] Y7,
su = 2Tr[Vaw,] V2.
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Hidden Local Symmetry (HLS)

@ Enhance the symmetry group SU(4), x SU(4),, and embed the SM gauge bosons
in SU(4)o and the heavy resonances in SU(4):1. SU(4), — Sp(4),.

Sp(4), x Sp(4), — Sp(4) by a sigma field K

V2, ava
Uo exp Z( Y?)|, U =exp - > (#iv?) (1)
a=1
DuUo = (0, — igW,S' —ig'B.S%)Us,
DU = (9, —igViVe —igALYP)Ur. 2)
K = explik?V?/f], (3)
D.K = 0.K—ivouK + iKvi,
Fu=Vu+A, =3 vav, 4+ %% A2y,
1 | 1
L, = s (FuF™) + 5)52 (xopxt") + Eff (x1,xt")

TR Gk K + 3 (DK DuKT)

17/11/21
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GBS amplitudes

o 7w — 7 scattering amplitudes expanded in partial wave amplitudes
o
A(s, t) =32 ay(s)(2J + 1)P(cos 0)
J=0

@ In order to force elasticity (at least below new heavy states appear),
decompose amplitude in conserved quantum number

e Template: SU(4)/Sp(4), FMCHM, decompose in multiplets of
Sp(4) (very good symmetry at high energy)

505=1010014=A0BaC
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PC models

Ferretti, Karateev, 13, Cacciapaglia, Ferretti, Flacke, Serddio 17, 19

Coset HC W X 7qx/qw Baryon |Name |Lattice
SO(7) 5/6 M1
5xF 6 x Sp XX
SU(5) « SU(6) [SO(9) 5/12 M2
SO(5) © SO(6) {sO(7) 5/6 M3
5 x Sp 6xF iy
SO(9) 5/3 M4

; 5 5 W /

S0(5) X So(6) Sp(4) 5 x As 6xF 5/3 Yxx | MbH Vv
SU(5) N SU(3)% |SU(4) 5x Ay 3x (F,F) 5/3 . M6 |
SO(5) ~ SU(3) |30(10) 5 x F 3x(Sp.5p) 5/12 N | M7
SUWM) SU(6) |Sp(4) 4xF 6% Ag Y3 M| Y
TN RYSY ('

p SO(11) 4 x Sp 6xF 8/3 M9
Sp(4) "~ SO(6) |so(11) / vex
SU(4)? 5 SU(6) |SO(10) 4 x (Sp,Sp) 6 x F 8/3 oo | MI0

— )

SU) "~ S0(6) [SU4) 4x (F.F) 6 As 23 "N v

2 212
SS%(éf) x%sms) 4x (FF) 3x(AsAy) 4/9 oy | M2
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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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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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Example of couplings table from
h

Liu, Low, Yin 1809.09126

Z!

i

cl(NL)

cl (D6)

(1) bz, Drvz,

7c —
% (72(:3 +¢ )
Y4t osp
—-C, COS
+t749

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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72

i

¢ (NL)

E%ﬂ (—263 + c;) cos 6

2
1) b2z, prrz, i it
® V2R Y +C%c;r<:0529 2+
w
— 2 (c_ +2c_> cos
(2) %;ﬂ/zﬁ“’ ?v%j 4 5 lczh
v 76% (c;r — 2c§r) cos 20
W
V) -
() 5z, DA, atw (=203 + ¢, ) cos0 ict
(4) 55 7,0, A0 —2tu (¢ +2¢; ) cost ict
B2t Dy — 2(—2c3 +C;)C°59 1ch
(5) LW DR W, + hc. ot a0 Lt
©) £W+ Y -2 (c4_ +2c5_)c059 1ch
V2 ey —2(¢f —2¢) cos26 6
4 5
v
u)@ﬁngﬂ Scysin? 0 x
w
LI — 5 2
(8) T zrz 2 o sin© 6 X
7
w)Q§ngW—H 16¢; sin? 0 x
124
(10) 2ERZTR Wi 160, sin2 0 x
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