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Underlying composite Higgs dynamics

Barring extra space-time dimensions

= Simplest, well-understood, explicit realization provided by gauge theory of
fermions that confines at the multi-TeV scale A

Matter content

EW sector (Higgs as pNGB) + coloured sector (top partners)

Minimal model [Barnard et al, '13]

» EW sector: 4 Weyl fermions 1) in pseudoreal irreps of hypercolour
= SU(4)/Sp(4) pattern of symmetry breaking (1) ~ Csp2n))

» Coloured sector: 6 Weyl fermions X in real irreps
= SU(6)/50(6) (X ~ [Hspzm)

Explicit breaking sources

Need to destabilise Higgs potential to break EW symmetry:

» Gauging — can not destabilises Higgs potential

» Partial compositeness » Current masses: my x
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Effective approaches

Full gauge theory (hypergluons, hyperfermions as d.o.f) hard to study below A
because of its non-perturbative nature = Effective models are useful J

» Chiral Lagrangians: dictated only by global symmetries

Lypr = E(DLU)DHU) U= exp(2iGATA/Fo)x.
= Little information on the details of the strong dynamics
= Not sure that an UV completion exists [e.g. SO(5)/SO(4)]

» 4-fermion interactions (gauge bosons froze-out)
['NJL = (WFQ\U)(WFQ\U) [Nambu and Jona-Lasinio '61]

= Definite UV completion and underlying gauge symmetry respected

= Possible to compute non-perturbative quantities (like LECs) with
NJL techniques

= Estimation of the composite resonances masses (mesons and baryons)

Analysis of the spectrum of composite resonances 3 /23



The framework

A

gauge theory

(fundamental fermions, techni-gluons)

_
Louge = ViU~ F"F,,

3\

N .
Intermediate scale effective models
(fermionic bilinears)
Ly, = Vi ¥ + Z (Ur*w) (VT,0)
fe :

Low scale effective models

(Goldstone bosons, ...)

f2
L:XPT = ?QLHE)“H + .-

7

Exact results on the
strong dynamics exist

NJL techniques
(Large N), ...

Chiral perturbation
theory

Analysis of the spectrum of composite resonances 4 /23



Table of contents

© The electroweak sector

Analysis of the spectrum of composite resonances 4 /23



Four-fermion interactions

NJL approx of strong dynamics: 'froze out’ hypergluons induce 4-fermion interactions

Scalar 4-fermion operators

Relevant for the spontaneous breaking and spin 0 mesons masses:
LY = S°V) @, Bp) + 55 [capca(0)(W97) + hc]

» rag ~ 1/A? real, dimensionful couplings
> rka controls spontaneous symmetry breaking SU(4) — Sp(4)

> kg explicitly breaks the anomalous U(1)y symmetry

Vector and axial-vector 4-fermion operators
KC (=170 —pu \2 , KD (F—A—pn \2 | BD (7 +A—p \?
LY== (Y ToT" Jr—(TU”)Jr—( TU“)
vect N (w P 1//’) N 'l,b ?/) N 'lﬁ ¢
=- Non-tachyonic masses for kc,p > 0 (consistent with current-current hypothesis)

= Additional spin 1 resonances associated to (¢?c"/4)?) ~ 10s,(4) do not
appear at the level of four-fermion interactions
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Fermionic bilinears

Colour Flavour

Lorentz ’Sp(QN)‘SU(ZL)‘ Sp(4) |

Hypercolour Ui (1/2,0) O 4° 4
fermions Vs =9}, 0.1/2) | 0 | A 4>
S.p.in-zero M~ (¢ y?) (0,0) 1 6t 5+1
bilinears — — —
M, ~ (,1,) (0,0) 1 6up | 541

Spin-one @ ~ (P79 (1/21/2) | 1 | 1 1
bilinears —

(VI AR ~ (o yt) | (1/2,1/2) 1 15§ | 10+5

Hypercolour-invariant fermionic bilinears have the quantum numbers of the

meson resonances

Lightest composite meson resonances

Scalars: o+ SA~1+45 Pseudo-scalars: 7’ —|—AGA ~1+5
Vectors: Vf ~ 10 Axial-vector: a, + A, ~1+5
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Mass gap from four-fermion interactions

Lagrangian can be rewritten in the ‘physical’ channels, corresponding to
definite Sp(4) representations using SU(4) Fierz identities:

£y = 2(;‘;) (o T3%) @T56T) + (woT40) (3T 500
* (2/v) |(VEeT20) (=0 TP4) — (vEaT ) (WEoT ) + hic]

Schwinger Dyson equation determines dynamical fermion mass M,

O O M¢, = 4 I€A —‘rlfB)Mon(Mw)

P v

Self-consistence impIicitIy ressums all diagrams leading in 1/N

¢= N (ka+rB) [1 M2, In (A%be)}’l » Non trivial solution My, # 0 (SU(4)
=" =1 o

472 A2 spontaneously broken) exists only if £ > 1
critical 4 < £<305 maximal » Consistent resummation: 0 < My, /A <1
coupling coupling
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The Goldstone decay constant f

i 5 - EW precision observables receive order
A B _ AB precision o
{vac| 7 (0)|G7(p)) = g v?/f? corrections = f > 0.5 — 1 TeV
£2 f14(0)

B im —2Tia(a? ) — A 0) — _ 25 2
5 _q|2—>0[ q*Na(a?)] 15 2m0fia(0)/ N Ma(0) = —2(2N) Mg Bo(0, M7,)

» f residue of the
10 Goldstone boson pole in
the resummed transverse
0.8 axial correlator
0.6 » f sets the scale of the
composite sector
0.4
» fx VN
0.2
» f can be as small as
0.0 =
05 1.0 15 2.0 25 30 35 4.0 A/10 (A = NJL cutoff)

¢ = possibly large hierarchy
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The spectrum of mesons
Bethe-Salpether equation

Resummation (geometrical series) of an infinite number of constituent fermion
loops at leading order in 1/N = Two-point correlators develop a pole

O d—_——= O <7QO+()O¢ @O 4+ BB

The pole defines the meson mass My
_ My (a?
Malq?) = —neld)__

1—2KsMy(q)

—  1-2KyMlg(q? = M3) =0

IR i) |
GA |2(ka + rp)/(2N)

n |2(ka = Kp)/(2N)

Tr(¢%) = (2N)[Ao(M3) — % Bo(q®, M3)]

Sh |2(ka — rp)/(2N)

Ms(g%) = (2N)[Ao(M]) — 5(¢* — M) Bo(q*, M})]
o 2(ka+KB)/(2N)

and similarly for the spin one channels V and A
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The spectrum of mesons

No confinement in the NJL = Prescription for the unphysical imaginary parts

S 2 b2 b 2.2 2 ¢ (M3)
1-2KsMy(q°) = (q°) + ¢{(q°)a" — Mg =Re o)
e ( ¢)
Ky = four-fermion couplings M4(q?) = Polarisation amplitudes
» Inserting the gap-equation, one recovers consistently the Goldstone pole: Mg =0
» Singlet pseudo-scalar proportional to U(1) e - e [ 2K M5 (M7))]
anomaly and mixes with axial vector: " K3 =g Bo(M2,, M3)

» Scalars proportional to Bo(M2,, MZ)

M2 =am?, M2 =4M2 4+ M2, —L " ~ M2 4 M?
A p v S b i o ’
the mass gap My: ¢ 7 Bo(M2, M2) Y
» Vector heavy even for 2 -3 Lo Bo(0, M3) a2
vanishing mass gap: Y akpBo(MZ, M3) ' Bo(MZ, M2) ke
ial- -3 Bo(0, M2
» Axial vector generally Mz = 2 om3 o ( w)2 L aME M 4602
the heaviest: 4kpBo(M3, M7) Bo(My A2, M3,)
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EW meson masses in units of f (f 2 0.5 —1 TeV)

Current-current hypothesis

» Large-N relation among 4-fermion operators dominated by single hypergluon
exchange — ka4 = Kc = Kp (M; = Ma)

> My/f ~1/VN
(N = 4 here)

» Free parameters:
£ = N(ka+rg)/(47°)

KkB/KA

» EW splitting neglected

(e 55p(a) =2+1/210)
= Full Sp(4) multiplets

» Consistently recover
1.0 1.5 2.0 25 3.0 NGBS: MG — 0
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EW meson masses in units of f (f 2 0.5 —1 TeV)

Current-current hypothesis

» Large-N relation among 4-fermion operators dominated by single hypergluon
exchange — ka4 = Kc = Kp (M; = Ma)

> My/f ~1/VN
(N = 4 here)

» Free parameters:
£ = N(ka+rg)/(47°)

KkB/KA

» EW splitting neglected

(e 55p(a) =2+1/210)
= Full Sp(4) multiplets

N » Consistently recover
1.0 15 2.0 25 3.0 NGBS: MG — 0
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NJL estimation of S parameter

AS N

S parameter

Need only to assume vev for the Higgs (No need to explicitly consider details of
2
=815 gz (4°Mv-a(q?))

breaking terms)
Y =sin (@)
q2=0 =0’ f f

AS — 167 EUNICH)
Correlator My-a(q?) can be estimated in the NJL approximation

dq?

0.15
177753 <., | 30 limit assumes
/i AN kg k,=0.1 N=4 AT =0
AN K/ K,=0.5 -
0.10
S~ AS decreases when
\\\_\_\_ =05 Tev | Strong sectc?r
==~ - decouples (ie
008/ TR cbea i | increase of f)
— f=0.75 Tev
No corresponding
f=1Tev | shift in T parameter
0095 15 20 25 3.0 due to custodial
£ symmetry
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S-T ellipse

IR contributions

Composite sector also modifies Higgs couplings to EW gauge bosons by factor

V31— v2/f2

102 w _ 3 1 vz W\ _ 9 ASg
ASR = g7z In (W) ATR = —5- ozay = N (W) = — 775y

One expects
additional
contributions from
partial
compositeness

= Not complete
prediction, only
shown is specific
contributions

-0.4 . . . . . .
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

S
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Adding the coloured sector

Introduce new constituent coloured fermions X’ to form spin-1/2 baryons
mixing with SM top quark

= Need to go beyond Sp(2N) fundamental representation: X ~ H (N>=2)

Minimal cases: » Sp(2) = SU(2) (EW sector alone) — lattice results available
» Sp(4) = SO(5) (EW+ coloured sectors)

‘ Lorentz ‘Sp(ZN)‘SU(6)| S0O(6) ‘

7 ) 7 Lightest coloured resonances
bl a0 | B, |6 6 )
o = i 3 g
Xpo=0uXpuy | 012 | H, | & 6 Scalars: ox + Sf ~1+20
119~ (X7 2917/ 20/ F
M7~ (XTXE) ©,0) 12t ] 20+1 Pseudo-scalars: 7nx + GI ~ 1 + 20
Mepg ~ (X5 Xg) (0,0) 1 2y | 20041 .
— Vectors: VA" ~ 15
a ~ (X5 X5) 1/21/2) | 1 1 1 - ) P ,
(Ve AR~ (XX (y2,1/2) | 1| 35) | 15420 Axial-vector: ag + Ac” ~1+20

20506) = (8+ 6+ 6)su(3). 1550(6) = (1 + 8 +3 +3)su(3).
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U(1) (anomalous) symmetries

Lot of changes appears when theory includes both EW and coloured sectors

» Important to consider global fermion numbers U(1)y and U(1)x
» Currents 72, x both anomalous w.r.t Sp(2N) (like U(1)4 in QCD)

» However, one linear combination is anomaly free and thus conserved:
0 0 0
T = uX73(N71) pp

= New Goldstone boson 7o appears while i’ receive a mass from the anomaly

Construct the minimal operator that preserves all exact symmetries but
explicitly breaks the anomalous U(1) (generalisation of kg-term)

» EW sector: Sp(2N) anomaly breaks U(1)y — Oy = —%eabcd(wawb)(wcwd)

1
€y o€y oge (XTXEL) . (X6 X80)

» Colour sector: anomaly breaks U(1)x — Ox = ~ &

Oy Ox }“V*”

» Full theory preserves U(1)x_sn—1)p: = Lyx = Apx T ED R

After spontaneous breaking L, x generates effective 4-fermion operators 1*,
X* and ¥? X3
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Mass gap equations

Two coupled mass gap equations:

{ My, = 4 [ra + re(M%)] MyAo(M3)
Mx = 4 [Ka6 + rB6(M7,, Mx)] MxAo(Mx) + mx

HBZKBGIO
KA:KAs,mXZO
:>Mw:Mx

kAB=KA/2 |

» Coloured sector window
[between critical coupling
(Mx = 0) and maximal
coupling (Mx = A)] shifts
respect to the EW sector
window

» mx # 0: No critical
coupling as Mx > mx
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Coloured meson masses

Current-current hypothesis

The ratio EW masses/ coloured masses strongly depends on the ratio kas/ka
Unfortunately the large-N approximation does not determine this ratio uniquely

(but still determines ka6 = Kce = KDs)
= Choose ka = K6

15

20

¢

25

3.0

> My/f ~1/vVN
(N =4, kg/ka=1/100
here)

» Goldstone bosons
receive a mass from
gluon loops that evade
bounds for f 2 1 TeV

» Goldstone (and
coloured resonances)
mass increase with f
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Coloured meson masses

Current-current hypothesis

The ratio EW masses/ coloured masses strongly depends on the ratio kas/ka
Unfortunately the large-N approximation does not determine this ratio uniquely

(but still determines ka6 = Kce = KDs)
= Choose ka = K6

12— Z
; m,=f/10

1.0 15 20 25 3.0

> My/f ~1/vVN
(N =4, kg/ka=1/100
here)

» Goldstone bosons
receive a mass from
gluon loops that evade
bounds for f 2 1 TeV

» Goldstone (and
coloured resonances)
mass increase with f
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Singlet meson masses with mixing

(Pseudo-)scalars: Anomalous operator Ayx induces a coupling 1% X? of the

same order as the couplings 1*, X*
= One linear combination of 7o is a pNGB (massless for mx = 0)

Y 0 VoY 0
0 13 ~2 VPP p
VPRI p 0 iyl 0
0 VP 0 I

» pNGB 7o could be very light
= Mso ~ Mmx

» Anomalous pseudoscalar n’
could also be very light

= M2, ~ Ayx

(No way to estimate Ayx)

10 15 20 25 3.0
13
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Calculation of top partners masses within NJL framework [work in progress]
= Possibility to have light top partners for PC?

= Relevant for more phenomenological approaches where mixing with top
partners is included, e.g. if t' ~ (5 + 1)sp(a)

0 —ysefeos”§ ysfsin’§ BLfs, 0
% fse Ms 0 0 0
Miop = % fse 0 Ms 0 0
—yirfeo 0 0 M, 0
0 0 0 0 M

» NJL allows to estimate VL masses My and Ms and similarly for other
embedding or models
= What is the more intersting top partner? the most favorable one?

» Allows to discriminate different scenarios: gives an idea if My ~ Ms,
My > Ms or My < Ms
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NJL computationo of baryon masses

» Identify baryons (¢t X), - -+ = Lorentz, hypercolour and flavour contractions

» Approximate trilinear baryons as diquark-quark system:

U NG S D N I N

= Compute diquarks masses with same techniques employed for mesons

» Static approximation: Neglect kinetic term of the exchange fermions

= pinch diagrams to get fermi interactions between 2 diquarks and 2 fermions
=- Couplings of diquarks should also be extracted from the NJL ressumation

» Resum the geometrical series with loops of constituent fermions and diquark:

= Loops involve two masses
n b = Only diquarks bound states
(Mg < 2My) contribute to baryon mass
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Thorough analysis of the spectrum of meson (and baryons) resonances in a
confining gauge theory with fermions in two different hypercolour
representations

» NJL well describes SSB: non-perturbative computation of My x and f
= f can be as small as A/10 — large hierarchy could explain that no new
states have been observed so far at LHC

» Computation of the composite meson masses (consistent with lattice results)
= spectrum belong to multi-TeV range but few states can be relatively light

e EW and coloured pNGBs including o
o 7 for small kg/ka
e o for small £

» Only few parameters (£, kas/ka, KB/Ka, N, mx) if current-current
hypothesis is assumed = Phenomenologically simple

Main limitation: absence of interactions with SM fermion fields )
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» Baryon masses could be used as input parameters for more effective
approaches where mixing with light top partners is explicitly included
= Exotic decays of VLQs could significantly affect experimental bounds

e T — not with large branching ratio
° 7~'5 — nt withBr =1 [1712.XXXXX, Bizot, Caciapaglia, Flacke]
[ ] X5/3 — 'ﬂ'gt,

» Consider other UV completions
= f ~ N imply lighter composite resonances

» Apply NJL to minimal fundamental partial compositeness
= B = (S%): easy to compute top partners masses [Sanino, Strumia, Tesi, '16]

» Other applications of NJL techniques to composite (Higgs) models?
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Thanks for your attention!
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Current-current hypthesis

Four-fermions operators couplings may be related
= Prediction of relative strength between the various physical channels (works
well in QCD)

» Start from Sp(2N) current-current operators: encode UV dynamics in
‘ladder’ approximation, that holds when N is (moderately) large

» Use Fierz transformations to generate various operators

Lyv = chjflgm j,fl = (QT’) ot

Assume that confining strong dynamics can be described (1" approximation)
by exchange of one hypergluon which acquired a dynamical mass

= 'Ladder’ approximation strong dynamics generates Sp(2/N) current-current
operators

Legr = %Jﬁ’.ffw kuv/(2N) ~ gic /N (guec ~ 1/V2N)

Lorentz and SU(N) for the fundamental (flavour) Fierz transformations are very
well-known but not Sp(2N) that we derived
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Current-current hypthesis

Four-fermions operators couplings may be related
= Prediction of relative strength between the various physical channels (works

well in QCD)

» Start from Sp(2N) current-current operators: encode UV dynamics in
‘ladder’ approximation, that holds when N is (moderately) large

» Use Fierz transformations to generate various operators

Sp(2N) Fierz matrix for the fundamental representation:

(QT°)§(QT°)w X s
2 2

Z;(QT’),-J-(Q ™| N1 T

- s 1

QT QT @eNI(N-1)  N-1

7 2N 2N

(QT®)u(QT%)y

Z/:(QT'):'/(QT')M

N = ;‘D—l

_wa )\ S @Ti(@T)y

7
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The fate of the SU(4) symmetry

» The model is a vector-like gauge theory: all fermions 1) can be made massive
(myy1)), while preserving the gauge hypercolour symmetry G. = Sp(2N)

Three cases in vector-like theories: [Peskin, '80]
» G = SU(Nf). x SU(Nf)gr and H, = SU(Nf)y (complex rep. of G)

» G = SU(2Nf) and Hp,, = SO(2Nr) (real rep.)
Hp = Sp(2N¢) (pseudo-real rep.)

» Vafa-Witten theorem: The flavour subgroup H of G preserved by m, can
not be spontaneously broken = If SU(4) broken, it is broken down to Sp(4)

» 't Hooft anomaly matching:
Any global UV anomaly (generated by the hyperfermions 1)) must be matched
in the IR, either by massless spin-1/2 baryons or Goldstone boson

1)'s can not form baryons because they are in pseudo-real hypercolour irreps
= SU(4) unavoidably spontaneously broken

v
. . by — b
dBC — o Tr{TA, TE}TC] (¢79°) = i Q95
A The unique invariant tensor of Sp(2N) is
A A
SU(4) broken (T ) and unbroken (7 two-index antisymmetric
generators combine in non-zero anomaly = SU(4)-flavour contraction also antisymmetric

coefficients = Global anomalies (4 X 4 =64 +105)
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The fate of SU(4) x SU(6) x U(1)

Trilinear baryons: W™ = (424°X"), WP = (¢*9*Xr) Wi = (¥"§,X")
Wik — (XFXEXD), W = (X XEX))

Anomaly matching condition:
S omA(n) = S nvA(n), 2TH[TAH{TE, T} = A(r)d?EC

i=y,X i=baryon

» SU(4)*: Matching impossible for N # 8n = SU(4) breaks to Sp(4) and one
expects non-zero condensate (y1)) # 0

» SU(6)%: Matching always possible = SU(6) may not break to SO(6) and
the condensate (XX) may vanish or not

> SU(4)? x U(1),SU(6)* x U(1), U(1)3: U(1) most likely broken by (1))

Jf
~ & jﬁbww
+ AN 7'\/\/\/\,—+—-,]/L or

AN

JB

v
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Radiative contributions to the coloured pNGBs

Gauging explictly breaks G and induce radiative mass to NGBs:

> 3 Lgh [, 2n2 > Aws\ 2 Ae) 2
AME, =~ ), 99 @ M@ |30 (F7) = 30 ()
G 0 5 5
fobe = 2iTr(T?[T", T°)
TW = TW + TY gauged generators, T""" linear combination of T4*
As Gsy C H — FAWB — O(TW = 0) = Always positive contributionin CHMs
that can not break EW symmetry

Coloured pNGBs masses

Coloured pNGBs receive mass from gluon loops:

2 3 1 o 2 2 X 2 3 2
Octet : AMOC = —ET(%C/O dQ Q I-IV_A(—Q ) X Egs
3 1 > 1 /10 16
AME = S 202X (—0?) x ~ (10,2, 10~
Sextet 5. 47"’:55/0 dQ” Q" My-a( Q)><4ﬂ_ 38 58

= Enough to comply with direct searches even for f =1 TeV
(and even for mx = 0 contarry to the common expectation)

Analysis of the spectrum of composite resonances 23 /23




	The electroweak sector
	The coloured sector
	Baryonic sector

