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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"

M
at
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" Force"particles"
One"of"the"greatest"
achievements"of"20th"
Century"Science"""

Fermions" Bosons"
4+

Described+by+one+simple+equation!+

4"

The Great Standard Model

�2

(1895 - 2012)



Two outstanding puzzles in SM
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What can Higgs Boson tell us?
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Relation between 
MW and MZ 

 (custodial Symmetry) 

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

Relation between 
HVV and HHVV 
couplings 

HVV coupling HFF coupling 

Higgs-self couplings 
HHH and HHHH 

Magnitude and CP



1) Higgs-self Interaction
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1) Higgs-self Interaction
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2) HVV versus HHVV

�8

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 VV->HH is broken 

(tree-level relation)



Higgs Boson Pair Production

�9



Sensitivity to HHH coupling
gg->HH: the leading channel

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



Sensitivity to HHH coupling
gg->HH: the leading channel
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Low-energy theorem (Dawson and Haber, 1989)

Strong cancelation



Sensitivity to HHH coupling
gg->HH: the leading channel

�12J. Baglio, A. Djouadi et al.  JHEP 1304(2013)51

Low Energy
Theorem

Strong cancelation
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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

Not accessible at detector!



    Too many things involved in 
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strength of the signal process, pp → hh → bb̄γγ, can be factorized as follows:
✿

σ(pp → hh → bb̄γγ)

σSM (pp → hh → bb̄γγ)
=

σhh(pp → hh)

σSM
hh (pp → hh)

×
Br(h → bb̄)

Br(h → bb̄)SM
×

Br(h → γγ)

Br(h → γγ)SM
≡ µhh × µbb̄ × µγγ , (61)

where µhh,bb̄,γγ denote the signal strength of the cross section of double Higgs production, of the branching ratio of

h → bb̄ decay,
✿✿✿

and of the branching ratio of h → γγ decay, defined as follows:

µhh ≡
σhh

σSM
hh

, µbb̄ ≡
Br(h → bb̄)

Br(h → bb̄)SM
, µγγ ≡

Br(h → γγ)

Br(h → γγ)SM
. (62)

The dependence of µhh on the effective couplings is

µhh = A1c
2
3hc

2
g +A2c

2
3hcgct +A3c

2
3hc

2
t +A4c3hcgc2g +A5c3hcgc

2
t +A6c3hc2gct +A7c3hcg c̃

2
t

+A8c3hc
3
t +A9c3hctc̃

2
t +A10c

2
2g +A11c2gc

2
t + A12cg c̃

2
t +A13c

4
t +A14c

2
t c̃

2
t +A15c̃

4
t

+A16c
2
3hc̃

2
g +A17c

2
3hc̃g c̃t +A18c

2
3hc̃

2
t +A19c3hc̃g c̃2g +A20c3hc̃gctc̃t +A21c3hc̃2g c̃t

+A22c̃
2
2g +A23c̃2gctc̃t +A24c

2
2t +A25c2tc3hcg +A26c2tc3hct +A27c2tc2g +A28c2tc

2
t

+A29c2tc̃
2
t +A30ctc̃tc̃2t +A31c3hc̃tc̃2t +A32c3hc̃g c̃2t +A33c̃

2
2t +A34c̃g c̃2t. (63)

The product of µbb̄ and µγγ is

µbb̄ × µγγ =
Γ(h → γγ)

Γ(h → γγ)SM

(

ΓSM
tot

Γtot

)2

=
κ2
γ

[

1 + (κ2
g − 1)BRSM

g + (κ2
γ − 1)BRSM

γ

]2 , (64)

where we assume the Yukawa coupling of bottom quarks is not altered by NP effects. The κg and κγ couplings are

defined in Eqs. (7) and (8). The SM branching ratios are BRSM
g ≡ BR(h → gg)SM = 8.187% and BRSM

γ ≡ BR(h →

γγ)SM = 0.227% [93].

The values of the coefficients A’s are listed in Table IV at the 14 TeV LHC and the 100 TeV pp -collider
✿✿✿✿✿✿

collider,

before imposing any cuts (top panel) and after the series of cuts defined in Eq. 43
✿✿✿

(43)
✿

(bottom panel). The values of

those coefficients at the 14 TeV LHC and at the 100 TeV pp -collider
✿✿✿✿✿✿

collider
✿

before and after cuts for the CP-even

case agree exactly with those values given in Ref. [28], and we have listed the correspondence between our results and

theirs in Table III after taking into account of different conventions.

We notice that the coefficients A10,12,22,24 are larger at the 100 TeV pp -collider
✿✿✿✿✿✿

collider
✿

than at the 14 TeV LHC.

Those coefficients correspond to the couplings of c22g, cg c̃
2
t , c̃

2
2g✿, and c22t, which modify the hhgg and hhtt interactions

and contribute significantly to the double Higgs production at the large mhh region. However, the coefficient A27,

which is proportional to Re(F△), is smaller at the 100 TeV pp -collider
✿✿✿✿✿✿✿

collider than at the 14 TeV LHC, since Re(F△)

becomes negative for
√
s ! 1200 GeV as shown in Fig. 2;

✿

then the contributions around the threshold region and at

large mhh to A27 cancel.

20

TABLE III: Comparison of coefficients in Ref. [28] and ours.

Ref. [28] A1 A2 A3 A4 A5 A6 A7 A8

ours A13 22A24 A3 122A1 122A10 2A28 A8 2A26

Ref. [28] A9 A10 A11 A12 A13 A14 A15

ours 2 · 12A25 2 · 12A27 12A5 12A11 12A2 12A6 122A4

TABLE IV: The cross sections of gg → hh → bb̄γγ in terms of the Higgs effective couplings at the 14 TeV LHC and 100 TeV

pp -collider
✿✿✿✿✿

collider
✿

before (top panel) and after (bottom panel) the selection cuts.

√
s A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

14 TeV 0.138 0.370 0.276 0.640 -0.766 0.821 0.535 -1.35 -6.22 1.37 -1.82 1.58

100 TeV 0.101 0.267 0.208 0.592 -0.569 0.658 0.425 -1.11 -4.79 3.32 -1.30 1.67

√
s A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24

14 TeV 2.07 13.9 0.719 0.138 -0.611 0.861 0.640 2.13 -1.24 1.37 4.64 2.55

100 TeV 1.90 11.3 0.680 0.101 -0.428 0.634 0.592 1.53 -0.928 3.32 3.51 2.90

√
s A25 A26 A27 A28 A29 A30 A31 A32 A33 A34

14 TeV 0.821 1.39 2.44 -4.24 2.30 -18.8 4.04 -1.24 6.19 -3.02

100 TeV 0.658 1.21 2.06 -4.13 2.16 -16.3 3.28 -0.928 6.10 -2.08

√
s A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12

14 TeV 0.0369 0.0975 0.0993 0.406 -0.264 0.410 0.239 -0.739 -2.46 1.80 -0.888 1.42

100 TeV 0.0347 0.0846 0.0880 0.465 -0.215 0.372 0.229 -0.671 -2.14 3.20 -0.531 1.67

√
s A13 A14 A15 A16 A17 A18 A19 A20 A21 A22 A23 A24

14 TeV 1.64 7.18 0.517 0.0369 -0.120 0.257 0.406 0.517 -0.428 1.80 1.76 2.85

100 TeV 1.58 6.46 0.806 0.0347 -0.102 0.222 0.465 0.435 -0.361 3.20 1.43 3.33

√
s A25 A26 A27 A28 A29 A30 A31 A32 A33 A34

14 TeV 0.410 0.920 2.11 -3.79 1.91 -12.2 2.04 -0.428 5.28 -1.64

100 TeV 0.372 0.889 1.96 -3.87 1.92 -11.6 1.88 -0.361 5.68 -1.10

Equipped with the inclusive mhh distributions and cut efficiency function, we are ready to explore the sensitivity of

the HL-LHC and 100 TeV pp -collider
✿✿✿✿✿✿✿

collider on the Higgs effective couplings. The expected discovery significance

2

studies [24–29], which focus on the CP-even Higgs effective couplings (see also Refs. [30–33] for studies on the CP-odd

couplings), and include all the possible CP-odd Higgs effective couplings. The general effective Lagrangian of interest

to us is [26–29]

Leff = −
mt

v
t̄(ct + ic̃tγ5)th−

mt

2v2
t̄(c2t + ic̃2tγ5)th

2 +
αsh

12πv
(cgG

A
µνG

A,µν + c̃gG
A
µνG̃

A,µν)

+
αsh2

24πv2
(c2gG

A
µνG

A,µν + c̃2gG
A
µνG̃

A,µν)− c3h
m2

h

2v
h3, (1)

where mt is the top quark mass, v is the vacuum expectation value, αs is the strong coupling constant,
✿

and GA
µν(≡

∂µGA
ν − ∂νGA

µ − gsfABCGA
µG

A
ν ) is the field strength of gluon and its dual is defined as G̃A,µν = 1

2ε
µνρσGA

ρσ with

ε0123 = 1. The terms of ct, c2t, cg, c2g,
✿

and c3h describe the CP-even interactions
✿

,
✿

while the terms of c̃t, c̃2t, c̃g,
✿

and

c̃2g represent the CP-odd interactions. In the SM,
✿

ct = 1 and c3h = 1 while all other coefficients vanish at the tree

level.

The remainder of this paper is organized as follows. In Sec. II, we present expressions of the single Higgs production

amplitude under the Lagrangian in Eq. (1) and obtain constraints from current Higgs signal strength measurements

and electric dipole moments (EDMs). In Sec
✿✿✿

Secs. III A and III B, we give the expression of the amplitude in the

double Higgs production and perform partial wave analysis to show
✿✿✿

that
✿

this process is dominated by the s-wave

component, respectively. We obtain a cut efficiency function based on the s-wave dominant feature of the amplitude

in Sec. IVA. Then
✿

,
✿

we use the cut efficiency function to mimic the collider simulation to get the mhh distribution in

Sec. IVB and the cross section before and after the selection cuts at the
✿✿✿✿

high
✿✿✿✿✿✿✿✿✿✿

luminosity
✿✿✿✿✿

LHC
✿

(HL-LHC
✿

) and a 100

TeV pp -collider
✿✿✿✿✿✿

collider
✿

in Sec. IVC. The correlation and sensitivity of the Higgs effective couplings at the HL-LHC

and a 100 TeV pp -collider
✿✿✿✿✿✿

collider
✿

is investigated in Sec. IVD and Sec. IVE, respectively. Finally, we conclude in

Sec. V.

II. CONSTRAINTS FROM SINGLE HIGGS MEASUREMENTS AND ELECTRIC DIPOLE MOMENTS

The effective couplings ct, c̃t, cg, c̃g
✿✿

cg,
✿✿✿✿

and
✿✿✿̃

cg
✿

in Eq. (1) which are related to the double Higgs production
✿✿✿

and

also contribute to the single Higgs production and decay processes. Therefore, we consider the current constraints

from the single Higgs measurements at the 7 TeV, 8 TeV,
✿

and 13 TeV LHC as well as the low energy
✿✿✿✿✿✿✿✿✿

low-energy

experiments.

The partonic amplitude of the single Higgs production ga,µ(p1)gb,ν(p2) → h at the leading order (LO) is

Mh = −
αsŝδab

4πv
[(ctF△ +

2

3
cg)A

µν − (c̃tF
(1)
△ +

2

3
c̃g)C

µν ]ϵaµ(p1)ϵ
b
ν(p2), (2)

QHC, Li, Yan, Zhang, Zhang,  
Phys.Rev. D96 (2017) no.9, 095031

g g → HH → b̄bγγ



Sensitivity to HHH coupling:
2) VBF and VHH
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VBF and VHH
are sensitive to 
HHH coupling

differently



Sensitive to Triple Higgs Coupling Differently

�16

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 ) g μν + ⋯

̂t = ̂u = Q2 < 0

̂t = ̂u = Q2 > 0

Mμν ∼ 2m2
V

v2 ( λHHH

λSM
HHH

− 3) g μν + ⋯

Mμν ∼ 2m2
V

v2 ( λHHH

λSM
HHH

+ 1) g μν + ⋯



Sensitivity to HHH Coupling
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HH and VHH @14 TeV LHC
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Cross section: 34 fb

vs

Cross section: 0.57 fb>>

   

 

Huge backgrounds:

   

Main backgrounds:

 
� ⇥Br(bbbb`⌫) = 0.042 fb



VBF and WHH @14 TeV LHC

Cross section: 2.01 fb

 vs

Cross section: 0.57 fb>>
   

 

Huge 
backgrounds

>
Isolated weak 
boson fusion?

M. J. Dolan et al, Eur.Phys.J.C75(2015)8,387 �19

� ⇥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 very challenging.



Higgs as a pseudo Nambu-Goldstone
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The Signature of 

Pseudo Nambu-Goldstone Higgs Boson

in its Decay

Ling-Xiao Xuҁ���҂

School of Physics, Peking University

Collaborate with Qing-Hong Cao, Bin Yan, Shou-hua Zhu, to appear

Aug ??, 2018 @ Tianjin
�1
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Observation of ttH at CMS

���
�	���2018�6�19-24� ��

Lianliang MA
���� 
Shandong University 

 

June 20-24, 2018@Shanghai 

First observation of Higgs-Top coupling

µtt̄H = 1.26+0.31
�0.26

CMS: PRL120,231801 (2018)

3) Higgs-Fermion Interaction



Good News: Higgs-Bottom Coupling

�23

July 9th, ICHEP18, Seoul



Sizing Up Top Quark’s Interaction with Higgs 
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QHC, Chen, Liu 
PRD95 (2017) 053004

11
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Figure 5: The predicted SM value of s(pp ! tttt) [16], calculated at LO with an NLO/LO
K-factor of 1.27, as a function of |yt/y

SM
t | (dashed line), compared with the observed value of

s(pp ! tttt) (solid line), and with the observed 95% CL upper limit (hatched line).

arXiv:1710.10614

yt/y
SM
t  2.1

off-shell

g

g

t

t

t̄

t̄g
g

g

t

t

t̄

t̄

H

g

g

t

t

t̄

t̄Z/γ

off-shell

g

g

t
t

t̄
t̄

t

X

t̄

h h

g

g

VS

on-shell
����
�
��
��
 	��
������

tth associated production

No assumption  
on Higgs decay

Four-top production

CMS



The CP property of Htt coupling 
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Goncalves,Kim, Kong
arXiv:1804.05874
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Interim Summary
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H

t

Symmetry 
breaking

Flavor 

breaking

W/Z

Equivalence 
Theorem 

Yf

gW gY

�, µ

More accurate knowledge of Higgs boson might shed lights on NP. 

du
LW

b
tg
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What if NP knew nothing about Higgs?

�27

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
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Q1. Why are light quarks so light?
Top quark and W/Z bosons are naturally around the weak scale.
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The EFT of QED (infinite me )
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Heisenberg-Euler operator in QED
136 
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Lectures on QED and QeD 
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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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sions in the effective Lagrangian; their coefficients contain higher powers of 
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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 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-tail regions
(high energy) 

Measure 
effective couplings 
accurately

Relations
of Wilson 
Coefficients
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in case of no new resonances were found in 10 years
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