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TESTING NATURALNESS

Tao Liu
The Hong Kong University of Science and Technology

Based on
[C. Chen, J. Hajer, TL, |. Low and H. Zhang, arXiv: 1705.07743 (JHEP 2017)]
and in-progress work with J. Bernon, J. Hajer, Y. Jiang, |. Low, et. al.
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W Naturalness Problem in Particle Physics

|

A large discrepancy between two energy |
| scales strongly correlated

———

Unnatural!

Blackbox Qutput_,,
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W Naturalness Problem in Particle Physics

FERMIONS®

First Second Third |
o ' Generation Generation Generation |

BOSONS ——

|
|

Top quark Higgs

( %) -
10 & 2 — | EW scale ~ 100 GeV
W
10° Bottom quark
Charm quark

10° Tau
;; ’ Strange quark
S 10"
g Muon
o Down quark
S\
5 : s The electron mass is orders
. : —>
a 10 @ smaller than the EW scale
g — Unnaturall

R N TN NG JARSIRSS

Muon- J

neutrino Tau: ) Photon
10"~ Electron- ’ neutring

neutrino ® oo 9
107 "




u JJ Naturalness Prolem in Partlcle Physncs

Observations: (1) zero mass limit => chiral symmetry; (2) chiral symmetry
breaking => a logarithmically divergent contribution from the cutoff at
quantum level

me ~ Mm% [1 + 3a/4m In(A/me)]

i, t'Hooft s’ra’remen’r for '’ ’rechnlcal na’rumlness

- If the turning of f of an ' unnatural" parameter results in an enhanced |
symmetry which can be (approxima’rely) softly broken, this parameter is |
’rechmcally na‘rural

=> The smallness of me: hot natural, but technically natural |

However, not all particles have a masse technically natural in the SM

——— o — = = —_— -
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W Naturalness Problem in Partlcle Physncs

~ MPlanck A 2

tree loops / top

\

WZYy, . Higgs‘:

.......... _ 3 S N
m%l ~ [Figure credit: R ———
M. Schmaltz '04] . A hierarchy of

2
(125 GeV) 30 orders!

top| gauge higgs | - Unnaturall |




“"Hierarchy’ Problem
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Picture credit: www

* Planck scale

Is there a " " technically
natural” solution?

» EW scale
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lT'D Solution | - Fermionic Symmetry (Supersymmetry)
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| The underlying symmetry =>
(1) orders a spectrum of * " partner” particles

(2) predicts a sum rule for canceling quadratic divergence in mh”2, |
either completely or at a leading qua

—— — — — ——— —

i——— —

- A must-be-done task post the discovery of any partner-

| like particle:

um rul

~ Measuring the s

__ ___




- One might ask:

why worry about step 2) when we have seen no empirical sign of a top
partner??

The answer:
We live in a unique juncture in history!

As part of the planning for a new generation of particle accelerators, we
would like to know the ability of a new hadron machine to unambiguously
establish the Naturalness principle, should a top partner-like particle be
discovered.

Ian Low, 2017 CERN-KCK workshop
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lT'D Simplified Model
SM + one pair of vector-like (weak isospin singlet) top partners

‘CU — u§ (CofU—l—ClHQ3 -+ %HZU—F)

+U*° (éOfU—I—élHq3—|—672H2U—|—...> + h.c. .
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lT'D Simplified Model
SM + one pair of vector-like (weak isospin singlet) top partners

c
Ly = ug <CQfU—|—ClHQ3—|——2H2U—|—...>

f
4 Ue (éOfU+élHq3 + C—;H2U+...> +he. .
Model Coset SU(2) ¢ c1 ) Co C1 Co
Toy model ST 22 1 M =M =M A 0 0
Simplest (So%3) 23 1 x  -x % A ) R
Littlest Higgs gg g 14 1 Al —V2iA1 =201 A2 0 0
. SO N i
Custodial SO(3) (Sg())( 7y 20 2 Y1 &Y — %yl Y2 0 0
T-parity invariant  goeer [19] 1 A A =X =X =X A
T-parity invariant gg g 19 1 A —V2IA =20 =X —V/2iA 2\
Mirror twin Higgs 2383883 24 1 0 oy 0 At 0 — ¢




u JJ Naturalness Sum Rule Mass Basus Before EWSB

Lo = mpT'T 4+ Ay HEt + Ay HT't! - Q! H24eT' + QT 27l

ZmT/ 2mTz

- H3t A Pr H°T"t + O (H“) + h.c.
GmT’ 6mT'

Quadratically divergent contribution to the C-W potential from top sector

= A? trM(H)TM(H)

Require coefficient in H"2 to vanish =>

ar = — [Mpi|* = [Aw*
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P CoH3CY e L-HT™ + O (H') + hee.
6mT’ GmT’

Traditional wisdom - reconstruct the three couplings
-
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lT'B Testing the Sum Rule -Traditional Wisdom

Top quarks and electroweak symmetry breaking in little Higgs
models

Maxim Perelstein, Michael E. Peskin, and Aaron Pierce
Phys. Rev. D 69, 075002 — Published 8 April 2004

2 2 mo
ar = —|Ap/|” — | Ay o = A
. e '

4 Testing the Model at the LEC How difficult! | ¢
4.1 Measuring the parameter f. . . . . . . . . . . .. ... ... ... .. 16
4.2 Measuring A/ . . . . . o e e e e e e e e e 17

4.2.1 Decaysofthe T'quark . ... ... ... ... .. ....... 17

4.2.2 Production of the T"quark . . . . . ... ... ... ...... 20
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Top quarks and electroweak symmetry breaking in little Higgs
models

Maxim Perelstein, Michael E. Peskin, and Aaron Pierce
Phys. Rev. D 69, 075002 — Published 8 April 2004

ar = — [ Ar|* = Ay *

Not representative! E.g., little Higgs with T-parity

-




u JJ Naturalness Sum Rule Mass Basus After EWSB

¥ A
L1 =mpTT + \vt©t t°t hTt tcT hT°T
T T t \/§ \/§
b
- L p2eT 4 ST 27T 4 2 h24¢t - h2T6t+O W, s v +hc
4m 4mT

4mT 4mT
ar = a7 + |)\T’|2 -

’U2

orr == Pl = | 1 far = —ww(—

mi

Leading order - involves diagonal Yukawa couplings only

Could be generalized with more top partners introduced:
2

on = -+ 0 )

No measuremen’r of quar’nc couplmg is needed =>a more feasuble gmline
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u ” Colllder Strategy Colored Top Partners

With this guideline, we are able to study various benchmark scenarios,
e.g., little higgs models without T parity

Introduce a " " naturalness parameter”

2 aT v
= Amf = =g O(_Q)
AV ¢ mr
:ulnat =1

Test the sum rule <=> measure the " " naturalness parameter”

e e ———— e — = = = = -
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Exclusion of Unnatural Theories at 100 TeV
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0" " unnaturalness” hypothesis: exclusion of " unnatural theories” against
a natural theory
I given 30/ab, 10% deviation from " " naturalness”: excluded up to 2.2TeV
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delta_lambda_t ~10% (HL-LHC) delta_lambda_t ~1% (30/ab, 100TeV)
+ delta_aT (3/ab, 100TeV) + delta_aT (30/ab, 100TeV)

1 A precision of 10% in measuring mu could be achieved up to ~ 2.5TeV
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0 The naturalness problem has driven particle physics for several decades |
| |

To establish the Naturalness Principle, it is crucial to measure the naturalness |
sum rule, post the discovery of any partner-like particle

For a top sector with fermionic top partners, the naturalness sum rule only |
depends on flavor-diagonal Yukawa couplings, up to an order O(v"2/mT"2) \

At 100 TeV with 30/ab, a precision of 10% for the measurement of the
| naturalness parameter could be achieved for top partners up to ~2.5TeV, for
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How to break the degeneracy of the sign in the mu parame‘rr?
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- Intwin Higgs model, how to test the |
;ﬂ haturalness sum rule at colliders? |

Maybe mono-Higgs search can help
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- How to test the sum rule for supersymmetry at colliders, |
. post the discovery of any superpartner-like particle?

'Long journey to go to establish the naturalness principle, |
| ~ butexciting .....
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O ___Simoliiedade cwse

pe coug — coU*® t' = g3
C
e _ coU® + CoUs T =U
C
Y4/ 0% ali
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By = (cpc3 — cpC3) ¢, Brr = (cpc3 + Cpc3) C @
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W - Slmpllfled Model - Mass Basus After EWSB

’U2 ’02
t°=t"+0(—| , t=t —T'— Xy + O 5
mT/ mT’ mT/
’U2 v ’02
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mT/ mT’ mT[
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How to break the degeneracy of the sig

tr-like partner, (v/my)Cpy=1

600 800 1000 1200 1400 1600 1800 2000

n in the mu parameter? )

Preliminary

" LHC14 0.3ab™" (CMS 1)
LHC14 3ab~"(CMS 1)
ILC500 0.5ab"!

~ CEPC 5ab™"

' ILC500 4ab™"

"~ FCCee240+350 12.6ab™"




