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Naturalness

Hierarchy: 100 GeV )

10716 -10719 GeV. ( SUSY?)
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Naturalness

Hierarchy: 100 GeV 10716 -10719 GeV. ( SUSY?)




Naturalness

Little Hierarchy : 100 GeV m—) 5,000-10,000 GeV
( Mirror Twin Higgs, Composite ...
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Naturalness of the Higgs mass
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CHM: Composite Higgs models

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

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

* Loop integrals are
cut off at scale f

R




CHM: Composite Higgs models

“ Higgs is a pseudo Nambu-Goldstone boson (as pions in QCD)

“* SM particles get masses by mixing with their partners in the

composite sector

*»TeV-scale composite resonances



MADCHM: Minimal 4D CHM

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

o SO0(4) =SU2), XxSU2)g

o dim(SO(N)) = FT

* SO(5) — S0(4) gives exactly 4 Higgs doublet fields

Global: S0(5)4 X 50(5),/50(4) B
7 N Blem,  Site2  Site 3 Site N
Elementary Q Composite i Observed \\ = 2 o -
1 - 2 i |
¥ — y, P ™ ]
Gauge: SU2), x U(1)y S0(5), X /
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partially
MADCHM: Minimal 4D CHM with composite

leptons
* Quarks are embedded in (5 -5 - 5) ; Leptons in (14 — 10) and (5 - 5)

(0 =5y twbe) | — | (L =11, TR)

* Constraints

* SM masses, EW precision observables, Z boson decay ratios, Higgs signal
strengths

e LHC fermion partner bounds
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MTH: study method

N
Ve

* Prior m(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) = 2P

Z
e Kullback-Leibler (KL) Divergence:

Dy, = | dpP(p)In(P(p)/m(p))
* Evidence:

Z=[dpl (pm(p) - InZ)=(In()),— Dy
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MTH: study method

* 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 C —m l.p‘T’"‘IJ — 'ﬁin‘TJ‘? + ALl/)LLIJR + AR?./)R‘?L + my‘TJL“IjR + *ee

e Only 3rd generation fermions couple to composite sector



MTH: study method

LM4DCHM 5—-5 14-10
Decay constants I hs fx, fe I fu fx, fe
Gauge couplings 9ps 9%, 9G 9ps 9x, 9G

Quark link couplings

Quark on-diagonal masses

AtLa AtRa AbL7 AbR

myg, mg, My, m[;

AtL7 AtRa AbLa AbR

mg, Mg, My, mE

Quark off-diagonal masses my,, My, my,, My,
Quark proto-Yukawa couplings | Y3, Y; Y;, Y,
Lepton link couplings Ar, A, A, Arg
Lepton on-diagonal masses My, M7 My, Ms
Lepton off-diagonal masses my,

Lepton proto-Yukawa couplings | Y, Y:
Dimensionality 25 24

Table 1. Parameters present in each model.

Model Parameters Scan Range Prior
mp/f, ma/f  [1/V2,4n]
Ix/f, falf [0.5,2+/3] Uniform
9> 9%, 9¢  [1.0,4n]
Ay, /f [e025 ¢l5]
Awp/f 707, 4n]
Both Ay, /f [e=50,e~39]
Apy/f [e=0%, 4n]
me/f, ml_’/f [6_0.5’ 1.5] Logarithmic
mg/ f ™1, 4n]
my/ f [e=10, ¢l5
myi/ f €39, 4m
my,/ f =025, 47]
(my, +Y2)/f  [e7?, 8]
(my, +Yo)/f  [e7%%,e7"7]
m./f [e125, 4r]
me/f (e, 4]
LM4DCHM§:§‘5 my-/f (72, e7H7] Logarithmic
(myr +Y7)/f  [e%°,8n]
ArL/f [e=21,e709]
Arr/f [e=18,¢02]
ms/ f [e703, 4nr
mz/ f 705, 4n]
LM4DCHM;°10  my,/f [e"15, 4]  Logarithmic
ArL/f [e=1, 4
Arr/f [e=40, e~19]
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Results
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Results

Model In(2) (In(£))p maxIn(L) Dgy
LM4DCHM: 27° | —45.604+0.06 —17.27  —10.79  28.33
LM4DCHM?,°;> | —36.30 £0.05 —14.63 -9.13  21.67

* Both scans are convergent

* Model with leptons in 14 — 10 1s a better fit from a Bayesian
perspective



Results : Direct detection

- 107!

10! 4 . LA\lle(,“HI\ITJ—jH.;, L 105

- LM4DCHM? 25 |

L l 2

1072 1 S~ U

1077 1
- 1074

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

o(pp — L4) (pb)

10710
10711 4

- 10 13

10 14
- 10716

* Each model has a number of heavy
quark and lepton partners

Events at an Integrated Luminosity of 3000 fb

mr, (TeV)

], € * We can try and look for these at the
1()‘-% - LMIDCHMEE | % LHC
. - 10~ ‘% -
2wy . LM4DCHM;, >y
N . LM4DCHM: 2°
5 p—y : - ’,‘ - 10710 :::‘
s ; AR 1012 = : Producable range at HL—LHC
10716 Rt ' =
e - 10716 £
e | e — :13 TeV search bounds
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Results
Indirect detection

* Another avenue is Higgs signal
strengths (gluon fusion)

« Sensitive to modifications of Higgs
couplings to SM

* gauge bosons and fermions, loop

contributions from composite
resonances

'u.gg — [G(gg - H)BR(H _)jj)]measured
1 lo(gg —» H)BR(H - jj) sy
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Conclusion

Scans of lepton-inclusive MCHMSs 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
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MTH: study method

M4DCHM 5—-5-5 14—-14—-10| 14—-1-10
Decay constants fs fi, fx, fe i fn fxs fe | f 1, fxs fa
Gauge couplings 9p> 9X, 9C 9p> 9X, 9C 9p» 9X, 9C
Link couplings Ag, ADipy Dppy Dpp | Agy Ay, Ay Ay, Ay, Ay
On-diagonal masses Mg, Mg, Mp, Mj Mg, Mg, M Mg, Mg, Mp
Off-diagonal masses my;, My, my,

Proto-Yukawa couplings | Y;, Y3 Y, V3, Vs Y, Y,
Dimensionality 19 17 15

Table 2. Parameters present in each model.

Parameters Scan Range Prior
my/ f, ma/f [1/v2, 4n]
All Models Ix/f, falf [0.5,2+/3] Uniform
9p, 9X, 9G [1.0,4]
Ay, /f [e~0-25, ¢15]
A,/ f [e=075, 4n]
Ao, /f [e=5:0, 3]
Ao/ f [e70, 4n]
my/f, my/f [e705, €19
M4DCHM®—5-% mi/ f [e=10, 47 Logarithmic
mo) f [e710, el ]
my,/ f [e7®2, 4n]
my,/ f [e=0-%%, 4n]
(my, + Y1)/ f =%, 8]
(mYb + Yb)/f [6—8.5’ 6—0.5]
A,/ f [e719, ¢29]
A/ f [e=25, €29
Ay/f [e=40, ¢20]
my/ f [e=1, 4]
M4DCHM4-14-10 me/f [¢72°, 4] Logarithmic
mo/ f [e=29, 4]
my,/ f [e=®2, 4n]
(my, + 3Y2)/f 783, 1.0]
(my, + $(Ye+Y2))/f  [e739,2.6 x 4n]
Y/ f [e=9, 4n]
Ad/f, A/, Yi/f [e=%9, 4n]
Ay/f [e=70, 4]
MADCHM™ 110 /. my/ f [e=30, 4n] Logarithmic
m/ f [e=99, 4]
Y,/ f [e=%9, 4n]




