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Status of new physics searches

Guardian





As data accumulates

2 TeV,           e.g. pair of 1 TeV gluino.
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Reached “slow” phase after Moriond 2017



- For example: 

Current gluino limit is about 2 TeV


With about 100 times more data, the sensitivity 
on gluing production cross section improve by a 
factor of 10 ( r.f. S/B1/2 )


Now, the production cross section is proportional 
to about (Mgluino)-7


A factor 10 in cross section ≈ 30-40% on Mgluino .


So, 20 years later, we can reach to about 2.8 or 3 
TeV.  



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


with slower progresses 


In the meantime

LHC enters precision era




This will be done with 

95+% more LHC data.


On-going work. Preliminary results. 
With Da Liu and Andrea Tesi.

This talk: 

targets and challenges




Measuring Higgs after the discovery
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Here, at last!
François Englert and Peter W. Higgs are jointly awarded the Nobel Prize in Physics 2013 for the 
theory of how particles acquire mass. In 1964, they proposed the theory independently of each other 
(Englert together with his now deceased colleague Robert Brout). In 2012, their ideas were confirmed 
by the discovery of a so called Higgs particle at the CERN laboratory outside Geneva in Switzerland.

The awarded mechanism is a central part of the Standard Model of particle physics that describes how the 
world is constructed. According to the Standard Model, everything, from flowers and people to stars and 
planets, consists of just a few building blocks: matter particles. These particles are governed by forces medi-

ated by force particles that make sure everything works as it should. 

The entire Standard Model also rests on the existence of a special kind 
of particle: the Higgs particle. It is connected to an invisible field that 

fills up all space. Even when our universe seems empty, this field is 
there. Had it not been there, electrons and quarks would be mass-
less just like photons, the light particles. And like photons they 

would, just as Einstein’s theory predicts, rush through space at the 
speed of light, without any possibility to get caught in atoms or molecules. 

Nothing of what we know, not even we, would exist. 

Both François Englert and Peter Higgs were young 
scientists when they, in 1964, independently of each 
other put forward a theory that rescued the Stand-
ard Model from collapse. Almost half a century 
later, on Wednesday 4 July 2012, they were both 
in the audience at the European Laboratory for 
Particle Physics, CERN, outside Geneva, when 
the discovery of a Higgs particle that finally con-
firmed the theory was announced to the world.

The model that created order
The idea that the world can be explained in terms 
of just a few building blocks is old. Already in 400 
BC, the philosopher Democritus postulated that 
everything consists of atoms — átomos is Greek for 
indivisible. Today we know that atoms are not indivisible. They consist of electrons that orbit an atomic 
nucleus made up of neutrons and protons. And neutrons and protons, in turn, consist of smaller particles 
called quarks. Actually, only electrons and quarks are indivisible according to the Standard Model. 

The atomic nucleus consists of two kinds of quarks, up quarks and down quarks. So in fact, three elemen-
tary particles are needed for all matter to exist: electrons, up quarks and down quarks. But during the 
1950s and 1960s, new particles were unexpectedly observed in both cosmic radiation and at newly con-
structed accelerators, so the Standard Model had to include these new siblings of electrons and quarks.

François Englert and Peter Higgs meet for the first time, 
at CERN when the discovery of a Higgs particle was 
announced to the world on 4 July 2012.  
Photo: CERN, http://cds.cern.ch/record/1459503 

The Higgs particle, H, completes the Standard Model of particle 
physics that describes building blocks of the  universe. 
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In order for the phase transition to occur, four particles were required but only one, the Higgs particle, 
survived. The other three were consumed by the weak force mediators, two electrically charged W 
particles and one Z particle, which thereby got their mass. In that way the symmetry of the electroweak 
force in the Standard Model was saved — the symmetry between the three heavy particles of the weak 
force and the massless photon of the electromagnetic force remains, only hidden from view.

Extreme machines for extreme physics
The Nobel Laureates probably did not imagine that they would get to see the theory confirmed in 
their lifetime. It took an enormous effort by physicists from all over the world. For a long time two 
laboratories, Fermilab outside Chicago, USA, and CERN on the Franco-Swiss border, competed in 
trying to discover the Higgs particle. But when Fermilab’s Tevatron accelerator was closed down a 
couple of years ago, CERN became the only place in the world where the hunt for the Higgs particle 
would continue. 

CERN was established in 1954, in an attempt to reconstruct European research, as well as relations 
between European countries, after the Second World War. Its membership currently comprises 
twenty states, and about a hundred nations from all over the world collaborate on the projects.

CERN’s grandest achievement, the particle collider LHC (Large Hadron Collider) is probably the larg-
est and the most complex machine ever constructed by humans. Two research groups of some 3,000 
scientists chase particles with huge detectors — ATLAS and CMS. The detectors are located 100 metres 
below ground and can observe 40 million particle collisions per second. This is how often the particles 
can collide when injected in opposite directions into the circular LHC tunnel, 27 kilometres long.

Protons are injected into the LHC every ten hours, one ray in each direction. A hundred thousand 
billion protons are lumped together and compressed into an ultra-thin ray — not entirely an easy 
endeavour since protons with their positive electrical charge rather aim to repel one another. They 
move at 99.99999 per cent of the speed of light and collide with an energy of approximately 4 TeV each 
and 8 TeV combined (one teraelectronvolt = a thousand billion electronvolts). One TeV may not be 
that much energy, it more or less equals that of a flying mosquito, but when the energy is packed into 
a single proton, and you get 500 trillion such protons rushing around the accelerator, the energy of 
the ray equals that of a train at full speed. In 2015 the energy will be almost the double in the LHC.

A possible discovery in the ATLAS detector shows 
tracks of four muons (red) that have been created by the 
decay of the short-lived Higgs particle.  
Image: CERN, http://cds.cern.ch/record/1459496 

A Higgs particle can have been created and almost 
instantly decayed into two photons. Their tracks (green) 
are visible here in the CMS detector.  
Image: CERN, http://cds.cern.ch/record/1459459

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation
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We have made significant progresses.

There is still a long way to go to understand the Higgs.
LHC can’t finish the job, but it can do a lot.



Behaving like a Higgs boson

Higgs gauge boson coupling 
well established.

Started to see Higgs fermion 
coupling as well.



Roughly agree with Standard Model


Agree to about 
10-20%



Not entirely surprising

- In general, deviation induced by new physics is of the 
form


Current LHC precision: 10%                                 
⇒ sensitive to MNP < 500-700 GeV


At the same time, direct searches constrain new 
physics below TeV already.


Unlikely to see O(1) deviation.

� ' c
v2

M2
NP

MNP :  mass of new physics
c: O(1) coefficient 



LHC entering precision measurement stage 

 4-5% on Higgs coupling,  reach TeV new physics



Another 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

- Example: strongly coupled heavy new physics

SM

broad resonance

long tails

no rate beyond this

E

e.g.  Liu, Pomarol, Rattazzi, Riva 



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”


- I will focus here on di-boson.



Warm up: Composite Higgs

- Construct a new strong dynamics in which the pion-
like states will be the SM Higgs. 


- Nature may be more interesting, but it could also 
just repeat itself. 

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

⇒ new strong dynamics, 

symmetry breaking

⇒ SM Higgs



Spin-1 resonances
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Spin-1 resonances
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Spin-1 resonances
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Projected sensitivity, a large portion of the space will be covered 
can we expect further improvements?



Broad features with di-boson, tops etc.

- Challenging. Current LHC sensitivity and performance 
not good enough.


- Will focus on setting performance benchmarks or 
goals for the LHC. 

SM

broad resonance

long tails

no rate beyond this

E



Operators: d=6



Operators: d=6

Only constrained by inclusive Higgs measurement



Operators: d=6

Di-boson production



Operators: d=6

LEP constraint.    
e.g.  S-parameter:   

m⇤p
cW + cB

> 2.5 TeV



qq̄ ! V V, V = W,Z, h.

Test of Higgs physics at high scale

VL

Diboson production at the LHC

VL, h



An example: 

LEP precision test:

LHC longitudinal mode: 

OW LHC contribution same as OHW



Energy growing behavior

LHC 300/fb
MadGraph LO

SM

cHW /Λ = (2 TeV)-1
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Precision measurement at the LHC possible?

��

�SM
⇠ m2

W

⇤2
⇠ 2⇥ 10�3

LEP precision tests probe NP about 2 TeV

At LHC

LHC has potential. 
Both interference and energy growing behavior crucial

Signal-SM interference

��

�SM
⇠ E2

⇤2
⇠ 0.25

Without interference

��

�SM
⇠ E4

⇤4
⇠ 0.05



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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⇤d

�SM / 1

En�signal /
1

En

✓
E

⇤

◆d

Sp
B

⇠
r

L
En

✓
E

⇤

◆d

“tail” parameterized by Λ≈ m✻

n: 5-8 falling parton luminosity

L = integrated luminosity

E: energy bin of the measurement
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dim 6, with interference
Stronger limit at lower energy

dim 8 with interference
or dim 6 without interference

Ec = partonic c.o.m. energy
= diboson invariant mass

Ideal case.



The role of systematics
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Wh(bb) channel

Useful. Can be done “inclusively”, no need to keep track of 
polarization of W 
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Wh(bb) channel

However, current searches not sensitive

SSM/B ⇡ 10�2
WH(bb) — ATLAS-CONF-2017-041



Wh(bb) channel

- O(1) S/B is not completely out of the question.

Potential to improve!

Butterworth, Davison,Rubin, Salam, ‘08



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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p
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Wh(bb) at the LHC (benchmark)

Limit on signal in a given energy bin

LHC-3000/fb
efficiency 10%,sys=10%

no red. bkg
Bred /SM=1
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comparable limits from h(jjlv), backgrounds are all EW, larger efficiency expected



WW, WZ. 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.]

Other basis:

OB = OHB +OBB +
1

4
OWB , (9)

OW = OHW +
1

4
OWW +

1

4
OWB , (10)

where
OWW = g2H†HW a

µ⌫W
aµ⌫ , OWB = gg0(H†�aH)W a

µ⌫B
µ⌫ , (11)

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.

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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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.).
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growing with energy



Potential difficulties

SM WW, WZ processes are dominated by 
transverse modes 

Polarization tagging of W/Z crucial

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). 



WW, semileptonic channel

LHC-3000/fb
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LHC benchmarks

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

ideal case,  perfect pol tagging, no systematics
tagging eff 50%, mis-tagging rate 5%,  no systematics

reducible bkg 0,  3, 10 times of the irreducible rate 
tagging eff 50%, mis-tagging 10%

⇤[TeV] OW OB OHW OHB

LEP 2.5 2.5 0.3 0.3
WV (`+ jets) [0.5,1.0] TeV (5.2,2.5,2.1) (1.5,0.77,0.67) (5.2,2.5,2.1) (1.5,0.77,0.67)
WV (`+ jets) [1.0,1.5] TeV (4.8,2.2,1.9) (1.5,0.79,0.71) (4.8,2.2,1.9) (1.5,0.79,0.71)

Zh(⌫⌫bb)[0.5,1.0] TeV (3.4,2.4,1.9 ) ( 1.2,0.90,0.74 ) (3.4,2.4,1.9 ) ( 1.2,0.90,0.74 )
Zh(⌫⌫bb)[1.0,1.5] TeV (3.2,2.3,1.8) (1.3,0.98,0.83) (3.2,2.3,1.8) (1.3,0.98,0.83)
W±h(`bb) [0.5,1.0] TeV (4.3,3.0,2.4) (4.3,3.0,2.4)
W±h(`bb) [1.0,1.5] TeV (4.0,2.9,2.3) (4.0,2.9,2.3)

W±h(`+ `⌫`⌫) [0.5,1.0] TeV 2.4 2.4
W±h(`+ `⌫`⌫) [1.0,1.5] TeV 2.3 2.3

h ! Z� 1.7 1.7

⇤[TeV] Oq
L O(3)q

L Ou
R Od

R

LEP 3.2 2.2 2.5 0.98
WV (`+ jets) [0.5,1.0] TeV (4.5,2.4,2.1) (3.0,2.1,1.9) (3.9,2.1,1.9) ( 1.6,1.2,1.2)
WV (`+ jets) [1.0,1.5] TeV (4.7,2.6,2.3) (3.8,2.6,2.4) (4.0,2.2,2.0) (2.2,1.6,1.5)
Zh(⌫⌫bb) [0.5,1.0] TeV ( 2.0,1.8,1.6) (6.8,4.9,3.8) (3.7, 2.8,2.3) ( 1.6,1.4,1.3)
Zh(⌫⌫bb) [1.0,1.5] TeV (2.7,2.4,2.2) (6.3,4.6,3.7) (3.9,3.0,2.5) (2.2,1.9,1.7)
W±h(`bb) [0.5,1.0] TeV (8.4,5.9,4.6)
W±h(`bb) [1.0,1.5] TeV (7.5,5.2,3.8)

W±h(`+ `⌫`⌫) [0.5,1.0] TeV 4.6
W±h(`+ `⌫`⌫) [1.0,1.5] TeV 3.6

Table 6: 95% limit on ⇤ for di↵erent channels at LHC (L = 3 ab�1), where we consider one operator once with its
Wilson coe�cient setting to 1. The bounds at the LHC are obtained without taking into account the systematics and we
assume that the kinematic cut e�ciency is ✏ = 10% for semi-leptonic decay channels and 50% for fully-leptonic channels.
For the WV bound, ((✏LL = 1.0, ✏TT = 0), (✏LL = 0.5, ✏TT = 0.05), (✏LL = 0.5, ✏TT = 0.1)). For the bb̄ channel of Wh,Zh
bound, we show in the form of (nred = 0, nred = 3nirred, nred = 10nirred).
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Direct searches of composite resonance
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Most optimistic case can be competitive with direct narrow resonance searches. 

The resonance may be broad, not covered by direct searches. 



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:
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then if we assume that the statistical uncertainty dominates, we have:
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If nL + 2 > 2p, the sensitivity is decreasing with the energy, otherwise the sensitivity is increasing
with energy.

2



LHC-3000/fb
LHC-300/fb

efficiency 50%
systematics 5%

400 600 800 1000 1200 1400
0

500

1000

1500

2000

2500

3000

mZZ in GeV

Λ e
ff
in
G
eV

g2

⇤4
e↵

Tµ⌫
f W a

µ⇢W
a ⇢
⌫

Observable ��/�
SM

Observable ��/�
SM
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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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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



Using kinematics instead of tagging
Need to separate longitudinal versus transverse (non EW bkg are small)

difficult to reconstruct the scattering angle in parton frame, 
Under investigation

Baur, Han, Ohnemus ‘95

see Franceschini at Planck17



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



WW, semileptonic channel

SM budget:
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Typical resonances

resonance mass m⇤

generic relation m⇤ = g⇤f

coupling to ‘composite’ particles g⇤

coupling to ‘elementary’ particles
light quarks, leptons,  

transverse W/Z

Higgs, W/Z goldstones, top

Modulo tunings, the program here is to explore  
m* vs. g* parameter space

gSM
gSM
g⇤



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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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 on W,Y at LHC3000

W ⇠ m2
W

⇤2

1

⇤2
(DµW a

µ⌫)
2

Farina et al ⇤ & 19 TeV LHC 3/ab
systematics 5%

⇤ & 4 TeV
p
c
diboson

, c
diboson

= 1,
g⇤
g

Comparing with di-boson



Generic signal

g’ g’

Best channels are usually di-lepton, di-jet and so on.
Can also be broad resonances

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 



Two directions (more tuning, simpler)
Higgs coupling: � ' v2

f2
! f > 700GeV Vh(v/f)

Higgs mass: m2
h ' b

3y2t v
2

2⇡2

✓
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⇠ b · (125 GeV)2
g2⇤
4

Fix f,  increase  g✻ (hence increase m✻ = g✻f ) 
Fix tuning for v/f, increase tuning of mh . 
Better for electroweak precision,  S ≈ mW2 /m✻

2 ; FCNC…
Heavier and broader resonances. 
Deviation in Higgs coupling unchanged

Fix ratio m✻ /f ≈ g✻ , increase m✻ and f.  
Fix tuning for Higgs mass. Increase tuning of v/f. 
Better for electroweak precision, FCNC…
Heavier resonances. Less deviation in Higgs coupling. 



Two fine tunings of composite Higgs

v, mh ≈ 100 GeV

f,  similar to fπ

Λ, or mρ , or m✻ ≈ g✻f (or gρf)

However,  Higgs coupling
deviation: 

� ' v2

f2
! f > 700GeV

Vh(v/f)1. Generates Higgs potential 
with EWSB

expect v≈f

2. Higgs mass: m2
h ' b

3y2t v
2

2⇡2

✓
m⇤
f

◆2

⇠ b · (125 GeV)2
g2⇤
4

light Higgs needs small b and/or small m✻



Weakly coupled to elementary particles / strongly coupled to Higgs

�1

4
(Dµ⇢⌫)

2 +
m2

⇤
2

⇢2µ + ig⇤cH ⇢aµJ
µa
H +

g2

g⇤
c3⇢

a
µJ

µa
3 +

g2

g⇤
cf⇢

a
µJ
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f

Strongly coupled to dibosons, weakly coupled to dileptons

Production rates scales like �(⇢) ⇠ g4

g2⇤

New vector resonances
see also Pappadopulo Thamm Torre Wulzer



Broad features with di-boson, tops etc.

- Focusing on the “tail” case in the following.

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:
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