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Physics Scales at the LHC

7/6/2018 Y. Wu 2

LHC experiments  
scrutinizes physics
at QCD, EW, and 
up to TeV scales



Physics Studies In a Nutshell
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QCD + EW 
interactions

SM alternatives 
or extensions …

Measurements (indirect searches)
=> optimized phase space for precision 
test of the SM

Direct searches
=> optimized phase space for searching 
for BSM signals of particular types

Been carried out in a vast variety 
of final states and phase spaces

As of today, no clear sign of BSM 
was found

Expedition will continue with 
O(100) to O(1000) fb-1 of data



QCD and EW Measurements
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Key Ingredients
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Good Precision for object measurements:

Percent or sub-percent precision with careful 
detector calibrations

Efficient data-taking and reasonable 
trigger thresholds

In 2017: Single e/m~ 25 GeV; Diphoton ~ 20 

GeV; Jet ~ 400 GeV; multi-object triggers…

Phys. Rev. D 96 (2017) 072002Eur. Phys. J. C 76 (2016) 292
ATLAS-CONF-2016-024



Achievements So Far
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14
Orders of magnitude 
for production s

500+
explored phase spaces

<1% 
best precision achieved

9 TeV - m(jj)
highest probed energy 
for hard scattering 

More ATLAS results seen under https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/


PDF & QCD : Overview
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PDF is essential for any measurements/searches at the LHC
- Limiting the precision measurements, e.g. W mass, sin2qeff , etc.
- Limiting the sensitivity searching for TeV BSM physics

Multiple channels probed to constrain PDF and test QCD
- For PDF, aim to improve large-x, gluon, strange, and etc.
- Many channels contribute (with W/Z, jets, top, meson, g, etc.)

arXiv:1507.00556v1 

Current status of 
PDF uncertainties

g PDF

qqbar lumi 
v.s. mass

- PDF & QCD measurements 
largely entangled 

- Global PDF fits including all 
possible LHC data will give 
promising updates



PDF & QCD : Highlights
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Jet/di-jet measurement at 13 TeV
JHEP 05 (2018) 195

Prescaled triggers used to reach lower pT range

Incl. Jet pT

m(jj)

- Measurement precision dominated by JES uncertainty, 
except for high pT / mass, dominated by stat. uncertainty

- Theory prediction has large PDF and QCD uncertainties

A further scrutiny 
requires advances 
in both fronts



PDF & QCD : Highlights
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W+jets measurement at 8 TeV
JHEP 05 (2018) 077

W pT

W+/W- ratio on lead Jet pT

- Multiple predictions compared with data, no overall winner

- LO + multi-leg found to work better than its NLO counterpart for pT distributions

- Data precision start to approach PDF sensitivity

Analyzed from about 70M WĄenevents



PDF & QCD : Highlights
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g+ heavy-flavor jet at 8 TeV
Phys. Lett. B 776 (2018) 295

Separating c- and b- jets using b-tagging MVA discriminants 

- LO + multi-leg from Sherpa agrees better with data
- Some intrinsic charm PDF models disfavored



Precision W and Z: Overview
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Precision measurements of inclusive W and Z production 
enables a determination of EW parameters at the LHC

ČMany parameters interconnected, deviation between direct 
and indirect determinations may signify a BSM effect

Č Yet, not an easy task due to large QCD uncertainties
× ATLAS W mass results already competitive!
×Weak mixing angle still dominated by e+e- colliders

Situation with W mass

arXiv:1803.01853v1 

Situation with qeff

Measurements of 
the Higgs boson 
make the picture 
more appealing



Precision W and Z: Highlights
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3-D measurements of Z at 8 TeV

JHEP 12 (2017) 059

3-D cross-sections gives 
sensitivity to both PDF constrains 
and study of weak mixing angle

=> Forward and background asymmetries 

O(1%) 
precision 
under the 
Z pole



Precision W and Z: Highlights
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W Mass Measurement at 7 TeV

Reference

Template fits to both pT(l) and mT(W)
=>  recoil and lepton measurements constrained from Z boson
=>  scrutiny of theory uncertainties 
=>  two variables complementary to each other

e: 7, m: 6, recoil: 3, bkg: 5 QCD:8, EW:6, PDF:9

Already with great precision, 
further improvement with single 
digits will be challenging! 



Multiboson : Overview
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×Typical production sat LHC: O(fb) - O(102pb)

È Self-interactions are direct consequence of non-
Abelian SU(2) x U(1) gauge symmetry

È Higgs contribution due to EWSB

È Complex final state system (multiple leptons or 
jets); Handles to suppress backgrounds

È Large high-order QCD corrections and nontrivial 
contribution from gluons

ÈMany channels not thoroughly explored in past 
experiments; many new possibilities

Tree-level qq->VV Higgs contributes at O(‌ )

Many two and three boson production channels 
explored so far, with overall precision up to 5%
No anomalies found for self-interactions



Multiboson : Highlights
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WZ Ą 3 leptons at 13 TeV

ATLAS-CONF-2018-034

Selecting 3-lepton events: total and fiducial 
smeasurements, polarization studies

Cross-section measurement with precision ~ 5%
in agreement with NNLO QCD calculation

Polarization studies being possible due to increasing 
precision in this channel, results consistent with the 
SM prediction, already O(20%) precision to separate 
longitudinal and transverse polarization bosons

Prediction



Multiboson : Highlights
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ZgĄnngat 13 TeV

ATLAS-CONF-2018-035

Selecting large MET and boosted gto suppress backgrounds, 
good sensitivity to high Ƕίregion and to aTGCs

No major anomalies were found, and a tight 
constraints on aTGCs parameter given
hg3 and hg4 < 4 x 10-4, hZ3 and hZ4 < 5 x 10-7

Search 
for 
aTGCs



Multiboson : Highlights
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ZZĄ4 lepton at 13 TeV

Phys. Rev. D 97 (2018) 032005

Precision measurement with a clean 4-lepton final state
Rely on lepton calibration performance and data statistics

- Overall smeasurement reaches 5% precision

- Differential measurements yet to be improved with 
more data 

- Constraints on neutral aTGCs approaching O(10-3), 
still away from SM loop correction level 10-4



EWSB and VBS
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s θE2

s θE2

s θO(1)

arXiv:1412.8367

The exact Higgs boson and EWSB 
mechanism required to unitarize 
longitudinal VLVLĄ VLVL at high ▼

Deviation from SM VBS cross-section 
could give hints to alternative EWSB, e.g. 
Little Higgs etc.

Results so far on VBS channels

Run-I: Zg(2s), same-sign WW (>3s), WZ (1s)

Run-II: same-sign WW (>5s), WZ (>3s)

No obvious deviation from SM 



EWSB and VBS: Highlights
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VBS same-sign WW at 13 TeV

ATLAS-CONF-2018-030

Relative clean signature with requiring same-sign lepton pairs and cutting on 
VBS production topology (large mjj and large jet hseparation)

35%

28%

20%

6%
11% EW ssWW

QCD

Non-prompt

WZ

Charge-flip

Data-driven methods for non-prompt, WZ, 
and charge-flip backgrounds. Rely on a fit on 
m(jj) to extract the signal

Observed (expected) significance: 6.9 (4.6) s

Major uncertainty: data statistics, non-prompt background, JES



EWSB and VBS: Highlights
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VBS WZ at 13 TeV

ATLAS-CONF-2018-033

Utilize a relatedly clean 3-lepton + 2 jets final state, and 
optimize the sensitivity to VBS via multivariate analysis

QCD CR: m(jj) < 500 GeV Signal region: m(jj) > 500 GeV
Also different 
measurement of m(jj) in SR

Observed (expected) significance is 3.3 (5.6)

Measured fiducial sAbout 1.5 shigher than SM 
prediction (LO SHERPA)

Signal x 1.77



Summary
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Studies of EW and QCD interactions in the 
ATLAS experiment have been discussed

So far, no obvious deviation from the SM 
were found (also from direct searches)

In many places, test of the SM enters into a 
precision era

Scrutiny of a larger data sample is needed 
to bring the understanding of the EW and 
QCD physics to a next-level precision

Observation of BSM only through 
Precision measurements???

EW

PDF
QCD

Exp. Reach



New Physics Everywhere or Nowhere ???
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Backup
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The ATLAS Detector
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