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Naturalness of the Higgs mass

If the Standard Model is accurate up to some high energy scale Ay,

Higgs mass will receive loop contributions that scale with Ay, mainly from t-quark:
t

H H
t
3y? A
m% = m3 + Am?, where Am?* = —8—?2/\%”/ + 0(mg log%)
— t

Fine-tuning

* If Ayy (e.g. Planck scale) > my, require very precise cancellation from m3

032 + (1252%) — 1032
to restore my = 125 GeV

(not to scale)



Why a composite Higgs?

* Consider some strongly interacting dynamics at scale, f (~ TeV)

* Higgs appears as spin-0 bound state of said dynamics (finite size)

* Loop integrals are cut off at scale f




Composite Higgs Models (CHMSs)

* Higgs is a pseudo Nambu-Goldstone boson (like pions in QCD)
* SM particles get masses by mixing with their partners in the composite sector

» TeV-scale composite resonances
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Minimal Composite Higgs Models (MCHMSs)

* SM has global SU(2); X SU(2)r symmetry

o SO(4) = SU(2), x SU(2)x
o dim(SO(N)) ==

* SO(5) — SO(4) gives exactly 4 Higgs doublet fields
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 Various fermion representations (1, 5,10, 14, ...)




Minimal Composite Higgs Models (MCHMSs)

In this work
e Quarks are embedded in (5 —5 — 5); Leptons in (14 — 10) and (5 — 5)
(CIL zztaLL»tR'bR) (L =21 7x)

* Choice of representations based on work by:
M. Carena, L. Da Rold and E. Pont’on (JHEP 06 (2014) 159, [1402.2987] )

Looked at models that could fit collider constraints

* J. Barnard and M. White ( JHEP 09 (2017) 049, [1703.07653] )

Explored leptonic-inclusive models based on fine-tuning, given by BG-measure

» E. Carragher, W. Handley, D. Murnane, P. Stangl, W. Su, M. White ( JHEP 21 (2021) 237, [2101.00428] )

First convergent global fits with partially-composite 3™ generation quarks




Segue: Bayesian statistics

N
Ve

* Prior (p): Initial guess of some parameter (Distribution of points p)
: How well data fits a point

* Posterior P(p): Updating guess based on the likelihood(p)

P(p) = H2XD)

* Kullback-Leibler (KL) Divergence:
Dyy, = [ dpP(p) In(P(p)/m(p))
* Evidence:

Z=[dp . (pn() - In(Z)={n()), — Dy




Fitting the models

Models
LM4DCHM2-27° LM4DCHM?, >3

Constraints
SM masses, EW precision observables, Z boson decay ratios, Higgs signal strengths,
LHC fermion partner bounds

Tools

Nested sampling (PolyChord) allows efficient exploration of param space
Log-spaced priors (Flash subset of table of

* Likelihood is taken to be Gaussian in observables

* Lots of parameters to scan over

L cC —m LP\TJLIJ - mtpquj + ALl/JLLI’,R + ARl/JRCIJL + myqu‘PR + *ee
* Only 3rd generation fermions couple to composite sector @




Scan Params

Model Parameters Scan Range Prior
mp/f, ma/f  [1/V2,47]
fx/f felf 0.5, 2/3] Uniform

9ps 9X. 9G [1.0, 47]
Ay, /f 6025 19
A/ f [e=0-75, 47]
Both Ay, /S [_e—ﬁ.ln1 8—3.n1
App/f [e=0-2 4n]
mu/fy my/ ] [0, €1 Logarithmic
m;/ f le= 10 4x]
my/ f [e=10 e!9]
my, / f e3P dr]
my, / f [e7925 4x]




Results

— Pri 5-5-5
LM4DCHMZ=27% (5 — 5) Pg;’t;rior LM4DCHM3;>15 (14 — 10)

—— Prior — Prior
%| = Posterior : . : ——— Posteriar
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Results

Model ln(Z) <1n(£)>p DKL

LM4DCHMz 2" | —45.604+0.06 -17.27  28.33
LM4DCHM3:°1¢ | —36.30 £0.05  -14.63  21.67

* Both scans are convergent
* Model with leptonsin 14 — 10 is a better fit from a Bayesian perspective




Direct detection
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As a product of these scans, we can then look at their
phenomenological signatures

Each model has a number of heavy quark and lepton
partners

We can try and look for these at the LHC

. LM4DCHM®; %
LM4DCHM2-2°
: Producable range at HL—LHC
— :13 TeV search bounds

Not really...

(5]




Indirect testing

1.4 — 1.4 o
LM4DCHM?; %8 - LM4DCHM*
a | pupemE T | pmnmE * Another avenue is Higgs signal strengths (gluon fusion)
M T * Sensitive to modifications of Higgs couplings to SM
wf'l_ QN“ gauge bosons and fermions, as well as loop
Nh;z ?;Z contributions from composite resonances
057 57 g9 _ l6(99 = H)BR(H = j)]measured
1T " Tolgg > HBRUH = jlsm
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Takeaway

* Scans of lepton-inclusive MCHMs are convergent

* Both models satisfy all imposed experimental constraints
* But (14 — 10) is a better Bayesian fit than (5 — 5)

* SM partners are generally too heavy to be seen, even at HL-LHC
* Best shot is indirect tests via Higgs signal strengths

arXiv:2312.06027 [hep-ph]
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Lagrangians and gauge sector

1 0 Opr 1 0 Opr 1 0 Opv
Lboson = — ZTT[G wG | = ETF[W' W — E_IB B elementary
T I IT. v 1 M .3
-3 rpGu P | — 1 rlpw ] — 1PXuPx composite
ff N (DEQO. f22 T(DH
+ ) L Trl(Du0) (D)) + (D 2®0) (D Qo) } NGB
i=1,X,G
SO(5)° x SO(5)! : Q; — goQ1gl—1, U)% xUQ)L: Qx— g()QXgl_l
50(5)1 X 50(4) : QQ — 91Q2h_1, SU(B)% X SU(3 }w 3 QG o goQ(;gl_l
Ltermion = ViDY } elementary kinetic

N

N —
+ Z (\Il"’(le —mi)UF + R — m%)\llk) > composite kinetic
k=2

N —
+ (AE‘I"EQN?I + ARV 1) +he b link
k=1 )

— my UNUN — YUY oIl 4+ hoc. } Yukawa-like.




Higgs vev

‘C’comp fermions — Z [J)%P(l + H@{,(}D%)Tf}% - ’L_)URP(l + H@R(PQ))UUR

=t,b,v,T

+ &Eﬂ‘{ﬂ; (102)1)% + h.c.]
me) (m2 — ’mg) to N [ m?
6472 (m2 — (1 + tp) m?) (1 +tg) m3

i
Vrf{rrnl(m(h) =2 Z i‘\'q’; / (pE 111

Wgauge —

| My (—p%)|?

(1+ Iy (—pp) (1 + yr(—pp)) —

n2

p=t,b, v PEg

V(h) :=+*s} + B's) = —— __ S}
(B):= 75+ B = 33 my = \/ 88(1 — s7y) }1}

masses of the lightest composite gauge bosons m, and m,

1 1
2 2 g2 2 2 2
mp = Egpfl:* mg = ng(fl +f2)



. Lepton resonance | Lower Mass Bound
Constraints - —
* SM masses: m¢, my, m;, mg E2 370 GeV

. Ly 300 GeV
Oblique parameters: Sand T ) ] L 200 Clov
S = (1-— mvz" - RgZee —) Ls 225 GeV

4 aem my 2(gZee o gZee)

T _ T _

T = 1 (HWW(P2 = 0) B HZZ(pZ = 0))
@em mﬁ, m%
» 7 decay ratios: R; = Lo fori=b,e U, T
o T(@Z-qd)’ B

: : l0(99—>H)BR(H-jj)lmeasure
* Higgs signal strengths:u}.g]fg = T l0(99SHBRMH= Dl =

* Collider searches*
(lower mass bounds for fermion resonances)



Symmetries

80(5)0 X 50(5)1 . Ql — goﬂlgl_l, U(l)g{ X U(l)k . QX — gQQXgl_l,
50(5)1 X 50(4) Qo — glﬂghil, SU(3)% X SU(3)5 : QG — goﬂggl_l,

where g, denotes transformations from Site a, and h € SO(4). The decay constants f;
in the NGB terms correspond to the scales of these symmetry breakings. Most NGBs are
unphysical and can be gauged away, with the sole exception of the Higgs field, which is
parameterised in the product 2 := ;5. Because of this, it has an associated symmetry
breaking scale f given by

11 n 1
PTRTRE
This is related to the Higgs vev v by
246
f= L GeV,
S(h)y  S(n)
my;,, Y;g
my,, Ys

Elem. Site 2

Figure 4.1: Structure of couplings between elementary and composite fermions.
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Quark partner direct detection
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Naturalness of the Higgs mass

If the Standard Model is accurate up to some high energy scale Ay,

Higgs mass with receive loop contributions that scale with Ayy:

m% = mg + Am?

y ; . ( | /11,,)2 [ d*k Tr[(p + k + my) (k + my)]

TVZ) T @t (02 —mE — i) —mE, — ie)




Branching ratios

BR(Ns - WT)

BR(Ls—ZT)

1.0 4

0.8 1

o
o
L

1
P
L

0.2 1

0.0

LMADCHM3 =23
LMADCHM3; °1°

AT R

25 50 15

100 125
my, (TeV)

15.0

175 200

1.0 1

0.8 1

0.6

LM4DCHMZ =2~ %
LMADCHM35°

me, (Tev)

10

BR(Ls = HT)

BR(E2 - WT)

o LM4DCHMZ =3~ 5
LMADCHM 555
0.6 -
0.4 1
02
0.0
4 6 8 10
m, (TeV)
1.0 4 . .
0.8 1
0.6
LMADCHMS =5~
LMADCHMS,; 55
0.4 1
0.2
0.0 -
25 50 75 100 125 150 175 20.0
me; (TeV)




	Untitled Section
	Slide 1: Lepton Extensions Of  Minimal Composite Higgs Models
	Slide 2: Naturalness of the Higgs mass
	Slide 3: Why a composite Higgs?
	Slide 4: Composite Higgs Models (CHMs)
	Slide 5: Minimal Composite Higgs Models (MCHMs)
	Slide 6: Minimal Composite Higgs Models (MCHMs)
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13: Direct detection
	Slide 14
	Slide 15
	Slide 16: Back up slide(s?)
	Slide 17
	Slide 18: Higgs vev
	Slide 19
	Slide 20: Symmetries
	Slide 21: Quark partner direct detection
	Slide 22: Naturalness of the Higgs mass
	Slide 23: Branching ratios


