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Higgs discovery tells us that
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The"Standard"Model"
!  Over"the"last"~100"years:"The"discovery"of"many"subVatomic"

particles"and"advances"in"theoretical"physics"has"led"to""""""
The"Standard"Model"of"Particle"Physics"

!  A"new"“Periodic"Table”"of"fundamental"elements"
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" Force"particles"
One"of"the"greatest"
achievements"of"20th"
Century"Science"""

Fermions" Bosons"
4+

Described+by+one+simple+equation!+

4"

(1895 - 2012)

Parity  
Violation

Mass 
Origin

Vacuum 
Structure



有质量粒⼦的速度要⼩于光速
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螺旋度 = ⾃旋沿着运动⽅向的投影

⽆质量粒⼦: 以光速运动

螺旋度翻转

有质量粒⼦：速度⼩于光速

ψL

ψL

ψR
ψL

SO(4) ≃ SU(2) ⊗ SU(2)
mψ̄LψR费⽶⼦质量洛伦兹对称性

⼿征对称性破缺



有质量粒⼦的速度要⼩于光速
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有质量
粒⼦

ψL
ψR

H

m洛伦兹对称性 ψ̄L ψR
弱荷 
超荷 超荷

宇称破坏

Hm → H
H具有弱荷

弱荷

ψ̄LψR

密布全空间的 
希格斯粒⼦

H 真空不空 
(弱荷)

如何实现
H → m ?|0i =

✓
0
1

◆

弱荷不守恒 弱荷守恒



希格斯势函数 和 对称性⾃发破缺
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V(H) = μ2H†H + λ (H†H)2

H =

✓
h3 + ih4

h1 + ih2

◆
H†H = h2

1 + h2
2 + h2

3 + h2
4

SO(4)
对称性

偶然

真空态 —— 能量（势能）最低态

h2

h1

V(H) μ2 < 0

h1 → h1 + V0
V0 = 246 GeV

h1

h2

h2

h1

V(H) μ2 > 0



The Particle Data Group has an entry 
for the Higgs boson after 2012
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A common question: 
     You guys have discovered the Higgs boson, 
     now what?

The game just starts. 

ΓSM
H = 4 MeV

ΓSM
H

mH
= 0.000032

The Higgs boson is important not only for EWSB, 
but also as a WINDOW to NP beyond the SM.



1. Higgs-self Interaction
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Jiang-Hao Yu

Higgs Potential

36

¢ Higgs potential at electroweak scale

V (�) = �µ2(µ)�2 + �(µ)�4 +
(µ)

⇤2
�6 + · · ·

(probing potential at electroweak scale)

Coleman-Weinberg Higgs

Jiang-Hao Yu

Higgs Potential

37

¢ Higgs potential at electroweak scale

Coleman Weinberg Higgs Pseudo-Goldstone Higgs

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2 V (�) = a sin2(�/f) + b sin4(�/f)

Ginzburg-Landau Higgs potential

Pseudo-Goldstone Higgs

Jiang-Hao Yu

Higgs Potential

37

¢ Higgs potential at electroweak scale

Coleman Weinberg Higgs Pseudo-Goldstone Higgs

V (�) = �(�†�)2 + ✏(�†�)2 log
�†�

µ2 V (�) = a sin2(�/f) + b sin4(�/f)

Ginzburg-Landau Higgs potential

V(ϕ) = − μ2ϕ2 + λ(μ)ϕ4 +
κ(μ)
Λ2

ϕ6 + ⋯

The LHC



Higgs Boson Pair Production
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Sensitive to HHH coupling very differently

�10J. Baglio, A. Djouadi et al.  JHEP 1304(2013)51



Sensitivity to HHH coupling
1) gg->HH, the leading channel
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ℒ = −
1
4

AμνAμν ∑
i

bie2

16π2
log

Λ2

m2
i

+ ⋯

b1/2 =
4
3

Nc, fQ2
f

b1 = − 7

b0 =
1
3

Nc,SQ2
S

Dirac Fermions

W bosons
Charged scalars

h → h + v

ℒHγγ =
α

16π [∑
i

2bi
∂

∂ log v
log mi(v)] hAμνAμν

gHVV

m2
V

=
∂
∂v

log m2
V(v)

2ghff̄

mf
=

∂
∂v

log m2
f (v)

ghSS

m2
S

=
∂
∂v

log m2
S(v)

QED effective Lagrangian at one-loop order Shiftman, Vainshtein, 
Voloshin, Zakharov
Sov.J.Null.Phys. 30 (1979) 711

Low Energy Theorem



Sensitivity to HHH coupling: 1) gg->HH

�12Strong cancelation

Shiftman, et al (1979)Low Energy Theorem

⇠ � ↵s

24⇡
Ga

µ⌫G
µ⌫
a log

⇤2

m2
t

Dawson and Haber (1989)

↵s

12⇡v
G

a
µ⌫G

µ⌫
a H
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Sensitivity to HHH coupling: 1) gg->HH
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J. Baglio, A. Djouadi et al.  JHEP 1304(2013)51

Strong cancelation
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NNLL+NLO
 = -1SMλ/λ

 = 0SMλ/λ

 = 1SMλ/λ

 = 2SMλ/λ

Figure 14. The normalized Higgs boson pair invariant mass distribution at the LHC with
p
S =

14TeV, where the bands represent the scale uncertainties.

Our above discussions about the dependence of Higgs boson self coupling on the total

cross section and invariant mass distribution are based on the approximated method of

using the form factor to contain parts of top quark mass e↵ects. Therefore our theoretical

predictions receive about O(10%) uncertainties [38]. However once the full NLO QCD

corrections of the Higgs boson production including exact top quark mass e↵ects are avail-

able in the future, the dependence of the resummed total cross section and invariant mass

distribution on the Higgs boson self coupling can be updated immediately, and we can

make more precise predictions. On the other side, above discussions provide some impor-

tant information about the properties of the Higgs boson pair invariant mass distribution

shape. Especially, we see that it is possible to extract the parameter � from the total cross

section and Higgs boson pair invariant mass distribution when the measurement precision

increases at the LHC.

5 Conclusion

We have calculated the resummation e↵ects in the SM Higgs boson pair production at the

LHC with SCET. We present the invariant mass distribution and the total cross section

at NNLL level with ⇡2-enhanced terms resummed, which are matched to the NLO results.

In the high order QCD predictions full form factors including exact top quark mass e↵ects

are used. Our results show that the resummation e↵ects increase the NLO results by

about 20% ⇠ 30%, and the scale uncertainty is reduced to 8%, which leads to increased

– 23 –
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Unfortunately, it is not a easy job at the LHC or even at the SppC.
gg->HH: the leading channel

D.-Y. Shao, C.-S. Li, H.-T. Li, and J. Wang,  
JHEP 07 (2013) 169

strong interference effects,

HH production

g

g

H

H

t

t

t

t

g

g

H

HH
t

t

t

but not accessible at the LHC, due to hard
cuts used by our experimental colleagues 

Mhh(GeV)



Sensitivity to HHH coupling:
2) VBF and VHH

�15
J. Baglio, A. Djouadi et al.  JHEP 1304(2013)51

VBF and VHH
are sensitive to 
HHH coupling

differently



The VBF and VHH channels share the same 
subprocess but with different kinematics
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Near the threshold of Higgs-boson pairs 
VBF:

VHH:

Mμν =
m2

W

v2

6m2
H

̂s − m2
H

λHHH

λSM
HHH

+
2m2

W

v2
+

4m4
W

v2 ( 1
̂t − m2

W
+

1
̂u − m2

W ) gμν + ⋯

̂t = ̂u = Q2 < 0

̂t = ̂u = Q2 > 0

Mμν ∼
2m2

V

v2 ( λHHH

λSM
HHH

− 3) gμν + ⋯

Mμν ∼
2m2

V

v2 ( λHHH

λSM
HHH

+ 1) gμν + ⋯



Sensitivity to HHH Coupling
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VBF

VHH

Mμν ∼
2m2

V

v2 ( λHHH

λSM
HHH

− 3) gμν + ⋯

Mμν ∼
2m2

V

v2 ( λHHH

λSM
HHH

+ 1) gμν + ⋯



HH and VHH @ HL-LHC
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Cross section: 34 fb

vs

Cross section: 0.57 fb>>

   

 

Huge backgrounds:

   

Main backgrounds:

 

� ⇥Br(bbbb`⌫) = 0.042 fb



WHH and ZHH Productions
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The discovery potential of triple Higgs 
coupling in VHH production is  
comparable to other channels.

QHC, Liu, Yan, 
Phys.Rev. D95 (2017) no.7, 073006 

0.5    2.2

Nordstrom and Papaefstathiou (arXiv:1807.01571)  
   include full detector effects and show that measuring HHH coupling      
   via WHH and VHH channels is still challenging at the HL-LHC



HVV versus HHVV
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SM predicts a definite ratio between HVV and HVV couplings 

Is the new boson an elementary particle?
• SM Higgs boson is an elementary particle.
• SM predicts a definite ratio between 

HVV and HHVV couplings.

(at tree level)
• For a strongly interacting Higgs-like particle, 

this relation may not hold. 

HHVV needs to be measured.

2

2 VMi g
v

PQ 2

22 VMi g
v

PQ

Is the Higgs boson an elementary particle?

6

If the ratio is modified by NP, the unitarity of                is broken VV → HH

gSM
hhVV

gSM
hVV

=
1
v

gpNGB
hhVV

gpNGB
hVV

=
1
v

1 − 2ξ
1 − ξ



2. 
Fundamental (SM-like)  

or Composite
Deciphering Higgs Property through Precision at the CEPC

QHC, Yan, Xu, Zhu, 
1810.07661, 
PLB789 (2019) 233

Precision = Discovery !!!
-/7-�hŨľģÁÖdW�
±êkÇĤ�ćÄůhĳŢ�

LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC

κb κt|κc κg κW κτ κZ κγ
10-3

10-2

10-1

1
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Precision of Higgs coupling measurement (7-parameter Fit)

ŚĿĂÜŦ�ůţį�-/86 cİæůpŪ��42- �
­�	
�
�ÚąľģÁÖdŞŀ

-/7-�±mn�cİæůpŪ�	�f�üG



Higgs Boson as a PNGB
• The PNGB Higgs boson is theoretically motivated to address the 

little hierarchy problem

top top partners

• Many models: little Higgs, holographic/composite Higgs, twin Higgs… 

�22



Higgs Nonlinearity
• PNGB Higgs boson can arise from a coset depicted below

G/H global symmetry breaking

electroweak symmetry  
breaking

Higgs nonlinearity is denoted by the misalignment angle    . 

�23

2.1. VACUUM MISALIGNEMENT 19

F⃗ ⟨θ⟩

v
H

Figure 2.1: A geometrical illustration of EWSB through vacuum misalignment, in
the case of the spatial rotations group G = SO(3) with H = SO(2). The SO(2)
breaking from vacuum misalignment is proportional to the projection of ~F on the
SO(2) plane, v = f sinh✓i.

are exact NGB’s, therefore they have no potential and their VEV’s h✓âi are
completely arbitrary. Moreover the VEV’s are unobservable because any con-
stant ✓ configuration merely corresponds to one equivalent vacuum obtained
by acting on

#„
F with the G transformation exp[�ih✓âi bT â]. Technically, we

will be able to get rid of any h✓âi by a suitable redefinition of the ✓ fields that
induces the transformation

#„
� ! exp[�ih✓âi bT â]

#„
�. In this way it is possible

to set, in full generality, h✓âi = 0. The concept that the composite Higgs
VEV is unobservable in the absence of explicit breaking of G is often useful
in the study of composite Higgs theories.

When we take G-breaking into account and ✓ becomes a pseudo NGB
(pNGB) the situation changes. First of all, ✓ develops a potential and its
VEV is not arbitrary anymore. Moreover, h✓i becomes observable as it can
not be set to zero by an exact symmetry transformation. Its physical e↵ect
is to break GEW, embedded in H , giving rise to EWSB. Geometrically, as
depicted in Fig. 2.1, h✓i measures the angle by which the vacuum is misaligned
with respect to the reference vector

#„
F , which we have chosen to be orthogonal

to the plane of H ◆ GEW. The convenience of this choice should now be clear:
the field ✓ defined by Eq. (2.1.3) behaves exactly like the SM Higgs field in the
sense that its non-vanishing VEV triggers EWSB. More precisely, we expect
all the EWSB e↵ects such as the SM particle masses to be controlled by the
projection of

#„
F on the GEW plane, i.e. we expect the EWSB scale to be set

by v = f sinh✓i where f = | #„F | is the scale of G ! H spontaneous breaking.
This expectation is confirmed by the examples that follow.

The actual value of h✓i depends on the details of the composite sector and
on those of the symmetry-breaking perturbations. It can be obtained, in each
given explicit model, by minimizing the pNGB potential. In the absence of
some special mechanism or of an ad-hoc cancellation, we generically expect

f

θ



How to extract the Higgs nonlinearity 
from Higgs coupling deviations? 
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• The Higgs couplings to the top and gluons are more model 
dependent; depend on fermion embeddings


• Instead we are interested in Higgs couplings only relevant 
with electroweak symmetry breaking


• Higgs couplings to gauge bosons (W, Z, photon)

General Considerations:



PNGB Higgs Couplings

Bellazzini, Csaki, Serra, 1401.2457

Low, 1412.2145, 1412.2146

• Top-down approach: 

    Use CCWZ to describe the PNGB Higgs boson with specific G/H


        SO(5)/SO(4), SU(3)/SU(2)…

• Bottom-up approach: 

    Use shift symmetry approach with only the group H at infrared; 


    Universal up to the normalization of decay constant

        Nonlinear Sigma Model:

ℒNLσM = 𝒪(p2) + 𝒪(p4) + ⋯

�25



Higgs nonlinearity

v = 2f sin
⟨h⟩

2f
= 246 GeV

Unfortunately, Higgs nonlinearity is NOT the only source that 
can modify the         couplings!hVV

mW/Z

ghVV =
m2

V

v
1 − ξhVμVμ

ghhVV =
m2

V

v2
(1 − 2ξ)hhVμVμ 1

v

1
v

1 − 2ξ
1 − ξ

• At the order of            , custodial symmetry assumed

Considering the         couplingshVV

�26

(D̃μH)
†

D̃μH

=
1
2

∂μh∂μh + (2f )2 g2

4
sin2 ⟨h⟩ + h

2f (W+
μ W−μ +

ZμZμ

2 cos2 θW )

ghhVV

ghVV
= {

PNGB

SM
Extremely difficult to
 measure at the LHC



e.g. a singlet scalar extension model

Heavy Resonance induced operator

•        can fake Higgs nonlinearity in             deviations, 
regardless of the Higgs boson nature

• At dimension-six level, we only consider         in           deviations

h → h/ 1 + cH

�27



• The signal strength of                       channels:

Higgs Nonlinearity & Heavy Particles

• We need to eliminate the faking effects of        in           couplings 

μ(h → Z*Z) =
BR(h → Z*Z)

BR(h → Z*Z)SM

μ(h → Zγ) =
BR(h → Zγ)

BR(h → Zγ)SM

�28

• Since the effect of        is universal for all the single Higgs processes,

 it can be cancelled out in the ratio

μ(h → V*V ) =
σh × BR(h → V*V )
σSM

h (h → V*V )SM

=
σh

σSM
h

⋅
ΓSM

total

Γtotal
⋅ FPNGB ⋅ FOH

FPNGB FOH

FPNGB = 1 − ξ

FOH
=

1
1 + cH



• The following effective coupling at the order of             is 
insensitive to Higgs nonlinearity (no dependence on    ).

Considering the           effective coupling  

�29

• The signal strength of the         channel:hZγ

μ(h → Zγ) =
σh × BR(h → Zγ)

σSM
h × BR(h → Zγ)SM

=
σh

σSM
h

⋅
ΓSM

total

Γtotal
⋅ FOH

⋅
Ft

Zγ + FW
Zγ FPNGB + ΔκZγ tan θW

2

|Ft
Zγ + FW

Zγ |2

ξ

FW
Zγ = + 0.0087

Ft
Zγ = − 0.001

ÕHB = (D̃μH )†(D̃νH )Bμν

ÕHW = (D̃μH )†σi(D̃νH )Wi
μν
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The ratio

=
Ft

Zγ + FW
Zγ FPNGB + ΔκZγ tan θW

2

|Ft
Zγ + FW

Zγ |2 FPNGB

Ha L

0 .71FPNGB=1 .3

-0 .06 -0 .04 -0 .02 0 .00 0 .02
0

1

2

3

4

5

DkZg

R

μ(h → VV*) =
σh × BR(h → V*V)

σSM
h × BR(h → V*V)SM

=
σh

σSM
h

⋅
ΓSM

total

Γtotal
⋅ FPNGB ⋅ FOH

σh

σSM
h

⋅
ΓSM

total

Γtotal
FOH

μ(h → Zγ) =
σh × BR(h → Zγ)

σSM
h × BR(h → Zγ)SM

=
σh

σSM
h

⋅
ΓSM

total

Γtotal
⋅ FOH

⋅
Ft

Zγ + FW
Zγ FPNGB + ΔκZγ tan θW

2

|Ft
Zγ + FW

Zγ |2

σh

σSM
h

⋅
ΓSM

total

Γtotal
FOH

R ≡
μ(h → Zγ)

μ(h → VV*)

We can determine           (i.e.   )
from      and         measurements. 

FPNGB
R ΔκZγ

ξ

FPNGB = 1 − ξ

FOH
=

1
1 + cH

R ≡ μ(h → Zγ)/μ(h → VV*)



Triple Gauge Couplings
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De Rujula et. al. NPB 1992; 

Hagiwara et. al. PRD 1993

It can be well determined from
the TGC measurement.



Determining FPNGB  at the HL-LHC
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Lie groups

non-compact

Lie groups
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ξ<-0.5

���� ���� ����
�

�

�

�

�

�

Δκ�γ

�

ÊÊ

HaL
compact
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x<-0 .5

1 .3 0 .71
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DkZg

R

LHC cannot do it We need electron-positron colliders
(CEPC, FCC-ee, ILC)

Contour line = 1           Higgs is fundamental (or SM-like as            )
Contour line    1           Higgs is composite≠

f ≫ v

FPNGB = 1 − ξ = 1 − v2/2f 2
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Year

1972
SPEAR&BNL:

( colliders)

(,c-quark, τ …)
CESR:

1980

1990

1988
LEP/CERN:
(Z, W bosons,…)

1994

BEPC:
(charm,…)

BEPCII:
(,…)

2006

VEPP-4:
( mass, charmonium,…)2002

SuperKEKB:
(B physics…)

KEKB:
(B-quark, CP violation, CKM…)

2018

     ?
 

Top

LHC/CERN:  

Higgs,…

  W, Z,…

Fermilab: 400GeV p on Cu, Pt

 Bottom,…

1999

The cases for high energy e+e- colliders

We are due for  
a HE e+e- collider

KEKB/PEP-II

FCC-ee (H,t, Z,W…)

Tevatron

SPS/CERN

YF Wang

LEP/CERN, SLC/SLAC



e+e- → ZH

Ecm(GeV)

e+e- Higgs (Z) factory 
 Ecm≈240GeV, luminosity ~2×1034 cm-2s-1,  2IP，1M H in 10 years 
 at the Z-pole 1010Z bosons/yr 
 Precision measurement of the Higgs boson (and the Z boson) 
Upgradable to pp collision with Ecm ≈ 50-100 TeV  (with ep, HI options) 

 A discovery machine for BSM new physics

BEPCII will likely complete its mission ~2020s; 
CEPC – possible accelerator based particle physics program in China after BII

Higgs precision
1% or better

Reminder about the CEPC-SppC

e+e- Higgs (Z) factory 
Ring length ~ 100km

�34
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L.-T. Wang’s talk
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Current accuracy

CEPC: baseline and improvements

MZ �Z MW Rb Rl AbFB sin2�W N�
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Precision Electroweak Measurements at the CEPC

±mĐ�	�Głó

�36

L.-T. Wang’s talk
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LHC 300/3000 fb-1

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC

κb κt|κc κg κW κτ κZ κγ
10-3

10-2

10-1

1
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Precision of Higgs coupling measurement (7-parameter Fit)
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L.-T. Wang’s talk



Determining FPNGB  at the CEPC
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(d)
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μ(h → Zγ) =
BR(h → Zγ)

BR(h → Zγ)SM

Fundamental
   (SM-like)

Composite

QHC, Yan, Xu, Zhu, 1810.07661h
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Z
h

Z

γ

Precision = Discovery!

FPNGB = 1 − ξ = 1 − v2/2f 2



Conclusion
It is very challenging but we need measure the HHH coupling 
          from all possible ways to probe the scalar potential.
Precision measurements of Higgs couplings would shed 
          lights on new physics beyond the SM. 

• The Higgs nonlinearity                       can be probed in the ratio 

and the faking effects from the        operator are cancelled.

• Our result is valid in any symmetry breaking patterns, 
as long as custodial symmetry is assumed.

We are due for a High Energy e+e- collider.

ξ( ≡ v2/2f2)

Thank You!



What if NP knew nothing about Higgs?
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Higgs boson discovery         the END of the era of SM

Q2. Heavy NP particles cannot achieve mass mainly from Higgs.
NP scale = New Resonance Mass ~ 2TeV

1019103102101 101510010-310-9
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Q1. Why are light quarks so light?
Top quark and W/Z bosons are naturally around the weak scale.

？



The EFT of QED (infinite me )
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Heisenberg-Euler operator in QED
136 
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Fig. 7.1 Scattering of low-energy photons 

Photodynamics, with the Lagrangian 

L - IF FJ.LV - -4" J.LV • (7.1) 

But later, after they increased the luminosity (and energy) of their "photon 
colliders" and the sensitivity of their detectors, they discover that photons 
do scatter, though with a very small cross-section (Fig. 7.1b). They need to 
add some interaction terms to this Lagrangian. Lowest-dimensional oper-
ators having all the necessary symmetries contain four factors FJ.Lv. There 
are two such terms: 

They can extract the two parameters Cl,2 from two experimental results, 
and predict results of infinitely many measurements. So, this effective field 
theory has predictive power. 

We know the underlying more fundamental theory for this effective low-
energy theory, namely QED, and so we can help theoreticians from Pho-
tonia. The amplitude of photon-photon scattering in QED at low energies 
must be reproduced by the effective Lagrangian (7.2). At one loop, it is 
given by the diagram in Fig. 7.2. Expanding it in the photon momenta, 
we can easily reduce it to the massive vacuum integrals (1.2). Due to the 
gauge invariance, the leading term is linear in each of the four photon mo-
menta. Then we equate this full-theory amplitude with the effective-theory 
one following from (7.2), and find the coefficients Cl,2 (this procedure is 

(Imagine we are living in a world full of photon but not electron)
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Fig. 7.2 Photon-photon scattering in QED at one loop 

known as matching). The result is 

L = - FJ.LIIFJ.LII + [-5 (FJ.LIIFJ.LII)2 + 14FJ.LIIFIIQ FQ,BF,BJ.L] (7.3) 

It is not (very) difficult to calculate two-loop corrections to this QED am-
plitude using the results of Sect. 5.6, and thus to obtain 0:3 terms in these 
coefficients. 

There are many applications of the Lagrangian (7.3). For example, the 
energy density of the photon gas at temperature T is f'V T4 by dimensional-
ity (Stefan-Boltzmann law). What is the radiative correction to this law? 
Calculating the vacuum diagram in Fig. 7.3 at temperature T, one can ob-
tain [Kong and Ravndal (1998)] a correction f'V 0:2T8/m4. Of course, this 
result is only valid at T « m. 

Fig. 7.3 Radiative correction to the Stefan-Boltzmann law 

The interaction terms in the Lagrangian (7.3) contain the "new physics" 
energy scale, namely the electron mass m, in the denominator. If we want to 
reproduce more terms in the expansion of QED amplitudes in the ratio w /m 
(w is the characteristic energy), we can include operators of higher dimen-
sions in the effective Lagrangian; their coefficients contain higher powers of 
m in the denominator. Such operators contain more FJ.LII and/or its deriva-
tives. Heisenberg and Euler derived the effective Lagrangian for constant 
field containing all powers of FJ.LII; it is not sufficient for finding coefficients 
of operators with derivatives of FJ.LII' The expansion in w/m breaks down 
when w f'V m. At such energies the effective low-energy becomes useless, 
and a more fundamental theory, QED, should be used; in particular, real 

After matching in QED

 NP scale me
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reproduce more terms in the expansion of QED amplitudes in the ratio w /m 
(w is the characteristic energy), we can include operators of higher dimen-
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m in the denominator. Such operators contain more FJ.LII and/or its deriva-
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field containing all powers of FJ.LII; it is not sufficient for finding coefficients 
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when w f'V m. At such energies the effective low-energy becomes useless, 
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Application (            )

Radiative correction to 
the Stefan-Boltzmann law⇢ / T 4,

↵2

m4
T 8

! ⌧ m



EFT of QED (photon + electron)
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 NP scale
Two ways to probe NP:

1. To raise collider energies to produce real new 
particles (muon);

2. To measure low-energy quantities (e.g. electron 
magnetic moment) with high precision

We were very lucky 90 years 
ago when the cosmic rays 
brought Muon lepton to us. 
What about now?

L =  ̄(i 6D �m) � 1

4
Fµ⌫F

µ⌫ +
c

M2
m ̄Fµ⌫�

µ⌫ + · · ·

mµ

Who 
ordered 
that?



LHC: A Precision Machine
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SM

NP operator

examine 
long-tails
(high energy) 

measure 
effective couplings 

Relation among
Wilson Coefficients
of independent 
operators

单个图形在⾼高能区都有坏的⾏行行为（散射⼏几率随能量量增加⽽而破坏⼏几率守恒），
但⾃自然界巧妙地运⽤用规范对称性将不不同图形之间的坏⾏行行为相互抵消掉。

in case of no new resonances found in next 10 years


