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Naturalness / Hierarchy problem
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"Technically unnatural’:
Unstable under quantum corrections

New physics
expected
* SM isolated from other scales 1is
natural
* However, any scale above the weak scale
may potentially change the physics at
the weak Scale, contrary to our
intuition from other branches of
SM is valid physics

* SM has a hierarchy problem

H

Talks by James Wells, Gia Dvali ,




Category of Solutions
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Cut-off lowering Symmetry protection Vacuum selection
Technicolor Supersymmetry Anthropic selection
Compositeness Shift symmetry Relaxion
Discrete symmetry NNaturalness
5D gauge symmetry

and many exciting new ideas... (talk by Nathaniel Craigq)



Supersymmetry vs

Higgs mass protected by
Supersymmetry

Higgs is too heavy to by
supersymmetric

Scalar top-partners,
opposite statistics
cancellation

Composite Higgs

* Higgs mass protected by
the joint effect of lowered
cutoff and approx. shift
symmetry of pNGB Higgs

* Higgs is too light to be
composite

* Fermionic top-partners,
same statistics
cancellation



Supersymmetry vs Composite Higgs
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A. Wulzer's talk at European Strateqy Symposium, Granada, May 2019

Composite Higgs, 20, HL-LHC ——
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Experimental Frontiers

Indirect probes



Collider calender

B Proton collider

Possible scenarios. of future colliders M Electron collider
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.Exotic pNGBs

.ALPs

.Spin-1 resonances
.Vector-like quarks

b WP

.Long lived particles

Precision Cosmological/
measurements of Astrophysical
SM parameters pointers

Indirect probes
8
Talk by Binxuang Liu, Stephane Cooperstein, Carlos V Sierra,

Aurelio Juste, Stefano Morretti, Werner Porod, Kaustubh Agashe



Exciting results and prospects

| Pair Production Summary: Vector-Like Top I
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Extended reach for LLPs (CODEX-b + LHCb)

@ Compact detector for exotics: [PRD 97 (2018) 015023]
@ Box of tracking layers to search for decays-in-flight of LLPs generated at IP8.
@ Interface with LHCb for identification and partial reconstruction of possible LLP events.
@ Prospects for several benchmark models studied:
@ Prospects (various detectors) for B — X (@ as a light scalar) shown below.
@ LHCb has already provided limits for this signature using Run 1 data [PRD 115 (2015) 161802]
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Search for exotic pNGBs

W

- il\,'""l‘

— St¥5T T S WtbhWtb

=== S§TY§TT s 4W
[2101.11961]
Reference o

103 I

—— S§TEST 5 Wibth

——— SEXGT L WWWZ
[2101.11961]
Reference o

102 i

— 557 S WyWy
——= 5*S- awywz
—_— 5t5T s WZWZ
Reference o
101} — 5*S0LWyyZ
— SISDﬂWYV}-’
Reference o

95% CL bound on o x Br [fb]

100

200 400 600 800 1000
ms [GeV]
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See also talk by Werner Porod



Top mass in partial
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with mass M
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Light top-partners are usually

required to reproduce correct top mass
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Top—partner spectrum
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AB, D B Franzosi, G Ferretti [2202.00037]
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Diphoton signal

tih

SU(5)/SO(5) coset
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(see talk by Werner Porod) g

f f

Relevant for leptonically decaying top, so that top and anti-top can
be distinguished

— 0(]?]9% (t’Y’)/)"'X) ~ 1 1b For 1.5 TeV VLQ mass

Relevant for hadronically decaying top:

— o (pp — (t/tyy) + X) ~ 2.5 1b

More inclusive diphoton cross-sections ~ 5 fb

These numbers are in the ballpark region of interest for
VLQ searches by ATLAS and CMS collaborations 14

AB, D B Franzosi, G Ferretti [2202.00037]



Search for
new
particles

Cosmological/
Astrophysical
pointers

EWPT
Higgs couplings

- >

T hysi :
. , o8 S Indirect probes
Differential distributions 15

Talks by Chris Hays, Sebastian Bruggisser, Riccardo Torre,



CDF W mass measurement
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1909.02845

Higgs data (@Run 2
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Modification of Higgs couplings

* Mixing with other spin-0 bosons,

Examples: models with additional SU(2)xU(l) multiplets.

* Higher dimensional operators, obtained by integrating
out heavy degrees of freedom,

Example: Composite Higgs scenario

h _
Loy=~ cv (2MFWIWH + M3Z,2") = > " cymysff
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EQ):r—Z——[ad%WFﬁJW‘—FadvaWJW‘——??quwﬁg“}

v 18



LHC Run 2 limits
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AB, G Bhattacharyya [2006.01164]



tang

Interpretation in extended Higgs models
Type-I ZHDM
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I
|
0.7 09 “ 1.0 :1.1 12/ 1.4

Type-II 2HDM

* Alignment limit

is preferred
in Type-II 2HDM

tang

* In composite
2HDM additional
el | , | ik | | . | suppression in
-1 -05 0 0.5 1 -04 -02 0 02 04 06 couplings due
Lostls ) Sos—d) to pNGB nature
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of Higgs

(see Stefano
Moretti’s talk)
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Interpretation i1n composite Higgs

T T * Higher dimensional operators
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Momentum dependent form factors

W
er 1Y (p1,
H --==-=-- gy = (]]:21 pQ)hVu(pl)Vv@?)

i‘% -

1
VI—&n™ + —{c§ (0" prp2 — phpY) + ey iP5 + i Pl + Cf:,/p‘%pé}]

f2m4

Y ~
V= F = & am0D) (] — me? + amI)

Form factors parametrize the information of strong dynamics

o and Rin ete™ Collisions
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If the compositeness scale is just beyond the reach of LHC...

fineprints in differential distributions?
22

AB, S Dasgupta, T S Ray [2105.01093]



Search for
new
particles

Precision
measurements of
SM parameters

Phase transitions
Gravitaional wave
Dark matter

Indirect probes
23

Talk by Elliel Camargo-molina



Electroweak phase transitions

1l"‘rl;'t’-f T)TC T=TC
Closely related to the
structure of Higgs
potential i 4
Presence of |H|¢ operator
is crucial o -
Modification of Higgs
self-coupling => di-Higgs 10-6

production is the key to
probe

Gravitational waves?




Dark matter: Is there still room for WIMP?

Atoms
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No longer a miracle?
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Alternatives: Feebly interacting
massive particles (FIMP)?

DM-SM in thermal equilibrium Freeze-out due to expansion

107*

-
Y.
in -
107"
T T R R
r=m/T
DM-SM coupling is small DM not in thermal equilibrium

Freeze-in production from negligible initial abandunce %°



Fingerprints of FIMP

A dark photon portal to fermionic FIMP dark matter
in early matter dominated universe

ap = 1073 Ty = 10° GeV, Tpq = 10* GeV, Try = 8 MeV ap = 0.1, Ty = 10° GeV, Ty = 10* GeV, Tryy = 8 MeV
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Can be interesting for CODEX-b

27
AB, D Chowdhury [2204.03670]



Conclusions

Naturalness: is there a real issue? SM has Hierarchy
problem

Lots of effort on theoretical grounds: 20+ ways to
address, concrete models to brand new ideas

Experimental frontier: Direct search of new particles
(pPNGB, VLQ, spin-1,ALP,LLP... ...)

Precision measurements: EFT frameworks and challenges
therein

Cosmology: Still futuristic, but it is time to think
about it

Is there still room for naturalness? Yes!

Other related questions: Dark matter, Strong CP?
28

Thank you!






Composite pNGB Higgs

* Higgs 1is a composite bound state of a strongly interacting
sector

* Higgs emerges as a pseudo Nambu-Goldstone boson (pNGB)

Finite size effects
around m,

Higgs dissolves

above m,

A? correction




Compare with QCD

Hypercolor

SU(n), Sp(n), SO(n)

SU(3)e

Quarks & Gluons Hyperquarks &
Hypergluons

SU(2)1, x SU(2)r/SU(2)p G/H

Pions Higgs +
BSM pNGBs
Rho-mesons Spin-1 vector
resonances
Baryons Top—-partners (VLQ)
No Yes (triggers EWSB)

ssauajTsodwod

TeT3lIRd
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Examples

Main requirements:

1.Atleast one Higgs doublet among the pNGBs

2 .Custodial SU(2)p, x SU(2)r should remain unbroken

Three minimal cosets:

Taken from Gabriele'’s talk

4 (5 o) Complex

SU(4) x SU4) /SU(4)p

4 1), Pseudoreal

SU(4)/Sp(4)

5 1, Real

SU(5)/S0(5)

[Barnard et al. 1311.6562, Ferretti et al. 1312.5330, 1404.7137]

32



Top—partners

/\L )‘H
i l“‘\.} i . -_
ﬁmm — d-L—ﬁ_jQ QLOH o —d.;?—Hu/Q U,HOL =P h:c.
ll)\[)tw.r A lj‘\."r

O~ Yxx, xvx

Trilinear fermionic operators give rise to vector-like fermionic
bound states (top—-partners) below the confinement scale

X carries the SU(3) color quantum numbers,@b does not.

Since we want to obtain the top partners, we also need to embed

the color group SU(3)c into the global symmetry

3 (Xas Xa) Complex | SU(3) x SU(3) — SU(3)p = SU(3).
6 xo Pseudoreal SU(6) — Sp(6) D SU(3),
6 Yo Real SU(6) — SO(6) D SU(3).

33



Vacuum misalignment

) H misaligned
- o

.
.
.

Explicit breaking of global symmetry leads to 1l-loop potential
for the pNGBs

Contribution from top quark is essential to trigger electroweak
symmetry breaking 34



Partial compositeness

Composite sector

Composite currents,

pNGB Higgs
O,J,, H

Composite operators

Elementary-Composite
linear mixing
(Explicit breaking of the
global symmetry of
the strong sector)

ﬁmix s AL@LOR + /\RHROL 6E QA;:,JP'

Elementary sector

SM fermions,
SM gauge bosons

qr,, Ur,dRr, A,

Physical states are linear combination of elementary and composite states

|ISM) = cos ¢|elem) + sin ¢|comp)

35



Yukawa couplings and top—-partners

Y = gy Singy singp

)

Trilinear fermionic operators give rise to vector-like quarks (top-
partners) below the confinement scale

SM fermions mix with the top—-partners, receive mass after electroweak
breaking, interaction with Higgs via composite resonances

Top can be substantially composite, while other light quarks are mostly
elementary 36



Vector-like quarks: defining features

Left-handed and right-handed chiralities transform identically
under a gauge group

e.g. SM quarks are vector-like under QCD and EM, but chiral
under the electroweak group

Example: Charged currentllz“é%J“VKj-%hxx

Chiral quarks: ” W _ . _ .
" =7y +ir =" fL =" 1 =) v-a structure

Vector-like quarks:
ju::;ﬁf+dﬁ%::fLVMfi‘FfRW#fE::,fVMf/V'structure

Distinguishing Features:
1l.Gauge invariant Dirac mass term exists without Higgs insertion
2.Axial anomalies are automatically absent 37



Specific example:

SU(5) /SO (5)

°* pNGBs: 14 pNGBs, only the doublet Higgs receives vev
SU(2)1, xSU(2 SU(2)r, xU(1
14 VRO (3.3) 1 (2,2) 4+ (1,1) 77T 30(@0) + B4 (@2) + 215 (1) + o)

* Vector-like quarks:

transform under unbroken SO (5)

U(2), x U(1)y multiplets
Tg X_>
D 3 3
6 3 i X2
3 3
€
) i Yo 15 Xr_: 12: Ng 1. i é_;
3 3 3 3 3073 3 3
Yoy

* SM quark embedding:

no corrections to Zbb

ir = tr Dy, +b.Dy, € 24,

fR = tRD?R c 24
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Lagrangian @TeV scale

L2 = tr [WiDV] — Mtr [U¥] + str [FOLT]

Leem. = qrilpqr, + trilDtg + brilDbg Lrc. =yrfarXVr +yrfYLitr

L= EpNGB + Lanom. + Letem. + Loz + Lp.c. — Vpot.

2 1

/ 190 1 5 3 4
Longp = tr (D) (D*%)] Voor. = gmph” + gmimy 4+ O(n°, %)

EWZW = '7'(',? |:C'7'7F‘F~’ + CZZZZ —I_ CZ’)/FZ + CWWW_‘_W_}

—|—7T;_ [CZWzVV_ == C,waW_} == 7'(',;‘_—'_ [CW—W_ W_VNV_}
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Decays of nearly degenerate states

* Theoretical Challenges:

?Z(}Eﬁ + M)
(p? — ﬂff%)]l + My (D' + 200 M) i

v Deal with the nearly degenerate states

v One-loop self energy is off-diagonal

v Consider matrix Breit-Wigner propagators

0 0.0017 0.0017 017 0.0 013 032 014 0.14
0 BRo(TT — AB) 0.20
NT == 2, A/ffr = 1.36 TeV
-6
0  4.x10°° Bk
0 1.x107° 4.x107¢
0.12
0 0.00035 0.00030 0.056
L 008
0  0.00009 0.00025 0.018 | 0.015
0.04
0  0.00033 0.00015 0.038 | 0.0092 0.030
0  0.00042 0.00049 0.0013| 0.030 0.011 . 0
0  0.00037 0.00012 0.030 0.0074 0.028 0.035 0.031
0  0.00012 0.00035 0.024 0021 0012 ' 0.040 0.010 0.028
Wtz th Y B Bt bya bys
X3 X5 X1 n X3 X5

o(pp =TT — AB) NWA Nro(pp — TT)BRo(TT — AB)

BR(T = A)=> BRy(TT — AB) Y BR(T —»A)=1
B A

BRo(TT — AB) # BR(T — A)BR(T — B)
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Building blocks for IR theory

Three basic ingredients to construct the IR Lagrangian of VLQs and pNGBs
°* pPNGB matrix (fixed by the choice of coset G/H)

1o L

f

P Q(S) exp ( ) ; > — gEh_l(W)

* Irrep of the vector-like partners under unbroken H
Uy = Uy, Up—hUp, Uug—hUssh’, ¥p— hUpht
* Spurion embedding of SM quarks in the global symmetry G

qr, — tLStL -+ bLSbL7 tp — tRStR bR — bRSbR

N N, F—gF, A—gAg', S—gS¢l, D — gDg'
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o(pp — V) [pb]

Production and decays of VLQOs

* Pair production of VILQs at LHC: depends only on VLQ mass

tf:Eij;%ir?ﬁ?jﬁ?trﬂéi:::: | | ::::::>fzfiftftr1<i:::::! ff:zizizizjz]E:::j::::::!
q W 7 U ] o

1073L

1076t

1077¢

c@NNLO + NNLL with Top++ _
PDF : NNPDF40mnlo_as_01180

0.5

* Single production:

.o 15 20 25 30 35 40

* Possible decay channels

Top-partner

Decays to SM final states

Decays to BSM final states

T3 X3, Y3, T th tZ, W+ X755 1, b5
B..1.Y.1,B., tW~, bh, bZ tX35: bXU 35 s BN
X% , Y? \ X% tW+ ?fx;(%, bX?}rJr
f M  mg ms my m, yrL YR K
1000 1500 330 315 335 290 1.80 1.87 0.50
42
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Branching ratios of pNGBs
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Normalized Events [x 107

Normalized Events [x107%

o
=

—_
=

-

o
=

0.25 0.50 0.75 1.00
My [TeV)

100
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= 100
X

£ 10
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= 1
= o1
Z 0.
i001
2 0.
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(b)

100
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=]
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Normalized Events [x103]

ot
=

o, X By, x BY, [fo]

Ratio to SM

[2008.02508]

12—ATLAS Boosted VH, H — bb, V — leptons —
— {s=13 TeV, 139 fb?! ® Observed ==Tot. unc. Stat. unc. J
10—~ ' —
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s T =
= V=W V=2 =
6= . -
aF- o =
2 ﬁ : =
0 : T
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) _ I ]
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Coleman—-Weinberg Higgs potential

d4 HL HLR 2
V:cop(h) — _2Nc/ (2:;1 log [_QJQE‘ (HL + 7Sh) (HR + Hl Ch) | |

9 d4QE Hl(—QQE) 2 \\ .r‘f \\ .-’f \\ ;f
aueh:_ | 1 Mg \g \ s N/
Vo) = [ Gr1oe |1+ gty
9 [dlgp [IL , IO 4] + o

=9 / (27 [41103 30112 "

9 4 s;ﬂ_ir(h
pl]

Qg > () Gauge contribution can not
misalign the wvacuum

Shch]

ot < 0 Top contribution essential ; :
PIE T (1))
for EWSB , .
iTl“#(h) (11" (h)
«Q 8

§E(sh>2—% m%zF(l—ﬁ)ﬂ ) |



Custodial symmetry

* Custodial symmetry mmp SU(2);, x SU(2)g — SU(2)y

O ME >0 [AT(T 4+ 1) - Y
Pise = M2 cos 02, > 2022

//bne doublet \\ ‘
S P Diree = 1 Pexp = 1.00039 = 0.00019

singlets

\_Multi doublets '

2vt

L One doublet + one Dhiee | 58 —— — v < 1 GeV

triplet Ud
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Georgi—Machacek model

* Doublet + one triplet EE) Custodial symmetry violation

M3z, 202
= ~ 1+ —
Prree = 1 2 cos 62, v=

— V¢ 5 1GeV

* Restore custodial symmetry: bidoublet + bitriplet

52 em o1+
- ( :X_ _% f; )(37 3) — 1 + 3 + 5
h G~ H5:t:|:
H GO Hgl:
0
_ 207 +200)7 + (82 _ ( H%E ) s
Ptree — 4<X0>2 4 <¢0>2 - H3
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