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JLab	  6	  GeV	  PVDIS	  –	  V.	  Sulkosky	  
•  Party-‐violaNng	  DIS	  at	  low	  Q2	  is	  sensiNve	  to	  

γ-‐Z	  interference	  
•  Measurements	  on	  LD2	  constrain	  effecNve	  

weak	  couplings	  C12,du	  and	  test	  for	  BSM,	  
higher	  twist	  

•  Hall	  A	  at	  Jefferson	  Lab:	  	  
Wang	  et	  al.,	  Nature	  506,	  7486,	  67	  (2014)	  

agreement	  with	  SM	  predicNon	  of	  couplings	  
and	  constraints	  to	  5+	  TeV	  

	  
•  Higher	  twist	  effects	  not	  observed	  at	  Q2~1	  

GeV2	  

•  New	  PV	  Resonance	  data	  also	  now	  available	  



Future	  JLab	  12	  GeV	  PVDIS	  –	  SoLID	  
R.	  BeminiwaRha	  

SoLID	  12	  GeV	  Program	  will	  extend	  	  
6	  GeV	  results	  to	  broad	  kinemaNc	  coverage	  with	  
mulNple	  targets	  
	  
LD2	  provides	  SM	  tests,	  quark-‐level	  CSV,	  Higher	  
Twist	  
	  
LH2	  tests	  high-‐x	  d/u	  predicNons	  with	  free	  
nucleons	  
	  
Heavy	  targets	  could	  test	  flavor	  dependent	  
nuclear	  modificaNon	  



LBNF/DUNE	  -‐	  R.	  Peo	  
DUNE	  will	  provide	  high-‐staNsNcs	  ν,ν	  
measurements	  with	  nuclear	  targets	  with	  
near	  detector	  at	  LBNF	  
	  
Nuclear	  elasNc,	  quasielasNc,	  and	  DIS	  with	  p,
12C,	  Ca,	  Fe,	  Ar...	  
	  
Allows	  for	  measurements	  of	  sin2θW	  and	  
check	  of	  NuTeV	  anomaly	  
	  
Flavor	  dependent	  nuclear	  modificaNon	  tests	  
can	  be	  directly	  tested	  with	  fixed	  A	  varying	  N/
Z	  
	  
Constraints	  on	  strange	  sea	  with	  NC	  and	  CC	  
weak	  couplings	  to	  quarks	  



Qweak	  –	  D.	  Gaskell	  
Qweak	  experiment	  at	  Hall	  C	  Jefferson	  lab	  
measures	  proton	  weak	  charge	  
	  
Parity-‐violaNng	  e-‐	  sensiNve	  to	  NC	  γZ	  
interference	  and	  weak	  couplings	  
	  
Low	  Q2	  elasNc	  proton	  scaRering	  tests	  standard	  
model	  with	  sin2θW	  and	  access	  to	  BSM	  physics	  
to	  few	  TeV	  
	  
Commisioning	  run	  results	  consistent	  with	  SM	  
	  
Full	  results	  with	  full	  data	  with	  improved	  
systemaNcs	  will	  be	  available	  “soon”	  



Higgs Boson Status
• 125 GeV object: Standard Model Higgs-like? Yes

Rossi

Coupling scales with mass

angular distributions:
fully compatible with JP = 0+

differential
measurements



Searches for BSM Higgs Bosons

• Extensions of SM can add additional particles 
to the Higgs sector 
– e.g. supersymmetry gives at least four more

• Observation of any is evidence of new physics

Moran
Vanadia
Weinberg
Beaulieu



Heavy Higgs

• High mass “Higgs-like” neutral boson search in 
several channels

Moran



Other Higgs Bosons

• Searches for other physical states of a two 
Higgs doublet model: H±, H0, A0

H+ → τν A0 → Zh X → HH → 4b

Vanadia Weinberg



a → ℓℓ/qq
• NMSSM helps ease fine tuning problems in minimal 

SUSY, gives additional light pseudoscalar “a”

• Searches presented in H → aa and Υ → γa

H → aa → μμττ

BaBar Υ → γa

CMS
H → aa → 4μ

Vanadia

Weinberg

Beaulieu



Electroweak Bosons at the LHC

• W and Z production results from all major LHC experiments

• Cover large kinematic range (η, pT) and environments (p-Pb collisions, 
additional jets, heavy flavor)

– Test/confirmation of PDFs, high order/high multiplicity calculations

– Extraction of EWK parameters, coupling structure

Buthelezi
Dragoiu
Brandt
Wallace
Perry



W/Z production

• Largely well described by simulation … pushing 
theoretical tools, PDFs to the limit

pp → W+ vs W- asymmetry

Z + n jets differential σ - Perry

Dragoiu



Forward W/Z

• Measured by LHCb (pp) and ALICE (pPb)
• Probe of PDF, nuclear effects

Better agreement with nuclear PDFs

Buthelezi
Wallace



Z Forward-Backward Asymmetry
• Sensitive to new particles coupling 

to fermions

• Measures effective weak mixing 
angle

Brandt
Dragoiu

(older measurement)



Multiple EW Boson Production
• Constraints on anomalous gauge boson couplings from 

diboson/triboson production

• Hot topic: discrepancy between experiment and theory 
for WW cross section: resolved?

Damgov Chen

σNNLO/σNLO = 1.09 (PRL 113, 212001)

Jet vetoes sensitive to higher order 
terms, resummation



Anomalous Gauge Couplings

Note log scale

WWγγ coupling ZZZ, ZZγ (0 in SM)

LHC sets strong constraints on electroweak boson couplings

Damgov Chen



The Dark Sector

• Searches for places the dark sector touches 
ours
– “dark photons”: vectors that mix with our photon
– “Higgs portal”: Higgs boson coupling to dark 

matter
– “Mono-X”: Direct production of dark matter

Weinberg

Lei, Turner

Yamaguchi, Beaulieu



Dark Photons
• Results presented from PHENIX (π0/η→ γA) , 

BaBar (e+e- → γA)
– muon g-2 favored region excluded

BeaulieuYamaguchi



Mono-X

• Search for visible particles recoiling against 
invisible dark matter (X = jet, photon, Z, Higgs, 
top, tt …)

monotop
vector DM

monojet

Turner
Lei



New Heavy Particles

• Smoking gun sign of new forces or types of 
matter

• Z', W', Majorana neutrinos, vector-like quarks, 
excited quarks, technicolor, Kaluza-Klein 
gravitons & resonances in large extra 
dimensions...

Pastika
Lei
Romeo
Hayden
Turner



New Heavy Particle Searches

Vector-like
T quark

Majorana neutrinos

Z' → tt

W' → tb

Z' → μτ

Lei

Pastika

HaydenTurner Hayden



New Heavy Particles
• Method for determining mass of particles produced by charged 

current at LHC, exploiting charge asymmetry & proton PDF

Muanza



More Exotic ...
Long-lived neutrals Heavy multi-charged particles

Quantum black holes

Romeo

Lei



Supersymmetry
• Extensive searches at CMS & ATLAS

– “classic” jets + MET signatures; also targeting third-generation 
squarks, electroweak/VBF production, R-parity violating 
scenarios

– Addressing hard regions of parameter space!

Rathjens
Meloni

RPV multijetm(stop) ~ m(top)stop tagging
dilepton edge search

Rathjens
Meloni



THEORY	  CONTRIBUTIONS	   	  	  

…sharpening	  	  
our	  tools…	  

www.ancientcra?.co.uk	  



Higgs	  producBon	  in	  ggF	  

Why care about N3LO?
• Theoretically 

• New physics can hide behind 
Higgs production in many 
common BSM scenarios ggH coupling is 

sensitive to new 
particles running in 

the loop, for example, 
a top partner

Why care about N3LO?
• Theoretically 

• NNLO uncertainty on Higgs 
production in gluon fusion channel 
is larger than future experimental 
uncertainty

Higgs working 
group report
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Theoretical status: glue-glue fusion
• Current best theory predictions

a b c d e

2

4

6

8

10

[Higgs Working Group Report]

a. NNLO scale b. NLO EW c. Large mt approx. d. quark mass input e. PDF

• Largest uncertainty from NNLO QCD scale variation: MUST BE
REDUCED!
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NNLO 
scale NLO 

EW finite top 
mass

light 
quark 
mass
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Experimental status

• With 7 and 8 TeV data, LHC has already done a good job in precision higgs
measurement.

• Current all channels combined results for total Higgs production Xsec:

�
exp

= (0.80± 0.14)�
SM

• Percent level uncertainties can be achieved in the 14 TeV run [CMS snowmass

report 2013]

L (fb�1) �� WW ZZ bb̄
300 [6%, 12%] [ 6%, 11%] [7%, 11% ] [11%, 14%]
3000 [4%, 8%] [4%, 7%] [4%, 7%] [5%, 7%]

• Theoretical accuracy need to match the experimental accuracy

• Great challenge to (QCD) theorist, but also great opportunities!

4

CMS snowmass workgroup report

Why care about N3LO?
• Theoretically 

• Will perturbative series converge for gluon fusion? 
• αS /4/π ~ 0.01 but N(N)LO/(N)LO ≫ 0.1 

• Does the true result lie within NNLO uncertainty band?

Motivation for precision: theory

• Mysterious large K factor in Higgs production

• Total Xsec for gg ! H up to NNLO at
p
s = 8 TeV LHC:

LO=9.6 pb

49%

�NLO=7.1 pb

36%
�NNLO=2.9 pb

15%

• Need N3LO calculation to understand the large corrections

• Rapid increased number of diagrams and integrals

• Ideal arena for advanced techniques, ideas
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Ye	  Li	  

Why	  do	  we	  care	  about	  N3LO	  ?	  
1)	  Large	  perturbaBve	  correcBons	   2)	  Sizeable	  NNLO	  scale	  variaBon	  

Current Status

• Higgs effective theory works well to 1% precision 
• λt known to five loops (2005) 

!

• Full top mass effect known up to NLO, and NNLO top 
mass dependence well estimated (2009) 

NLO  
1991

NNLO 
2002

HEFT 
1979

NNNLO 
2015

Shifman, Vainshtein, 
Voloshin, Zakharov

Dawson; Djouadi, 
Spira, Zerwas

Harlander, Kilgore; 
Anastasiou, Melnikov; 
Ravindran, Smith, van 

Neerven

Anastasiou, Duhr, Dulat, 
Herzog, Mistlberger

Schroder, Steinhauser; 
Chetyrkin, Kuhn, Sturm

QCD corrections with HEFT

• To very good approximation (⇠ 1%), ggH interaction can be represented
by an e↵ective coupling [Shifman, Vainshtein, Voloshin, Zakharov, 1979]

Leff = �1

4
�tHGµ⌫,aGa

µ⌫

• �t known to five loops!! [Schroder, Steinhauser, 05; Chetyrkin, Kuhn, Sturm, 05]

• NLO [Dawson, 91; Djouadi, Spira, Zerwas, 91]

• NNLO [Harlander, Kilgore, 02; Anastasiou, Melnikov, 02; Ravindran, Smith, van

Neerven, 03]

• It is time to consider N3LO!
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Spira; Anastasiou, Bucherer, Kunszt

So?-‐virtual	  contribuBons	  confirmed	  by	  Li,	  Manteuffel,	  Schabinger,	  Zhu	  

N3LO:	  
Small	  correcBon	  
Flat	  scale	  dependence	  



Why care about N3LO?
• Theoretically 

• New physics can hide behind 
Higgs production in many 
common BSM scenarios ggH coupling is 

sensitive to new 
particles running in 

the loop, for example, 
a top partner Jun	  Gao	  

Why	  do	  we	  care	  about	  Higgs	  QT?	  
1)	  Probe	  of	  EW	  dynamics	  	   2)	  Clean	  test	  of	  QCD	  factorizaBon	  

3

2

the distribution of gluons inside a proton as a function of
not only its momentum along the direction of the proton,
but also transverse to it. More specifically, the di⇤eren-
tial cross section for the inclusive production of a photon
pair from gluon-gluon fusion is written as [19, 20],

d�

d4qd⇥
⌥
 
d2pTd

2kT ⇥
2(pT +kT �qT )Mµ⌃�⇥

�
M �⇥

⌅⌥

⇥⇥

�µ⌅
g (x1,pT , ⇤1, µ)�

⌃⌥
g (x2,kT , ⇤2, µ), (1)

with the longitudinal momentum fractions x1 =
q · P2/P1 · P2 and x2 = q · P1/P1 · P2, q the momentum
of the photon pair, M the gg ⇧ �� partonic hard scat-
tering matrix element and � the following unpolarized
proton gluon TMD correlator,

�µ⌅
g (x,pT , ⇤, µ) ⇤ 2
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with p2T = �p2
T and gµ⌅T = gµ⌅ � PµP ⇤⌅/P ·P ⇤ �

P ⇤µP ⌅/P ·P ⇤, where P and P ⇤ are the momenta of the
colliding protons and Mp their mass. The gauge link

Un[–]
[0,⇧] in the matrix element runs from 0 to ⌃ via minus

infinity along the direction n, which is a time-like dimen-
sionless four-vector with no transverse components such
that ⇤2 = (2n·P )2/n2. In principle, Eqs. (1) and (2) also
contain soft factors, but with the appropriate choice of
⇤ (of around 1.5 times the hadronic center of mass en-
ergy), one can neglect their contribution, at least up to
next-to-leading order [20, 21]. The renormalization scale
should be chosen around the characteristic scale of the
hard interaction. The last line of Eq. (2) contains the pa-
rameterization of the TMD correlator in terms of the un-
polarized gluon distribution fg

1 (x,p
2
T , ⇤, µ), the linearly

polarized gluon distribution h⌅ g
1 (x,p2

T , ⇤, µ) and Higher
Twist (HT) terms, which only give O(1/Q) suppressed
contributions to the cross section, where Q ⇤

�
q2.

The general structure of the di⇤erential cross section
for the process pp ⇧ ��X is given by [22]

d�
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⌅
, (3)

where the Fi factors consist of specific combinations of
gg ⇧ X0,2 ⇧ �� helicity amplitudes, with F3,4 involving

amplitudes with opposite gluon helicities. The convolu-
tion C is defined as

C[w f g] ⇤
 

d2pT

 
d2kT ⇥
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2
T ) g(x2,k

2
T ) (4)

and the weights appearing in the convolutions as
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Tp
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T

4M4
p

,
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p
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4M4
p

. (5)

The TMD distribution functions contain both per-
turbative and non-perturbative information. The tails
(pT ⌅ Mp) of the distribution functions can be calcu-
lated using pQCD, but the low pT region will inevitably
contain non-perturbative hadronic information. To get a
description over the full pT range one needs to extract
the TMD distribution functions from experimental data
[22, 23].
To make numerical predictions we will use a functional

form for the unpolarized gluon TMD which has, in ac-
cordance with the pQCD calculation, a 1/p2

T tail at large
pT and resembles a Gaussian for small pT ,

fg
1 (x,p

2
T ,

3

2

⇣
s,Mh) =

A0 M
2
0

M2
0 + p2

T

exp

⇧
� p2

T

ap2
T + 2�2

⌃
. (6)

Preferably one would fit the parameters in Eq. (6) to ac-
tual data, but since those are currently not available we
will instead fit to the Standard Model Higgs boson trans-
verse momentum distribution obtained by interfacing the
POWHEG [24–26] NLO gluon fusion calculation [27] to
Pythia 8.170 [28, 29], assuming a Higgs mass of 125 GeV
and a collider center of mass energy of 8 TeV. Pythia
does not take into account e⇤ects of gluon polarization,
so we fit the data by setting the linearly polarized gluon
distribution equal to zero. In this way the TMD predic-
tion without gluon polarization agrees with the Pythia
prediction. We think this is the most realistic choice we
can make, because Pythia is tuned to reproduce collider
data well. Our Gaussian-with-tail Ansatz is able to ad-
equately fit the Pythia data, as is shown in Figure 1.
The fit results in the following values for the parameters
� = 38.9 GeV, a = 0.555 and M0 = 3.90 GeV. We are
not concerned about the overall normalization, as we will
be only interested in distributions and not the absolute
size of the cross section.
The linearly polarized gluon distribution will be ex-

pressed in terms of the unpolarized gluon distribution
and the degree of polarization P, i.e.,

h⌅g
1 (x,pT , ⇤, µ) = P(x,p2

T , ⇤)
2M2

p

p2
T

fg
1 (x,pT , ⇤, µ), (7)
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FIG. 1. Plot of qTC[fg

1 f
g

1 ] (line) and the Pythia Higgs d�/dqT
distribution for M

h

= 125 GeV at
⇤
s = 8 TeV (points).

such that |P| = 1 corresponds to h⇧g
1 saturating its up-

per bound [30] and with the correct power law tail as first
calculated in [19]. Calculations of the gluon TMD distri-
butions using the Color Glass Condensate model predict
maximal gluon polarization for large pT and small x [31].
Ideally one extracts the degree of polarization from data,
but this is currently unfeasible.

Perturbative QCD can be used to calculate the large
pT tails of the TMD distributions in terms of the collinear
parton distribution functions as has been done in Ref.
[21] for the unpolarized distribution and Ref. [19] for
the linearly polarized gluon distribution. We will follow
a similar approach, but keep finite ⌅ instead of taking
the ⌅ ⇧⌃ limit and calculate the degree of polarization
to leading order in �s from the MSTW 2008 collinear
parton distributions [32] evaluated at a scale of µ = 2
GeV.

The pQCD calculation is only valid in the limit pT ⌅
Mp. To model the lack of knowledge at low pT , we will
define three di�erent degrees of polarization Pmin, P and
Pmax, of which the first approaches zero at low pT , the
second follows the pQCD prediction and the last reaches
up to one at low pT . Other sources of uncertainty are the
choices of the scales ⌅ and µ and the omission of higher
order terms. We estimate this additional uncertainty, by
varying the di�erent scales, to be maximally 10% and
model it by letting Pmax,min approach the pQCD calcu-
lation ±10% for large pT . More specifically, we define

Pmin ⇤
p4

T

p40 + p4
T

0.9PpQCD(x,p
2
T ),

P ⇤ PpQCD(x,p
2
T ),

Pmax ⇤ 1� p4
T

p40 + p4
T

⇤
1� 1.1PpQCD(x,p

2
T )
⌅
, (8)

where PpQCD is the pQCD degree of polarization cal-
culated at ⌅ = 1.5

 
s and we take p0 = 5 GeV. The

resulting Pmin, P and Pmax are plotted in Figure 2.
We will consider the partonic process gg ⇧ X0,2 ⇧ ⇥⇥

where X is either a spin-0 or spin-2 boson, with com-
pletely general couplings. For the interaction vertex we
will follow the conventions of Refs. [11] and [12], where

20 40 60 80 100
pT �GeV⇥0.2

0.4

0.6

0.8

1.0

Pmax

P
Pmin

FIG. 2. Plot of the degrees of polarization P
min

, P and P
max

at x = M
h

/
⇤
s, with M

h

= 125 GeV and
⇤
s = 8 TeV.

the vertex coupling a spin-0 boson to massless gauge
bosons is parameterized as

V [X0 ⇧ V µ(q1)V
⇧(q2)] = a1q

2gµ⇧ + a3⇤
q1q2µ⇧ , (9)

and for a spin-2 boson as

V [X�⇥
2 ⇧ V µ(q1)V

⇧(q2)] =
1

2
c1q

2gµ�g⇧⇥

+
�
c2q

2gµ⇧ + c5⇤
q1q2µ⇧

⇥ q̃�q̃⇥

q2
, (10)

where q ⇤ q1+q2 and q̃ ⇤ q1�q2. The coupling to gluons
can be di�erent from the coupling to photons, but to keep
expressions compact we will consider them equal.
For the gg ⇧ X0 ⇧ ⇥⇥ subprocess, the non-zero F

factors in Eq. (3) read

F1 = 16|a1|4 + 8|a1|2|a3|2 + |a3|2,
F2 = 16|a1|4 � |a3|4, (11)

and for the gg ⇧ X2 ⇧ ⇥⇥ process one has

F1 = 18A+|c1|2s4⇤ +A+2�
1� 3c2⇤

⇥2

+
9

8
|c1|4(28c2⇤ + c4⇤ + 35),

F2 = 9A�|c1|2s4⇤ +A�A+
�
1� 3c2⇤

⇥2
,

F3 = 3s2⇤B
� ⇤

3|c1|2(c2⇤ + 3) +A+(3c2⇤ + 1)
⌅
,

F ⌅
3 = 6s2⇤Re(c1c

⇥
5)

⇤
3|c1|2(c2⇤ + 3) +A+(3c2⇤ + 1)

⌅
,

F4 = 9s4⇤|c1|2
⇤
2B+ + 4|c5|2

⌅
, (12)

where we have defined A± ⇤ |c1 + 4c2|2 ± 4|c5|2, B± ⇤
|c1+2c2|2±4|c2|2, cn⇤ ⇤ cos(n⇧) and s⇤ ⇤ sin(⇧). Overall
factors have been dropped, because as said we will be
only interested in distributions and not the absolute size
of the cross section. Unlike the case for Higgs production
from linearly polarized photons [33], there is no direct
observable signalling CP violation in the spin-0 case. For
the spin-2 case there is such a clear signature, being a
sin 2⌥ dependence of the cross section, which can only

the choice of the scale � and the scale of the collinear pdfs from which the pQCD degree of polarization
is calculated and the fact that we use a finite order calculation. We model this as an additional 10%
inaccuracy, i.e.,

Pmin(p
2
T ) ⇤

p4
T

p40 + p4
T

0.9PpQCD(p
2
T ),

P(p2
T ) ⇤ PpQCD(p

2
T ),

Pmax(p
2
T ) ⇤ 1� p4

T

p40 + p4
T

�
1� 1.1PpQCD(p

2
T )
⇥
, (4)

where PpQCD is the degree of polarization predicted by pQCD and we take p0 = 5 GeV. The resulting
Pmin, P and Pmax are plotted in Figure 2.
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Figure 2: Plot of fg
1 (x,pT ) in Eq. (1) using the fitted parameters given in Eq. (3) (left) and

plot of the three di�erent assumptions on the degree of polarization P(p2
T ) (right).

1 R functions

The R functions are defined as
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1 ]

, (5)

and the integrated Rint functions as

R±int
3 (qmax

T ) ⇤

⇤ qmax

T

0 dq2T C
⌅
w3(pT )h

⇥g
1 fg
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g
1 h

⇥g
1

⇧

⇤ qmax
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0 dq2T C [fg
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g
1 ]

,

Rint
4 (qmax
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0 dq2T C
⌅
w4h
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⇧
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0 dq2T C [fg
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, (6)
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POWHEG+Pythia 8 Higgs qT distribution

unpolarized 
distribution

p
s = 8TeV

NP region Large-qTIntermediatesmall-qT

~mtop~10 GeV~GeV

large-qT

~mH 

✦ Theoretical predictions on SM Higgs boson qT distribution in different 
kinematic region: 1, non-perturbative region; 2, small-qT; 3, 
intermediate qT; 4, large qT; 5, Large-qT 

Numerical results [preliminary]

✦ resummed component and scale variation [two matching scales
+resummation scale, factorization scale], qT distribution 

11

resummed cross sections can be divided into two separate scale invariant parts 
to have a better gauge on missing higher-order contributions [see Becher et al., 
2013]
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Two	  unknowns	  prevent	  full	  N3LL	  accuracy	  	  
	  
Nevertheless,	  scale	  dependence	  reduced	  (10%)	  
	  
Matching	  to	  recent	  H+jet	  at	  NNLO	  (ie	  N3LO	  matching)	  

Higgs	  producBon	  in	  ggF	  



Higgs	  properBes:	  width	  
Keith	  Ellis	  

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It “fails” spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 10% of the cross section 
comes from m4l>130GeV.

!

Similar tail for H→WW.

10

Kauer, Passarino,arXiv:1206.4803

Caola-Melnikov method for Higgs width
Higgs cross section under the peak, section depends on ratio of couplings 
and width.

!

Measurements at the peak cannot untangle couplings and width.

!

Off-peak cross section is independent of the width, but still depends on           
(modulo interference, see later).

!

!

Assuming             is the same on-shell as off-shell, we have 
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Caola-Melnikov 1307.4935

Caola	  Melnikov	  method	  

Used	  by	  ATLAS	  and	  CMS:	  5-‐6	  x	  SM:	  	  
2	  orders	  of	  magnitude	  improvement	  
Caveat:	  true	  if	  couplings	  are	  the	  same	  

	   	  (Englert	  and	  Spannowsky)	  

Why care about N3LO?
• Theoretically 

• New physics can hide behind 
Higgs production in many 
common BSM scenarios ggH coupling is 

sensitive to new 
particles running in 

the loop, for example, 
a top partner

Idea:	  look	  at	  VBF	  
which	  is	  tree-‐level,	  	  
not	  loop-‐induced	  in	  
the	  SM	  

Improvement with 100, 300fb-1 at √s=13TeV

Expected upper and lower 
bounds on !V obtained from    
W+W+ events as a function of 
the transverse mass.

Bounds are cut off when SM 
prediction falls below 10 events.

In all cases the best bounds are 
achieved, taking the highest 
possible cut on the transverse 
mass.

Possible width bounds with 
(100, 300fb-1 ) are similar to 
those currently obtained from 
gg fusion (20fb-1).

27

Gluon-gluon fusion vs Vector boson fusion

   (pp → e-e+μ-μ+ ) vs  (pp→ jet+jet+e-e+μ-μ+ with VBF cuts)

23

EW cross section for 
Higgs ~10% of gg 
fusion.

Higgs tail relatively 
more important in                           
pp → jet+jet+e-e+μ-μ+    

Different slope for VBF 
Higgs tail (E2 vs E). 


!

!

!



The	  WW	  story	   Hari	  Ramani	  
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New CMS results

12 8 The differential WW cross section measurement

The measurement precision is dominated by the result in the 0-jet event category. The main
source of systematic uncertainty comes from the modelling of the signal efficiency, especially
that related to the requirement on the number of reconstructed and identified jets.

We also report the W+W� production cross section in fiducial regions defined by a jet veto
requirement close to the one used for event selection. When specifying the fiducial volumes,
jets are defined at particle level and clustered using the same anti-kT algorithm with distance
parameter of 0.5 used for collider data reconstruction. We measure the fiducial cross section
by requiring zero jets satisfying |hjet| < 4.7 and different jet pT threshold requirements. The
measured fiducial cross sections are summarized in Table 5 and compared with the predicted
fiducial cross sections estimated with POWHEG.

Table 5: The W+W� production cross section in fiducial regions defined by requiring zero jets
at particle level with varying jet pT thresholds.

pjet
T threshold (GeV) s0jet measured (pb) s0jet predicted (pb)

20 36.2 ± 0.6 (stat.) ± 2.1 (exp.) ± 1.1 (th.) ± 0.9 (lum.) 36.7 ± 0.1 (stat.)
25 40.8 ± 0.7 (stat.) ± 2.3 (exp.) ± 1.3 (th.) ± 1.1 (lum.) 40.9 ± 0.1 (stat.)
30 44.0 ± 0.7 (stat.) ± 2.5 (exp.) ± 1.4 (th.) ± 1.1 (lum.) 43.9 ± 0.1 (stat.)

The fiducial cross section is also measured in the different-flavor 0-jet category. It is defined at
generation level by requiring no jets with |hjet| < 4.7 and a given maximum jet pT for events
requiring prompt leptons with pT > 20 GeV and |h| < 2.5 before final state radiation. In this
case leptonic t decays are not considered as part of the signal. The measured fiducial cross
sections are summarized in Table 6 and compared with the predicted fiducial cross sections
estimated with POWHEG.

Table 6: The W+W� production cross section in fiducial regions defined by requiring zero jets
at particle level with varying jet pT thresholds and requiring prompt leptons with pT > 20 GeV
and |h| < 2.5, before final state radiation.

pjet
T threshold (GeV) s0jet,W!`n measured (pb) s0jet,W!`n predicted (pb)

20 0.223 ± 0.004 (stat.) ± 0.013 (exp.) ± 0.007 (th.) ± 0.006 (lum.) 0.228 ± 0.001 (stat.)
25 0.253 ± 0.005 (stat.) ± 0.014 (exp.) ± 0.008 (th.) ± 0.007 (lum.) 0.254 ± 0.001 (stat.)
30 0.273 ± 0.005 (stat.) ± 0.015 (exp.)± 0.009 (th.) ± 0.007 (lum.) 0.274 ± 0.001 (stat.)

Since both fiducial cross section measurements are restricted to the 0-jet category all systematic
uncertainties are considered in the same way as in the inclusive analysis, with the following
exceptions: the underlying event, PDFs, and renormalisation and factorisation scales effects
related to the WW signal, are taken as the largest difference among the three signal MC gener-
ators, POWHEG, MADGRAPH and MC@NLO, for the fraction of reconstructed events outside the
fiducial region and passing the full analysis selection.

8 The differential WW cross section measurement

The normalized differential W+W� cross section 1/s · ds/dX is determined as a function of
the leading lepton pT, the transverse momentum of the dilepton system, p``T , the invariant mass
m`` and the angular separation between the two leptons f``.

The cross section in each bin of each observable is determined from the event yields sub-
tracting the backgrounds. Each distribution is then corrected for event selection efficiencies
and for detector resolution effects in order to be compared with predictions from event gen-
erators. The correction procedure is based on unfolding techniques, as implemented in the
ROOUNFOLD toolkit [45], which provides both singular value decomposition (SVD) [46] and

• full luminosity 8TeV, uses pT resummation reweighting. 

• CMS(old)      :69.9 ±7.0 pb 
• CMS(new)    :60.1 ± 4.8 pb 
• NNLO theory:59.8 ±1.3 pb 
• Old theory    :57.3 ±1.0 pb

Importance of WW

2

• LHC Era of Electroweak precision measurements 
• WW is large background to H->WW. Higgs Precision 

Analysis 
• WW huge background to many BSM searches

Excess	  
reported	  by	  
both	  ATLAS	  
and	  CMS	  

Inclusive	  fiducial	  cross-‐secBon:	  
Jet	  veto	  is	  applied,	  which	  results	  
into	  a	  distorsion	  of	  pTWW	  
spectrum	  

Two	  theoreBcal	  improvements:	  
1)  ResummaBon	  (pT	  or	  jet	  veto)	  
	  	  	  	  	  	  	  (Ramani	  et	  al.,	  Jaiswal	  &	  Okui	  2014)	  
2)	  NNLO	  correcBons	  (Gehrmann	  et	  al.	  2014)	  

Comparison	  between	  pT	  and	  jet	  veto	  resummaBon	  is	  on-‐going	  



Wγ	  fusion	  	  
and	  photon	  PDF	  

Richard	  Ruiz	  

VBF: Great for Probing High-Mass Scales

In weak boson scattering, t-channel propagators give rise to
logarithms that scale with the hard scattering process

q1

q2

q
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�/Z

q
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2

W ⇤

W R E2
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dQ2
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Q2
V�M2

V
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M2
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Logs are regulated by
weak boson masses.

In principle (and in nature), logs for t-channel photons are
regulated by fermion masses. In practice:

1. Introduce a cutoff, e.g., ⌘, pT cuts on associated jet
2. Collinearly factorize to obtain a � PDF

Electro-‐weak	  
correcBons	  

EW	  physics	  at	  high-‐energy	  

Jia	  Zhou	  

Implementation of NLO electroweak corrections in MCFM Dijets

Comparison with Sudakov approximation (preliminary)

Comparison between Sudakov approximation and 1-loop exact
calculations at LHC = 14 TeV

|pT,j | > 25GeV, |yj | < 2.5; anti− kt, R = 0.6
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Campbell,Wackeroth,Zhou (Fermilab, UB) DIS 2015 @ SMU April 28, 2015 35 / 36

ImplementaBon	  in	  MCFM:	  
comparison	  Sudakov	  approx	  
vs	  1-‐loop	  
	  
Main	  source	  of	  discrepancy:	  
angular	  dependence	  which	  is	  
absent	  in	  Sudakov	  approx	  	  	  

PerturbaBve	  photon	  PDF	  matched	  to	  
resolved	  calculaBon	  

pp-‐>jj	  
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 AFB as a Z’ search tool in DY 
pp ! γ, Z, Z’ ! ee, µµ 

Lum=300 fb-1 Lum=300 fb-1 

Dilepton invariant mass distribution Reconstructed AFB 

If statistical and PDF errors are combined linearly, the significance in 
the bump search rapidly drops, making the AFB quite competitive. 

PDF’s 

13 

 Forward-Backward Asymmetry (AFB) 

AFB=(σF-σB)/(σF+σB)  
 
The statistical error is: 
 
δAFB=[(1-A2

FB)/Nevt]1/2 

Delicate balance between aiming to 
reconstruct the true shape of AFB via the 
Yll cut and preserving high acceptance i.e. 
high statistics (Nevt). 

Our finding: no Yll cut maximizes 
the significance for Mz’ > 2500 GeV 

 [E.A., Belyaev, Fiaschi, Moretti, Shepherd-Themistocleous, arXiv:1503.02672] Studies	  of	  Z’	  resonances	  
F/B	  asymmetry	  as	  a	  discovery	  tool	  

Elena	  Accomando,	  Juri	  Fiaschi	  

21 

•  We have discussed the importance of interference effects in searches for extra 
heavy Z’ bosons. 

     The impact of Interference and Finite Width effects on presentation of experimental  
      results, data interpretation and mass bound extraction can be important for Z’  
      searches. 
      Last analyses by ATLAS and CMS have imported these findings and account for  
      such effects even if with different strategies. 
 
•  Interferences are intrinsic to the Forward-Backward Asymmetry. In order to 

maximize the LHC potential in searching for new Z’s, our proposal is to promote 
the AFB to be a primary observable. 

•  The AFB can in fact give rise to a significance comparable to or even bigger than 
that one expected from the default bump search. 

•  The AFB is moreover much more robust against PDF’s uncertainties. 

Conclusions 

Improving large-x PDF’s uncertainties is 
mandatory for high energy DY. 
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•  Interferences are intrinsic to the Forward-Backward Asymmetry. In order to 

maximize the LHC potential in searching for new Z’s, our proposal is to promote 
the AFB to be a primary observable. 

•  The AFB can in fact give rise to a significance comparable to or even bigger than 
that one expected from the default bump search. 

•  The AFB is moreover much more robust against PDF’s uncertainties. 

Conclusions 

Improving large-x PDF’s uncertainties is 
mandatory for high energy DY. Clear	  message	  for	  the	  DIS	  crowd:	  	  

NLL	  resummaBon	  
Florian	  Lyonnet	  

•  Sizeable	  resummaBon	  effects	  
•  Interferences	  with	  W/Z	  large!	  
•  Public	  code	  Resummino	  



Matthew Low Particle Dark Matter at Hadron Colliders

 [TeV]
!"

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

Summary

20

‣ Simplified models (EFT)

‣ Simplified models (mediators)

‣ Electroweak multiplets
exploit charged-neutral splittings: tag soft objects

s-channel, t-channel, etc.

model independent, careful with EFT validity

Matthew Low Particle Dark Matter at Hadron Colliders

Ways we observe dark matter

4

‣ direct detection

‣ indirect detection

‣ lepton colliders

(from Jesse Thaler)

‣ hadron colliders

(talk by Varun Vaidya)

LUX, PICO, Xenon1T, DarkSide, LZ, ...

Fermi, HESS, CTA, ...

LEP, ILC?, FCC-ee?, CEPC?, ...

UA2, Tevatron, LHC, FCC-hh?, SPPC?, ...

Snowmass Review (1310.8327)

Conrad (1411.1925)

Matthew Low Particle Dark Matter at Hadron Colliders

Particle dark matter

3

‣ WIMP miracle/coincidence

‣ BSM models usually predicts parity stabilizes some new particles 
(e.g. R-parity, T-parity, KK parity, twin parity)

‣ Visible matter = particles

‣ Relic abundance

MDM . 1.8 TeV
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FIG. 6. Sommerfeld enhancement factors, | 2(0)|2 (red) and | 1(0)|2 (blue) vs. WIMP mass. The

former is promotional to | ±(0)|2 and the latter to | 00(0)|2, as shown in Eq. 36.

VI. DARK MATTER CONSTRAINTS AND CONCLUSION

Having calculated tree level matching, LL resummation, and computed the Sommerfeld

enhancement numerically, we can now evaluate the di↵erential cross section for �0�0 !
� + X, given in Eq. 28. We plot this in Fig. 7, where we have digitized the HESS limits

given [24]. We note that in contrast to those groups that performed an exclusive two-body

FIG. 7. Annihilation cross section to �+X. Exclusion taken from [24], assuming an NFW profile.
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Dark	  maner	  

Manhew	  Low	  Varun	  Vaidya	  

WIMP	  cross-‐secBon	  
annhilaBon	  

	  
CalculaBon	  includes:	  
•  Sommerfeld	  

enhancement	  
•  ResummaBon	  of	  EW	  

logarithms	  



Nathan	  Craig	  

Run II Direct Reach
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, ⇥̃0

1 mass plane assuming t̃ ⌅ t + ⇥̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the ⇥̃0
2⇥̃
±
1 simplified model studied in this note. The ⇥̃±1 is assumed

to decay as ⇥̃±1 ⌅ W±(⇥)⇥̃0
1 and the ⇥̃0

2 as ⇥̃0
2 ⌅ Z(⇥) ⇥̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the ⇥̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or ⇥̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10

10
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Figure 1-34. Discovery reach (left and middle panel) and exclusion (right panel) as a function of the mass
of a heavy vector-like quark at

�
s = 14 TeV [48].

several high-pT jets of which at least one shows substructure consistent with originating from a hadronic W -
or Z-boson decay one may see an excess of 500 events over an expected background of about 2000 events.

If such an excess is seen in a search for vector-like heavy quark one would first want to determine the
properties of the new particle, such as production process (single or pair-production) and cross section,
mass, charge, decay modes and branching fractions. The first order of business would be to establish the
nature of the new particle. Additional evidence for a new particle could come from events with two or more
leptons. If the production cross section is consistent with strong production the particle likely is colored.
One would identify whether the decay modes are consistent with vector-like quarks. Vector-like quarks with
charge 5/3 decay to tW, those with charge 2/3 decay to bW , tZ, and tH,and those with charge 1/3 decay
to tW , bZ, and bH.

Most interestingly, observation of a vector-like quark would most likely indicate that there are other heavy
new particles. In little Higgs models there would be W and Higgs boson partners, in compositeness models
there would likely be other vector-like quarks. A robust prediction of models with top-partners like composite
or Little Higgs models is significant deviations of the Higgs couplings, in particular hWW and hZZ, from
the SM. The ILC-250 Higgs factory would measure these couplings with very high precision, providing a test
of this interpretation of the excess. In addition, in most models, the top partner should be accompanied by
additional new particles, some of which may be studied at the HL-LHC, HE-LHC, ILC at center-of mass
energies of 500 GeV and 1 TeV. An example of this is the Littlest Higgs model with T-parity [33], which
shows that the achievable level of precision by ILC-500 allows non-trivial tests of the model structure.

Depending on the mass of the vector-like quark and the other new particles, collisions at higher energy might
be needed to produce the heavy vector-like quarks in su⇥cient numbers to understand their properties. This
could be done at HE-LHC or VLHC pp colliders or at the CLIC e+e� collider.

1.3.10 Fermion Compositeness

High-energy particles are powerful probes of physics at small scales. Experiments at escalating energy
scales have historically unveiled layers of substructure in particles previously considered as fundamental,
from Rutherfords probing of gold atoms which revealed the presence of a central nucleus, to deep inelastic
scattering of protons which demonstrated the existence of quarks. In this section, we consider the extent to
which the compositeness of quarks can be probed by future collider facilities [103, 102].

Community Planning Study: Snowmass 2013

[Snowmass EF WG Report]

~1% level (global)!
~2% level (SUSY)

Where we’ll be 
@ end of LHC: “generically”

But: we could also have just fallen victim to one of the holes in 
coverage (compression, stealth, missing decays), or perhaps…

The	  naturalness	  strategy	  The naturalness strategy
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This is a strategy for new physics near mh, not a no-lose theorem, 
because the theory does not break down if it is unnatural. 

E.g. charged pions Electromagnetic contribution to the 
charged pion mass sensitive to the 

cutoff of the pion EFT.

But naturalness has often been a very successful strategy.

�m2 ⇠ 3e2

16⇡2
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Naturalness suggests Λ~850 MeV. 
Rho meson (new physics!) enters at 770 MeV. 

Local	  symmetry	   Global	  symmetry	  

where	  100%	  	  
is	  totally	  
natural	  

Or	  maybe	  we’ve	  been	  looking	  in	  the	  wrong	  place,	  e.g.	  Twin	  Higgs	  	  
(no	  new	  parBcle	  accessible,	  need	  for	  precision	  studies	  in	  Higgs	  couplings)	  



Pseudo	  Observables	  
David	  Marzocca	  Pseudo-observables
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Observables

Raw data,
Fiducial cross sections,
etc…

Couplings,
running masses,
Wilson coefficients
etc …

Pole masses, decay widths,
kappas, distributions, etc..

2.1 Pseudo-observables in Z ! ff̄ and W ! ff̄ decays

The SM charged and neutral current interactions are

LJ
SM = eAµJ

µ
em +

g

cw
ZµJ

µ
Z +

gp
2

�
W+

µ Jµ
+ + h.c.

�
, (1)

where

Jµ
em =

X

f=fL,fR

Qf f̄�
µf ,

Jµ
Z =

X

f=fL,fR

(T f
3 �Qfs

2
w)f̄�

µf ,

Jµ
+ =

X

`

⌫̄`L�
µ`L +

X

u,d

Vud ūL�
µdL , (2)

sw = sin ✓W , cw = cos ✓W , e = (4⇡↵em)1/2 and Vud denote the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix.

The e↵ective interactions of the Z and W bosons to fermions are modified beyond the
SM. This e↵ect can be taken into account by introducing appropriate e↵ective couplings
to describe the on-shell couplings of Z and W to fermions. In particular, we define the
e↵ective couplings gfZ , g

`
W and gudW as follows2

A(Z(") ! ff̄) = i
X

f=fL,fR

gfZ "µ f̄�µf ,

A(W+(") ! `+⌫) = ig`W "µ ⌫̄`L�
µ`L , A(W+(") ! ud̄) = igudW "µ ūL�

µdL .

(3)

These e↵ective couplings can be unambiguously determined from data using Z-pole ob-
servables (Z-boson partial decay widths, forward-backward or polarization asymmetries,
together with the information on mZ from the Z line shape), and on-shell W decays.3 As
such, they are well-defined (basis-independent) pseudo-observables. In absence of rescat-
tering e↵ects, the Hermiticity of the underlying e↵ective Lagrangian implies that the gfZ
are real couplings, while g`W and gudW can be complex.

These pseudo-observables can be computed in any EFT. Within the SM, at the tree-
level, one finds

gf,SMZ =
g

cw
(T f

3 �Qfs
2
w) , g`,SMW =

gp
2
, gud,SMW =

gp
2
Vud . (4)

2In general, one could also write a right-handed coupling of W boson to quarks; however, this is
forbidden in the limit of unbroken U(1)uR ⇥ U(1)dR flavor symmetry.

3In particular, LEP measurements at the Z pole allow to set very precise constraints on the Z couplings
to each charged lepton, to neutrinos (summed over all possible light species), to the b, c and u quarks [7],
and a common coupling to the s and d quarks. Also the W couplings to each lepton flavor, and a
combination of the couplings to the light quarks can be constrained with high precision [12].

6

PO can then be matched, by theorists, to any explicit scenario — SM EFT, SUSY, 
Composite Higgs, etc.. — at the desired order in perturbation theory.

PO encode experimental information in idealized observables, of easy theoretical 
interpretation. This approach is old: developed at LEP to describe the Z properties.

4



Thank	  you	  to	  all	  the	  speakers	  for	  
the	  exciBng	  talks	  and	  the	  many	  

interesBng	  discussions	  
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