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Motivation For New Physics

THE STANDARD MODEL

FFFFFFFF (matter) BOSONS (force carriers)
Q Gauge

Nature of Higgs (Higgs potential) unknoy
There are evidences of dark matter

Matter-antimatter asymmetry

A theory to address all of them together?

SUSY

Neutral Naturalness
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Radiative Higgs Potential
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Minimal Neutral Top Summary

Jiang-Hao Yu



Hierarchy Problem

Higgs mass parameter

‘‘‘‘‘

—(100 GeV)? =  ----@---- —+ "'Q """ -+ :
_ 2 A? 2 3 2 /2
= cA =+ o2 \ 6% + 7397 +47) + 6A

In EFT, cutoff just means physical thresholds of underlying physics

Introduce symmetry for Higgs boson
Mpl A~ Mp1
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Naturalness

Higgs mass parameter
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In EFT, cutoff just means physical thresholds of underlying physics

Myt A~y Mo
UV symmetry lowers
SM threshold to TeV A ~ my
100 GeV I 100 el
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Top Partner & Little Hierarchy

Higgs Boson only sees top partner scale, not Planck scale
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Subersymmetr Strong dynamics
Persy Y with global symmetry
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Top partner above 1 TeV, little hierarchy (percent-level tuning)!
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Towards Neutral Naturalness

Can we lower top partner search limit to have natural theory?
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MWS/Y Mconﬁne

Top partner 1s not

My 0.5 TeV charged under SU(3)color!
100 GeV

Neutral naturalness = QCD neutral top partner

Craig, Katz, Strassler, Sundrum, 2015
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Why Neutral Naturalness?

|:|\/ Solve little hierarchy problem existing in SUSY and
composite Higgs

|:|\/ New kind of top partner (no charge under QCD)

Xu, JHYu, Zhu, in preparation

|:|\/ New dark matter candidate from hidden QCD

[V{ Baryon asymmetry from asymmetric dark matter

Ramsey-Musolf, JHYu, in progress

|:|\/ New scenarios for axion and dark axion

Drapper, Kozaczuk, JHYu, 2018
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Concrete Model: Twin Higgs

Mirror Standard Model

SM Twin Chacko, Goh, Harnik 05

Sector A Sector B
Accidental SU(4) symmetry in Higgs potential V(H) = —-m2H'H + \(HTH)?
2
H_(HSM>E<HA)<—SU()A SU(4)
Htwin HB < SU(Q)B
Global symmetry breaking
SU4): H = ( gSM ) — SU(3)
twin / Goldstone Bosons,
H = ( H ) — SU(2)a Higgs as one of Goldstone Boson
-\ H
B — SU(2)p
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Mirror Twin Higgs

/2 symmetry 1s crucial for quadratic div. cancellation

LDysaqgaHata +ysqsHpts

Gauge/Yukawa symmetry breaks SU(4) to SU(2) x SU(2) x Z2

2 2
Vo 8 (GAHLHA + g3 HLHp ) — £ (yVAH Ha + y2H L Hip )
Z 2 A2
——— VO (% - %) (M Ha+ HLHp)

Accidental SU(4) symmetry preserved in leading contribution
if Z2 in gauge and Yukawa terms
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Mirror Twin Higgs Pheno

Mirror SM with Z2 symmetry

Due to anomaly cancellation, need whole family fermions

SM Twin

The Z2 symmetry needs to be broken at low energy

Analogy: SUSY needs to be broken at low energy

Otherwise, not agree with Higgs data
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Unfold the Higgs Potential

Scalar potential with Mirror Higgs

V O ANHS + Hz — f2)?
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U(4), Zs

U(4) — U(3) = 7 Goldstones
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Unfold the Higgs Potential

f2)2

V O NHS +Hf -

7 Goldstones
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Vacuum

<HA> = f sin 6
/9

an
N

(Hg) = fcosf

~\

7

SM and Twin spectra

(Hp) = (Ha) = f/V2

Misalignment

A(Ha) = fsing

L gSM HiggsWW
JgpNGB HiggsWW — \@

#

pNGB Higgs

SM Higgs

il

twin Higgs

Twin spectra

(Hp) ~ f

SM spectra
(Hy) = v = 246 GeV

J




Unfold the Higgs Potential

2 2 oo SYFAZ 5 IByf 5 o P
VOMNH; +Hg— f7)” — 2 (H3 + Hz) 167T2HAHB+m H?
U(4)7ZZ
U4,Z 4 ’Z 4,
U(4) — U(3) = 7 Goldstones ( ) 2 w( ) 2 w( ) ZQ
Z2 broken
pGB gets

[25 GeV mass

A(H,) = fsinf

LY
N

(Ha) =v < (Hp) ~ f
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Twin Higgs Spectra

—Femios D\/ Higgs pheno

Twin W, Z

(Hp) ~ f
SM top

i i |:|\/ Twin top signature

SMW, Z
<HA> = v = 246 GeV

D\/ Dark matter candidate

Twin light fermion
SM light fermion

[V[ Cosmological signature

\ _/

Disadvantage

The Z2 breaking mechanism 1s unknown
Dark radiation Neff constraint very tight

Hidden sector needs Mirror SM
Jiang-Hao Yu




Twin Two Higgs Doublet Model

Extend the Higgs Sector with vector like top |-H.Yu, PRD 2016

J-H.Yu, JHEP 2016
SM Twin

Type-I/Il Twin 2HDM = ( 3"

Higgs potential 1s fully predictive
(soft breaking term radiatively generated)

V(h) ~ — 39? f? B g1 B2 4 Byf 1A Yukawa-gauge cancellation
- 1672 1672 1672 to obtain 125 GeV Higgs mass!

No need whole generation fermions

Jiang-Hao Yu
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Minimal Neutral Naturalness

Twin Higgs Setup:

? . : :
Q Additional weak twin symmetry 1s unnecessary

@ Top partner 1s chiral, need whole generation fermions

A Minimal Neutral Naturalness model:
|:|\/ Minimal hidden sector [No hidden SU2 and Ul ]
|:|\/ No need whole generation hidden fermions
|:|\/ Dark Radiation Neff constraint could be avoided

[V Custodial symmetry is still protected

Jiang-Hao Yu @



Minimal Neutral Top Model
Based on SO(5)/SO(4) coset, instead of SU(4)/SU(3)

e (5 ()= ()

Introduce color neutral, vector-like top partners
qN (17372)Y T ~ (17371)5/
Embed into SO(5) multiplet, add SU(6) global symmetry
=Y &) Te-(m Tw)

LDy QrHTr + mqéL Or + h.c.

Jiang-Hao Yu




How Quadratic Div. Cancelled?

SU(6) symmetry guarantees Quadratic D1v. Cancellation

— —~ il o~ HTH i
EDythHtR—I—ythHTR+\/§ytTL(f 7 )Tr + h.c.
) gef
| e!
5 o - o - ,
mp = yt@?ﬂ + Yt Yt + 2 o, N A
2
Hidden Doublet Hidden Singlet

tr tr Ty
2 £2 2
Y/ NA” (1 5 1 5 o S S S S C c
V(h) 62 (2sh—l— 55h T Ch h h h h h h
(a) (b) (c)

Jiang-Hao Yu

20,



Unfold the Higgs Potential

Higgs potential 1s radiatively generated
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Vacuum Misalignment

Break SU(6) symmetry radiatively via mass term

LD yt@L”HTR -+ mq@,; Or + h.c.

Mgq
(a)

Fully radiatively generated Higgs potential

4 r4 2
V(h) ~ YLL"Ne losh [( rir —1)s? %s;g].

Correct Higgs VEV 1s obtained!

Jiang-Hao Yu
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Fully Radiative Higgs Potential

Higgs potential 1s fully predictive

3y; 2 9 f?\ 2, 3Bui 4 Twin Higgs:Yukawa-gauge
Vih) = - ( 1672 1672 e 167T2h cancellation
V(h) ~ — 3y; f? B g f B2 1 3y; B4 Composite Higgs:Yukawa-
B 1672 1672 1672 gauge cancellation
VR ~ — 3y, f° yrm: n2 3y} 4 Minimal Neutral Top:Yukawa-
— 1672 1672 1672 Yukawa cancellation
0.0638|,
0.0636|
A new way to obtain _ o034
vacuum misalignment 0.0632|
0.0630"

—04 -02 00 02 04
. h
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Composite Neutral Top Model

By including N-site composite states with partial compositeness

\IJNR tR

Au,A ﬁlgfg)

10 TeV +
p(n) h h h h
N 92_ N N '95 N

1 TeV +

N
~

100 Gev h W,Z loop cancellation
via composite rho states
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Composite Neutral Top Model

In two site construction, using CCWZ

Higgs potential becomes finite (no UV dependence)

V(h) ~ — y¢si, + Brsh,
3 (a v’ f2m?2 —a 7y f2'r7L2) 5

= 1672 “h

3 (b 4 _I_’5g4f4) 4

_|_
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0.0000!

04 -02 00 02 04
h

Full UV dynamics: conformal symmetry at high scale
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UV Dynamics: Wilson Line Higgs

L

SU3) x SU3) x SUR2)L xU(l)y  SU(3) x SU(3) x SO(4) x U(1)x

UV Brane IR Brane
Boundar)*mditions -
( ¢1) )
SU(3) x SU3) x SU(2), x U(1)y P iz
Wilsol Line \ P4 )
Bre@ing A 5 A 4O
SU(3) x SU(3)" x U(1)em Y Ads?;CFTy
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Hidden Sector Spectra

Comparison between this model and twin Higgs model spectra

r

\

A
Dark top
SM top (Hp) ~ f
SM|Higgs

SMW,Z

<HA> = v = 246 GeV

SM light fermion
SM Hidden

(

SM top

SM |

SMW, Z
(H,) = v =246 GeV

SM light fermion

Higgs

Twin top

T TwinW,Z
(Hp) ~ f

Twin light fermion

N

SM

Hidden

Top partner 1s QCD-neutral, only carries hidden SU(3) color

W, Z loop cancellation: composite setup with W’ 7

Jiang-Hao Yu
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Mass Spectra and Pheno

SM top (Hp) ~ f

SM|Higgs

SMW, Z
(Ha) = v = 246 GeV

SM light fermion Hidden Glueball

J

[V{ Higgs pheno
[V Hidden fermion signature
D\/ Dark matter candidate

[V{ Cosmological signature

Higgs pheno:  (Higgs portal to Hidden sector)

JhvV, Ghtts hhtts Linv

Dark Matter candidate: hidden baryon/pion

Jiang-Hao Yu




Hidden QCD Sector

Confined hidden SU(3) color with fundamental fermions

Carone, Simmons; hep-ph/9207273

Bosonic TC / induced EWSB Brod, Drobnak, Kagan, Stamou, Zupan; 1407.8188
Chang, Luty, Salvioni, Tsai; 1411.6023

Quirks Kang, Luty; 0805.4642

Kilic, Okui, Sundrum; 0906.0577

Vector-like confinement Kilic. Okuir 1001.4526

Quirky DM GK, Roy, Terning, Zurek; 0909.2034

Stealth DM Appelquist et al (LSD Collaboration); 1402.6656; 1503.04203; 1503.04205

Dark Meson DM

Bai-Hill Bai, Hill; 1005.0008
Buck|ey-Nei| Buckley, Neil; 1209.6054
Hochberg, Kuflik, Murayama, Volansky, Wacker; 1411.3727
SIMP (WZW 3->2) Hochberg, Kuflik, Murayama; 1512.07917

. . Harigaya, Nomura; 1603.03430
nght/heavy chiral DM Co, Harigaya, Nomura; 1610.03848

How Dark fermion transforms under SM group?
Twin Higgs: chiral under dark SU(2)
Neutral Top: vector like under SM SU(2)

Jiang-Hao Yu




Hidden QCD Sector

Dark fermion masses relative to confinement scale

Chiral limit Darkonia
mq < Adark mq > Adark
<

>
A Vector-like
dark

%% %% 2 2
—m=Z /A
Fblreak ~ € Q/

QCD string with hadronization Stable macroscopic string

a
2
=

YYYYYVYYY
¢
=

YYY YYY
YYY Y

Quark Quirk

Jiang-Hao Yu Kang, Luty, 09 @



Hidden Hadronic Spectra

A A
<+ Npcmo 1 Dark baryons
2mo + Dark mesons
TApc Dark glue-balls mo 4
Apc Dark baryons TApc Dark glue-balls
Dark mesons Apc

Dark baryon or meson stable Dark glueball dark matter?

depending on parity/baryon number

|
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Hidden Glueball Spectra

Forestell, Morrissey, Sigurdson, 16

) JPC mi/Mo++

1 0++ 1.00 Unstable Glueballs
9 9++ 1.39

3 3++ 2.13

4 0—+ 1.50

5 9—+ 1.79

6 1+ 1.70 -0~

7 3+- 2.05 —2" =35
8 9+ 2.40 — 3" —_—3r 1

9 | 0+ 2.74 Grp= 0 _ e e

10 17~ 2.23 e

11 92— 2.27

12 3—- 2.39 Gy =0

Glueball decays via off-shell Higgs to SM final states
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WIMP or SIMP Dark Matter

Composite dark matter from dark QCD

If all quirks, baryonic dark matter very heavy (10 TeV)

Introduce lepton doublet to be DM

Very similar to wino dark matter

If b quark below confinement, stable pion dark matter

Need parity between two bottom states

SIMP scenario

2
52 f2

L3_0 = e"PTr (mO,mO,mO,m0GT) .

Hochberg, Kuflik, Murayama, 18
Jiang-Hao Yu
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Asymmetric Dark Matter

QCD dark QCD
asymmetry
sharing
PD - -
annihilation |
TD 5«
p? decav
T, K,... Proton dark matter

Indirect detection signatL@

Jiang-Hao Yu



Exotic Pion Signature

Quark signature for mgz < A

If baryon dark matter, pion unstable

M4 Mx \* /GeV\°
ct(mp — SM) ~ 5X ~ cm X (ﬁ) (me )
™D

Tracking

QCD
hadrons

neutral, SM
singlet states
(dark pions)

Top partner signature very similar to wino searches
Jiang-Hao Yu




Exotic Top Partner Signature

If top partner carries hyper charge

Quirk signature for mg > A

tt forms bound states

Either mono-Z or Z + displaced vertices

Jiang-Hao Yu



Higgs Exotic Decay Signal

Higgs exotic decay signature (universal)

Unstable Glueballs

Craig, Katz, Strassler, Sundrum, |5

Hidden glueball decay via Higgs

Displaced vertices

Jiang-Hao Yu




Displaced Vertices Searches

Generic feature in minimal neutral naturalness

Current ATLAS and CMS searches

HL-LHC upgrade: precision timing (resolution 25 ps)

Distinguish signal via time dela}/
Precision Timing Enhanced Search Limit (HL-LHC)

100 | R T ". 7 5 <
v 7 7,4
107 1 7 2 £
-----  VPRAK IR, O USSR S ) AR ,~h
10-2 v\ BR" <3.5%
— ‘A /

-3 \\ ¢ .
2108 Y A o XX, X))
_g ) \\ " = MS(30ps), At>0.4ns
X 1077 ¢ \ S\&\T S 2 e MS(200ps), At>1ns
a4] \ — — EC(30ps), At>1ns

1 -5 \ J
0 . ¥ 2 B R T MS2DV, noBKG
o« 7T e MS1DV, optimistic
1076 = -
, myin[GeV] WM 10 W 40 B 50
10™ '

10 102 10~" 10° 10" 102 10® 10* 10° 10° 107 108
ct (m)

. Liu, Liu,Wang, 2018 @
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Displaced Vertices Searches

Mathusla and other proposals

Multi-layer f / / -

tracker in the roof

Air-filled fiducial

Wwoc¢

LLP
wa B l" - ¢y volume
Surface 1 — 4
— | > Vd
I SIGNAL:  # Scintillator surrounds detector
-— = neutral ¢

o LLP 7

S e ¢ QCD hadrons

v or CMS 2

o= _— stopped in rock
LHC beam pipe
100m 200m '
/ leptons
(a) Multi-layer /
tracker 7
. tLHC;. (c) Air-filled |
interaction y decay volume
point / - ’ |
. ‘ (b) Scintillator
invisible LLP
(e) i |
(h);
:' 0.1 l I 2 I 3 l 4 I 5 ] 6 J 7 8
pfrom inelastic scattering scattering 1 10 10 10 10 10 10 10 10
LHC scattering neutrino cosmic rays atmospheric

p from LHC from LHC neutrino ECT (m)
Jiang_HaO Yu Curtin, et. al, 2018 @




Summary and Future Directions

D\/Neutral naturalness could address hierarchy/dark matter

D\/Higgs potential 1s radiatively generated in minimal neutral top

|:I\/ Hidden QCD has very rich dark matter and collider pheno

In neutral naturalness, lots of studies need to be done!

new color sector, exotic collider/Higgs pheno,
UV extension, dark QCD cosmology, etc

Jiang-Hao Yu @



Thank you!






Hidden Sector

/ A
f/
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Y, v v,V
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Dark Radiation Constraint

A'/A =2
10 ,
i A /A =5 =
i AJA =10 e ]
< 1 B _
Q - 20' “~eogi \\\\ //I -
0.50 lo el {//l/ )
N/A =10, 2 gen\f """

0'10? A'/A =50, 1 gen. g

0.05" S S i i
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