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Precision Measurements at the LHC




Future of Large Hadron Collider

- Will continue and improve in the next two decades

Ecm  = 13-14 TeV. 


95+% more data.



As data accumulates

2 TeV, e.g. pair of 1 TeV gluino.
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Rapid gain initial 10s fb-1, slow improvements afterwards.

Run 1 limit

Reached “slow” phase after Moriond 2017



LHC will press on the “standard” 
searches for SUSY, extraD, composite… 


with slower progresses 


In addition to waiting 
patiently…




Higgs measurements























































































































































































































































































Beyond the LHC, future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



Future circular colliders

CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh



Higgs factories

- FCC-ee, CEPC, ILC, CLIC.


- Physics case relatively independent of the 
outcome of the LHC.


Reach further than the LHC.


Address questions that LHC can’t answer.



Higgs factory processes
Signal rate
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Figure 5. The b-tagging efficiency vs. c and light quark jets rejection with Z ! qq̄ sample at 91
GeV.
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Figure 6. Feynman diagrams of Higgs boson production processes at CEPC: e+e� ! ZH, e+e� !
⌫⌫H and e+e� ! eeH.

of the Higgsstrahlung reaches its maximum at
p

s ⇠ 250 GeV, and then decreases asymp-1

totically as 1/s. The vector boson fusion production is through t�channel exchanges of2

vector bosons. Their cross sections increase logarithmically as ln

2

(s/M2

W ). Because of the3

accidentally small neutral current coupling Ze+e�, the VBF cross section is dominated by4

the WW fusion. Numerical values of their cross sections at
p

s = 250 GeV are listed in5

Table 5. Note that many of these processes can lead to the same final states and thus can6

interfere. For example, e+e� ! e+⌫eW
� ! e+⌫ee

�⌫̄e and e+e� ! e+e�Z ! e+e�⌫e⌫̄e7

have the same final states. These processes are simulated together to take into account the8

interference effects for the studies presented in this paper.9

CEPC is designed to deliver a total of 5 ab�1 integrated luminosity to two detectors in10

10 years. Over 10

6 Higgs events will be produced during this period. The large statistics,11

well-determined kinematics and clean event environment will enable CEPC to measure12

Higgs boson production cross sections as well as its properties (mass, decay width and13

branching ratios, etc.) with precisions far beyond achievable at the LHC. Compared with14
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Figure 7. Left: Production cross sections of e+e� ! ZH and e+e� ! (ee/⌫⌫)H as functions
of

p
s for a 125 GeV Higgs boson. Right: Higgs boson decay branching ratios as functions of

MH [23, 24].

Table 5. Production cross sections of signal and background processes at
p

s = 250 GeV and
numbers of events expected in 5 ab�1. The cross sections are calculated using the Whizard pro-
gram [25]. Note that cross sections do not include potential interference effects between the same
final states from different processes after W and Z bosons decay.

Process Cross section Nevents in 5 ab�1

Higgs boson production, cross section in fb
e+e� ! ZH 212 1.06 ⇥ 10

6

e+e� ! ⌫⌫H 6.72 3.36 ⇥ 10

4

e+e� ! eeH 0.63 3.15 ⇥ 10

3

Total 219 1.10 ⇥ 10

6

Background processes, cross section in pb
e+e� ! e+e� (Bhabha) 25.1 1.3 ⇥ 10

8

e+e� ! qq 50.2 2.5 ⇥ 10

8

e+e� ! µµ (or ⌧⌧) 4.40 2.2 ⇥ 10

7

e+e� ! WW 15.4 7.7 ⇥ 10

7

e+e� ! ZZ 1.03 5.2 ⇥ 10

6

e+e� ! eeZ 4.73 2.4 ⇥ 10

7

e+e� ! e⌫W 5.14 2.6 ⇥ 10

7

hadron collisions, e+e� collisions are not affected by underlying event and pile-up effects.1

Theoretical calculations are less dependent on higher order QCD radiative corrections and2

therefore allow for more precise tests of the theoretical predictions. The tagging of e+e� !3

ZH events through the recoiling mass method is independent of the Higgs boson decay. It is4
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Zh cross section

3.3.1 Recoil mass spectrum from leptonic Z decays1

Events with leptonic Z decays are ideal for studying the recoiling mass spectrum of the2

e+e� ! ZX events. Z ! `` decays are easily identifiable and can be precisely measured.3

Figure 9 shows the reconstructed recoil mass spectrum of e+e� ! ZX candidates in the4

Z ! µµ and Z ! ee channels. The analyses take into account all major backgrounds and5

are based on full simulation for the ZH signal and fast simulation for backgrounds. The6

width of the reconstructed recoil mass distribution of the e+e� ! ZH signal is dominated7

by the radiation effects and experimental resolutions if the Higgs boson has an intrinsic8

width of 4 MeV as predicted by the SM.9
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Figure 9. Recoil mass spectrum of e+e� ! ZX candidates with the Z boson decaying to a pair
of leptons for an integrated luminosity of 5 ab�1 for Z ! µµ (Left) and Z ! ee (Right).

In a model independent analysis, all the SM processes with at least 2 leptons in its final10

state will become the background. The event selection uses only information from these11

two leptons. The Z ! µµ and Z ! ee channels use different event selection methods. The12

resulting recoil mass spectra are shown in Fig. 9. Both channels have significant high-mass13

tail resulting mainly from initial state radiations. In addition, the Z ! ee channel has14

much stronger bremsstrahlung and FSR radiation, leading to a much wider recoil mass15

distribution.16

The Z ! µµ selection is composed of 2 steps. First, a loose selection on the number17

of leptons and some loose kinematic constraints are applied. Secondly, a multi-variant18

analysis (MVA) discriminant is employed to enhance the separation the signal-background19

separation. The overall signal selection efficiency is approximately 62% (22k signal events20

passing the selection) with a reduction in background by nearly 3 orders of magnitude21

(48k background events surviving). The leading backgrounds after event selection are ZZ,22

WW and Z� (ISR return) events. Using the Z ! µµ channel, the cross section can be23

measured to a relative precision of 0.9%. For the Higgs mass measurement, the beam energy24

spread (0.16% per beam, or equivalently, 350 MeV uncertainty per event) has comparable25
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e− e+

f

f̄

Z

h

Can use recoil mass to identify Zh process, independent of Higgs decay

3.2 Event generators, samples and software1

The following software tools have been used to obtain the results reported in this paper.2

GuineaPig [26, 27] is used to study the beam background and its energy spectrum. A full3

set of SM samples, including both the Higgs boson signal and SM backgrounds, has been4

generated with Whizard [25]. In addition, Madgraph [28] and Pythia [29] have been used to5

generate samples for Higgs exotic decay studies (see Sec. 3.5.8). Starting from the standard6

software framework for linear collider studies [30], changes have been made to both the7

simulation (Mokka [31]) and reconstruction (Arbor [32]) software to adapt to the CEPC8

detector geometry.9

All Higgs signal and part of the leading SM background samples have been processed10

with full simulation and reconstruction. The rest of SM backgrounds is simulated with a11

dedicated fast simulation tool, CEPCFS [33], where the detector acceptance, efficiency, in-12

trinsic resolution for different physics objects and identification efficiency are parametrized.13

Samples that were simulated for ILC studies [34] are used as a cross-check.14

The center-of-mass energy of the CEPC Higgs run has not been finalized. While many15

of the studies of the CEPC machine have assumed an operating energy of 240 GeV,
p

s =16

250 GeV is chosen for the physics studies presented in this paper in order to be directly17

comparable to the studies for ILC and TLEP [35, 36].18

3.3 Recoil mass distributions of e+e� ! ZH events19

Unlike hadron colliders, the center of mass energy at an e+e� collider is precisely measurable20

and adjustable. For a Higgsstrahlung event where the Z boson decaying to a visible pair21

of fermions (Z ! ff), the Higgs boson mass MH can be reconstructed as the mass of the22

system (recoil mass M
recoil

) recoiling against the Z boson assuming the event has the total23

energy
p

s and zero momentum:24

M2

recoil

= (

p
s � Eff )

2 � p2

ff = s � 2Eff

p
s + m2

ff (3.1)

where Eff , pff and mff are, respectively, the total energy, momentum and invariant mass25

of the fermion pair. The M
recoil

distribution should exhibit a resonant peak at MH for the26

signal processes e+e� ! ZH and ZZ-fusion, and is expected to be smooth for background27

processes. The width of the resonance is largely determined by the energy and momentum28

resolution of the detector as the Higgs boson physical width is about 4 MeV and
p

s will be29

known better than 1 MeV. Thus the best precision is achieved for the leptonic Z ! `` (` =30

e, µ) decays.31

By fitting the M
recoil

spectrum, the e+e� ! ZH event yield can be extracted inde-32

pendent of the Higgs decay. Thus the e+e� ! ZH production cross section, �ZH , can be33

measured and from this cross section the partial Higgs decay width �(H ! ZZ), or equiva-34

lently the Higgs-Z boson coupling g(HZZ), can be derived in a totally model-independent35

manner. The latter is an essential input to the determination of the total Higgs boson de-36

cay width. Higgs boson decay branching ratios can then measured by studying how Higgs37

bosons decay in the selected e+e� ! ZH candidates. Furthermore, a precise value of MH38

can be determined by fitting the M
recoil

mass spectrum. The recoil mass spectrum has been39

investigated for both leptonic and hadronic Z boson decays as presented below.40
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Higgs width. 
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colliders, the width can be determined from the measurements of Higgs boson production1

cross sections and its decay branching ratios. This is because the inclusive e+e� ! ZH2

cross section �(ZH) can be measured from the recoil mass distribution, independent of3

Higgs decays.4

Measurements of �(ZH) and BR’s have been discussed in Sections 3.4 and 3.6 re-5

spectively. Combining these measurements, the Higgs boson width can be calculated in a6

model-independent way:7

�H / �(H ! ZZ⇤
)

BR(H ! ZZ⇤
)

/ �(ZH)

BR(H ! ZZ⇤
)

(3.4)

Here �(H ! ZZ⇤
) is the partial width of the H ! ZZ⇤ decay. Because of the small8

expected BR(H ! ZZ⇤
) value for a 125 GeV Higgs boson (2.3% in the SM), the precision9

of �H is limited by the H ! ZZ⇤ statistics. It can be improved using the decay final states10

with the expected large BR values, for example the H ! bb decay:11

�H / �(H ! bb)

BR(H ! bb)
(3.5)

�(H ! bb) can be independently extracted from the cross section of the W fusion process12

e+e� ! ⌫⌫H ! ⌫⌫bb:13

�(⌫⌫H ! ⌫⌫bb) / �(H ! WW ⇤
) · BR(H ! bb) = �(H ! bb) · BR(H ! WW ⇤

) (3.6)

Thus the Higgs boson total width14

�H / �(H ! bb)

BR(H ! bb)
/ �(⌫⌫H ! ⌫⌫bb)

BR(H ! bb) · BR(H ! WW ⇤
)

(3.7)

Here BR(H ! bb) and BR(H ! WW ⇤
) are measured from the e+e� ! ZH process. The15

limitation of this method is the small e+e� ! ⌫⌫H ! ⌫⌫bb cross section.16

The precision from the method of Eq. 3.4 is 4.4%, dominated by the statistics of17

e+e� ! ZH events with H ! ZZ⇤. The precision from the method of Eq. 3.7 is 3.3%18

dominated by the statistics of e+e� ! ⌫⌫H events with H ! bb. This method uses the19

large BR(H ! bb) value to compensate the smaller cross section of the W fusion process20

�(e+e� ! ⌫⌫H). A combined result from the above two methods, after taking into account21

the correlations, shows that CEPC is capable of measuring �H with a precision of 2.7%22

with 5 ab

�1. The precise knowledge of the Higgs boson total width will lead us to much23

better understandings of Higgs boson properties in a model independent way as discussed24

in Sec. 4.25

3.8 Summary of the Higgs measurements26

Table 12 summarizes the estimated precisions of Higgs property measurements discussed27

in this paper. For the leading Higgs boson decay modes, namely bb, cc, gg, WW , ZZ and28

⌧⌧ , percent level precisions are expected. As it has been discussed in Section 1 this level of29

precision is required to attain sensitivity to many beyond SM physics scenarios.30
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Unique capability of lepton colliders.

Main channel at 250 GeV.
Needs statistics

Needs to go beyond 250.



Higgs factories
HL-LHCwi/wo theo. uncertainty

CEPC 250 GeV at 5 ab-1 wi/wo HL-LHC (with HL-LHC theo. uncertainty)
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Figure 5: Relative precisions for the various Higgs couplings extracted from a model-
independent fit to expected data from the ILC. The notation is as in Fig. 4.
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Lepton colliders and precision measurements

Grojean et al. 1704.02333 

Sub percent precision, reach to new physics at multi-TeV scale.
Far beyond the reach of LHC. 

� ⇠ m2
W

M2
NP

New physics with mass MNP can affect Higgs coupling as  



Big advance in electroweak precision

Large improvements across the board

Current accuracy

CEPC: baseline and improvements
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Electroweak precision at CEPC

- A big step beyond the current precision.
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .
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Not even sure about “Mexican hat”.

or

What we know now

Is the EW phase transition first order?

V (h) =
1

2
µ2h2 +

�

4
h4 V (h) =

1

2
µ2h2 � �

4
h4 +

1

⇤2
h6

LHC can not distinguish these definitively.

v2 = 2|�|⇤2, and we find m2
H = �v2, µ = 7m2

H/v = (7/3)µSM , giving an O(1)
deviation in the cubic Higgs coupling relative to the Standard Model. In the
case with the non-analytic (h†h)2 log(h†h) potential, the cubic self-coupling
is µ = (5/3)µSM .

The LHC will not have the sensitivity to the triple Higgs coupling to
distinguish these possibilities. Even larger departures from the standard pic-
ture are possible — we don’t even know whether the dynamics of symmetry
breaking is well-approximated by a single light, weakly coupled scalar, as
there may be a number of light scalars, and not all of them need be weakly
coupled!

Nature of EW phase transition

- Consider a model Higgs + singlet
Simplest, but also hardest to discover.
Good testing case.

h
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See also Jing Shu and Tao Liu’s talk
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Figure 8: Question of the nature of the electroweak phase transition.

Understanding this physics is also directly relevant to one of the most fun-
damental questions we can ask about any symmetry breaking phenomenon,
which is what is the order of the associated phase transition. How can we
experimentally decide whether the electroweak phase transition in the early
universe was second order or first order? This question is another obvi-
ous next step following the Higgs discovery: having understood what breaks
electroweak symmetry, we must now undertake an experimental program to
probe how electroweak symmetry is restored at high energies.

A first-order phase transition is also strongly motivated by the possibility
of electroweak baryogenesis [18]. While the origin of the baryon asymmetry is
one of the most fascinating questions in physics, it is frustratingly straight-
forward to build models for baryogenesis at ultra-high energy scales, with
no direct experimental consequences. However, we aren’t forced to defer this
physics to the deep ultraviolet: as is well known, the dynamics of electroweak
symmetry breaking itself provides all the ingredients needed for baryogene-
sis. At temperatures far above the weak scale, where electroweak symmetry
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1st order phase transition 

⇒ large modification of trilinear coupling

9

FIG. 1: Triple Higgs coupling correction � as a function of the cuto↵ ⇤. The upper dashed

black line shows the maximum value of � for the infinite sum with all |c
2n|= 1. The dashed dark

blue shows the values consistent with a FOEPT for the
�
�†�

�
3

potential extension, for c
6

= 1,

while for the same conditions solid light blue line is forbidden due to the absence of electroweak

symmetry breakdown. Fig. 1(a) and 1(b) show the results for the
�
�†�

�
4

potential. The di↵erent

colors correspond to the di↵erent hierarchies of the e↵ective potential coe�cients as explained

in the text. Fig.1(a) shows the general case while the Fig. 1(b) shows the result if a first order

electroweak phase transition (FOEPT) is demanded. Fig. 1(c) and 1(d) show similar results but for

the
�
�†�

�
5

potential, with di↵erent colors again corresponding to di↵erent coe�cient hierarchies

defined in the text. The lower solid black line shows the maximal negative values of � possible for

the order
�
�†�

�
4

potential.

V (h) =
m2

2
h2 + �h4 +

1

⇤2
h6 + . . .

Huang, Joglekar, Li, Wagner, 1512.00068  



ILC 500: 27%
ILC ultimate, 1 TeV 5 ab-1: 10%

f = top, …

Measuring triple Higgs
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FIG. 6: Panel (a) shows the invariant mass distribution of
the two hardest isolated photons and the extra jet mγγj for
the hh + jet analysis. Panel (b) displays mbb̄j and panel (c)
shows the invariant mass of the 2-photon, 2-b-jet and extra
jet system mbb̄γγj . We show the signal distributions for λ =
0, λSM and 2λSM and the backgrounds in all cases.

better photon identification performance at low energies
becomes possible in the future.

Results

We now combine both analyses in the bb̄γγ channel
to formulate a constraint on the Higgs trilinear coupling
in light of the expected signal and background yields in
pp → hh + X and pp → hh + jet + X production. For
simplicity we assume that both measurements are statis-
tically uncorrelated and combine them in a binned log-
likelihood hypothesis test [38, 39]. We compute a 95%
confidence level using the CLS method [40] around the
SM parameter choice λ = λSM and find

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.672, 1.406] no background syst.

[0.646, 1.440] 25% hh, 25% hh+ jet

[0.642, 1.448] 25% hh, 50% hh+ jet

(3)

for an integrated luminosity of 3000/fb. Due to the
shape of the cross section as a function of λ, there is a pa-
rameter choice at λ ≃ 4λSM with SM-like cross sections.

This region can be excluded using the high luminosity
phase of the 14 TeV LHC [15].
In the calculation of the confidence level intervals the

quoted systematic uncertainties refer to a flat rescaling
of the contributing backgrounds. From Eq. (3) we can
expect that a measurement of the trilinear coupling at
the 40% level should be possible. A 5σ discovery of the
dihiggs signal will be possible with an integrated lumi-
nosity of 700/fb.
A number of authors have noted that a total integrated

luminosity of 3/ab may not be sufficient to saturate the
physics potential of a 100 TeV collider [41, 42], since the
necessary luminosity typically scales quadratically with
the centre of mass energy. We therefore also compute
limits under the assumption that 30/ab of data is taken.
The limits shown in Eq. (3) then improve to

λ
λSM

∈

⎧

⎪

⎨

⎪

⎩

[0.891, 1.115] no background syst.

[0.882, 1.126] 25% hh, 25% hh+ jet

[0.881, 1.128] 25% hh, 50% hh+ jet

(4)

in this case. We note that these limits are nearly iden-
tical to what can be achieved with the 1 TeV luminosity
upgraded ILC.

Barr, Dolan, Englert, de Lima, Spannowsky 

Triple Higgs coupling at 100 TeV pp collider 30 ab-1

 Some preliminary studies, incomplete not fully realistic.

LHC at 3 ab-1 ≈ 100% .

Many possible final state.  Very difficult channel.



Simple example: Generic singlet model

operators, there is no symmetry distinction between the (h†h)3 operator and the operator
[@µ(h†h)]2, so they are expected to be generated as well, and a↵ect the Z � h couplings.

We begin by considering the simplest example of a theory where these couplings are
generated at tree-level by integrating out a massive singlet S coupled to the Higgs. As
we will see, this example represents the “easiest” case, where it is straightforward to get
a first-order phase transition, with large associated signals for both the CEPC and SPPC.
Since this is an “easy” case, we will use it largely to illustrate the important physics points
parametrically. We will then move to the “hard” case, where the order of the transition is
only a↵ected at 1-loop.

The important interactions for this toy model are given by

m2h†h+ �̃(h†h)2 +m2
SS

2 + ãSh†h+ b̃S3 + ̃S2h†h+ h̃S4 (8)

The couplings ã, b̃ can be set to zero by a Z2 symmetry under which S ! �S, but absent
such a symmetry they should be present. They give rise to both the modified Higgs potential
as well the oblique Higgs operator upon integrating out S at tree-level

FIG : TREEEXCHANGEDIAGRAMS (9)

and we find

m2h†h+ �(h†h)2 +
a2

m2
S

(h†h)3 +
a2

m2
S

(@µ(h
†h))2 (10)

Here we have introduced a = ã/mS, b = b̃/mS as the dimensionless strength of the cubic
interactions at the scale mS, and � = �̃� a2, = (̃+ ab).

Let us once again simplify our analysis by assuming that the quadratic term (h†h) is
negligible; the the first-order transition is driven as above with � < 0,  > 0, and we can
determine the electroweak scale and Higgs masses as

v2 = m2
S

�

a2
, m2

H = �v2 (11)

We can also find the shift in the Z � h coupling from the oblique Higgs operator

�Zh =
a2v2

m2
S

=
�


(12)

In order not to avoid an unwanted O(1) shift to the Z � h coupling, we must have  � �.
This is perfectly consistent since � is highly perturbative. It is interesting that despite the
presence of a relatively strong coupling of the Higgs to a new massive state, there are no
di�culties whatsoever with large precision electroweak corrections; this is closely related to
the fact that the O(1) deviation in the Higgs cubic couplings associated with the (h†h)3 term
does not radiatively induce precision electroweak operators at one-loop.

Now, the perturbative consistency of our analysis demands that we must have b, a < 4⇡
and ̃ < 16⇡2. Actually the bounds on , a are more stringent, since these couplings induce

4

b̃

ã
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g111 can, thus, provide a probe of TC and the SFOEWPT-viable regions of singlet extensions.

As discussed in Section Higgs chapter, one expects a � 25% determination of this parameter

at the HL-LHC. A factor of four improvement may be feasible with di-Higgs production at the

high-luminosity ILC and a factor of six with the pp100 option for the SPPC. discuss indirect

probes of self-coupling.
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Figure 3. Correlation between the critical temperature and SM-like Higgs scalar self-coupling in the
singlet-extended SM.

Pseudo-Goldstone Higgs goes here

3.2 Modified Higgs couplings to SM particles

The aforementioned scenarios may lead to changes in the Higgs boson couplings to other

particles through the e�ect of Higgs mixing and/or new loop contributions. In the case of

doublet-singlet mixing, for example, the SM-like state h1 and singlet-like state h2 may be

written as

h1 = cos �h + sin �S

h2 = sin �h � cos �S . (3.1)

Assuming m2 > m1/2, the SM-like Higgs has no new decays and its branching ratios are

unchanged from the SM. However, the production cross section, and thus, signal strength,

will be reduced by cos2 �. Present LHC data imply cos2 � >� 0.66, a bound expected to increase

to � 0.95 with the HL LHC. Fig. 4 shows the distribution of parameter space points for a

SFOEWPT transition in the cos �-m2 plane for 2mh > m2 > m1/2. One observes that there

exist considerable possibilities for observation of deviations from SM Higgs signal strength

in EWPT-viable regions or parameter space with high precision studies. The TLEP350
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Figure 6. The region of parameter space where a strongly first-order EWPT occurs in the

Singlet benchmark model. Also shown are the fractional deviations of the e+e� � hZ

cross section (left panel) and Higgs cubic self-coupling (right panel) from their SM val-

ues. Solid/black lines: contours of constant EWPT strength parameter � (see Eq. (2.9)).

Dashed/orange lines: contours of constant �hZ/�3 corrections. In the shaded region, phase

transition into a wrong vacuum (with ��� �= 0) occurs before the EWPT.

space at > 3 sigma level in all such models. However, scenarios where the first-order

EWPT is due to a non-colored BSM scalars are just as plausible. LHC will not be

able to probe these scenarios: in fact, even when � is electrically charged, the shift it

induces in h � �� in the region compatible with a first-order EWPT is too small to be

probed even at the HL-LHC. On the other hand, e+e� Higgs factories will be able to

comprehensively explore such scenarios, primarily due to a very precise measurement

of the Higgsstrahlung cross section, �(e+e� � Zh). The impressive sensitivity of this

measurement expected at the ILC and, especially, at TLEP, makes it a uniquely robust

and powerful tool for addressing the issue of EWPT dynamics.

An important limitation of our analysis is that all our benchmark models have a

single scalar field. The most important new e�ect in the presence of multiple fields

with masses around the weak scale is the possibility of accidental cancellations in the

BSM loop contributions to Higgs couplings. For example, in the MSSM, the stop sector

– 19 –

Figure 22: Higgs self coupling deviation and first order electroweak phase transition. Left panel: A
generic singlet model. Black dots are points where the phase transition is of first order. g111 is the triple
Higgs coupling [67]. Right panel: A singlet model with a Z2 symmetry [68]. Orange dashed lines are
contours of fractional deviation. The region within the thick black curves has first order electroweak
phase transition. n the shaded region, phase transition into a wrong vacuum.

first order, we expect a significant deviation in the triple Higgs coupling. This is shown in the left panel of1

Fig. 22, where the deviation can vary as much as ⇠100%. A more restricted scenario, in which a discrete2

Z2 symmetry is imposed on the singlet, has also been considered [68, 72]. A first order electroweak3

phase transition is significantly harder in this scenario. It requires stronger couplings between the Higgs4

boson and the singlet, which is limited at least by perturbativity. In this case, the expected loop induced5

deviation in the triple Higgs coupling is generically smaller, about 10� 15%, as shown in the right panel6

of Fig. 22. From the projections of the accuracy of Higgs self coupling measurement shown in Fig. 21,7

CEPC has excellent reach in the more general case. For the case with Z2 symmetry, SPPC will be needed8

to make a more decisive determination based on the self coupling measurement and direct production of9

the additional singlet.10

New physics a↵ecting the nature of the electroweak phase transition will also modify the coupling11

between the SM-like Higgs and other SM states. It is here where the CEPC has the greatest strength.12

For example, in the general singlet model, the correction to the Higgs-Z coupling, parameterized by Z ,13

is on the order of v2/M2
S , for MS being the typical new physics scale. The projection on the accuracy of14

measuring this coupling at the CEPC is about 0.25%. Therefore, generically, Z measurement at CEPC15

will allow us to probe the singlet as heavy as 5 TeV. At the same time, for first order phase transition, the16

singlet mass is typically hundreds of GeV. Therefore, CEPC can completely cover the possible parameter17

space just by measuring Z in this case. Even in the di�cult case of the singlet model with a Z2 symmetry,18

the expected deviation of the cross section �hZ ( Z) is about 0.6% (0.5%), as shown in the left panel19

of Fig. 23. Therefore, CEPC will see the first evidence of new physics even in this very di�cult case.20

In more general classes of models, the new physics which modifies the Higgs coupling can carry other21

SM gauge quantum numbers, such as electric charge and/or color. In such cases, there will be significant22

change in the h ! gg and h ! �� couplings. One such example is shown in the right panel of Fig. 23,23

with 6% deviation in h�� coupling expected. From the projection shown in Fig. 20, we see that the24

CEPC can have sensitivity to such new physics.25

Another important question associated with the electroweak symmetry breaking is naturalness. The26

33

shift in h-Z coupling > % 
Higgs factory important

Profumo et al 

O(1) devidation in triple Higgs coupling



Also considering Higgs factories
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Do more with 

(95+% more) LHC data.




A direction with potential

- Difficult channels that:


- Not rate limited, but small S/B


- Limited by reducible backgrounds, systematics.


- More data and more time (improving 
techniques) can help. 



Shapes of signals

- Strongly coupled heavy new physics

SM

broad resonance

long tails

no rate beyond this

E

e.g.  Liu, Pomarol, Rattazzi, Riva 



Strong coupling

g’ g’

Best channels are usually di-lepton, di-jet and so on.
Well studied  

m

m > kinematical limit.  Integrate out

g02

m2
O(6)

 Farina, Panico, Pappadopulo, Ruderman, Torre, Wulzer

Another recent example of using di-lepton and potentially di-jet 



My focus here:

- The question of electroweak symmetry breaking has 
hinted that there should be NP not too far away 
from the weak scale. 


Naturalness, etc. 


Some of these need strong dynamics 


- Final states with W/Z/h/top. “Precision measurement”



Broad features with di-boson, tops etc.

- Closely related to electroweak symmetry breaking


- Difficult.  More data can help a lot. 

SM

broad resonance

long tails

no rate beyond this

E



Operators.
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1 Introduction

2 Definition of the e↵ective lagrangian

We consider the following bosonic operators in the basis of [].
The dimension-six operators are defined as:

OW =
ig

2

⇣

H†�a !D µH
⌘

D⌫W a
µ⌫ , OB =

ig0

2

⇣

H† !D µH
⌘

@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫

O
3W =

1

3!
g✏abcW

a⌫
µ W b

⌫⇢W
c⇢µ, OT =

g2

2
(H† !D µH)(H† !D µ)H

Ou
R = ig2

⇣

H† !D µH
⌘

ūR�
µuR, Od

R = ig2
⇣

H† !D µH
⌘

d̄R�
µdR

Oq
L = ig2

⇣

H† !D µH
⌘

Q̄L�
µQL, O(3)q

L = ig2
⇣

H†�a !D µH
⌘

Q̄L�
a�µQL

(1)

where H† !D µH ⌘ H†DµH � (DµH)†H. The following operator can be reduced to the above
operators plus the operators involving the fermions by using E.O.M:

O
2W = �1

2
DµW a

µ⌫D⇢W
a⇢⌫ , O

2B = �1

2
@µBµ⌫@⇢B

⇢⌫ (2)

The dimension-eight operators:

8

OTWW = g2T µ⌫
f W a

µ⇢W
a ⇢
⌫ 8

OTBB = g02T µ⌫
f Bµ⇢B

⇢
⌫ (3)

8

OTWB = gg0T aµ⌫
f W a

µ⇢B
⇢
⌫ , 8

OTH = g2T µ⌫
f DµH

†D⌫H (4)

8

O(3)

TH = g2T aµ⌫
f DµH

†�aD⌫H (5)

(6)

where T µ⌫
f = i

4

 ̄(�µ
$
D⌫ + �⌫

$
Dµ) and T a, µ⌫

f = i
4

 ̄(�µ
$
D⌫ + �⌫

$
Dµ)�a for SU(2)L doublets.

W a
µ⇢W

a ⇢
⌫ = W+

µ⇢W
� ⇢
⌫ +W�

µ⇢W
+ ⇢
⌫ +W 3

µ⇢W
3 ⇢
⌫ (7)

The SM lagrangian is therefore modified by the addition of higher dimensional operators in the
following way,

L = L
SM

+
X

i2i
6

ci
⇤2

Oi +
X

i2i
8

ci
⇤4

Oi, (8)
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Observables.

- LEP precision EW, high energy non-resonant WW/Wh, 
and Higgs measurement all relevant.


Sensitive to different combination of the operators.

- OHW  and OHB contribute to h→Zγ. 


- LEP limit on OT  dominant. LHC probably can’t improve.
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Table 4: For the TT cross section, we mean summing over all the transverse polarizations. Ec is the partonic center-of-
mass energy.

⇤[TeV] OW OB OHW OHB O
3W

LEP 2.5 2.5 0.3 0.3 0.4
WV (`+ jets) 4.8(1.9) 1.5(0.71) 4.8(1.9) 1.5(0.71) 1.2
W±h(`bb) (4.0,2.9,2.3) (4.0,2.9,2.3)

W±h(`+ `⌫`⌫) 1.6 1.6
h ! Z� 1.7 1.7

Table 5: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.

⇤[TeV] OTWW OTWB OTH O(3)

TH

WV (`+ jets) 0.90 0.90 1.1(0.83) 0.83(0.65)
W±h(`bb) (0.86,0.79,0.76)

W±h(`+ `⌫`⌫) 0.67
Table 6: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.

9



Precision measurement at the LHC possible?
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LEP precision tests probe NP about 2 TeV

At LHC

LHC has potential. 
Both interference and energy growing behavior crucial
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Helicity structure at LHC

where ⇤ has no ~ dimension and it should be interpreted as a mass threshold, and we have
included possible dimension eight operators (again normalized with ~-dimension equal to one).

[we should comment on the present constraints on these coe�cients,
from LEP and from existing LHC bounds.]
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3 Naive scaling with energy

The scalings of the amplitudes for SM diboson production are listed in table 1 for W+W�

production.
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Table 1: High energy behaviour for the helicity amplitudes ff̄ ! W+W�from di↵erent scenar-
ios, where omit the the g2 in front of the amplitudes. E can be thought as half of the partonic
center of mass energy (i.e. the energy of single W boson.).

3

growing with energy

SM piece is small. Interference does not grow with E.  



Helicity structure at LHC

- Whether interference or not depends on polarization 
of WW. Polarization differentiation can be crucial. 


- Need large SM piece to interfere with. Longitudinal 
(0,0) most promising.
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included possible dimension eight operators (again normalized with ~-dimension equal to one).
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Table 1: High energy behaviour for the helicity amplitudes ff̄ ! W+W�from di↵erent scenar-
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growing with energy



SM / LHC13

cHW /Λ = 1/TeV
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Growing with energy



Sensitivity to tails. Ideal case.

- For small d, lower E with higher reach. (e.g. dim 6, d=2)


Limited by systematics. 


- Interference important. Otherwise, signal proportional to (operator)2, 
effect further suppressed by (E/Λ)d.
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En

✓
E
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“tail” parameterized by Λ≈ m✻

n: 5-8 falling parton luminosity

L = integrated luminosity

E: energy bin of the measurement
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Ec = partonic c.o.m. energy
= diboson invariant mass

Ideal case.



The role of systematics
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An example: 

LEP precision test:

LHC longitudinal mode: 

OW LHC contribution same as OHW



Potential difficulties

SM WW, WZ processes are dominated by 
transverse modes 

Polarization tagging of W/Z crucial

Wh/Zh(bb) channels have large reducible background

Difficult measurement. Large improvement needed.
Much more data and 20 years can help!
Instead of making projections based on current 
performance, we will give several targets (goals). 



Reach projection  

ϵsig signal efficiency or acceptance
ϵh  (mis)tag probability of polarization h

  Δ: systematical error

Crude parameterization of significance
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LHC-3000/fb
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Wh channel

LHC-3000/fb
efficiency 10%,sys=10%
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With assumptions about systematics and background.  



WW, semileptonic channel

SM budget:

WW-LL
WW-TL
WW-TT
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WW, semileptonic channel

LHC-3000/fb
efficiency 10% sys. 5%
fully reconstructed
TT-10%, LL-50%
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Bounds on      at the LEP and the HL-LHC  OW

reducible background is (0, 3,10) times irreducible background
(✏LL = 1.0&&✏TT = 0, ✏LL = 0.5&&✏TT = 0.05, ✏LL = 0.5&&✏TT = 0.1)

The selection e�ciency ✏ = 10% for semi-leptonic channels

The selection e�ciency ✏ = 50% for fully leptonic channels

L = 3ab�1



LHC benchmarks

- Can beat LEP precision if some of these benchmarks 
can be reached.

Observable ��/�
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Table 4: For the TT cross section, we mean summing over all the transverse polarizations. Ec is the partonic center-of-
mass energy.

⇤[TeV] OW OB OHW OHB O
3W

LEP 2.5 2.5 0.3 0.3 0.4
WV (`+ jets) 4.8(1.9) 1.5(0.71) 4.8(1.9) 1.5(0.71) 1.2
W±h(`bb) (4.0,2.9,2.3) (4.0,2.9,2.3)

W±h(`+ `⌫`⌫) 1.6 1.6
h ! Z� 1.7 1.7

Table 5: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.

⇤[TeV] OTWW OTWB OTH O(3)

TH

WV (`+ jets) 0.90 0.90 1.1(0.83) 0.83(0.65)
W±h(`bb) (0.86,0.79,0.76)

W±h(`+ `⌫`⌫) 0.67
Table 6: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.
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ideal case,  perfect pol tagging, no systematics
tagging eff 50%, mis-tagging rate 10%,  no systematics
reducible bkg 0,  3, 10 times of the irreducible rate 
interference effect not important. 
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Dimension-8

- Less sensitive. But can be leading effect in 
certain NP scenarios. 


- Gives rise to unique signals.

ZZ, γγ, hh.


- Can interfere with the SM in some cases where 
dim-6 do not. 


e.g. WT WT . SM rate about 10 times WLWL. 


 Dim-6 interference with SM suppressed. Dim-8 
interfere with SM. Equally important. 
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Table 2: High energy behaviour for the helicity amplitudes ff̄ ! W+W�from di↵erent scenarios,
where omit the the g2 in front of the amplitudes. E can be thought as center of mass energy of
WW system.

The m sigma deviation from the SM:
ns = mn� (3)

We can obtain the reach of the ⇤:
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where the last formula has assumed the statistical uncertainty dominates.
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where the parton luninosity:
dLf ¯f

dE
=

2E

S
⇥ dLf ¯f

d⌧
(E2/S) (6)

where S is the proton-proton center-of-mass energy square. Usually, we have

�̂SM
f ¯f (E2) ⇠ 1

E2

,
dLf ¯f

dE
⇠ 1

En
L

(7)

then if we assume that the statistical uncertainty dominates, we have:

⇤ ⇠ E
1�n

L

+2

2p (8)

If nL + 2 > 2p, the sensitivity is decreasing with the energy, otherwise the sensitivity is increasing
with energy.
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Table 4: For the TT cross section, we mean summing over all the transverse polarizations. Ec is the partonic center-of-
mass energy.

⇤[TeV] OW OB OHW OHB O
3W

LEP 2.5 2.5 0.3 0.3 0.4
WV (`+ jets) 4.8(1.9) 1.5(0.71) 4.8(1.9) 1.5(0.71) 1.2
W±h(`bb) (4.0,2.9,2.3) (4.0,2.9,2.3)

W±h(`+ `⌫`⌫) 1.6 1.6
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Table 5: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one operator once with its
Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.
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Wilson coe�cient setting to 1. The bound are obtained by the bin 1 TeV - 1.5 TeV without taking into account the
systematics and the kinematic and cut e�ciency ✏ = 10%.
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Conclusion

- LHC is pursuing a comprehensive program which covers the 
ground pretty well. After Moriond 2017, slow gain with 
luminosity.


- A promising long term prospect at LHC:  focusing on non-
resonant broad features. Di-boson, ttbar, etc. 


- Difficult. But a lot data can make a significant difference here! 


- May find other things, such as broad resonance, along the way.


- Even without a discovery, this can have lasting impact on future 
directions (similar to LEP electroweak program).



extra



CW

XS
8

[pb] XS
13

[pb] BR ✏
8

BR⇥ ✏
8

S/B(incl) ✏
13

W+W�(``) 35.5(54.8) 67.2(106) 4.67% 12.9% 1 6.0‰ 1.4
W±Z(```) 13.7(22.8) 25.5(46.1) 1.46% 19.4% 2 2.8 ‰ 5.4

W+W�(`+ jets) 35.5(54.8) 67.2(106) 29.2% % 3 ‰
W±Z(`+ jets) 13.7(22.8) 25.5(46.1) 15.1% % 4 ‰

W±h(`bb̄) 0.703 1.37 12.6% 3.3% 5 4.2 ‰ 0.0055
Zh(``bb̄) 0.421 0.884 3.92% 8.4% 3.3 ‰ 0.01
Zh(⌫⌫bb̄) 0.421 0.884 11.6% 2.5% 2.9 ‰ 0.02

Table 4: Cross section and e�ciencies for the SM diboson productions at the LHC. The cross
sections for the gauge bosons are shown for the inclusive cross section at the boson level for
their LO value with NLO values in the brackets. W± means summing over all the W+ and
W� contributions. The cross sections for the Higgs production are shown at the NNLO QCD
and NLO EW accuracies. mh = 125 GeV and BR(h ! bb̄) = 58.2%,BR(W+ ! `+⌫) =
0.108,BR(W+ ! hadrons) = 67.6%,BR(Z ! `+`�) = 3.37%,BR(Z ! hadrons) = 69.9% for
each lepton family and BR(Z ! P

⌫⌫̄) = 20%. Here ` = e±, µ± and the branching ratios shown
in the table are summing over all the leptons, neutrinos and we neglect the contribution from the
⌧ decays. The S/B(incl) shows the expected signal (SM di-boson production)-to-background
ratio.
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Figure 1: Reach on the e↵ective cuto↵ ⇤ for polarization tagging e�ciency.

M+�
uL

! g2

2
sin ✓ � cTWW

g2

4

s2

⇤4

sin ✓(1� cos ✓)

M�+

uL
! �g2

2
sin ✓

1 + cos ✓

1� cos ✓
+ cTWW

g2

4

s2

⇤4

sin ✓(1 + cos ✓)

M+�
dL

! g2

2
sin ✓

1� cos ✓

1 + cos ✓
� cTWW

g2

4

s2

⇤4

sin ✓(1� cos ✓)

M�+

dL
! �g2

2
sin ✓ + cTWW

g2

4

s2

⇤4

sin ✓(1 + cos ✓)

M+�
fR

! �cTWW
g2

4

s2

⇤4

sin ✓(1� cos ✓)

M�+

fR
! cTWW

g2

4

s2

⇤4

sin ✓(1 + cos ✓)

(19)6

⇤[TeV] OW OB OHW OHB O
3W OTWW OTWB OTH O(3)

TH

LEP 2.5 2.5 0.3 0.3 0.4
WV (`+ jets) 4.8(1.9) 1.5(0.71) 4.8(1.9) 1.5(0.71) 1.2 0.90 0.90 1.1(0.83) 0.83(0.65)

h ! Z� 1.7 1.7

Table 5: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1) and LEP, we consider one
operator once with its Wilson coe�cient setting to 1. The bound are obtained by the bin 1
TeV - 1.5 TeV without taking into account the systematics and the kinematic and cut e�ciency
✏ = 10%.
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where t, u are corresponding to up, down-type fermions respectively. Note that for the right-
handed particles, there are no t-channel contributions as a consequence of the maximal parity-
violation in the weak interaction. Note that we specify the handness of the particles instead of
the fields, where for the anti-particles, they are opposite. Our parametrization, the t(u)-channel
corresponds to the up(down)-type fermions(quarks or leptons) contributions.

Concentrating on the central region in the partonic center-of-mass frame,i.e. cos ✓ ⇠ 0, we
have the following numerical factors by adopting the values s2w ⇠ 1

4

, c2w ⇠ 3
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We can see that due to the quantum number of the di↵erent helicity parton states, the
processes initiated by the left-handed one are dominant over the right-handed case even in
the (0, 0) combination. We also infer that even in the central region, as a result of some
numerical accidental factors, the di↵erential cross sections for the t-channel helcitiy combinations
(+,�), (�,+) dominate over (0, 0) by a factor of 4 in the high energy approximation.
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