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Introduction

The Standard Model works very very well . . .

!"#$%&$'()#*+$,-./#)-0$1.23$45'

!

"#$%&$'()*'+',-./01"0.'2'#*3'4'1%5'67)89:*;&'67<=:*#$:7*>'
#?@:A>BCDCED!!CC F&)=<:$$%3'$7'GHIJK

L&:*;' M%5N I)?E'JOP&E'GE','2Q'F!DBQK'!B!

aTGCs Limits  

Samira Hassani 11 

•  1D Limits and 2D contours for different 
scenarios provided (No constrains, LEP, 
HISZ, equal couplings and EFT) 

•  Results are more stringent than for    
7 TeV  and competitive with LEP  

!

Scenario     Parameter       Expected [TeV-2]      Observed [TeV-2]  
   Cwww/!2            [-7.62,7.38]    [-4.61,4.60]  

  EFT     CB/!2        [-35.8,38.4]                [-20.9,26.3] 
    CW/!2           [-12.58,14.32]   [-5.87,10.54] 

Bruno Lenzi (CERN) Search for a high mass diphoton resonance using the ATLAS detector 05/08/2016

New results: significances for wide signal (10%)
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• ATLAS has robust program of inclusive and differential cross-section 
measurements at 7, 8 and 13 TeV. 

• Inclusive cross-sections now at precision level of few % uncertainties. 
• Differential measurements reveal interesting features in 

understanding of QCD predictions, MC generators, and PDFs. 
• New data will allow probing of TeV tops in detail.

CHRISTIAN GÜTSCHOW

MEASUREMENTS OF THE WZ PRODUCTION CROSS SECTION

Total cross sections
➜ comparison to recent NNLO calculation by Grazzini et al. ( ARXIV:1604.08576)
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Introduction

The Standard Model works very very well . . . too well!

SM fails to explain many problems — and no hints of solutions!

- Hierarchy problem

- Baryogenesis

- Dark matter

- Flavour (Yukawa matrices) & neutrino masses – patterns?

- SM gauge & matter content; hypercharge quantization (GUT?)

- Inflation; dark energy

- Quantum mechanics ←?→ general relativity

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016

4



Introduction

Many of these problems are connected to electroweak symmetry

breaking:

- Hierarchy problem – scalar mass2 radiative corrections ∼ Λ2

- Baryogenesis – electroweak phase transition?

- Dark matter – maybe Higgs portal?

- Flavour (Yukawa matrices) & neutrino masses – patterns?

- SM gauge & matter content; hypercharge quantization (GUT?)

- Inflation; dark energy – maybe connected to hierarchy problem?

- Quantum mechanics ←?→ general relativity – ????

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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Introduction

To learn about electroweak symmetry breaking, study the things

most strongly coupled to the electroweak-breaking vacuum:

Higgs, top, & electroweak gauge bosons

Higgs couplings – search for evidence of Higgs compositeness,

mixing with extra scalars (EW phase transition?), flavour-violating

decays, exotic/invisible decays

Top quark – search for partial compositeness (anomalous cou-

plings), top-partners, tt̄ resonances

Electroweak gauge bosons – EW precision tests for new physics,

vector boson scattering (anomalous couplings), additional Higgs

bosons (VBF → H ′ → V V )

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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Interpretation of results: ∼ 13 fb−1 at 13 TeV

SM cross section measurements:

- new collision energy → check for new kinematic thresholds

- new collision energy → sensitivity to BSM tails ∼ (Q/Λ)2

- theory predictions continuously improving → more distributions

- higher signal cross sections, e.g. tt̄h, tt̄Z, VBF → V V

New limits from searches:

- new collision energy → improved reach at high mass

- BSM Higgs bosons

- new resonances

- top partners

- SUSY particles

Themes for the next few years:

1) More luminosity!!

2) Theory improvements

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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Higgs properties: outlook

Higgs is now part of the Intensity Frontier. - A. Petrov

Snowmass 2013 projections:

1.2 Coupling Measurements 15

Table 1-14 summarizes the expected precision on the Higgs couplings for the two aforementioned assumptions
of systematic uncertainties from the fit to a generic 7-parameter model. These 7 parameters are κγ , κg, κW ,
κZ , κu, κd and κ�. In this parameter set, κγ and κg parametrize potential new physics in the loops of
the Hγγ and Hgg couplings. κu ≡ κt = κc, κd ≡ κb = κs and κ� ≡ κτ = κµ parametrize deviations to
up-and down-type quarks and charged leptons respectively assuming fermion family universality. Only SM
production modes and decays are considered in the fit. The derived precisions on the Higgs total width are
also included. The expected precision ranges from 5 − 15% for 300 fb−1 and 2 − 10% for 3000 fb−1. They
are limited by systematic uncertainties, particularly theoretical uncertainties on production and decay rates.
Statistical uncertainties are below one percent in most cases. Note that the sensitivity to κu is derived from
the tt̄H production process and only H → γγ and H → bb̄ decays have been included in the projection.

The fit is extended to allow for BSM decays while restricting the Higgs coupling to vector bosons not to
exceed their SM values (κW ,κZ ≤ 1). The resulting upper limit on the branching ratio of BSM decay is
included in the table. Note that the BRBSM limit is derived from the visible decays of Table 1-13 and is
independent of the limit on BRinv from the search of ZH with H → invisible.

Also listed in the Table 1-14 are the expected precisions on κZγ and κµ, coupling scale factors for H → Zγ
and H → µµ decay vertices. Given the small branching ratios of the two decays in the SM, they have
negligible impact on the 7-parameter fit. With the noted differences above, ATLAS estimates are similar.

Table 1-14. Expected per-experiment precision of Higgs boson couplings to fermions and vector bosons
with 300 fb−1 and 3000 fb−1 integrated luminosity at the LHC. The 7-parameter fit assumes the SM
productions and decays as well as the generation universality of the couplings (κu ≡ κt = κc, κd ≡ κb = κs

and κ� ≡ κτ = κµ). The precision on the total width ΓH is derived from the precisions on the couplings.
The range represents spread from two assumptions of systematic uncertainties, see text.

Luminosity 300 fb−1 3000 fb−1

Coupling parameter 7-parameter fit

κγ 5 − 7% 2 − 5%

κg 6 − 8% 3 − 5%

κW 4 − 6% 2 − 5%

κZ 4 − 6% 2 − 4%

κu 14 − 15% 7 − 10%

κd 10 − 13% 4 − 7%

κ� 6 − 8% 2 − 5%

ΓH 12 − 15% 5 − 8%

additional parameters (see text)

κZγ 41 − 41% 10 − 12%

κµ 23 − 23% 8 − 8%

BRBSM < 14 − 18% < 7 − 11%

Apart from contributions from ATLAS and CMS collaborations, several independent studies [58–60] have
been performed. In Ref. [58], authors investigate top-quark Yukawa coupling through the tt̄H production
and H → WW ∗ decay. It is estimated that the κt can be measured with a precision of 14− 16% and 6− 9%

Community Planning Study: Snowmass 2013

Ranges represent assumptions on

systematics: low end is theory uncerts

×1/2, expt systematics ×1/
√
L.

Expectations in various models:

- All new particles at M ∼ 1 TeV

- Electroweak precision fits satisfied

1.2 Coupling Measurements 9

fermions, such as top partners, and colored scalars can contribute to H → gg and H → γγ, while electrically
charged scalars and heavy leptons can contribute to H → γγ. Below we examine some representative models,
in order to get a feel for the size of the possible effects.

In Little Higgs models with T parity, the couplings scale with the top partner mass, MT , and assuming the
Higgs couplings to Standard Model particles are not changed, the loop induced couplings are [32],

∆κg � − m2
t

M2
T

∼ O(−8%)

�
600 GeV

MT

�2

, ∆κγ � −0.28∆κg ∼ O(+2%)

�
600 GeV

MT

�2

. (1.7)

In this scenario the production rate from gluon fusion is suppressed, while the width into γγ in increased.
Adding a vector-like SU(2) doublet of heavy leptons does not change the gg → H production rate, but can
give an enhancement in κγ of order ∼ 20%, although large Yukawa couplings are required [33].

Colored scalars, such as the stop particle in the MSSM, also contribute to both κg and κγ . If we consider
two charge- 2

3 scalars as in the MSSM, then for a stop squark much heavier than the Higgs boson [32],

∆κg � 1

4

�
m2

t

m2
t̃1
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t

m2
t̃2

− m2
t X

2
t
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�
∼ O(+17%)

�
300 GeV
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�2

(for Xt = 0), (1.8)

where again ∆κγ � −0.28∆κg. Here Xt =| At −µ cotβ | is the stop mixing parameter. If Xt = 0, the Higgs
couplings to gluons is always increased and the coupling to photons decreased. If the stops are light, and
the mixing is small, large enhancements are possible. In the MSSM, there are other loop contributions to
the Hγγ and Hgg couplings which have been extensively studied. Enhancements in the H → γγ coupling
can be obtained with light staus and large mixing, with effects on the order of ∼ 25% [34].

In Table 1-8, we summarize the generic size of coupling modifications when the scale of new physics is
consistently taken to be M ∼ 1 TeV.

Table 1-8. Generic size of Higgs coupling modifications from the Standard Model values when all new
particles are M ∼ 1 TeV and mixing angles satisfy precision electroweak fits. The Decoupling MSSM
numbers assume tanβ = 3.2 and a stop mass of 1 TeV with Xt = 0 for the κγ prediction.

Model κV κb κγ

Singlet Mixing ∼ 6% ∼ 6% ∼ 6%

2HDM ∼ 1% ∼ 10% ∼ 1%

Decoupling MSSM ∼ −0.0013% ∼ 1.6% ∼ −.4%

Composite ∼ −3% ∼ −(3 − 9)% ∼ −9%

Top Partner ∼ −2% ∼ −2% ∼ +1%

1.2.3 Theory Uncertainties on LHC Higgs Production

The uncertainty on Higgs production has been studied by the LHC Higgs cross section working group for the
various channels and is summarized in Table 1-9 [35]. These uncertainties must be included in extractions of
the scale factors κi from LHC data. The error includes factorization/renormalization scale uncertainty and
the correlated uncertainty from αs and the PDF choice, which are added linearly. The scale uncertainty on
the gluon fusion rate is ∼ ±10%, which can potentially be significantly reduced with the inclusion of recent

Community Planning Study: Snowmass 2013

Snowmass 2013, 1310.8361

- Decoupling MSSM: κγ assumes 1 TeV stop

with tanβ = 3.2, Xt = 0.

Projections based on scaling

2012–13 expt analyses to higher

lumi: probably better already.

Thy uncert reductions ≈already

achieved! Franz Herzog’s talk

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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A few theory highlights

Top mass measurement from kinematic

templates: measures “Pythia’s mt”

→ Translate to more physical mass?

e+e− → tt̄ NNLL+NLO, match “2-jettiness”

templates to Pythia, calibrate to (evolved)

MS mass Moritz Preisser’s talk

Final Results

• All investigated MC top mass values
show consistent picture

• MC top quark mass is indeed
closely related to MSR mass

within uncertainties:
mMC

t � mMSR
t (1GeV)
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2 )

Pythia 8.205, tune 7

NNLL, Γt = 1.4 GeV

Moritz Preisser (University of Vienna) MC Top Mass Calibrations 2016-03-21 11 / 12

Top quark pT distribution at the LHC
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N. Kidonakis, ICHEP2016, Chicago, IL, August 2016 5

New approximate N3LO calculation of

tt̄ production

Needed to match coming experimental

precision!

(not yet in expt/thy comparison plots)

Nikolaos Kidonakis’ talk

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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A few theory highlights

Offshell gg → H → V V interference with continuum gg → V V

First calculation of (partial) NLO QCD corrections to gg → V V

and interference term
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New ideas 1 – extended scalar sectors

This is not a new idea, but there are some new developments.

1) “Higgs to Higgs” decays

A→ Zh and A→ ZH, H → ZA

CMS-PAS-HIG-16-007

Summary of 8 TeV analyses

• 2HDM predicts the existence
of 5 scalars

• Lots of interesting final states
are concerned

• A → Zh
• H → ZA or A → ZH

• Best results are at 8 TeV so
far
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Observed exclusion 95% CL
Expected exclusion 95% CL
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 WW/ZZ (arXiv:1504.00936)"H
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 (arXiv:1603.02991)##ll"ZH"A
llbb (arXiv:1603.02991)"ZH"A

Non-perturbative region

 (8 TeV)-1 19.7 fb$ (7 TeV) + -1 5.1 fb$

 + 100 GeVH = m±H = m
A

)=0.1, m%-!2HDM Type II, cos(
Preliminary CMS

[CMS-PAS-HIG-16-007]

And 13 TeV data are currently collected....

14

A → Zh Results and interpretation

A → Z(ll)h(bb)

• type II

• m2
12 = m2

A[tanβ/(1+ tanβ2)]

• mA = mH = 300 GeV

• A → llττ similar results

BR at tanβ = 1.5

9

Alexandre Mertens’ talk Constrains alignment limit!

Heather Logan (Carleton U.) Higgs/Top/EW: interpretation/outlook/ideas ICHEP 2016
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New ideas 1 – extended scalar sectors

2) H/A→ tt̄ at low tanβ

Important for closing “wedge”

(plot: naive scaling of tt̄ resonance search)

Djouadi et al, 1502.05653

Need to include interference with QCD

gg → tt̄ background: dip strucutre!

J
H
E
P
0
6
(
2
0
1
5
)
1
6
8

Figure 19. The same as in figure 18 but at the LHC with
√
s = 14TeV and 300 fb−1 data.

Figure 20. The same as figure 18 but at the high-luminosity LHC option with 3000 fb−1 data.

5 Conclusions

In this paper, we have addressed the issue of covering the entire parameter space of the

MSSM Higgs sector at the LHC by considering the search of the heavier H,A and H±

states that are predicted in the model, in addition to the already observed lightest h boson.

These searches should not only be restricted to the channels that have been considered so

far by the ATLAS and CMS collaborations, namely those with a surplus of τν events

and those with high mass resonances decaying into τ lepton pairs, which would signal the

– 39 –

Challenges

8/5/2016 Zhen Liu | ICHEP 201614
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heavy Higgs NLO corrections small
w.r.t. to QCD background
heavy Higgs NLO corrections
important w.r.t. the heavy Higgs LO
strongest effect in the mass
degenerate case where resonances
overlap

Zhen Liu’s talk Peter Galler’s talk
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New ideas 1 – extended scalar sectors

2) H/A→ tt̄ at low tanβ

First ATLAS analysis (8 TeV, LO signal MC) Trevor Vickey’s talk

• The signal process is simulated using the generator MadGraph5 v2.0.1 with the Higgs Effective 
Couplings Form Factor model (implements the production of scalar and pseudoscalar 
particles through loop-induced gluon fusion)

• Loop contributions from both bottom and top quarks are taken into account
• Signal shape is distorted from a simple Breit-Wigner peak, to a peak-dip structure
• Statistical interpretation of measured event rates in data are compared to the total sum of 

Signal + Interference + Background (S + I + B)
• The mass of the SM-like Higgs boson, h, is chosen to be 125 GeV and sin(β-α) is set to 1

11

Signal Modeling (A/H→ttbar)

13

High-mass Higgs Search Results (A/H→ttbar)

• For a neutral pseudoscalar A, with a mass of mA=500 GeV, parameter values of tanβ < 0.85 
in the Type-II 2HDM are excluded at the 95% CL.  No tanβ values can be excluded for the 
higher mass point at 750 GeV.

• No significant excess over Standard Model background expectations is observed
• We set upper limits on the signal strength parameter μ as a function of the parameter 

tanβ for a neutral pseudoscalar A with a mass of 500 GeV and 750 GeV
• NB: The blue line at μ=1 corresponds to the signal strength in the Type-II 2HDM 

NEW approx. NLO calculation,

including interference

Studies of angular & spin-

dependent observables to im-

prove discrimination

Peter Galler’s talk

Results - Spin Correlations @NLO
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mH = 400GeV, tan β = 1

LO
NLO

model: scalar heavy Higgs boson, mH = 400 GeV, SM Yukawa couplings
chosen Mtt̄ cut to enhance signal/background ratio
Crr shows strongest effect (Sig./Bkg. ratio ∼ 15%)
compare with Sig./Bkg. ratio of cross section in the same Mtt̄ bin: ∼ 4%
P. Galler (HU Berlin) Heavy Higgs in t t̄ production @LHC ICHEP 2016, 05.08.2016 18 / 20
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New ideas 1 – extended scalar sectors

3) Portion of MW,Z from isospin-triplet (or higher) scalars?

Generic feature: H±±5 , H±5 , H
0
5

5-plet under custodial symmetry,

fermiophobic, couple to V V ∝ vχ.

Andrea Carlo Marini 6 Aug 2016

Charged Higgs bosons appear in many extensions of the SM

Introduction

2

2HDM Triplets models …
! type I / type II / type Y…"
! Light: mH± < mt - mb "
! t→H±b"
! ttbar and single top productions"
! for tan# > 5 preferentially decays 

into !"

! Heavy: mH± > mt - mb "
! for very high masses H±→tb"
! !(H±→ !") ~1—10 %
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! Introduce H±WZ couplings at tree level"
! Di$erent phenomenology wrt nHDM"
!
!
! Georgi-Machacek: 
! real and complex triplet"
! free parameters: mass and sinTH

Nucl. Phys. B 262 (1985)
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13 TeV CMS result (WZ → `ν``)
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! 95% CL limits (CLs criterion) on the production cross section

Cross section limits
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Figure 4: Transverse mass distributions after full selection. The background yield predictions
correspond to the background only hypothesis fit result. The signal distribution is shown for
m(H+) = 700 GeV.
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Figure 5: Expected exclusion limits at 95% confidence level for the σ(H+) × BR(H+ → WZ)
assuming narrow width signal as a function of m(H+) (left) and on the ratio of vacuum expec-
tation value in the Georgi-Machacek model (right) for 2.3 fb−1 and 12.9 fb−1 of pp collisions at
13 TeV collected in 2015 and 2016.
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CMS-PAS-HIG-16-027

CMS-PAS-HIG-16-027

! Limits on the parameters, in the G-M model

ATLAS 1503.04233 Andrea Marini’s talk

sin2 θH = fraction of M2
W,Z generated by isospin-triplet vev.
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New ideas 1 – extended scalar sectors

3) Portion of MW,Z from isospin-triplet (or larger) scalars?

VBF → H±±5 →W±W± feeds into LHC measurement of
VBF →W±W± cross section
(3.6σ significance in Run 1, ATLAS 1405.6241 PRL)

Theory projection based solely on extrapolation of 7+8 TeV xsec
measurement (dedicated expt selection could improve this)

7
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FIG. 1: (Left) Excluded regions on the mH5-v∆ plane by the 8-TeV LHC data at 68% and 95% CL. (Right)

Contours of required luminosity for a 5-sigma discovery at the 14-TeV LHC on the mH5 -v∆ plane. As a

comparison, regions above the dashed curves in both plots are excluded by the Rb data at 95% CL, where

the horizontal axis should be read as the mass of 3-plet Higgs bosons, mH3 .

CL and 33 GeV (40 GeV) at the 95% CL for v∆. Therefore, we concentrate on the VBS cross

section in the following analysis.

The left plot in Fig. 1 shows the excluded parameter region on the mH5- v∆ plane according to

the current 20.3 fb−1 data of 8-TeV LHC. The region above the black (red) curve is excluded at the

68% (95%) CL. The most severe upper bound on v∆ is about 30 GeV at the 95% CL in the case

of mH5 = 200 GeV. When a larger value of mH5 is taken, the bound on v∆ becomes more relaxed

due to smaller production cross sections. When mH5 is taken to be smaller than about 200 GeV,

a milder bound on v∆ is also obtained, as more events from the 5-plet Higgs bosons are rejected

by the kinematic cuts in Eq. (5). As a comparison, we also show by the green dashed curve in this

plot the constraint from the measurement of Rexp
b = 0.21629 ± 0.00066 [25], which depends on the

mass of 3-plet Higgs bosons mH3 and v∆ [15, 26]. The region above the dashed curve is excluded

at 95% CL.

By applying the same analysis for the VBS region to the case of 14-TeV collisions, one can

calculate expected cross section deviations from the SM predictions for different luminosities. In

the right plot of Fig. 1, we show the expected 5-sigma reach for excess in the pp → jjW ±W ±

process at the 14-TeV LHC on the mH5- v∆ plane. The integrated luminosity is assumed to be 30,

100 and 300 fb−1 for the three curves. Similar to the analysis of 8-TeV data, the discovery reach

becomes the largest at around mH5 = 200 GeV, where a 5-sigma discrepancy is expected in the

cases of v∆ ! 24, 17 and 12 GeV for the luminosity of 30, 100, 300, and 3000 fb−1, respectively.

current H±± limit: 7+8 TeV dataset Chiang, Kanemura & Yagyu, 1407.5053
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New ideas 2 – Effective Field Theory approach

A theme of Run-2: being used in Higgs, top, and EW (esp. VBS)

New Physics at a scale Λ, pure SM below → EFT cut off by Λ
→ NP encoded in coefficients of higher-dimension operators

Just like measuring Wilson coefficients in B physics: agnostic!

- A real theory: can calculate systematically to higher orders,
incorporate scale-dependent constraints (e.g. LEP EW)
- Allows to take advantage of kinematic distributions: TGCs/QGCs

/ 16Josh Kunkle — University of MarylandICHEP 2016

What does it look like?

• The New Physics lies beyond our reach to identify 
resonant production 

• NP effects enter the tails of the SM distribution, appearing 
as an increased production rate at high -Q2  

6
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Figure 1: Differential cross section versus invariant mass for the process pp → W+W − at
the CERN Large Hadron Collider (14 TeV). Both the SM cross section and the cross section
including the dimension six operator OWWW are shown. Also shown is the unitarity bound
on the cross section. Results were generated with Whizard [27] and checked with MadGraph
[28].

are expressed in terms of just two parameters. These results are just the momentum-space
analogues of the results for the Lagrangian parameters above.

6 Unitarity bounds

Among the implications of S-matrix unitarity for scattering processes is an upper bound
on the partial wave amplitudes. In the case of electroweak vector boson pair production,
this upper bound is far above the standard model result. For example, we show in Fig. 1
the invariant mass spectrum for W+W − production in the standard model at the CERN
Large Hadron Collider (14 TeV), as well as the upper bound on the cross section obtained
by saturating the J = 1 partial wave amplitude (see Appendix B). We also show in Fig. 1
the W+W − cross section obtained by adding the operator OWWW to the standard model,
with a coefficient cWWW/Λ2 = (400 GeV)−2. The cross section deviates from the standard
model at large invariant mass, as expected.

In the effective-field-theory approach, the unitarity bound is irrelevant [13]. Dimension-
six operators yield terms in the amplitude that grow like s/Λ2, and will eventually violate the
unitarity bound at high energy. However, when that happens the effective field theory has
become useless, and should be discarded. Once s/Λ2 is of order unity, there is no justification
for ignoring the yet higher-dimension operators, since they are not suppressed.

In contrast, consider the anomalous couplings approach. Since the couplings reside in
the Lagrangian, they are necessarily constants (that is, independent of energy). However,
constant anomalous couplings yield amplitudes that grow like s/M2

W , and eventually violate
the unitarity bound at high energy. To avoid this, one abandons the Lagrangian in favor of

9

F. Riva, C. Degrande et al arxiv:1205.4231

Validity of EFT requires

event energies < Λ:

- E > Λ: see NP resonances!

- E ∼ Λ: expansion in powers

of Λ no longer reliable.

Josh Kunkle’s talk
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New ideas 2 – Effective Field Theory approach

Tools coming onto the market:

1) NLO SMEFT model in MadGraph5 aMC@NLO Cen Zhang’s talk

tbW/ttZ/ttγ, top-Higgs, FCNC top operators

Captures important QCD corrections to operator mixing, kine-

matic distributions

2) HEPfit: code to test your favourite

models against indirect (and direct)

measurements

Jorge de Blas’ talk
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Jorge de Blas 
INFN - Sezione di Roma 

ICHEP 2016 
Chicago, August 6, 2016  

Prediction αs ∆α
(5)
had MZ mt

MW [GeV] 80.3615 ± 0.0080 ±0.0003 ±0.0060 ±0.0027 ±0.0046
ΓW [GeV] 2.08872 ± 0.00066 ±0.00020 ±0.00047 ±0.00021 ±0.00036
ΓZ[GeV] 2.49433 ± 0.00049 ±0.00025 ±0.00031 ±0.00021 ±0.00017
σ0

h[nb] 41.4881 ± 0.0032 ±0.0024 ±0.0005 ±0.0020 ±0.0005

sin2 θlept
eff (Qhad

FB ) 0.23149 ± 0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002
P pol

τ = A� 0.14730 ± 0.00094 ±0.00001 ±0.00091 ±0.00012 ±0.00019
Ac 0.66802 ± 0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008
Ab 0.934642 ± 0.000076 ±0.000001 ±0.000075 ±0.000010 ±0.000005

A0,�
FB 0.01627 ± 0.00021 ±0.00000 ±0.00020 ±0.00003 ±0.00004

A0,c
FB 0.07380 ± 0.00052 ±0.00001 ±0.00050 ±0.00007 ±0.00010

A0,b
FB 0.10325 ± 0.00067 ±0.00001 ±0.00065 ±0.00008 ±0.00013

R0
� 20.7515 ± 0.0037 ±0.0031 ±0.0020 ±0.0003 ±0.0003

R0
c 0.172234 ± 0.000015 ±0.000010 ±0.000007 ±0.000001 ±0.000009

R0
b 0.215794 ± 0.000027 ±0.000006 ±0.000004 ±0.000000 ±0.000026

Table 8: OLD αS

Fit result Correlations

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.01±0.09 −0.54 −0.81 1.00

Table 9: STU fit. UPDATED

Fit result Correlations

S 0.10±0.08 1.00
T 0.12±0.07 0.86 1.00

Table 10: ST fit with U = 0. UPDATED

Fit result 95% Prob.

κV 1.02±0.02 [0.98, 1.07]

Table 11: UPDATED

8

(                             )

Current HL-LHC ILC FCCee CEPC
Data (Run)

αs(M
2
Z) 0.1179±0.0012

∆α
(5)
had(M

2
Z) 0.02750±0.00033

MZ [GeV] 91.1875±0.0021 ±0.0001 (FCCee-Z) ±0.0005
mt[GeV] 173.34±0.76 ±0.6 ±0.017 ±0.014 (FCCee-tt̄)

mh[GeV] 125.09±0.24 ±0.05 ±0.015 ±0.007 (FCCee-HZ) ±0.0059

MW [GeV] 80.385±0.015 ±0.011 ±0.0024 ±0.001 (FCCee-W W ) ±0.003
ΓW [GeV] 2.085±0.042 ±0.005 (FCCee-W W )

ΓZ [GeV] 2.4952±0.0023 ±0.0001 (FCCee-Z) ±0.0005
σ0

h[nb] 41.540±0.037 ±0.025 (FCCee-Z) ±0.037

sin2 θlept
eff 0.2324±0.0012 ±0.0001 (FCCee-Z) ±0.000023

P pol
τ 0.1465±0.0033 ±0.0002 (FCCee-Z)

A� 0.1513±0.0021 ±0.000021 (FCCee-Z [pol])

Ac 0.670±0.027 ±0.01 (FCCee-Z [pol])

Ab 0.923±0.020 ±0.007 (FCCee-Z [pol])

A0,�
FB 0.0171±0.0010 ±0.0001 (FCCee-Z) ±0.0010

A0,c
FB 0.0707±0.0035 ±0.0003 (FCCee-Z)

A0,b
FB 0.0992±0.0016 ±0.0001 (FCCee-Z) ±0.00014

R0
� 20.767±0.025 ±0.001 (FCCee-Z) ±0.007

R0
c 0.1721±0.0030 ±0.0003 (FCCee-Z)

R0
b 0.21629±0.00066 ±0.00006 (FCCee-Z) ±0.00018

Table 3: Expected experimental sensitivities to the different electroweak precision observables
at future colliders. Apart from the improvements quoted in this table, we also assume that
a future measurement of ∆α

(5)
had, whose error dominates in the parametric uncertainties of the

theory predictions, is possible with an error ∼ ±0.00005 []. This assumption is only relevant
(and will be only applied) for the FCCee and CEPC fits, where the experimental precision for
for the bulk of electroweak precision measurements will be largely improved.

Λ > 13 TeV (κV < 1)
Λ > 8.7 TeV (κV > 1)

(12)

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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New ideas 3 – Neutral Naturalness

Top quark gives the largest contribution to the Higgs mass radia-
tive correction: its cancellation is most important for naturalness

But searches for coloured top partners (top squark, fermionic
top-partners) continue to push up their mass limits

⇒ Could the top-partners be uncharged (neutral) under QCD?
- Much smaller production cross sections at LHC
- Could be quite light, weak scale: excellent for naturalness!

Not a new idea: original model papers 2005-06
- “Twin Higgs” Chacko, Goh & Harnik, hep-ph/0506256

- “Folded supersymmetry” Burdman, Chacko, Goh & Harnik, hep-ph/0609152

Stabilize the “little hierarchy” up to ∼ 10 TeV scale: same spirit
as little Higgs models (but with top partners neutral under QCD).

Idea has become very popular in past couple of years as limits on
coloured top-partners make SUSY, little Higgs, etc. less natural.
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New ideas 3 – Neutral Naturalness

Need (approximate) symmetry that protects Higgs mass.

SM is “twinned” with a mirror sector:
- mirror top charged under mirror QCD (not our QCD): neutral!
- discovered Higgs is linear combination of the two sectors
- mirroring of entire SM→ cosmological problems: model-building
- “folded SUSY”: mirror stops color-neutral but weak-charged

Signatures: highly model dependent
- top-partners could be electroweak-charged: like chargino searches
- exotic Higgs decays into mirror sector (depends on spectrum)
- mirror QCD glueballs could decay back to SM: “emerging jets”
- folded SUSY: colored SUSY partners still can’t be too heavy

Only generic signature:
Higgs must be linear combination of our sector & mirror sector.
→ Universal suppression of Higgs couplings by mixing angle cos θ.
Probe with signal strengths: LHC Run 1, µ = 1.09+0.11

−0.10 1606.02266

→ cos2 θ = (1− v2/f2) > 0.89 ⇒ v/f < 0.33, ∼ 30% tuning.
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New ideas 4 – Naturalness from cosmological relaxation

Radically different idea to solve the hierarchy problem using self-
organized criticality Graham, Kaplan & Rajendran, 1504.07551

- Couple Higgs to axion-like field: L ⊃ (−M2 + gφ)|H|2 + · · ·
- φ slow-rolls down its potential during inflation (need inflaton too)

- When −(−M2 + gφ) goes negative, Higgs gets a vev
- Turns on periodic axion-potential barriers, stops rolling of φ

2

a small dimensionful coupling to the Higgs. This small coupling will help set the weak scale, and will be technically
natural, making the weak scale technically natural and solving the hierarchy problem.

We add to the standard model Lagrangian the following terms:

(−M2 + gφ)|h|2 + V (gφ) +
1

32π2

φ

f
G̃µνGµν (1)

where M is the cutoff of the theory (where SM loops are cutoff), h is the Higgs doublet, Gµν is the QCD field strength

(and G̃µν = �µναβGαβ), g is our dimensionful coupling, and we have neglected order one numbers. We have set the
mass of the Higgs to be at the cutoff M so that it is natural. The field φ is like the QCD axion, but can take on field
values much larger than f . However, despite its non-compact nature it has all the properties of the QCD axion with
couplings set by f . Setting g → 0, the Lagrangian has a shift symmetry φ → φ+2πf (broken from a continuous shift
symmetry by non-perturbative QCD effects). Thus, g can be treated as a spurion that breaks this symmetry entirely.
This coupling can generate small potential terms for φ, and we take the potential with technically natural values by
expanding in powers of gφ. Non-perturbative effects of QCD produce an additional potential for φ, satisfying the
discrete shift symmetry. Below the QCD scale, our potential becomes

(−M2 + gφ)|h|2 +
�
gM2φ + g2φ2 + · · ·

�
+ Λ4 cos(φ/f) (2)

where the ellipsis represents terms higher order in gφ/M2, and thus we take the range of validity for φ in this effective
field theory to be φ � M2/g. We have approximated the periodic potential generated by QCD as a cosine, but in fact
the precise form will not affect our results. Of course Λ is very roughly set by QCD, but with important corrections
that we discuss below. Both g and Λ break symmetries and it is technically natural for them to be much smaller than
the cutoff. The parameters g and Λ are responsible for the smallness of the weak scale. This model plus inflation
solves the hierarchy problem.

φ

V (φ)

FIG. 1: Here is a characterization of the φ’s potential in the region where the barriers begin to become important. This is the
one-dimensional slice in the field space after the Higgs is integrated out, effectively setting it to its minimum. To the left, the
Higgs vev is essentially zero, and is O(mW) when the barriers become visible. The density of barriers are greatly reduced for
clarity.

We will now examine the dynamics of this model in the early universe. We take an initial value for φ such that the
effective mass-squared of the Higgs, m2

h, is positive. During inflation, φ will slow-roll, thereby scanning the physical

Predictions:

- axion-like dark matter

- maybe nothing at colliders :(

- intimately connected to infla-

tion model: cosmo signatures?

- higher-scale UV completion,

e.g. SUSY at 107 GeV

Very new idea; modelbuilding

ongoing

Jason Evans’ & Michael Fedderke’s talks
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Summary

The first analyses of 13–15 fb−1 of data at
√
s = 13 TeV have

revealed no surprises, but 10x more data to come by end of 2018.

The High Luminosity Large Hadron Collider (HL-LHC) 
•  Upgrade LHC luminosity to allow collection of 3 ab-1 data sample  
  over ~10 years following LS3 for machine and detector upgrades 
•  Plan for L=5!1034cm-2s-1 (µPU=140) with ultimate instantaneous  
   luminosity of L=7.5!1034cm-2s-1 (µPU=200)    

High L results in high radiation dose and detector occupancy issues.  
Detector upgrades needed with focus on pileup mitigation strategies 2 
- Precision measurements of Higgs, electroweak, and top physics

- Probe high-scale New Physics through effective operators

- Dig deep for new weakly-interacting physics below TeV scale
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