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The LHC Run-2 at 13 TeV

Huge milestone achieved in 2015 with record 
proton–proton collision energy of 13 TeV

After a rocky start, the LHC delivered Lint = 4.2 fb–1

That luminosity already surpassed the Run-1         
new physics sensitivity of many searches

During 2016 reached peak 1.2×1034 cm–2 s–1

and expect 35~40 fb–1 total delivered

Excellent machine efficiency!
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The LHC Run-2: 13 TeV / 8 TeV inclusive “parton luminosity” ratio
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Strong interaction 
dominated processes

Electroweak processes

Larger cross section increase for gluon induced than for quark induced processes
Early Run-2 puts emphasis on searches

LHC,
√

s = 10 TeV Bℓν · σW+ (nb) Bℓν · σW− (nb) R±

MSTW 2008 LO 7.35+0.08
−0.12

(

+1.1%
−1.6%

)

5.22+0.06
−0.09

(

+1.1%
−1.7%

)

1.408+0.015
−0.012

(

+1.0%
−0.8%

)

MSTW 2008 NLO 8.62+0.18
−0.14

(

+2.1%
−1.7%

)

6.30+0.14
−0.11

(

+2.2%
−1.7%

)

1.367+0.012
−0.010

(

+0.9%
−0.7%

)

MSTW 2008 NNLO 8.88+0.15
−0.15

(

+1.7%
−1.6%

)

6.47+0.11
−0.11

(

+1.7%
−1.6%

)

1.373+0.012
−0.010

(

+0.8%
−0.7%

)

LHC,
√

s = 14 TeV Bℓν · σW+ (nb) Bℓν · σW− (nb) R±

MSTW 2008 LO 10.69+0.14
−0.19

(

+1.3%
−1.8%

)

7.83+0.10
−0.14

(

+1.2%
−1.8%

)

1.366+0.013
−0.010

(

+0.9%
−0.8%

)

MSTW 2008 NLO 12.06+0.24
−0.21

(

+2.0%
−1.8%

)

9.11+0.19
−0.16

(

+1.2%
−1.6%

)

1.325+0.011
−0.009

(

+0.8%
−0.7%

)

MSTW 2008 NNLO 12.39+0.22
−0.21

(

+1.8%
−1.7%

)

9.33+0.16
−0.16

(

+1.7%
−1.7%

)

1.328+0.011
−0.009

(

+0.8%
−0.7%

)

Table 11: Predictions for W+ and W− total cross sections at the LHC, including the one-sigma
PDF uncertainties, and their ratio R±. We take µR = µF = MW .

particularly between u and ū and between d and d̄, due to the valence quarks. Fig. 69 shows
various predictions for the W+ and W− total cross sections at the LHC. Lines of constant R±

are also superimposed. The MSTW 2008 predictions are listed in Table 11.
Comparing Fig. 69 with the corresponding Fig. 68 for W and Z production, we see that

there is less correlation between W+ and W− than between W and Z. This is because the
combinations of u and d quark and antiquark distributions probed in W ≡ W+ + W− and Z
production are more similar than in W+ and W− separately. It is also interesting that the
prediction for R± has decreased significantly in going from MRST 2006 to MSTW 2008, due to
a change in the u/d ratio resulting from the addition of the new Tevatron W and Z data and
neutrino DIS data, as discussed in Section 11.

Note that unlike RWZ , which additionally depends on electroweak parameter and branching
ratio values, the overwhelmingly dominant uncertainties in the theoretical predictions for R±

are those due to the PDFs. The experimental measurement should also be very precise, since it
is simply a matter of comparing the number of ℓ+ and ℓ− events in a sample of W → ℓν events.
From Fig. 69, we see that a measurement of R± with an error of less than 1% at the LHC will
further constrain the parton distributions, particularly the u/d ratio.

In Fig. 70 we show the ratio of the parton luminosities

∂Lab

∂M2
X

=
1

s

∫ 1

τ

dx

x
fa(x, M2

X)fb(τ/x, M2
X), τ =

M2
X

s
(100)

at
√

s = 10 TeV compared to
√

s = 14 TeV at the LHC for ab = gg,
∑

q=u,...,b qq̄, using the
MSTW 2008 NLO PDFs including the one-sigma uncertainty bands. The PDF uncertainty on
the ratio of the W total cross section at 10 TeV compared to 14 TeV is of order ±0.3%, and
similarly for the ratio of Z total cross sections. The PDF uncertainty is so small because it
is only sensitive to the slope (rather than absolute values) of the PDFs in the region between
x = 0.006 and x = 0.01 (at central rapidity). Other theoretical uncertainties, such as the choice
of electroweak parameters, should also cancel out in this ratio. Experimentally, the accuracy of
the measurement of this ratio will depend on whether the relative machine luminosity at 10 TeV
and 14 TeV can be measured with high precision.
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PDFs
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The LHC Run-2: 13 TeV / 8 TeV inclusive pp cross-section ratio
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At 1034 cm–2 s–1 @ 13 TeV 
pp the LHC produces:
- 200 Hz W → ℓ ν
- 19 Hz Z → ℓℓ
- 8 Hz top pair
- 0.5 Hz Higgs

𝐾#$/& ≡ 	

𝑆#$
𝐵#$

+

𝑆&
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+
= 𝑘.

𝑘/
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13/8 TeV sensitivity formula:

where	ki =	13/8	ratio,	and	
i =	Signal,	 Background,	Luminosity

E.g.: K13/8 = 0.87 for ttH3.3/fb

Heavy flavour cross section 
scales ≈ linearly with √s



Month in Year
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7/16 calibration

Peak luminosity (> design):
Lmax = 1.2 × 1034 cm–2 s–1 

2015 LHC proton–proton luminosities 
Most results reported by ATLAS & CMS use total 2015 and summer 2016 dataset

LHCb after luminosity levelling: 1.3 (1.5) fb–1 recorded (delivered) 

Current luminosity precision from van-der Meer scans: 2.9% (ATLAS), 2.3% (CMS), 3.8% (LHCb)

12–16 fb–1 for 
results so far
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2015 and 2016 pileup profile in ATLAS & CMS 
(LHCb mean pileup of ~1.7 due to levelling)

ICHEP 
2016



Standard Model and top physics results

Soft QCD: particle spectra 
pT < few GeV, > 99.999% of collisions
Probe LO matrix, parton shower models, generator tunings, pileup modelling

Hard QCD: jets 
pT > tens of GeV up to TeV, ~10–5 of collisions
Probe NLO QCD, running αs, PDF, parton showers 

Hard QCD & electroweak: W, Z, H, top → identified particles
pT > tens of GeV, 10–6 ~ 10–8 of collisions
Probe NLO, NN(N)LO QCD, soft gluon resummation, PDF, electroweak physics
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Standard Model and Higgs precision measurements
Key to the LHC programme up to the High-Luminosity LHC (HL-LHC)

Scientific perspective. No matter what BSM the LHC will unveil in the next years, improving 
the knowledge of Higgs properties is a must, which by itself requires and justifies the largest 
possible LHC statistics → stopping after 300 fb–1 will not be satisfying!

Pragmatic perspective. Higgs and SM physics are the only guaranteed deliverables of the 
LHC programme. Need to exploit this part of the programme to its maximum extent! 

Utilitarian perspective. Elements of the SM, besides the Higgs, require further 
consolidation, control and improved precision, both in the EW and QCD sectors

• They hold a fundamental value (e.g. the precise determination of fundamental parameters), 
or are critical to fully exploit the BSM search potential (e.g. the knowledge of 
backgrounds, production rates and production dynamics) 

Spinoffs. The study of SM processes at colliders is typically much more complex than that 
of BSM signatures (requires higher precision, larger final state multiplicities, etc), and in the 
years it has been the main driver of fundamental theoretical innovation

Taken from: Michelangelo Mangano @ SEARCH 2016



Measured inclusive inelastic cross 
section: 
σ13 TeV = 79.3 ± 0.8 ± 1.3 (lumi) 

± 2.5 (extr) mb
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Inclusive inelastic cross-section measurement at 13 TeV
Fundamental initial measurement, based on forward scintillators

Measurement in fiducial region ξ = MX
2 / s > 10–6 (MX largest mass of two proton-dissociation systems)

• Use Minimum Bias Trigger Scintillators (MBTS) with acceptance 2.07 < |η | < 3.86, 4.2M selected events 
• Systematic uncertainty fully dominated by luminosity

 [GeV]s

210 310 410

 [m
b]

in
el

σ

30

40

50

60

70

80

90

100
ATLAS (MBTS)
ATLAS (ALFA)
TOTEM
ALICE
LHCb
Auger
pp (non-LHC)

pp

Pythia 8
EPOS LHC
QGSJET-II

ATLAS 7000 8000 9000 10000 11000 12000 13000

65

70

75

80 LHC region

ATLAS: 1606.02625
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section via elastic scattering and 
optical theorem:
σtot∝Im felastic(t → 0) 
using dedicated forward devices 
(up to 1.4% precision in Run-1, 
dominated by luminosity error)
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Measurement of jet cross section at 13 TeV
Primary test of QCD at highest collision energy

Double differential cross section measured by CMS 

CMS 1605.04436 
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Z and W production at 13 TeV — examples: σZ→µµ (13 TeV) ~ 1.9 nb, σW±→µ𝜈 (13 TeV) ~ 19.7 nb

Expect increase of cross section by factors of 1.7 and 1.6, respectively

Pure channels. Leptonic decays of Z & W are also standard candles to calibrate e/µ performance
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𝑚L = 2𝑝L,ℓ𝐸L
PQRR 1 − cosΔ𝜙ℓV 𝑚WXWY = 2𝑝L,#𝑝L,Z coshΔ𝜂#Z − cosΔ𝜙#Z

[ ATLAS 1603.09222, CMS-PAS-SMP-15-004 ]



Z and W production at 13 TeV 
Expect increase of cross section by factors of 1.7 and 1.6, respectively
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Inclusive cross sections shown, also fiducial cross sections measured 

Comparison of measured cross-sections with NNLO QCD & NLO EW Drell-Yan predictions (FEWZ 3.1): 
good agreement found within uncertainties
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Also: LHCb σZ (2.0 < η < 4.5) 
in agreement with SM 



Cross-section ratios quite precise (< 1–2%)
Powerful tools to constrain PDFs: W+ / W– sensitive to low-x u & d valence, W / Z constrains s
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Diboson production — example: σWW, no Higgs (13 TeV) ~ 120 pb

Highly important sector of LHC physics, intimately related to electroweak symmetry breaking

ATLAS & CMS performed inclusive, fiducial and differential cross-section analyses at 8 TeV.                             
First 13 TeV results. Theoretical predictions at NNLO needed to match data.
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Top-antitop production at 13 TeV
Extraction of top-pair cross section (expect: 13 TeV / 8 TeV ~ 3.3)

Following relation allows to simultaneously 
determine σtt and εb from data

N1(2) – number of selected events with 1(2) b-tags
N1(2)

bkg – number of background events with 1(2) b-tags
L – luminosity of data sample
εeµ – (tt →) eµ selection eff& acc (~0.9%) incl. BR 
εb – probability to b-tag q from t → Wq
Cb = εbb /εb is non-factorisation correction 

(1.002 ± 0.006 from MC)

Where:

Observe: N1 = 11958, N2 = 7069
Expect: N1

bkg = 1370 ± 120, N2
bkg = 340 ± 88, 

dominated by Wt (MC, approx. NNLO), then mis-id. e/µ (MC & data)

MC normalised to SM expectation

N1 = L ⋅σ tt ⋅εeµ ⋅2εb ⋅ 1−Cbεb( )+N1bkg

N2 = L ⋅σ tt ⋅εeµ ⋅Cbεb
2 +N2

bkg

ATLAS 1606.02699, similar for CMS

Apply robust data-driven method that provided most precise Run-1 measurements (7 & 8 TeV)
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Top-antitop production at 13 TeV
Extraction of top-pair cross section (expect: 13 TeV / 8 TeV ~ 3.3)

Solving the equation gives the following 13 TeV pp → tt + X cross section

Systematic uncertainty (3.3%) dominated by 

- tt parton shower & hadronisation (2.8%)
- tt NLO modelling, ISR/FSR radiation & PDF (1.1%) 
- Single top modelling (0.8%)
- Electron ID + isolation (0.5%)
- Muon ID + isolation (0.5%)
- Lepton mis-identification (0.6%)

σtt[SM] (13 TeV) = 832       pb ( at NNLO + NNLL accuracy, mt = 172.5 GeV, Top++ 2.0 )  

Total relative 
uncertainty of 4.4%
(4.3% at 8 TeV)

+40
–46

Also find: εb = 0.559 ± 0.004 ± 0.003, in good agreement with simulation: 0.549  

σtt (13 TeV) = 818 ± 8 (stat) ± 27 (syst) ± 19 (lumi) ± 12 (beam-E) pb

15

ATLAS 1606.02699, similar for CMS



Top-antitop production at 13 TeV
Extraction of top-pair cross section (expect: 13 TeV / 8 TeV ~ 3.3)

ATLAS & CMS studied top production in many ways at 13 TeV → very prompt analyses turn around
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Summary of LHC and Tevatron measurements of the top-pair production cross-section as a function of the 
centre-of-mass energy compared to the NNLO QCD calculation complemented with NNLL resummation 
(top++2.0). The theory band represents uncertainties due to renormalisation and factorisation scale, parton 
density functions and the strong coupling. The measurements and the theory calculation are quoted at 
mtop=172.5 GeV. Measurements made at the same centre-of-mass energy are slightly offset for clarity.
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Update of LHCtopWG ttbar cross-section summary plot vs sqrt(s)

Changes: new Atlas 13 TeV emu result, final CMS 7&8 TeV numbers
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Robust eµ final state gives most precise inclusive results at all CM energies
Differential cross-section measurements at 13 TeV show reasonable modelling, though some 
deviations at large jet multiplicity. Known modelling problems from Run-1 not all solved!
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Agreement with 
expected factor of 3.3



Single top quark production
Increase of cross section by factor of 2.5 (t-channel) over 8 TeV, roughly 1/3rd of tt cross section

ATLAS & CMS have so far released preliminary t-channel 
measurements at 13 TeV (100 x cross-section of Tevatron)

q

q̄′

W

b̄

t

“t-channel”
(“4 flavour
scheme”)

“Wt-channel”

“s-channel”
(not easier at 13 TeV)

Tevatron: 6.3σ, ATLAS Run-1: 3.2σ
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13 TeV: ATLAS-CONF-2015-079, CMS-PAS-TOP-16-003
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Top-antitop production and a vector boson at 13 TeV
First results on important ttV process, in it’s own right, and as background to ttH and searches 

ATLAS & CMS have preliminary 13 TeV results
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Different 
production 
processes and 
thus 13/8 TeV 
cross-section 
ratios for ttZ & 
ttW: 3.6 & 2.4

Analyses combine several multilepton final 
states, difficult mis-ID background

At 8 TeV, both processes observed, and 
found to agree with SM prediction                
(ttW ~1σ up in both ATLAS & CMS)

ATLAS (3.2 fb–1, 2015): 
ttW: 1.5 ± 0.8 pb
ttZ: 0.9 ± 0.3 pb

CMS (12.9 fb–1, 2016):
ttW: 0.98                   pb

ttZ: 0.70                   pb

SM (NLO): 
ttW: 0.60 ± 0.08 pb
ttZ: 0.84 ± 0.09 pb

+0.23
–0.22

+0.22
–0.18

13 TeV tt+W/Z results from ATLAS and CMS in agreement with SM:
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ATLAS: 1609.01599, CMS-PAS-TOP-16-017
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Re-observation of Higgs boson at 13 TeV

Display of H → eeµµ candidate 
from 13 TeV pp collisions. The 
electrons have a transverse 
momentum of 111 and 16 GeV, 
the muons 18 and 17 GeV, and 
the jets 118 and 54 GeV. The 
invariant mass of the four 
lepton system is 129 GeV, the 
di-electron invariant mass is 91 
GeV, the di-muon invariant 
mass is 29 GeV, the 
pseudorapidity difference 
between the two jets is 6.4 
while the di-jet invariant mass 
is 2 TeV. This event is 
consistent with VBF 
production of a Higgs boson 
decaying to four leptons.

13/8 TeV cross 
section ratios of 
2~2.4 for VH, ggH, 
VBF, and 3.9 for ttH

2015 & 2016 
statistics combined 
achieves better 
significance and 
precision than in 
Run-1
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ATLAS and CMS studied H125 in bosonic channels
Preliminary fiducial and total cross-section and coupling measurements (ggF and VBF significant)

H → ZZ* → 4ℓ

µ = σdata / σSM = 0.99 +0.33
– 0.26σtot,data = 81        pb

σtot,SM = 55 ± 4 pb

+18
–16

Expected significance (SM): 6.5σ
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CMS also measured: mH = 124.50          GeV
(dominated by statistical uncertainty, compare to 125.09 ± 0.24 GeV from ATLAS & CMS Run-1 combination) 

+0.48
– 0.44
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ATLAS and CMS studied H125 in bosonic channels
Preliminary fiducial and total cross-section and coupling measurements (ggF and VBF significant)

H → γγ

µ = 0.91 ± 0.20 

Expected significance (SM): 6.2σ 21
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ATLAS and CMS studied H125 in bosonic channels
Preliminary fiducial and total cross-section and coupling measurements (ggF and VBF significant)

H → γγ and H → ZZ* → 4ℓ (right combined)

Differential fiducial cross-section 
measurement in H → 4ℓ compared 
to NNLO+PS theoretical prediction 22

Parameter value norm. to SM value

5− 4− 3− 2− 1− 0 1 2 3 4 5

topσ

VHlepσ

VHhadσ

VBFσ

ggFσ

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM PredictionATLAS-CONF-2016-067

ATLAS-C
O

N
F-2016-081

Combination of 
H → γγ and H → 4ℓ
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ATLAS and CMS studied H125 in bosonic channels
Cross section versus centre-of-mass energy

H → 4ℓ, fiducial cross sectionCombined H → 4ℓ, γγ
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H → γγ and H → ZZ* → 4ℓ (left)

Expected rise of cross-section observed in data
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ATLAS studied H125 in bb decay channel
Associated production, challenging final states

H → W / Z + H → ℓ𝜈 / ℓ+ℓ–, 𝜈𝜈 + bb 
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Hq

q’
W/Z

W/Z

Slightly lower yield than expected in SM, 
similar for Run-1 (µ = 0.7 ± 0.3, ATLAS & CMS)

ATLAS-CONF-2016-091



Searches for rare Higgs decays
Beyond SM reach at present, but could have new physics contributions ?

Strongly resolution dependent, improve sensitivity by categorising events (low/high pT, central/forward, VBF)

25

H → µµ [expected branching fraction: 0.02%] 
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ATLAS Preliminary

µµ→H

Observed limit 4.4 times SM (3.5 combined with 
Run-1). Need about 300 fb–1 of data to reach SM

Can already exclude universal Higgs coupling to fermions !
(Would have observed H → µµ if same BR as H → ττ) 

ATLAS-CONF-2016-041
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Beyond the Standard Model Higgs physics
Higgs sector may be non-minimal and/or Higgs boson may couple to new physics

BSM 
Higgs 

searches

Light or heavy neutral Higgs bosons

Charged Higgs boson

Taken from: Thibault Guillemin @ SEARCH 2016

Di-Higgs production 
(resonant or not)

Higgs as portal to hidden sector

BSM constraint from coupling 
measurements

Lepton flavour violating Higgs decays

Exotic Higgs decays

Higgs in BSM decay chains

Diverse search programme:



One word on lepton flavour violation in Higgs decays
Both experiments have finalised their Run-1 LFV analyses

While H → µe is severely constrained from flavour physics, H → τµ, τe are not (~10% limits)

CMS released early 2015 a H → τµ search finding a slight (2.4σ) excess

Not confirmed by ATLAS in the full Run-1 analysis
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H → τµ:
ATLAS: 

BR = 0.53 ± 0.51% < 1.43% (95% CL)

CMS:
BR = 0.84         % < 1.51% (95% CL)

H → τe:
ATLAS: 

BR = –0.3 ± 0.6% < 1.04%(95% CL)

+0.39
–0.37
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One word on lepton flavour violation in Higgs decays
Both experiments have finalised their Run-1 LFV analyses

New preliminary result with 13 TeV from CMS [ CMS-PAS-HIG-16-005 ]

Six categories considered: (µτh, µτe) × (0,1,2 jets)

No significant excess, combined limit: BR = –0.8 ± 0.8 %  (<1.2% at 95%CL, expected: < 1.6%)

Limit on non-diagonal Yukawa couplings: 
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The observed limit on the branching ratio is slightly tighter than the B(H ! µt) < (1.51 ±
0.83)% limit obtained using the 19.7 fb�1 data sample at 8 TeV analyzed in [23].

Table 5: The observed and expected upper limits and the best-fit branching fractions for differ-
ent n-jet categories for the H ! µt process.

Expected limits
0-jet 1-jet 2-jets Combined
(%) (%) (%) (%)

µth <4.17 <4.89 <6.41 <2.98
µte <2.24 <4.36 <7.31 <1.96
µt <1.62 %

Observed limits
0-jet 1-jet 2-jets Combined
(%) (%) (%) (%)

µth <4.24 <6.35 <7.71 <3.81
µte <1.33 <3.04 <8.99 <1.15
µt <1.20 %

Best-fit branching fractions
0-jet 1-jet 2-jets Combined
(%) (%) (%) (%)

µth 0.12+2.02
�1.91 1.70+2.41

�2.52 1.54+3.12
�2.71 1.12+1.45

�1.40

µte �2.11+1.30
�1.89 �2.18+1.99

�2.05 2.04+2.96
�3.31 �1.81+1.07

�1.32

µt �0.76+0.81
�0.84%

8 Limits on lepton flavour violating couplings
The constraint on B(H ! µt) can be interpreted in terms of LFV Yukawa couplings [4]. The
LFV decays H ! eµ, et, µt arise at tree level from the assumed flavour violating Yukawa
interactions, Y`a`b where `a, `b denote the leptons, `a, `b = e, µ, t and `a 6= `b. The decay width
G(H ! `a`b) in terms of the Yukawa couplings is given by:

G(H ! `a`b) =
mH

8p

�|Y`b`a |2 + |Y`a`b |2�,

and the branching fraction by:

B(H ! `a`b) =
G(H ! `a`b)

G(H ! `a`b) + GSM
.

The SM H decay width is assumed to be GSM = 4.1 MeV [61] for MH = 125 GeV. The 95% CL
constraint on the Yukawa couplings derived from B(H ! µt) < 1.20% and the expression for
the branching fraction above is:

q
|Yµt|2 + |Ytµ|2 < 3.16 ⇥ 10�3.

Figure 5 compares this result to the constraints from previous indirect measurements.
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BSM Higgs boson searches
Single BEH doublet and form of potential simple but Nature may be more complex (eg, SUSY)

[ Will Davey, LHCP 2014 ]
Beyond the SM “Higgs zoo”

Higgs coupling to mass, look for decays to tau leptons or weak bosons, for example:
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Searches — a fresh start

LHC-13

Will cover:
• Heavy resonances
• Supersymmetry
• Long-lived particles
• Dark matter (WIMPs)

Heavy resonance searches benefit the most and fastest from increase in centre-of-mass energy. 
Slow improvement with increasing luminosity



New physics in events with jets ?

O(10–10 m)
Several 10–15 m

10–15 m

< 10 –19 m

O(10–9 m) quark

Do quarks have substructure? 
Can they be excited?
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Searches in high-pT multijet final states at 13 TeV
Processes with large cross-sections, sensitivity to highest new physics scales

High priority early 13 TeV searches

• Dijet resonance and angular 
distribution (incl. lower mass via ISR)

• High-pT multijets produced, eg, by 
strong gravity

• High-pT lepton + jets    
(strong gravity)

• Second generation scalar 
lepto-quark pair production 
(µq-µq final state, excl. < 1.2 TeV)

None of these searches 
showed an anomaly so far

Limits on excited quarks (for 
example) at 5.6 TeV
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ATLAS-CONF-2016-069

ATLAS-CONF-2016-070
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Highest mass dijet event measured by ATLAS in 2015 (√s = 13 TeV): mjj = 7.9 TeV 



Highest mass central dijet event measured by ATLAS in 2015 (√s = 13 TeV): mjj = 6.9 TeV 
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Searches in leptonic final states 
Canonical searches for new physics in high-mass Drell-Yan production (Z’ → ℓ+ℓ– / W’ → ℓ𝜈)

36

ATLAS-CONF-2016-045, CMS-PAS-EXO-16-031

Good Drell-Yan modelling crucial → SM diff. cross-section measurements paired with searches 
High-pT muons challenge detector alignment (30 µm in ATLAS), ~no charge information from electrons
No anomaly found. SSM Z’ / W’ benchmark limits set at 4.0 / 4.7 TeV (2.9 / 3.3 TeV at 8 TeV)
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ATLAS & CMS also looked into high-mass eµ (LFV) production. Main background here: top-antitop. 

< 2% resolution ~15% resolution
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M =  2.9 TeV !!!
• Display of rare colossal e+e– candidate 

event with 2.9 TeV invariant mass
• Each electron candidate has 1.3 TeV ET

• Back-to-back in φ
Highest-mass Run-1 events: 1.8 TeV (ee), 1.9 TeV (µµ)

31August 31    2015                                         Paolo SPAGNOLO - INFN Pisa                                                     LHCP 2015                                                                                                             

In the additional 25 pb-1 data @13 TeV and 50 ns processed last Wednesday:

An event with a di-electron mass of 2.9 TeV has been observed

The event consists in two perfectly balanced electrons and no other significant activity

M =  2.9 TeV !!!

Di-electron resonance search 
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Searches for diboson resonances (hh, Vh, VV)
High-pT of bosons boosts hadronic decay products into merged jets

Hadronic decay modes use jet substructure analysis to 
reconstruct bosons. Important strong interaction backgrounds

Some excess of events around 2 TeV (globally 2.5σ for ATLAS) seen at 8 TeV 
in VV in fully hadronic channel, not seen in the other decay channels (eg, l𝜈qq)
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ATLAS-CONF-2016-05, fully hadronic5 CMS-PAS-B2G-16-020, semileptonic
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Light quanta

Used since forever                     
as detection probe

Recent example: H → yy
Other example: 

First medical X-ray by Wilhelm 
Röntgen of his wife Anna Bertha 

Ludwig's hand, Nov 1895
[First Nobel price of physics, 1901]

Picture of a mirage
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Diphoton resonance searches, the 2015 saga
Dedicated searches for a spin-0 and a spin-2 diphoton resonance 

• Photons are tightly identified and isolated. Typical purity ~94%, background modelling empirical in 
spin-0 (theoretical in spin-2 case for ATLAS)

Lowest p-value at ~750 GeV, Γ ~ 45 GeV (6%)
Local / global Z = 3.9 / 2.1σ

ATLAS 1606.03833
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Lowest p-value at ~750 GeV, narrow width
Local / global Z = 3.4σ / 1.6σ (Run-1+2 combination)                                  

Also: EBEE and B-
field off categories
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Diphoton resonance searches, the 2016 results
Repeated ~unchanged analyses with 2016 data

• Photons are tightly identified and isolated. Typical purity ~94%, background modelling empirical in 
spin-0 (theoretical in spin-2 case for ATLAS)

No noticeable excess in 2016 data

ATLAS-CONF-2016-059

C
M

S 1609.02507

Also: EBEE 
categories

Also: significance of 2015 result 
reduced after re-calibration
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Lesson? Statistical fluctuation. Can happen, nothing wrong. 
Actual trials factor larger than global factor quoted, as very many signatures probed by experiments 
(hard to estimate, but keep in mind!). Having a second experiment with a similar non-significant excess 
does not remove trials factor if you keep both. Removing 2015 data, and looking at 750 GeV in 2016 
does remove trials factor.  
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Supersymmetry  
Still among the most popular SM extensions: hierarchy problem, unification, dark matter

g̃

g̃

t̃

t̃

p

p

t

�̃0
1

t

t

�̃0
1

t

q̃

q̃
p

p

�̃0
1

q

�̃0
1

q

g̃

g̃
p

p

�̃0
1

q

q

�̃0
1

q

q

Very diverse signatures. Highest cross-section events 
produce gluino / squark pairs with decays to jets and missing 
transverse momentum

No significant anomaly 
seen in many different 
analyses

ATLAS-CONF-2016-052
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Third generation quark partners
Searches for direct production

SUSY stop and sbottom may be the lightest sfermions. 
They have low cross-sections, so Run-2 luminosity just 
enough to increase sensitivity

Vector-like quarks* (VLQ) singly or pair produced 
decay to bW, tZ or tH. Also exotic X5/3 → tW possible Signatures are b-jets, jets, possibly leptons and MET
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*Hypothetical fermions that transform as triplets under colour and who have left-
and right-handed components with same colour and EW quantum numbers 

No anomaly 
seen

Sensitivity  
improved                    
over Run-1

Similar for   
VLQ searches
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Electroweak supersymmetry production
Searches for direct production

“Electroweak-inos” may be the 
lightest fermions. They also have low 
cross-sections, so Run-2 luminosity 
just enough to increase sensitivity
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Example diagrams

Compressed region (“higgsino” case)
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Long-lived particles predicted in many new physics models
Reason: large virtuality in decay, low coupling, or mass degeneracy

Multitude of signatures depending on lifetime, charge, 
decay: highly ionising, slow, out-of-time decay, displaced 
vertex, kinked or disappearing track, lepton-jets, …

Some signatures require dedicated triggers, most requiring 
dedicated analysis strategies.

Standard searches sometimes sensitive to signatures with 
long-lived particles as well

Particle mass 
from velocity via 
time-of-light 
measured in Tile 
calorimeter

Similar analysis 
from CMS uses 
tracker dE/dx and 
TOF from muon 
system
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Searches for dark matter production at the LHC
Canonical signature is ‘X+MET’ with large variety of ‘X’

Direct dark matter production at the LHC 
Requires boost for triggering. Depending on 
coupling it can be made by different objects.

DM

DM

SM

SM

Direct
Detection 

(DM collision nuclear recoils)

Indirect detection

Production at colliders

Energetic gluon/photon 
radiation in the initial sate

Experimentally challenging to control Z/W+jets
background. Theory input needed. 

Many other        
13 TeV results 
available:

• jets + MET
• γ + MET
• V + MET
• bb/tt + MET

No anomaly 
seen so far
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ATLAS 1604.07773
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Exclusion regions for simplified models with heavy particle mediating 
interaction between initial state quarks and final state WIMPs

For full explanation, see: https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/index.html#ATLAS_DarkMatter_Summary

Since the mediator 
is produced via 
quark annihilation 
(gq), it can also 
decay to quarks



The return of the limits …
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Digression on Precision Measurements



Electroweak precision physics

The LHC experiments —
as do D0 & CDF since 
long, and continuing —
are investing efforts into 
precision measurements 
of EW observables: mW, 
mtop, sin2θW

All are very challenging
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2 Update of the global electroweak fit 8

of the measurement uncertainty. Also shown is the impact of the two-loop result for the Z partial
widths and the O(↵t↵

3
s) correction to MW , compared to the calculations previously used5 [8]. The

right-hand panel of Fig. 1 displays the comparison of both the global fit result and the direct
measurements with the indirect determination (fifth column of Tab. 2) for each observable in units
of the total uncertainty, defined as the uncertainty of the direct measurement and the indirect
determination added in quadrature. Note that in the case of ↵s(M2

Z) the direct measurement
displayed is the world average value [45], which is otherwise not used in the fit.

The availability of the two-loop corrections to the Z partial widths and �0
had allows the determi-

nation of ↵s(M2
Z) to full NNLO and partial NNNLO level. We find

↵s(M
2
Z) = 0.1196± 0.0028 exp ± 0.0006�

theo

RV,A
± 0.0006�

theo

�i
± 0.0002�

theo

�0

had

= 0.1196± 0.0030 tot , (1)

where the theoretical uncertainties due to missing higher order contributions are significantly larger
than previously estimated [8]. This is largely due to the variation of the full O(↵4

s) terms in the
radiator functions, and to the uncertainties on the Z partial widths and �0

had, not assigned before.

The fit indirectly determines the W mass to be

MW = 80.3584± 0.0046mt ± 0.0030�
theo

mt ± 0.0026MZ
± 0.0018�↵

had

± 0.0020↵S ± 0.0001MH
± 0.0040�

theo

MW
GeV ,

= 80.358± 0.008tot GeV . (2)

providing a result which exceeds the precision of the direct measurement. The di↵erent uncertainty
contributions originate from the uncertainties on the input values of the fit, as quoted in the second
column in Table 2. Simple error-propagation is applied to evaluate their impact on the prediction
of MW . At present, the largest uncertainties are due to mt, both experimental and theoretical,
followed by the theory and MZ uncertainties.

Likewise, the indirect determination of the e↵ective leptonic weak mixing angle, sin2✓`e↵ , gives

sin2✓`e↵ = 0.231488± 0.000024mt ± 0.000016�
theo

mt ± 0.000015MZ
± 0.000035�↵

had

± 0.000010↵S ± 0.000001MH
± 0.000047

�
theo

sin2✓f
e↵

,

= 0.23149± 0.00007tot , (3)

where the largest uncertainty is theoretical followed by the uncertainties on �↵
(5)
had(M

2
Z) and mt.

An important consistency test of the SM is the simultaneous indirect determination of mt and
MW . A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 2 (top) for
the scenarios where the direct MH measurement is included in the fit (blue) or not (grey). Both
contours agree with the direct measurements (green bands and ellipse for two degrees of freedom).
The bottom panel of Fig. 2 displays the corresponding CL profile for the observable pair sin2✓`e↵ and
MW . The coloured ellipses indicate: green for the direct measurements; grey for the electroweak
fit without using MW , sin2✓fe↵ , MH and the Z width measurements; orange for the fit without

5With the exception of R0

b , which was previously taken from [26] and was later corrected. For this comparison
the one-loop result [33] is used.
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Likewise, the indirect determination of the e↵ective leptonic weak mixing angle, sin2✓`e↵ , gives

sin2✓`e↵ = 0.231488± 0.000024mt ± 0.000016�
theo

mt ± 0.000015MZ
± 0.000035�↵

had

± 0.000010↵S ± 0.000001MH
± 0.000047

�
theo

sin2✓f
e↵

,

= 0.23149± 0.00007tot , (3)

where the largest uncertainty is theoretical followed by the uncertainties on �↵
(5)
had(M

2
Z) and mt.

An important consistency test of the SM is the simultaneous indirect determination of mt and
MW . A scan of the confidence level (CL) profile of MW versus mt is shown in Fig. 2 (top) for
the scenarios where the direct MH measurement is included in the fit (blue) or not (grey). Both
contours agree with the direct measurements (green bands and ellipse for two degrees of freedom).
The bottom panel of Fig. 2 displays the corresponding CL profile for the observable pair sin2✓`e↵ and
MW . The coloured ellipses indicate: green for the direct measurements; grey for the electroweak
fit without using MW , sin2✓fe↵ , MH and the Z width measurements; orange for the fit without

5With the exception of R0

b , which was previously taken from [26] and was later corrected. For this comparison
the one-loop result [33] is used.

SM Predictions [1407.3792, EW fit]

[ exp WA: σ = 15 MeV ]

[ exp WA: σ = 0.00016 ]

Global electroweak fit was masterpiece of LEP/SLD era. 
Discovery of Higgs over-constrains the fit and 

dramatically improves predictability
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Possible ways to improve (a lot of pioneering work by CMS):

• Choose more robust observables (eg, wrt. b fragmentation)

Electroweak precision measurements
Best top mass from LHC: 172.44 ± 0.13 ± 0.47 GeV (CMS), 172.84 ± 0.34 ± 0.61 GeV (ATLAS, not yet all 8 TeV)

CMS alternative top mass measurements:

• Select charmed 
mesons (rare but very 
clean signature)

• Use dilepton 
kinematic endpoint 
(clean but large 
theoretical uncertainties)

• Use cross-sections 
or differential 
variables (promising 
but difficult to achieve 
competitive precision

Currently best result (CMS): 1.7 GeV uncertainty

Traditional kinematic top mass measurement method 
approaches systematic limit of b-quark hadronisation

 [GeV]tm
160 170 180 1900

5

10

 2.91 GeV± 1.50 ±173.50 b hadron lifetime
TOP-12-030 (2013)

 GeV-2.10 +1.70 0.90 ±173.90 Kinematic endpoints
EPJC 73 (2013) 2494

 2.66 GeV± 1.17 ±172.29 b-jet energy peak
TOP-15-002 (2015)

 0.90 GeV± 3.00 ±173.50 ΨLepton+J/
TOP-15-014 (2016)

 GeV-0.97 +1.58 0.20 ±173.68 Lepton+SecVtx
arXiv:1603.06536 (2016)

 GeV-3.09 +2.68 1.10 ±171.70 Dilepton kinematics
TOP-16-002 (2016)

 GeV-0.93 +0.97 0.77 ±172.60 Single top enriched
TOP-15-001 (2016)

 GeV-3.49 +4.38 1.10 ±169.90 +j shape, 8 TeVtCMS t
TOP-13-006 (2016)

 GeV-1.80 +1.70173.80 ) 7+8 TeVt(tσ
arXiv:1603.02303 (2016)

 0.47 GeV± 0.13 ±172.44 CMS 7+8 TeV (2015)
arXiv:1509.04044

 0.71 GeV± 0.27 ±173.34 World combination
ATLAS, CDF, CMS, D0
arXiv:1403.4427 (2014)

May 2016

 syst.)± stat. ±(value 

CMS Preliminary



CDF, D0, and also LHC have extracted weak mixing angle from Z/γ* asymmetry measurements

Uncertainties at Tevatron dominated 
by statistical uncertainties, LHCb 
equally, ATLAS & CMS by PDF 
uncertainties.  

Data-driven “PDF replica rejection” 
method applied by CDF

Complex measurements (in 
particular physics modelling) that 
are important to pursue, but 
precision of hadron colliders not yet 
competitive with LEP/SLD

Electroweak precision measurements
sin2θW and Z asymmetries from hadron colliders

eff
Wθ

2sin
0.224 0.226 0.228 0.23 0.232 0.234

eff
Wθ

2sin
0.224 0.226 0.228 0.23 0.232 0.234

0.0002±0.2315

0.0003±0.2322

0.0003±0.2310

0.0005±0.2315

0.0010±0.2315

0.0012±0.2308

0.0032±0.2287

0.0011±0.2314

0.0015±0.2329

0.0012±0.2307

LEP + SLD

(b)FBLEP A

LRSLD A

D0

CDF

ATLAS

CMS

LHCb

=7TeVsLHCb 

=8TeVsLHCb 

Phys. Rept. 427 (2006) 257

Phys. Rept. 427 (2006) 257

Phys. Rev. Lett. 84 (2000) 5945

Phys. Rev. Lett. 115 (2015) 041801

Phys. Rev. Lett. D89 (2014) 072005

arXiv:1503:03709

Phys. Rev. Lett. D84 (2011) 112002

+ Newest CDF result: 0.23221 ± 0.00046 

Figure from LHCb 1509.07645

53



ATLAS and CMS are progressing towards the (challenging) 
mW measurement at the LHC  

Measurement relies on excellent understanding of final state

Observables: pT,ℓ , pT,𝜈, mT as probes of mW

Challenges, high-precision:
• Momentum/energy scale (incl. had. recoil) calibration: Z, J/𝜓, Y
• Signal efficiency and background modelling
• Physics modelling: 

o Production governed by PDF & initial state interactions     
(pert & non-pert): use W+, W–, Z, W+c data for calibration, 
and NNLO QCD calculations + soft gluon resummation

o EW corrections well enough known
o Probes very sensitive to W polarisation (and hence to PDF, 

including its strange density)

Electroweak precision measurements
W mass: towards a first measurement at the LHC via decay to lepton + neutrino

– 2–

0

0.25

0.5

0.75

1

80.2 80.3 80.4 80.5 80.6

Entries               0

80.2 80.6
MW[GeV]

ALEPH 80.440±0.051

DELPHI 80.336±0.067

L3 80.270±0.055

OPAL 80.415±0.052

LEP2 80.376±0.033
χ2/dof =  49 / 41

CDF 80.389±0.019

D0 80.383±0.023

Tevatron 80.387±0.016
χ2/dof =   4.2 / 6

Overall average 80.385±0.015

Figure 1: Measurements of the W-boson mass
by the LEP and Tevatron experiments.

and Bose-Einstein correlations (BEC) between quarks from dif-

ferent W’s (8 MeV) are included. The mass difference between

qqqq and qqℓνℓ final states (due to possible CR and BEC effects)

is −12±45 MeV. In a similar manner, the width results obtained

at LEP have been combined, resulting in ΓW = 2.195 ± 0.083

GeV [1].

The two Tevatron experiments have also identified common

systematic errors. Between the two experiments, uncertainties

due to the parton distribution functions, radiative corrections,

and choice of mass (width) in the width (mass) measurements

are treated as correlated. An average W width of ΓW = 2.046±

0.049 GeV [2] is obtained. Errors of 20 MeV and 7 MeV

accounting for PDF and radiative correction uncertainties in this

width combination dominate the correlated uncertainties. At

the 2012 winter conferences, the CDF and D0 experiments have

August 21, 2014 13:18

Current experimental picture for mW

Project: Experiments are in a vigorous process of addressing the above issues. Many precision 
measurements (differential Z, W + X cross sections, polarisation analysis, calibration performance, …) 
produced on the way. Also theoretical developments mandatory. Long-term effort. 
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ATLAS and CMS use precise measurements of pT (Z) to tune pT (W) modelling, which relies on NNLO 
and NNLL/resummed calculations. But: different generators predict different transfers from Z to W. Also: 
PDFs play different roles in Z and W production. 

Electroweak precision measurements
Comprehensive Z pT and polarisation measurements done by both CMS and ATLAS
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The road to the future

The LHC Run-2 and beyond

We are here



How can these LHC luminosity improvements be achieved ? 

Run-1

• Ebeam = 0.45–4 TeV
• Lmax = 0.8 ×1034 cm–2s–1

• Δtbunch = 50 ns
• Nbunches,max = 1380
• 𝛽* = 60 cm                             

[ recall: L∝ (σxσy)–1 = (𝜀n 𝛽*/γ)–1 ]

• Norm. emittance 𝜀n ~ 2.3 µm
• Nprotons / bunch ≤ 1.7⋅1011

• <µ> ~ 21                              
(note: µpeak much larger)

Run 2 & 3 (13–14 TeV)

• Ebeam = 6.5–7 TeV
• Lmax = 0.7–2 ×1034 cm–2s–1

• Δtbunch = 25 ns
• Nbunches,max = 2028~2748 (?)

• 𝛽* = 40 cm        
• 𝜀n = 2.5–3.5 µm (2.3 µm with BCMS)

• Nprotons / bunch ~ 1.2⋅1011

• <µ> ~ 21~50
LS2: injector upgrade for increased beam 
brightness (batch compression in PS, new 
optics in SPS, collimator upgrades)

HL-LHC (14 TeV)

• Ebeam = 7 TeV
• Lmax ~ 5 ×1034 cm–2s–1

• Δtbunch = 25 ns
• Nbunches,max = 2748
• 𝛽* = 15 cm   
• 𝜀n = 2.5 µm
• Nprotons / bunch = 2.2⋅1011

• <µ> ~ 140
LS3: new triplet design (low-𝛽* 
quadrupoles, crab cavities), injector 
upgrades for luminosity levelling

Crab crossing:
(deflects head and tail 
in opposite direction)

We are here



How can these LHC luminosity improvements be achieved ? 

Run-1

• Ebeam,max = 4 TeV
• Lmax = 7.7 ×1033 cm–2s–1

• Δtbunch = 50 ns
• Nbunches,max = 1380
• 𝛽* = 60 cm                        

[ recall: L∝ (σxσy)–1 = (𝜀 𝛽*)–1 ]

• Emittance 𝜀 ~ 2.3 µm
• Nprotons / bunch ≤ 1.7⋅1011

• <µ> ~ 21                              
(note: µpeak much larger)

Run 2 & 3 (13–14 TeV)

• Ebeam,max = 6.5–7 TeV
• Lmax = 0.7–2.0 ×1034 cm–2s–1

• Δtbunch = 25 ns
• Nbunches,max = 2028~2748 (?)

• 𝛽* = 40 cm        
• 𝜀 = 2.5–3.5 µm (2.3 µm with BCMS)

• Nprotons / bunch ~ 1.2⋅1011

• <µ> ~ 21~50
LS2: injector upgrade for increased beam 
brightness (batch compression in PS, new 
optics in SPS, collimator upgrades)

HL-LHC (14 TeV)

• Ebeam,max = 6.5–7 TeV
• Lmax = 5–7 ×1034 cm–2s–1

• Δtbunch = 25 ns
• Nbunches,max = 2604~2748
• 𝛽* = 15 cm   
• 𝜀 = 2.5 µm
• Nprotons / bunch = 2.2⋅1011

• <µ> ~ 140–200
LS3: new triplet design (low-𝛽* 
quadrupoles, crab cavities), injector 
upgrades for luminosity levelling

Crab crossing:
(deflects head and tail 
in opposite direction)

Also significant detector, in particular trigger (goal: keep current thresholds)
and inner tracker, upgrades to cope with increased LHC luminosity:

• Phase-1 during LS2 preparing for high-brightness Run-3
• Phase-2 during LS3 preparing for HL-LHC

No time for a discussion here, but happy to follow up during discussion sessions

We are here



The main proton–proton physics goals in a nutshell

Run 1 (8 TeV)

• Discovery of Higgs boson

• Searches for additional    
new physics (negative)

• Observation of rare 
processes, such as Bs → µµ

• Precision measurements of 
Standard Model processes

• Study of CP asymmetries in 
Bs sector 

HL-LHC (14 TeV)

• Precision measurements of 
Higgs couplings 

• Observation of very rare 
Higgs modes

• Ultimate new physics search 
reach (on mass & forbidden 
decays, eg, FCNC)

• Ultimate SM & HF physics 
precision for rare processes

Run 2 & 3 (13–14 TeV)

• Searches for new physics

• Improved measurements of Higgs 
couplings in main channels

• Consolidation / observation of 
Higgs channels 

• Measurement of rare Standard 
Model processes & more precision

• Improved measurements of rare   
B decays and CP asymmetries

We are here
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A brief set of selected highlights, assuming no significant new physics in the current dataset

Any detection of new physics would likely be a game changer ! 

Prospects for the LHC Run-2/3 and beyond (HL-LHC)
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Status of Run-2 (19 Sep 2016) 
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Expected integrated luminosity of LHC & HL-LHC

          Year
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We are here

We will 
be going 
here

LHC physics will hardly 
look the same again…
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Pileup dependence mitigated by dedicated methods, but expect moderate decrease of electron/photon 
efficiency and resolution, and increase of fake rate. Muons less affected (main impact on trigger).

Detector performance
The performance of physics object reconstruction degrades with pileup
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Jet and Etmiss resolution at high pileup 

!  Jet resolution significantly degraded at low pT 
! Degrades sensitivity to low mass dijet resonances 

(e.g. H->bb) 
!  For pT>100 GEV effect rather small 

!  ET
miss resolution also degrades but ~OK 
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More difficult for tau (H → ττ), jets and missing transverse momentum:

The jet substructure can be resolved (eg, jet mass) with “grooming” techniques in high-pileup scenarios  

Overall, no significant performance degradation expected during Run-2, some effects in Run-3



Higgs mass already well known (0.2%), but further improvement and – important – cross-check needed

Higgs width (SM: 4.2 MeV) cannot be directly measured; indirect constraints possible

Higgs spin & parity established as 0+, but need to investigate possible CP-odd admixtures

Higgs couplings can be overconstrained from channel-wise (categorised) measurements 

Higgs boson physics
Run-2 should increase Higgs sample by factor of ~10, ttH by factor of ~20 
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• Complete observation of H → ττ
• Observe H → bb
• Observe ttH and W/Z+H production         

(at large luminosity H → γγ will be best for ttH, 
ATL-PHYS-PUB-2014-012)

What is left to complete after Run-1 ? What are long-term developments ?

• Search for H → µµ (Run-1 limit: ~7.5 × σSM)

• Search for H → Zγ (Run-1 limit: ~9.5 × σSM)

• Search for di-Higgs production

• Improve global coupling constraints
• Fiducial and differential cross-section measurements
• Searches for CPV, and for rare (eg, H → J/𝜓 γ), forbidden 

(eg, H → τµ) and invisible decays (eg, VBF+ET
miss)

And always with high priority: 



Higgs boson physics
(Conservative) extrapolation of Higgs coupling measurements
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Higgs signal strengths (left) and ratios of coupling modifiers (right), compared to current precision (orange)
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Roman Kogler The global electroweak fit 

Higgs Coupling Results

Higgs coupling  
measurements:
‣ κV = 0.99 ± 0.08
‣ κF = 1.01 ± 0.17

‣Combined result: 
‣ κV = 1.03 ± 0.02  

(λ = 3 TeV)

‣ implies NP-scale of 
Λ ≥ 13 TeV

16

‣ some dependency for κV in central value [1.02-1.04] and error [0.02-0.03] 
on cut-off scale λ [1-10 TeV]
• EW fit sofar more precise result for κV than current LHC experiments
• EW fit has positive deviation of κV from 1.0

- many BSM models: κV < 1
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Higgs boson physics
Can combine LHC measurement with constraints on 𝜅V from electroweak precision data

66

Constraints on global fermion versus vector-boson coupling modifiers

Constraints from global EW fit through “oblique parameters” S, T (SM: S = T = 0), parameterizing new physics 
contributions to electroweak observables through loop diagrams involving massive W and Z bosons 

Note: nonofficial and outdated 
ATLAS & CMS combination.
Shown for illustration purpose only

1407.3792

4 Status and prospects for the Higgs couplings determination 21

Experiment Channel µggF+ttH µVBF+VH Correlation Ref.

ATLAS H ! ��, WW ?, ZZ? Published 2D-likelihood scan [55]

H ! �� 1.13+0.37
�0.31 1.15+0.63

�0.58 �0.45 [69]

H ! WW ? 0.70+0.25
�0.20 0.70+0.65

�0.50 �0.26 [59]

CMS H ! ZZ? 0.80+0.46
�0.36 1.70+2.20

�2.10 �0.75 [60]

H ! ⌧⌧ 0.50+0.53
�0.53 1.30+0.46

�0.40 �0.40 [61]

H ! bb – 1.00+0.50
�0.50 – [62]

Table 5: The ATLAS and CMS Higgs coupling measurements of µggF+ttH and µVBF+VH, and their correla-
tions, as used in this study. Unless where available, the central values, uncertainties and correlations have
been estimated from published or public likelihood iso-contour lines.

the Z and W boson propagators can be expressed in terms of the S, T parameters [64],

S =
1

12⇡
(1� 2V ) ln

⇤2

M2
H

, T = � 3

16⇡ cos2✓`e↵
(1� 2V ) ln

⇤2

M2
H

, ⇤ =
�q

|1� 2V |
, (5)

and U = 0. The cut-o↵ scale ⇤ represents the mass scale of the new states that unitarise lon-
gitudinal gauge-boson scattering, as required in this model. Note that the less V deviates from
one, the higher the scale of new physics. Most BSM models with additional Higgs bosons giving
positive corrections to the W mass predict values of V smaller than 1. Here the nominator � is
varied between 1 and 10 TeV, and is nominally fixed to 3 TeV (4⇡v).

Figure 8 (top) shows the predictions for S and T , profiled over V and �, together with the allowed
regions for S and T from the current electroweak fit. The length of the predicted line covers a
variation in V between [0, 2], the width covers the variation in �.

The bottom panel of Fig. 8 shows V and F as obtained from a private combination of ATLAS
and CMS results using all publicly available information on the measured Higgs signal strength
modifiers µi. Also shown is the combined constraint on V (and F ) from the LHC experiments
and the electroweak fit.

The published Higgs coupling measurements of µggF+ttH versus µVBF+VH from ATLAS and CMS
used in this combination are summarised in Table 5. The measurements from the ATLAS Higgs to
di-boson channels are published likelihood scans [55]. The CMS results in Table 5 are approximate
values derived from public likelihood iso-contour lines. Correlations of the theory and detector
related uncertainties between the various µi are neglected in the combination, as these are not
provided by the experiments. We find that the individual experimental combinations of ATLAS and
CMS for V (and F ) are approximately reproduced by this simplified procedure. The measured
values from this combination are V = 1.026+0.042

�0.044 and F = 0.88+0.10
�0.09.

The electroweak fit results in V = 1.037+0.029
�0.026, 1.027

+0.020
�0.019, and 1.021+0.015

�0.014, for cut-o↵ parameters
� = 1 TeV, 3 TeV and 10 TeV, respectively, where � has been fixed during each of the fits. Includ-
ing constraints from electroweak precision observables, the constraint on V can be improved by a
factor of more than three. There is a mild dependence – both in the central value and uncertainty

λ is cut-off parameter, 
set arbitrarily to 3 TeV

κV κV

Roman Kogler The global electroweak fit 

Constraints from EWPD

15

Vκ
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

 [G
eV

]
W

M

80.25

80.3

80.35

80.4

80.45

80.5
95% CL fit contours w/o

 measurementsVκ and WM

σ 1± world average WM

σ 1± private LHC average Vκ

 measurementsVκ and Wdirect M |2
Vκ|1-

λ = Λ

 = 10 TeVλ

 = 3 TeVλ

 = 1 TeVλ

Higgs-boson/fermion couplings scaling, with no invisible or undetectable widths

Vκ
0.7 0.8 0.9 1 1.1 1.2 1.3

F
κ

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

LHC experiments
68% and 95% CL fit contours 

EW-fit + LHC experiments
68% and 95% CL fit contours 

 = 3 TeV]λ[
Standard Model prediction Fit minimum

Combination of ATLAS and CMS results. Average neglects correlations.

G fitter SM
B

Jul '14

4 Status and prospects for the Higgs couplings determination 20
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To test the validity of the SM and look for signs of new physics, precision measurements of the
properties of the Higgs boson are of critical importance. Key are the couplings to the SM fermions
and bosons, which are predicted to depend linearly on the fermion mass and quadratically on the
boson mass.

Modified Higgs couplings have been probed by ATLAS and CMS in various benchmark models [57–
64]. These employ an e↵ective theory approach, where higher-order modifiers to a phenomenolog-
ical Lagrangian are matched at tree-level to the SM Higgs boson couplings. In one popular model
all boson and all fermion couplings are modified in the same way, scaled by the constants V and
F , respectively, where V = F = 1 for the SM. This benchmark model uses the explicit assump-
tion that no other new physics is present, e.g., there are no additional loops in the production
or decay of the Higgs boson, and no invisible Higgs decays and undetectable contributions to its
decay width. For details see Ref. [65].

The combined analysis of electroweak precision data and Higgs signal-strength measurements has
been studied by several groups [5, 9, 66–71]. The main e↵ect of this model on the electroweak preci-
sion observables is from the modified Higgs coupling to gauge bosons, and manifests itself through
loop diagrams involving the longitudinal degrees of freedom of these bosons. The corrections to
the Z and W boson propagators can be expressed in terms of the S, T parameters [66],

S =
1

12⇡
(1� 2V ) ln

⇤2

M2
H

, T = � 3

16⇡ cos2✓`e↵
(1� 2V ) ln

⇤2

M2
H

, ⇤ =
�q

|1� 2V |
, (5)

and U = 0. The cut-o↵ scale ⇤ represents the mass scale of the new states that unitarise lon-
gitudinal gauge-boson scattering, as required in this model. Note that the less V deviates from
one, the higher the scale of new physics. Most BSM models with additional Higgs bosons giving
positive corrections to the W mass predict values of V smaller than 1. Here the nominator � is
varied between 1 and 10 TeV, and is nominally fixed to 3 TeV (4⇡v).

Figure 8 (top) shows the predictions for S and T , profiled over V and �, together with the allowed
regions for S and T from the current electroweak fit. The length of the predicted line covers a
variation in V between [0, 2], the width covers the variation in �.

The bottom panel of Fig. 8 shows V and F as obtained from a private combination of ATLAS
and CMS results using all publicly available information on the measured Higgs signal strength
modifiers µi. Also shown is the combined constraint on V (and F ) from the LHC experiments
and the electroweak fit.

The published Higgs coupling measurements of µggF+ttH versus µVBF+VH from ATLAS and CMS
used in this combination are summarised in Table 5. The measurements from the ATLAS Higgs to
di-boson channels are published likelihood scans [57]. The CMS results in Table 5 are approximate
values derived from public likelihood iso-contour lines. Correlations of the theory and detector
related uncertainties between the various µi are neglected in the combination, as these are not
provided by the experiments. We find that the individual experimental combinations of ATLAS and
CMS for V (and F ) are approximately reproduced by this simplified procedure. The measured
values from this combination are V = 1.026+0.042

�0.044 and F = 0.88+0.10
�0.09.
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‣ consider specific model in “κ parametrisation”:

• scaling of Higgs-vector boson (κV) and Higgs-fermion couplings (κF), 
with no invisible/undetectable widths

‣main effect on EWPD due to modified Higgs coupling to gauge bosons (κV) 
[Espinosa et al. arXiv:1202.3697, Falkowski et al. arXiv:1303.1812], etc 

‣ correlation between κV and MW

• slightly smaller values of MW 
preferred
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Figure 8: Model dependent exclusion limits in the mA-tan b plane, combining all channels, for
a) the mmod+

h and b) hMSSM scenarios. In a) the blue lines indicate the expected (dashed) and
observed (solid) exclusions obtained from the most recent Run 1 CMS search for f ! tt [21],
and the red contour indicates the region which does not yield a Higgs boson consistent with a
mass of 125 GeV within the theory uncertainties of ±3 GeV.
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A → tt is dominant decay beyond top-pair production threshold and for low tanβ.
Very difficult channel due to interference with the continuum top pair contribution deteriorating the (broad) tt mass peak
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Higgs boson physics
Constraining the Higgs off-shell coupling
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Both CMS and ATLAS have constrained the Higgs off-shell coupling and through this obtained upper limits     
on the Higgs total width ΓH

The method uses the independence of off-shell cross section on ΓH and relies on identical on-shell and off-
shell Higgs couplings. One can then determine ΓH (=4.2 MeV in SM) from the measurements of µoff-shell and µon-shell
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1 Introduction

This note presents a study on the o↵-shell Higgs boson signal strength in the Z Z ! 4l final state at the
High Luminosity LHC (HL-LHC). Using the framework for Higgs boson coupling deviations as described
in Ref. [1], the o↵-shell signal strength in the high-mass region selected by the analysis described in this
note at an energy scale ŝ, µo↵-shell(ŝ), can be expressed as:

µo↵-shell(ŝ) ⌘
�gg!H ⇤!VV

o↵-shell (ŝ)

�gg!H ⇤!VV
o↵-shell, SM (ŝ)

= 2g,o↵-shell(ŝ) · 2V ,o↵-shell(ŝ) , (1)

where g,o↵-shell(ŝ) and V ,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤

production and the H⇤ ! VV decay 1. The o↵-shell signal strength and coupling scale factors are
assumed in the following to be independent of ŝ in the high-mass region selected by the analysis. The
o↵-shell Higgs boson signal cannot be treated independently from the gg ! VV background, as sizeable
negative interference e↵ects appear (calculated in Ref. [2]). The interference term is proportional top
µo↵-shell = g,o↵-shell · V ,o↵-shell.

This study uses the same analysis in the H ! Z Z ! 4l final state as those described in Ref. [3]. It is
structured as follows: Section 2 will cover the production and validation of MCFM Monte Carlo samples
generated at

p
s=14 TeV. Section 3 will describe the method to obtain the extrapolation for the HL-LHC

scenario using the generated samples at
p

s=14 TeV while Section 4 will report the results of the o↵-shell
coupling measurement.

2 Monte Carlo event generation at
p
s=14 TeV

Monte Carlo generation at
p

s=14 TeV is performed with MCFM as in Refs. [4][5] for gg ! H⇤ !
Z Z ! 4l signal, gg ! Z Z !4l continuum background and gg ! (H⇤) ! Z Z ! 4l (the full process
that includes signal, background and interference between signal and background, hereafter referred to
as SBI). The Higgs boson mass is set to mH=125.5 GeV and the QCD factorisation and renormalisation

1 In this note the symbol V is used to denote a generic SM vector-boson V = W, Z .

2

(L1) = 1.00+0.24
�0.81 (stat only), (L1) = 1.00+0.32

�0.84 (stat+sys).

(L2) = 1.00+0.12
�0.14 (stat only), (L2) = 1.00+0.19

�0.29 (stat+sys).

4.2 Determination of the total width

As explained in Ref [3], the ratio of the o↵-shell and on-shell Higgs boson couplings can be used to
measure the total width under several assumptions briefly summarized in the following. The cross-section
for on-shell Higgs production allows a measurement of the signal strength:

µon-shell =
�gg!H!ZZ

on-shell

�gg!H!ZZ
on-shell, SM

=
2
g,on-shell · 2Z,on-shell

�H/�SM
H

, (3)

which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs couplings, the
ratio of µo↵�shell to µon�shell provides a measurement of the total width of the Higgs boson. This assump-
tion is particularly relevant to the running of the e↵ective coupling g (ŝ) for the loop-induced gg ! H
production process, as it is sensitive to new physics that enters at higher mass scales and could be probed
in the high-mass mZZ signal region of this analysis. More details are given in Refs. [13–17]. It is also
assumed that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell coup-
lings i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable
kinematic modifications to the o↵-shell signal nor new, sizeable signals in the search region of this ana-
lysis unrelated to an enhanced o↵-shell signal strength [18].

Assuming that the on-shell couplings will be measured at high luminosity with much higher precision,
the projection on the o↵-shell Higgs boson coupling can be translated into a projected determination of
the Higgs boson total width at 3000 fb�1 (10% systematic uncertainty on RB

H⇤):

�(L2)
H = 4.2+1.5

�2.1 MeV (stat+sys).

5 Conclusion

The measurement of the o↵-shell signal strength of the Higgs boson using Z Z events in the 4l channel
has been explored in the HL-LHC scenarios, i.e.

p
s=14 TeV for integrated luminosities of 300 fb�1 and

3000 fb�1.
The measurement of µo↵-shell is carried out in the same way as in the standard analysis, explicitly by em-
ploying a likelihood fit using ME-based templates that have been scaled in order to account for di↵erent
luminosity and energy conditions. A simple treatment of the theoretical uncertainties, considering both
normalisation and shape variations, is also introduced in the model. The best fitted value returned by
the likelihood fit on µo↵-shell at 3000 fb�1 allows to determine the parameter of interest in the fit with an
accuracy of approximately 50% at the 1� level. Assuming that the on-shell couplings will be measured
with much higher precision, this projection (under the assumptions mentioned in Ref. [3]) can be trans-
lated into a projected determination of the Higgs boson total width of �(L2)

H = 4.2+1.5
�2.1 MeV when the

systematic uncertainty on RB
H⇤ is set to 10%.
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With Run-1, limits of the order of 5 × ΓH
SM obtained

With L1 = 300 fb–1 and L2 = 3000 fb–1, one may find:

– 2 nuisance parameters (di↵erent for shape and normalization systematic uncertainties) for
gg-initiated processes. These parameters are treated as fully correlated among S, B and SBI.

– 2 nuisance parameters for the qq ! Z Z template (shape and normalization).

4 Results

As a first step, the results obtained at
p

s=8 TeV with 20.3 fb�1 have been compared to the ones of
the published analysis [3]. A maximum likelihood fit is performed using probability density functions
generated at 8 TeV for 20.3 fb�1 and the statistics-only as well as statistics+systematic uncertainties
upper limits on µo↵-shell in the 4 lepton channel are derived and found to be identical to the ones reported
in Ref. [3].
The fit is then performed using the samples scaled to the center-of-mass energy of 14 TeV (as explained
in previous Sections) for the two integrated luminosity scenarios. Figure 4 and 5 shows the likelihood
curves with and without systematic uncertainties (normalisation only and normalisation+shape) in the
scenarios L1 and L2 respectively. The double-minimum structure observed for µo↵-shell <1 is related to
the quadratic dependency of the observed yields on the o↵-shell signal strength and it was already present
in the published analysis of Ref. [3]. The SM minimum gets more and more resolved as the statistics
grows so that the likelihood function is quite parabolic close to its minimum for 3000 fb�1. It should be
noted that the distributions of the ME discriminant are able to constrain the three components S, B and
SBI at very high luminosity and the SM minimum is preferred with respect to the second one at a level
better than one standard deviation. The systematic uncertainties on the ME shape, in this scenario, play
a very important role. It will be therefore very important to obtain improvements on the theory side not
only on the values of the k-factors for S, B and SBI but also on the ME distributions.

The fitted values of µo↵-shell with the 1� uncertanties, for the two luminosities labeled with the super-
scripts (L1) and (L2), assuming a systematic uncertainty on RB

H⇤ of 10% , are:

µ(L1)
o↵-shell = 1.00+0.55

�0.94 (stat only), µ(L1)
o↵-shell = 1.00+0.72

�0.96 (stat+sys).

µ(L2)
o↵-shell = 1.00+0.23

�0.27 (stat only), µ(L2)
o↵-shell = 1.00+0.36

�0.49 (stat+sys).

Figure 6 shows the e↵ect of the various systematic uncertainties on the fitted value of µo↵-shell and the
constraints provided by the SM pseudo-data at 3000 fb�1 when applying 10% uncertainty on RB

H⇤. The
post-fit e↵ect on µo↵-shell is calculated by fixing the corresponding nuisance parameter at ±�✓ being �✓
the post-fit uncertainty and performing the fit again. All the other nuisance parameters are fixed to the
value ✓ = 0, in order to estimate the impact of each single component regardless of the interplay with
the other systematic sources. The di↵erence between µo↵-shell = 1 and the modified µo↵-shell, �µo↵-shell,
represents the e↵ect on µo↵-shell of each systematic uncertainty. It is worth noting that the uncertainties
related to the main systematic sources are reduced from the initial value due to the significant number of
SM pseudo-data events available at 3000 fb�1.
The impact of adding an uncorrelated (w.r.t. the signal and background k-factors) normalization system-
atics on the interference term has been also checked: an additional 10% (30%) systematic uncertainty on
the interference k-factor will increase the error on the o↵-shell signal strength by 20% (40%).

The obtained values on µo↵-shell when the uncertainty on RB
H⇤ is assumed to be 30% are:

µ(L1)
o↵-shell = 1.00+0.55

�0.94 (stat only), µ(L1)
o↵-shell = 1.00+0.80

�0.97 (stat+sys).
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Figure 6: Fitted values of the nuisance parameters exploiting a fit to SM pseudo-data events generated at 3000
fb�1 at

p
s = 13 TeV. A 10% systematic uncertainty on RB

H⇤ is applied. The points, which are drawn conforming
to the scale of the bottom axis, show the deviation of each of the fitted nuisance parameters, ✓̂, from ✓0, which
is the nominal value of that nuisance parameter, in units of the pre-fit standard deviation �✓. The red error bars
show the post-fit uncertainties, �✓ , that are close to 1 if the pseudo-data do not provide any further constraint on
that uncertainty. A value of �✓ much smaller than 1 indicates a significant reduction with respect to the original
uncertainty. Pre-fit and post-fit e↵ect of each nuisance parameter on µo↵-shell, referring to the scale of the top axis,
are shown as yellow and hashed blu bars respectively.

µ(L2)
o↵-shell = 1.00+0.23

�0.30 (stat only), µ(L2)
o↵-shell = 1.00+0.43

�0.50 (stat+sys).

4.1 The  coupling parametrization model

Another way of parametrizing the Higgs boson o↵-shell couplings is to use the  formalisms defining:
µo↵-shell = 2o↵-shell. In this way the measured yields are sensitive to the relative sign of the o↵-shell
couplings with respect to the Standard Model (SM) background process. where  is the product of the
couplings of the Higgs boson to the initial and final states. This parametrization is particularly suitable for
the description of beyond SM scenarios because it is sensitive to possible non-SM positive interference
resulting in negative values of . The likelihood curves for the projections at 300 fb�1 and 3000 fb�1 are
illustrated in Figures 7 and 8. The treatment of the systematic uncertainties on this measurement follows
the prescriptions reported in Section 3.1. As for the previous case, the 1� error on the fitted value is
reported and the assumed systematic uncertainty on RB

H⇤ is 10%:

(L1) = 1.00+0.24
�0.81 (stat only), (L1) = 1.00+0.31

�0.82 (stat+sys).

(L2) = 1.00+0.12
�0.14 (stat only), (L2) = 1.00+0.15

�0.29 (stat+sys).

If the systematic uncertainty on RB
H⇤ is set to 30%, the following values are extracted:
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(L1) = 1.00+0.24
�0.81 (stat only), (L1) = 1.00+0.32

�0.84 (stat+sys).

(L2) = 1.00+0.12
�0.14 (stat only), (L2) = 1.00+0.19

�0.29 (stat+sys).

4.2 Determination of the total width

As explained in Ref [3], the ratio of the o↵-shell and on-shell Higgs boson couplings can be used to
measure the total width under several assumptions briefly summarized in the following. The cross-section
for on-shell Higgs production allows a measurement of the signal strength:

µon-shell =
�gg!H!ZZ

on-shell

�gg!H!ZZ
on-shell, SM

=
2
g,on-shell · 2Z,on-shell

�H/�SM
H

, (3)

which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs couplings, the
ratio of µo↵�shell to µon�shell provides a measurement of the total width of the Higgs boson. This assump-
tion is particularly relevant to the running of the e↵ective coupling g (ŝ) for the loop-induced gg ! H
production process, as it is sensitive to new physics that enters at higher mass scales and could be probed
in the high-mass mZZ signal region of this analysis. More details are given in Refs. [13–17]. It is also
assumed that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell coup-
lings i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable
kinematic modifications to the o↵-shell signal nor new, sizeable signals in the search region of this ana-
lysis unrelated to an enhanced o↵-shell signal strength [18].

Assuming that the on-shell couplings will be measured at high luminosity with much higher precision,
the projection on the o↵-shell Higgs boson coupling can be translated into a projected determination of
the Higgs boson total width at 3000 fb�1 (10% systematic uncertainty on RB

H⇤):

�(L2)
H = 4.2+1.5

�2.1 MeV (stat+sys).

5 Conclusion

The measurement of the o↵-shell signal strength of the Higgs boson using Z Z events in the 4l channel
has been explored in the HL-LHC scenarios, i.e.

p
s=14 TeV for integrated luminosities of 300 fb�1 and

3000 fb�1.
The measurement of µo↵-shell is carried out in the same way as in the standard analysis, explicitly by em-
ploying a likelihood fit using ME-based templates that have been scaled in order to account for di↵erent
luminosity and energy conditions. A simple treatment of the theoretical uncertainties, considering both
normalisation and shape variations, is also introduced in the model. The best fitted value returned by
the likelihood fit on µo↵-shell at 3000 fb�1 allows to determine the parameter of interest in the fit with an
accuracy of approximately 50% at the 1� level. Assuming that the on-shell couplings will be measured
with much higher precision, this projection (under the assumptions mentioned in Ref. [3]) can be trans-
lated into a projected determination of the Higgs boson total width of �(L2)

H = 4.2+1.5
�2.1 MeV when the

systematic uncertainty on RB
H⇤ is set to 10%.
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High-profile measurements:

• MW and sin2θW: discussed before        
(work on reduction of physics modelling 
uncertainties required)

• Triple (TGC) and quartic (QGC) gauge 
boson couplings in diboson and 
triboson events also via differential 
cross-section measurements especially 
at high pT and mass. This includes VBF 
and VBS diboson production                    

• QCD tests with further precision 
differential cross-sections 
measurements of Z/W/γ+ jets, also 
detailed studies of V + qq VBF 
production.  

• PDF constraints from high-precision 
fiducial and differential Z/W/γ cross-
section measurements 

More Standard Model physics 
Continuous gain in precision and reach for rare or suppressed processes
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σfid(WZjj) EWK

σfid(W±W±jj) EWK

– [njet = 0]

σfid(Zγγ → ℓℓγγ)

– [njet = 0]

σfid(Wγγ → ℓνγγ)

σfid(Zjj) EWK

data/theory
0.5 1. 1.5 2.0 2.5 3.0 3.5

Theory

LHC pp
√
s = 8 TeV

Data 20.3 fb−1

stat
stat ⊕ syst

VBF, VBS, and Triboson Cross Section Measurements Status: June 2016

ATLAS Preliminary

Run 1
√
s = 8 TeV



High-profile measurements:

• Mass: discussed before

• Differential cross-sections of top charge asymmetry, spin correlations, HT, etc. are important theory tests
• Rare processes such as tb, ttZ, ttW, ttγ inclusively & differentially, constraints on anomalous couplings

• Forbidden processes such as the FCNC transitions t → qH, qZ, qγ, qg (q = u,c), also t → d/s+W

Top physics
Continuous gain in precision and reach for rare or suppressed processes
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 cuts
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 cuts, conservative bkg

T
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Limit on t → cH(→ γγ) branching ratio 
estimated for the full HL-LHC: ~0.015% 
(current 8 TeV: < 0.46%)

CMS for t → cZ: current/300/3000 fb–1 limit: 
< 0.10% / 0.027% / 0.010%

ATL-PHYS-PUB-2013-012, CMS PAS FTR-13-016 Numbers: at 100 fb–1, LHC will have produced            
(13 TeV numbers, summed over charges): 
→ 83M top pairs, 
→ 22M t-channel top, 7M Wt, 1M s-channel top, 
→ 70k tZ, 6k tH, 
→ 170k ttγ, 80k ttZ, 60k ttW, … 



More Standard Model and Flavour physics 
Continuous gain in precision and reach for rare or suppressed processes
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High-profile flavour physics measurements (slower Run-2 luminosity rise for LHCb due to luminosity levelling, but 
upgrade to 40 MHz trigger readout during LS2 will increase, eg, the annual muonic B rate by factor of ten)

• Rare decays: B(s) → µµ and similar and b → s transitions: B → K*µµ and similar (LHCb, CMS, ATLAS)

• CP violation: φs (LHCb, CMS, ATLAS), γ and other CKM parameters (LHCb), also CPV in charm sector

• Lepton universality tests (LHCb)

• Spectroscopy (LHCb, CMS, ATLAS)
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Still huge sensitivity increase this year, but will slow down with the progress of Run-2 and after.       
Searches gradually move from highest masses to lower cross-sections and difficult phase space regimes 

Searches
Will always stay a central piece of the LHC physics programme as a discovery machine
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Example: dijet resonance search (interpretation with excited u & d quarks q* → qg)
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Searches
Will always stay a central piece of the LHC physics programme as a discovery machine
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SUSY searches will move to low cross-section 
electroweak production and compressed scenarios 



Searches
Will always stay a central piece of the LHC physics programme as a discovery machine
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The sensitivity of dark matter searches looking for an excess in the high ET
miss tail depends strongly on 

the systematic uncertainty achieved for the irreducible background → meets SM analysis efforts
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Fig. 1 Feynman diagrams for the production of weakly interacting massive particle pairs χχ̄ associated with a jet from
initial-state radiation of a gluon, g. (a) A contact interaction described with effective operators. (b) A simplified model with
a Z′ boson.

be produced directly at the LHC (see Fig. 1(a)). It is assumed here that the DM particle is either a Dirac

Table 1 Effective interactions coupling WIMPs to Standard Model quarks or gluons, following the formalism in Ref. [40],
where M⋆ is the suppression scale of the interaction. Operators starting with a D describe Dirac fermion WIMPs, the ones
starting with a C are for scalar WIMPs and Ga

µν is the colour field-strength tensor.

Name Initial state Type Operator

C1 qq scalar
mq

M2
⋆

χ†χq̄q

C5 gg scalar 1
4M2

⋆

χ†χαs(Ga
µν)

2

D1 qq scalar
mq

M3
⋆

χ̄χq̄q

D5 qq vector 1
M2

⋆

χ̄γµχq̄γµq

D8 qq axial-vector 1
M2

⋆

χ̄γµγ5χq̄γµγ5q

D9 qq tensor 1
M2

⋆

χ̄σµνχq̄σµνq

D11 gg scalar 1
4M3

⋆

χ̄χαs(Ga
µν)

2

fermion or a scalar χ; the only difference for Majorana fermions is that certain interactions are not allowed
and that the cross sections for the allowed interactions are larger by a factor of four. Seven interactions are
considered (see Table 1), namely those described by the operators C1, C5, D1, D5, D8, D9, D11, following
the naming scheme in Ref. [40]. These operators describe different bilinear quark couplings to WIMPs,
qq̄ → χχ̄, except for C5 and D11, which describe the coupling to gluons, gg → χχ̄. The operators for
Dirac fermions and scalars in Ref. [40] fall into six categories with characteristic Emiss

T spectral shapes. The
representative set of operators for these six categories are C1, C5, D1, D5, D9, and D11, while D8 falls
into the same category as D5 but is listed explicitly in Table 1 because it is often used to convert LHC
results into limits on DM pair production. In the operator definitions in Table 1, M∗ is the suppression scale
of the interaction, after integrating out the heavy mediator particles. The use of a contact interaction to
produce WIMP pairs via heavy mediators is considered conservative because it rarely overestimates cross
sections when applied to a specific scenario for physics beyond the SM. Cases where this approach is indeed
optimistic are studied in Refs. [39, 41–45]. Despite the caveats related to the validity of the EFT approach
(see Appendix A), this formalism is used here, as it provides a framework for comparing LHC results to
existing direct or indirect DM searches. Within this framework, interactions of SM and DM particles are

5% syst
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Only a very brief enumeration of projects

Beyond the HL-LHC
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Future hadron collider projects in a nutshell
The next discovery machine

HL-LHC: ECM = 14 TeV, 3 ab–1, 2026~2035… (formally approved as project by CERN council)

Future Circular Collider FCC-hh (CERN): 

• ECM ~ 100 TeV in 100 km ring, L ~ 2 × 1035 s–1cm–2

• ~16 T magnets, possibly HE-LHC (ECM ~ 28 TeV) as 
intermediate stage

• Huge detectors for muon pT measurement
• Possible start of physics ~ 2035 
• Includes HE-LHC as project step 

Conceptual Design Report by end 2018

• pp-Collider (FCC-hh) – sets the boundary conditions 

• 100 km ring, √s=100 TeV, L~2x1035  

• HE-LHC is included (~28 TeV) 

• e+e--Collider as a possible first step 

• √s= 90 - 350 GeV,  
L~1.3x1034 at high E 

• eh-Collider as an option 

• √s=3.5 TeV, L~1034 

SppC (China):

• ECM ~ 71 TeV in 55 km ring,                                            
L ~ 1 × 1035 s–1cm–2

• Requires very high gradient dipole 
magnets ~ 20 T

• Possible start of physics ~ 2042

FCC-hh Parameters

Parameter FCC-hh SppC LHC HL LHC

collision energy cms [TeV] 100 71.2 14
dipole field [T] 16 20 8.3
# IP 2 main + 2 2 2 main + 2

bunch intensity  [1011] 1 1 (0.2) 2 1.1 2.2
bunch spacing  [ns] 25 25 (5) 25 25 25
luminosity/Ip [1034 cm-2s-1] 5 ~25 12 1 5
events/bunch crossing 170 ~850 (170) 400 27 135
stored energy/beam [GJ] 8.4 6.6 0.36 0.7
E-loss/turn
synchrotron radiation/beam 

5 MeV                                      
3 MW                               

2 MeV
5.8 MW

7 keV
5.4 kW

7 keV
9.5 kW
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Compact Linear Collider CLIC (CERN)
• High-gradient 2-beam scheme*: 100 MV/m gradient
• ECM ~ 380–3000 GeV, 11–50 km total length, L ~ a few × 1034 s–1cm–2, only one interaction region
• 0.5 ns bunch distance, nm beam size, large beamstrahlung, physics ~ 2035

Circular EP collider CEPC (China):
• ECM ~ 240 GeV, L ~ 2 × 1034 s–1cm–2

• Single ring, 50 bunches
• Possible start of physics ~ 2028

Future Circular Collider FCC-ee (CERN): 
• ECM ~ 90–350 GeV in 2 rings (90k 

bunches), L ~ 70–1.3 × 1034 s–1cm–2

• Synchrotron power (E 4/R up to 7.5 
GeV/turn): 100 MW (LEP-2: 22 MW)

International Linear Collider ILC (host candidate: Japan)

• 20 years of R&D, mature technology, ~32 MV/m accelerating gradient ~ xFEL at DESY (45 MV/m for 1 TeV)
• ECM ~ 500–1000 GeV in 31–45 km total length, L ~ 1.8 × 1034 s–1cm–2, only one interaction region
• nm beam size, possible start of physics ~ 2030

*A low energy, high current, “drive” beam is decelerated 
in power extraction structures and the RF power is 
transferred to the cavities that accelerate the main beam 

Circular Lepton Colliders

parameter FCC-ee CepC LEP2

energy/beam	[GeV] 45 120 175 120 105

bunches/beam 90000 770 78 50 4

beam current	[mA] 1450 30 6.6 16.6 3

luminosity/IP	x	1034 cm-2s-1 70 5 1.3 2.0 0.0012

energy	loss/turn	[GeV] 0.03 1.67 7.55 3.1 3.34

synchrotron	power	[MW] 100 103 22

RF	voltage	[GV] 0.08 3.0 10 6.9 3.5

FCC-ee 
- 2 rings 
- 2 IP with crab 

waist 

CepC (China) 
– 1 ring with 
possible double ring 
sections

Future e–e+ collider projects in a nutshell
Measure EW & EWSB sector to highest precision
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Conclusions



The LHC Run-2 is a key period for particle physics

• High CM energy and first 100 fb–1 are critical for searches for new physics in all signatures

• Further consolidation of Higgs sector with observation and measurement of H → ττ & bb, and ttH, as 
well as much more precise coupling and fiducial & differential cross section measurements

• The luminosity of Run-2 will hugely increase the amount of interesting Standard Model and flavour 
physics measurements that can be performed

Conclusions
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Watch out:

• New physics does not necessarily appear at high mass, need to continue to search everywhere

• Very high precision measurements are key for a better knowledge of the Standard Model

• It is thereby extremely important to measure the detector performance in data as precisely as possible                       
(This can often have priority over further improving the performance, example: b-tagging.)

• Many results are dominated by theoretical uncertainties. Need to produce measurements that allow to 
test theory, to improve PDFs, and that motivate theorists to improve calculations and event generators 



Accurate and minute measurement seems to the 
non-scientific imagination, a less lofty and dignified 
work than looking for something new. 

But [many of] the grandest discoveries of science 
have been but the rewards of accurate 
measurement and patient long-continued labour              
in the minute sifting of numerical results.

William Thomson Kelvin

2 Aug 1871 in a speech to the British Association for the Advancement of Science

Conclusions
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Lord Kelvin
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Extra slides



Side A Side CZ = 0

3D3D Planar Planar

R29.0/R29.3 - IPT
R23.5 - Inner beam-pipe
R31.0 - IBL inner envelope
R40.0 - IBL outer envelope
R33.5 - Module radius Stave

FE-I4B chip

3D sensor

DŽĚƵůĞ�ŇĞǆ

&ůĞǆ�ƉŝŐƚĂŝů

^ƚĂǀĞ�ŇĞǆ

3D - HV TAB
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a)#

b)# c)#

Sensor#area#[mm2]:####41.3#x#19.2####################20.5#x#18.5#
No.#of#pixels#[z,#φ]:#######160#x#336#########################80#x#336#

Figure 1. (a) Stave layout with the organization of planar and 3D sensor modules. (b) Layout of the IBL
detector with the 14 staves around the IBL positioning tube (IPT) and (c) zoom of one stave side where a 3D
sensor module is visibile.

in the central region and 3D in the forward/backward part, where tracking would benefit of a more
uniform charge collection across the sensor depth after irradiation. The IBL layout is shown in
figure 1. There are 14 staves in a turbine structure; each stave has 12 modules with double-chip
planar sensors in the center and 4 forward single-chip 3D sensors at the two extremities.
As of today the IBL detector is completed, installed in ATLAS under commissioning and ready for
the next year restarting of LHC.

2. Sensor design, production and results

The 3D silicon sensors used in the IBL have been produced by two silicon foundries [6, 7, 8]:
CNM1 and FBK2, on 230 µm thick 4-inch FZ3 p-type wafers having a resistivity of 10�30 kWcm.
A wafer floorplan and sensor geometry for FE-I4 [5] pixel front-end chip was defined in com-
mon with the different sensor producers participating in the prototype program coordinated by the
ATLAS 3D Collaboration. A total of 8 FE-I4 single-chip sensors fits in a wafer layout. In addi-
tion to the two already mentioned foundries also SINTEF4 and SNF5 participated in the prototype
program.

1Centro Nacional de Microelectronica, CNM-IMB (CSIC), Barcelona E-08193, Spain
2Fondazione Bruno Kessler, FBK-CMM, Via Sommarive 18, I-38123 Trento, Italy
3Silicon crystal growth methods: FZ – float zone; CZ – Czochralski
4SINTEF MiNaLab, Blindern, N-0314 Oslo, Norway
5Stanford Nanofabrication Facility, Stanford, CA, United States

– 2 –

Infrastructure upgrades: magnet & cryogenic systems, additional muon chamber 
shielding, new beam pipes

Detector consolidation: muon chamber completion (1.0 < |η | < 1.3) & replacements, 
calorimeter electronics repairs, improved inner detector read-out capability to cope 
with 100 kHz L1 trigger rate, new pixel detector services and module repairs

ATLAS improvements for Run-2
Huge consolidation & improvement programme for detector, online, offline, computing
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•  Almost 30 chambers needed 
to be replaced because of 
failures 

•  A production of chambers 
was started in 2012 and we 
had a slot for installation at 
the end of 2014 
•  Last interventions before closing 

the detector 

•  Acrobatic operations 

B. Di Girolamo - 13th Pisa Meeting on 
Advanced Detectors - 24-30 May 2015 17 New topological L1 trigger and 

new central trigger processor, 
restructured high-level trigger

New Insertable B-layer : fourth pixel 
layer at 3.3 cm from beam, consisting of 
planar & 3D (forward) silicon sensors, 
smaller pixels

New software, new production 
system, new analysis model, …

Also new beam 
pipe: r = 2.5 cm

Replacement of TGC chambers 
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ATLAS inner tracking performance 

Sketch of ATLAS inner tracking detectors

[ ATL-PHYS-PUB-2015-018 ] 
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ATLAS tracking in Run-2 features the new IBL, reduced material within acceptance, and 
algorithmic improvements (eg, huge speed-up, tracking in dense environment [ ATL-PHYS-PUB-2015-006 ] )



CMS improvements for Run-2
Also significant updates and improvementsCMS detector for Run2

7

DAQ and HLT:  
New computers 
Improved Trigger 

new Beam Pipe 

4th muon station

HCAL new photosensors

new Luminosity 
telescopes

Tracker / Pixel: 
Cold Operation

August 31    2015                                         Paolo SPAGNOLO - INFN Pisa                                                     LHCP 2015                                                                                                             

Improvements during 
Long Shut Down LS1 

Source: Paolo Spagnolo, LHCP 2015

Also: – Multithreaded and more efficient reconstruction at CERN and Tier-1
– New compact mini-AOD format (~10% of AOD)
– Large efforts on improved (out-of-time) pileup mitigation

72 (144) new CSC 
(RPC) chambers 
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Detector consolidation: muon HV and grounding, 15% PMTs replace in HCAL, ECAL monitoring fibres 
replaced, module repairs in OT, HPD exchange in RICH, fixes in cooling, gas, power, shielding, …

LHCb improvements for Run-2
Big effort in trigger area (among others)

HeRSCheL: new scintillating counters to extend LHCb 
coverage to high rapidity (CEP, diffraction, …)

Trigger upgrade — split trigger:

– All 1st stage (HLT1) output stored on disk 

– Used for real-time calibration and alignment 

– 2nd stage (HLT2) uses offline-quality calibration 

– 5 kHz of 12 kHz to Turbo stream: 
• Objects produced by trigger are stored 
• No raw event → smaller event size
• Used for high-yield channels (charm, J/ψ, ...) 

LHCb trigger

Significant changes introduced this year in the LHCb trigger:

2011 and early 2012: increased trigger
bandwidth (compared to design 2 kHz) to
accommodate charm

2012: deferred trigger configuration: keep the
trigger farm busy between fills

2015: split trigger
All 1st stage (HLT1) output stored on disk
Used for real-time calibration and alignment
2nd stage (HLT2) uses o✏ine-quality
calibration
5 kHz of 12 kHz to Turbo stream:

Candidates produced by trigger are stored
No raw event ) smaller event size
Used for high-yield channels (charm, J/ ,
. . .)

Anton Poluektov LHCb highlights LHCP 2015, St. Petersburg, Russia, 31 August – 4 September 2015 5/20
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Top asymmetry at Tevatron
Historical deviation from SM

One update from the Tevatron

• Tevatron AFB(tt) and NNLO SM prediction have converged towards each other

• Charge asymmetries at LHC in agreement with SM

• D0 also has beautiful new measurement of P and CP-odd observables (CP-odd one found compatible with zero)

Asymmetry (%)
20− 0 20 400.5−

6.5

D0 note 6445-CONF (2014)
)-1D0 Dileptons (9.7 fb  8.6±18.0 

PRD 90, 072011 (2014)
)-1D0 Lepton+jets (9.7 fb  3.0±10.6 

CDF Public Note 11161
)-1CDF Combination (9.4 fb  4.5±16.0 

CDF Public Note 11161
)-1CDF Dilepton (9.1 fb   13±  12 

PRD 87, 092002 (2013)
)-1CDF Lepton+jets (9.4 fb  4.7±16.4 

NLO SM, W. Bernreuther and Z.-G. Si, PRD 86, 034026 (2012)

NNLO SM, M. Czakon, P. Fiedler and A. Mitov, arXiv:1411.3007

tt
FBTevatron A
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4

boson, that might not be easily observed as excesses in
the top quark production rate or as resonances in the
tt̄ invariant mass distribution.
The CDF and D0 collaborations have previously

reported on forward-backward asymmetries (AFB) in
pp̄ ! tt̄ production at

p
s = 1.96 TeV at the Fer-

milab Tevatron. In the standard model (SM), the tt̄
production process is approximately symmetric in pro-
duction angle, with a O(7%) charge asymmetry arising
at next-to-leading order (NLO) and beyond [1]. Us-
ing a sample corresponding to 5.3 fb�1 of integrated
luminosity, CDF measured a parton-level asymmetry
AFB = 0.158± 0.074 [2] in the lepton+jets decay chan-
nel (tt̄ ! (W+b)(W�b) ! (l+⌫)(qq̄0)bb̄ [3]), and very
good agreement was found by the D0 measurement
AFB = 0.196 ± 0.065 [4] in a lepton+jets sample cor-
responding to 5.4 fb�1. CDF and D0 have also per-
formed simple di↵erential measurements using two bins
each in the top-antitop rapidity di↵erence |�y| and the
top-antitop invariant mass M

tt̄

. The two experiments
agreed on a large |�y| dependence. CDF also saw a
large M

tt̄

dependence, and while that observed at D0
was smaller, the CDF and D0 results were statistically
consistent. One of the aims of this paper is to clarify
the |�y| and M

tt̄

dependence of the asymmetry using
the full CDF data set.

The 5 fb�1 results have stimulated new theoretical
work, both within and outside the context of the SM.
The SM calculation has been improved by calculations
of electroweak processes that contribute to the asymme-
try, studies of the choice of renormalization scale, and
progress on a next-to-next-to-leading order (NNLO)
calculation of the asymmetry [5–9]. The new calcu-
lations result in a small increase in the expected asym-
metry, but not enough to resolve the tension with ob-
servation. Other work has focused on the dependence
of the asymmetry on the transverse momentum of the
tt̄ system [10], on which we report here.

A number of speculative papers invoke new interac-
tions in the top sector [11] to explain the large asym-
metry. In one class of models, tt̄ pairs can be pro-
duced via new axial s-channel particles arising from
extended gauge symmetries or extra dimensions. For
these models, the asymmetry is caused by interference
between the new s-channel mediator and the SM gluon.
In other models, light t-channel particles with flavor-
violating couplings create an asymmetry via a u, d ! t
flavor change into the forward Rutherford-scattering
peak. All potential models of new interactions must ac-
commodate the apparent consistency of the measured
cross section and M

tt̄

spectrum with the SM predic-
tions. Tevatron and LHC searches for related phenom-
ena, such as di-jet resonances, same-sign tops, and other
exotic processes, can provide additional experimental
limits on potential models. Measurements by the LHC
experiments of the top-quark charge asymmetry AC,
an observable that is distinct from AFB but correlated

with it, have found no significant disagreement with the
SM [12]; however, any observable e↵ect at the LHC is
expected to be small, and the nature of the relationship
between AFB and AC is model-dependent [13]. A more
precise measurement of the Tevatron forward-backward
asymmetry and its mass and rapidity dependence may
help untangle the potential new physics sources for AFB

from the standard model and from each other.
This paper reports on a study of the asymmetry in the

lepton+jets topology, with several new features com-
pared to the previous CDF analysis in this channel [2].
We use the complete Tevatron Run II data set with
an integrated luminosity of 9.4 fb�1. We additionally
expand the event selection by including events trig-
gered by large missing transverse energy and multiple
hadronic jets, increasing the total data set by approx-
imately 30% beyond what is gained by the increase in
luminosity. In total, the number of candidate events in
this analysis is more than twice the number of events
used in Ref. [2]. An improved NLO Monte Carlo gen-
erator is used to describe the predicted tt̄ signal, and
we also add small corrections reflecting new results on
the electroweak contributions to the asymmetry [5–7].
Finally, parton-level shape corrections utilize an im-
proved algorithm which yields binned parton-level mea-
surements of the rapidity and mass dependence of the
asymmetry. We also study the dependence of the asym-
metry on the tt̄ transverse momentum, ptt̄

T

, showing that
the modeling of this quanity is robust, and that the ex-
cess asymmetry above the SM prediction is consistent
with being independent of ptt̄

T

.

II. EXPECTED ASYMMETRIES AND MONTE
CARLO MODELS

The asymmetry is measured using the di↵erence of
the t and t̄ rapidities, �y = y

t

� y
t̄

, where the rapidity
y is given by

y =
1

2
ln

✓
E + p

z

E � p
z

◆
, (1)

with E being the total top-quark energy and p
z

being
the component of the top-quark momentum along the
beam axis as measured in the detector rest frame. �y
is invariant to boosts along the beamline, and in the
limit where the transverse momentum of the tt̄ system
is small, the forward-backward asymmetry

AFB =
N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)
(2)

is identical to the asymmetry in the top-quark pro-
duction angle in the experimentally well-defined tt̄ rest
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Figure 3: Di-b-jet (mbb) distribution for the 2-jet (left) and 3-jet (right) bins of the one-lepton channel forp
s = 14 TeV, hµipu = 60 and an integrated luminosity of 300 fb�1. The entries in overflow are included

in the last bin. The Higgs boson signal cross section has been multiplied by a factor of 10. The dashed
band corresponds to the statistical uncertainties only.13

Higgs mass already well known (0.2%), but further improvement and – important – cross-check needed

Higgs width (SM: 4.2 MeV) cannot be directly measured; indirect constraints possible

Higgs spin & parity established as 0+, but need to investigate possible CP-odd admixtures

Higgs couplings can be overconstrained from channel-wise (categorised) measurements 

Higgs boson physics
Run-2 should increase Higgs sample by factor of ~10, ttH by factor of ~20 
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Extrapolated mbb distribution in WH channel     
at 300 fb–1 and <µ> = 60. The (conservatively) 
estimated significance for this analysis is 3.9σ.

ATL-PHYS-PUB-2014-011

• Complete observation of H → ττ
• Observe H → bb
• Observe ttH and W/Z+H production

What is left to complete after Run-1 ? 



Higgs boson physics
(Conservative) extrapolation of Higgs coupling measurements
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Constraints on global fermion versus vector-boson coupling modifiers 

Current (Run-1): Extrapolation:
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Higgs boson physics
(Conservative) extrapolation of Higgs coupling measurements
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Constraints on global fermion versus vector-boson coupling modifiers 

Current (Run-1): Extrapolation:
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Higgs boson physics
Searches for additional Higgs bosons

The discovery potential for H/A → ττ is compromised for large mA and low tanβ where the H/A decays 
predominantly to top pairs with a deteriorating interference pattern with the continuum top pair contribution

Production of gg → A → Z(→ℓℓ) h(→bb) in the 2HDM can be discovered for low tanβ and at least moderate 
|cos(β – α)| up to and beyond mA = 700 GeV
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