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Outlook

• Why new physics? 

• Some popular new physics models. 

• New physics beyond new physics models.



Why New Physics?







Why New Physics?

• Quantum gravity 
• Cosmological constant hierarchy 

problems 
• Unification of forces 
• Higgs mass hierarchy problems 
• Vacuum stability 
• Origin of electroweak symmetry 

breaking 
• Origin of parity violation 
• CP-violation

• QCD vacuum  
• Fermion mass hierarchy 
• FCNC 
• Matter-antimatter asymmetry, 

baryogenesis 
• Dark energy 
• Dark matter 
• Neutrino mass and oscillation 
• Muon g-2 anomaly 
• More and more data…



Popular New  
Physics Models



Popular New Physics Models
• Superstring

• Grand Unification Theory


- SU(5), SO(10), …


• SUSY Models

- MSSM, NMSSM, nMSSM, …


• Extra Dimensions

- UED, ADD, RS, …


• Composite Higgs Model

• Little Higgs Model

• Left-right Symmetry Model

• Twin Higgs Model

• …

• Seesaw Models

- Type-I,II,III

- Tree level, one-loop, two-loop, …


• Multi-Higgs Models

- Singlet: real, complex

- Doublet: 2HDM, Type-I,II,III,VI

- …


• Dark Force

• Flavor Symmetry Models

• Axion

• …



Popular New Physics Models

Add Cutoff closed to  mEW. Is mcutoff MPlanck?

stabilize mcutoff, Protect mH Large Extra Dimensions

Tier0

Tier1

MSSM, 
NMSSM, 
nMSSM, 
𝛍𝛎SSM, 

RPV, 
……

Composite 
Higgs Model, 
Little Higgs 
Model, Twin 
Higgs Model, 

……

Tier2 TeV Super-
symmetry

Goldstone 
theorem …

Tier3 Arkani-hamed-
Dimoupolos-
Dvali Model, 

……

Randall-
Sundrum 

Model: RS1, 
RS2 ……

Flat Extra 
Dimension

Warped 
Extra 

Dimension

…

…Hierarchy Problem, mH<<mcutoff 

Is it a problem??



Popular New Physics Models

New particles as DM. Are they thermal Relic?

WIMPs non-WIMP

Tier0

Tier1

Neutralino, Gravitino, 
LKP, LTP, Right-handed 
neutrino, Dark force, 
Higgs portal, SIDM, 

IDM, 
……

SuperWIMPs
, Neutralino 

in GMSB, 
RPV, 
……

Tier2
With 

Baryogenes
is

QCD or 
non-QCD 

Axion
…

Tier3 Asymmetric 
Dark Matter,  

……

Axion 
dark 

matter,  
……

Annihilation DM Decay 
DM

…

…Dark Matter(s) 

Is it (Are they) particles??



Supersymmetry Models
• An ancient family of new physics models. 

• Advantage: 

- Quadratic divergences are cancelled; 

- Stable MEW; 

- Radiative triggered EWSB; 

- Dark matter candidate if you want a R-partity. 

• Disadvantage: 

- (Too) many new particles and free 
parameters; 

- Complicated breaking and mediation 
mechanism; 

- No superpartner has been discovered at 
colliders (only for TeV SUSY models).
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included

Supersymmetry Models
• Recent progress.

Similar figure from ATLAS collaboration, see backup slides.



Supersymmetry Models

PandaX-II Collaboration,  
Phys. Rev. Lett. 119 (2017) 181302.

CDEX Collaboration,  
Phys. Rev. Lett. 120 (2018) 241301.

• Challenges from the dark matter direct detection experiments. 

• Strong constraint to the LSP dark matter candidate.



Supersymmetry Models
• Challenges from the dark matter direct detection experiments. 

• Stronger constraint to the LSP dark matter candidate.

P. Draper, T. Liu, C. E.M. Wagner, L.-T. Wang, HZ,  
Phys. Rev. Lett. 106 (2011) 121805.

bosons and !1. These facts imply rich Higgs phenomenol-
ogy in the DLH scenario and can dramatically change the
strategies of searching for both the SM-like and the light-
Higgs bosons at colliders.)

The Tevatron constraints from the search for h2 !
h1h1 ! 4f are illustrated in the upper panel of Fig. 2.
Almost all points survive. Similar limits from LEP are
avoided easily for the present parameter values, because
mh2 is above the kinematic threshold [9].

! physics constrains models with light states through
! ! "ðh1; a1Þ ! "ð##;$$; KKÞ. Figure 2 shows the
constraints on the effective coupling %d of the light state
to down-type fermions [10,11]. At tree level, %d # v

# $
ð%þ 2"#

mZ
Þ, and the scan points typically approach the con-

strained region only for % * 0:15.
B physics may also add nontrivial constraints with a

light a1 (e.g., see [8]) or h1, because flavor-violating
vertices bðd; sÞða1; h1Þ can be generated at loop level.
These vertices, however, depend strongly on the structure
of soft breaking parameters (e.g., see [12]). For the input
parameters to NMSSMTOOLS used in the scan, the points in
the figures are consistent with all B-physics constraints
including Bs ! ##, Bd ! Xs##, b ! s", etc.

To study the DM physics in the DLH scenario, we
perform a second random scan over its parameter region.
Figure 3 shows that the !1 DM candidate is characterized
by a larger spin-independent direct-detection cross section
&SI, compared with typical supersymmetric scenarios. For
a certain parameter window, the correct relic density and a
large &SI consistent with the CoGeNT and DAMA/LIBRA
preferred region [13] can be simultaneously achieved, and
the scenario remains consistent with current experimental
bounds. This has been considered difficult or impossible in
supersymmetric models [14].

The large&SI is mainly due to the h1-mediated t-channel
scattering !1q ! !1q, and

&SI #
½ð"=0:04Þ þ 0:46ð%=0:1Þðv=#Þ'2ðyh1!1!1

=0:003Þ2 $ 10(40 cm2

ðmh1=1 GeVÞ4 : (9)

The h1!1!1 coupling is reduced to yh1!1!1
# (

ffiffiffi
2

p
' for a

singlinolike !1 and singletlike h1. The dependence of &SI

on m(4
h1

is illustrated in the left-hand panels of Fig. 4. For
the parameter values given in the caption, the LEP search
for h2 ! bb sets the lower boundary of the contoured
region, flavor constraints control the upper-right, vacuum
stability sets the upper-left limit, and the upper bound on
the relic density controls the left and right limits. The
sensitivity to tan( enters mainly via mh1 .

The !1 relic density is largely controlled by the
a1-mediated annihilation !1!1 ! f "f, with cross section

&f "fv!1
#

3jya1!1!1
ya1ffj2ð1(m2

f=m
2
!1
Þ1=2

32$m2
!1
ð)2 þ j#a1ma1=4m

2
!1
j2Þ ; (10)

where ya1!1!1
# (i

ffiffiffi
2

p
' and ) ) j 1

1(v2
!1
=4
( m2

a1

4m2
!1

j, with
v!1

denoting the relative velocity of the two !1’s. )v!1
!0

reflects the deviation of 2m!1
from the a1 resonance. In the

typical case ma1 > 2m!1
> 2mb, the relic density is

$h2 # 0:1ðma1=15 GeVÞð#a1=10
(5 GeVÞð0:003=ya1!1!1

Þ2½ð0:1=%Þð#=vÞ'2

erfc½ð2m!1
=ma1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xf)v!1

!0

q
'=erfcð2:2Þ

; (11)

FIG. 3 (color online). Cross section of SI direct detection for
!1. The scan is over all parameters, in the ranges 0:05 * % *
0:15, 0:001 * ' * 0:005, j"0j * 0:25, (40 * A' * 0 GeV,
5 * tan( * 50 and 100 * # * 250 GeV. The dark gray
(blue) points have a relic density 0:09 * $h2 * 0:13. The
gray (red) contour is the CoGeNT favored region presented in
[16] and the two gray (light blue) dashed circles are the most
recent interpretations of fitting CoGeNTþ DAMA=LIBRA
[13]. All contours assume a local density which may be sensitive
to the relic density. The dark gray (purple) dotted and dashed,
gray (brown), and black lines are the limits from CDMS [17],
CoGeNT [16], and XENON100 [18], respectively. Most
CoGeNT favored regions have a tension with the CDMS con-
straints. Consistency between the CoGeNT preferred regions and
the XENON100 constraints can be achieved within the
scintillation-efficiency uncertainties of liquid xenon [13].

PRL 106, 121805 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

25 MARCH 2011

121805-3

NMSSM MSSM

G. H. Duan, W. Wang, L. Wu, J. M. Yang,  
J. Zhao, Phys. Lett. B778 (2018) 296-302.



Supersymmetry Models
• Exotic Higgs boson signals and exotic Higgs bosons. 

• Example: multi-top signal.

N. Craig, J. Hajer, Y.-Y Li, T. Liu, HZ, JHEP01(2017)018.

CMS Collaboration, Eur. Phys. 
J. C78 (2018) 140; 
Q.-H. Cao, S.-L. Chen, Y. Liu, 
Phys. Rev. D95 (2017) 053004.



• Other popular models. 

• Extra-dimension model: 

- Hierarchy problem: ~TeV Planck scale; 

• Composite Higgs model, Little Higgs model: 

- Hierarchy problem: Higgs boson as a Nambu-Goldstone boson; 

• Twin-Higgs model: 

- Hierarchy problem:  Z2, or exotic SU(6); 

• …

Popular New Physics Models

C. Csaki, T. Ma, J. Shu, Phys. Rev. Lett. 119 (2017) 131803; D. Marzocca, M. Serone, J. Shu, 
JHEP08(2012)013; J.-H. Yu, Phys. Rev. D94 (2016) 111704, JHEP12(2016)143, Phys. Rev. D95 
(2017) 095028; P. Langacker, M.-x. Luo, Phys. Rev. D44 (1991) 817-822; H. An, S.-L. Chen, R. N. 
Mohapatra, Y. Zhang, JHEP03(2010)124; X.-G. He, T. Li, X.-Q. Li, J. Tandean, H.-C. Tsai, Phys. 
Rev. D79(2009)023521; M.J. Aslam, Y.-M. Wang, C.-D. Lu, Phys. Rev. D78(2008)114032; 
Z.-K. Guo, Y.-S. Piao, X.-M. Zhang, Y.-Z. Zhang, Phys. Lett. B608(2005)177-182; C. Cai, Z.-H. Yu, 
H.-H. Zhang, Phys. Rev. D93(2016)075033; P.-H. Gu, H. Zhang, S. Zhou, Phys. Rev. 
D74(2006)076002; C.-R Chen, J. Hajer, T. Liu, I. Low, HZ, JHEP09(2017)129.



New Physics beyond  
New Physics Models



• The Standard Model is an effective field theory. 

• It contains relevant, marginal and irrelevant operators. 

• The irrelevant operators are hint of new physics and new physical 
scale. 

• Example in history: four-fermion theory to standard model. 

• Advantage: model-independent. 

• Question: effective interaction or the resonance, which should be 
detected first?

Effective Field Theory

L
irr

=
X

n=1

X

i

C(n)
i (µ)

⇤n
cuto↵

O(n)
i
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SM EFT
• No exotic fields in the irrelevant operators. 

• Example: Higgs-pair signal at hadron colliders.

Q.-H. Cao, B. Yan, D.-M. 
Zhang, HZ, Phys. Lett. 
B752 (2016) 285-290; 
Q.-H. Cao, G. Li, B. Yan, D.-
M. Zhang, HZ, Phys. Rev. 
D96 (2017) 095031.

X.-m. Zhang, Phys. Rev. D47(1993)3065-3067, J. J. Zhang, C. S. Li, J. Gao, HZ, Z. Li, C.-P. Yuan, T.-
C. Yuan, Phys. Rev. Lett. 102 (2009) 072001; H.-J. He, J. Ren, W. Yao, Phys. Rev. D93(2016)015003; 
C. Zhang, Phys. Rev. Lett. 116 (2016) 162002; I. Brivio, Y. Jiang, M. Trott, JHEP12(2017)070; Y. 
Jiang, M. Trott, Phys. Lett. B770 (2017) 108-116; T. Corbett, A. Joglekar, H.-L. Li, J.-H. Yu, 
JHEP05(2018)061; H. Han, R. Huo, M. Jiang, J. Shu, Phys. Rev. D 97 (2018) 095003  …



Dark Matter Effective Field Theory
• Dark matter field(s) appears in the effective operators.

DM

DM

SM

SM
Relic Abundance 
Indirect-detection 

Collider Exp

D
ire

ct
-d

et
ec

tio
n

P.-f. Yin, Q. Yuan, J. Liu, J. Zhang, X.-j. Bi, S.-h. Zhu, Phys. Rev. D79(2009)023512; HZ, Q.-H. Cao, 
C.-R. Chen, C. S. Li, JHEP08(2011)018; J.-M. Zheng, Z.-H. Yu, J.-W. Shao, X.-J. Bi, Z. Li, H.-H. 
Zhang, Nucl. Phys. B854(2012)350-374; Q.-F. Xiang, X.-J. Bi, P.-F. Yin, Z.-H. Yu, Phys. Rev. D 
91(2015)095020; Z.-L. Liang, Y.-L. Wu, Z.-Q. Yang, Y.-F. Zhou, JCAP09(2016)018;  …



Beyond Effective Field Theory
• We probably need to go (at least one step) beyond the EFT. 

- The heavy resonance has a chance to be produced at colliders. 

-

W. Chao, S. Luo, Z.-z. Xing, S. Zhou, Phys. Rev. D77(2008)016001; P. H. Frampton, J. Shu, K. 
Wang, Phys. Lett. B683 (2010) 294-297; H. An, X. J, L.-T. Wang, JHEP07(2012)182…

H. An, L.-T. Wang, HZ, Phys. Rev. D89 (2014) 115014.



Beyond Effective Field Theory

Z. Liu, L.-T. Wang, HZ, Chin. Phys. C41 (2017) 063102.

• We probably need to go (at least one step) beyond the EFT. 

- The heavy resonance has a chance to be produced at colliders. 

- There are light resonances.

m1

m1

m2

j

h
j

m1
m1

h
m2

j
j



New … 
• New Physics ≠ New Physics Models; 

• New Physics ≠ New Particles; 

• Category of New Physics: 

- New particle; 

- New physics model; 

- New phenomenon; 

- New mechanism; 

- New frame of theory; 

- New … 

• Today, there are so many exciting experiments, from the LHC to 
satellites. We should contribute more and more interesting and crazy 
ideas with these experiments.



• We are measuring the properties of the Higgs boson with higher and 
higher accuracy. 

• Most of the Higgs boson lived in the early universe. 

• How about their life? How to study it?

Example



• We are measuring the properties of the Higgs boson with higher and 
higher accuracy. 

• Most of the Higgs boson lived in the early universe. 

• How about their life? How to study it?

Example

H H H



Example
• Higgs boson in heavy-ion collision.

E. L. Berger, J. Gao, A. Jueid, HZ, arXiv:1804.06858[hep-ph].



Summary

• We have strong motivation for new physics beyond the SM. 

• A lot of new physics models have been developed. 

• Both experimentalists and theorists work hard to explore the edge 
of our knowledge about the universe. 

• The law of nature at the next scale is still a secret for us. 

• High energy physicists face to great challenges and great chances.



Thank you!



Backup slides



Supersymmetry Models
• An ancient family of new physics models. 

MSSM, NMSSM, nMSSM, 𝜇𝜈MSSM, split-SUSY, RPV, … 

• Cancel quadratic divergence using symmetry (not the first example)

𝜹me ∝𝜦
Poincaré 
symmetry

𝜹me ∝ me ln𝜦
+

Super 
symmetry

𝜹mh2 ∝𝜦2

+
𝜹mh2 ∝MSUSY2ln𝜦



Supersymmetry Models
• Recent progress.



Supersymmetry Models
• Challenges from the dark matter direct detection experiments.

Xenon1T collaboration, arXiv:1805.12562[astro-ph.CO].



Example
• Higgs boson in heavy-ion collision.

E. L. Berger, J. Gao, A. Jueid, HZ, arXiv:1804.06858[hep-ph].


