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The Standard Model: A success story

Fermions: Bosons:
Matter particles Force carriers
Quarks

Strong
force

Leptons

“ ‘ aWeak

force

Electro-
magentic
force

Higgs Boson:
Found at last

describes
fundamental forces
and particles

complete and
self-consistent theory
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The Standard Model: Free parameters

19 free parameters

Parameters of the Standard Model [M]
. Renormalization
Symbol Description scheme (point) Value o partlcle masses
me Electron mass 511 keV
my Muon mass 105.7 MeV
m. Tau mass 1.78 GeV L CKM m|X|ng angle
my Up quark mass Hus = 2 GeV 1.9 MeV (maSS and electroweak
my Down guark mass Has = 2 GeV 4.4 MeV elgenstates Of quarkS)
msg Strange quark mass Has = 2 GeV 87 MeV
m; Charm quark mass Mg =m¢ 1.32 GeV
my, Bottom quark mass Has = my 4.24 GeV * Gauge Coupllngs
my Top quark mass On-shell scheme | 172.7 GeV (Strength Of forces)
612 CKM 12-mixing angle 13.1°
623 CKM 23-mixing angle 2.4° ~
813 CKM 13-mixing angle 0.2° ¢ Symmetry prOpertleS
6 CKM CP-violating Phase 0.995 Of OCD
giorg' | U(1l) gauge coupling Hus =mz 0.357 —
g>org | SU(2) gauge coupling Hus =mz 0.652 ° Parameters Of
g 0rg: _SU(3) gauge coupling s = m> 1221 electroweak symmetry
7} QCD I ~0 . .
e —— breaking (Higgs mass and
v Higgs vacuum expectation value 246 GeV g
my Higgs mass 125.36+0.41 GeV (tentative) vaccum expeCtlon Value)
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The Standard Model: Extremely predictive

Once parameters are known,

everything else is “fixed”

Extremely precise predictions

allow for consistency tests of the SM
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The Standard Model's biggest triumph

= 1961 Glashow: Unification of electromagnetic and weak force
= 1964 Brout, Englert, Guralnik, Hagen, Higgs: Higgs mechanism
= 1967 Weinberg, Salam: Mechanism of electroweak symmetry breaking

= Even before the direct discovery, indirect constraints on
Higgs mass through connections with W and top

1/2

126G,

radiative corrections
Ar~3 %

\‘\
\X H
H N\
M@W WN@W”W@M

Feynman diagrams:
graphical representations of integrals
- result: numerical prediction of probability of process
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Indirect determination of Higgs boson mass
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Indirect determination of Higgs boson mass
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A long-awaited discovery
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But there are a few puzzling facts...

= Why are the particle masses so different?

Fermions: Gauge Bosons: Higgs Boson:
massless g, y

Quarks

xlOO\
@

Leptons
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But there are a few puzzling facts...

= Why are weak force and gravity so different?
100 000 000 000 000 000 000 000 000 000 000 (10%) stronger

= Hierarchy problem:

3y3

mp = mmgo+ Am; ~ M?

472
Radiative correction to Higgs mass very large,
t iIf no other new physics of mass M

______ Q 10%

t M < ( , ) 1 TeV
tuning

Relation by John March-Russell
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But there are a few puzzling facts...

= Why are weak force and gravity so different?
100 000 000 000 000 000 000 000 000 000 000 (10%) stronger

force strength

A
strong - 101 SGCV
10%
(? Gev tuning
) i Allow for massive fine
clectromagnetic tuning ~ 10> GeV
_— electroweak (nothing up to GUT scale)
weak
, 0.05 -2TeV
energy 0.005 - 20 TeV

Relation by John March-Russell

Kristin Lohwasser | Seminar Liverpool | 30.05.2018 | 12



Take-away message

Apart from 19 free parameters: All interactions and
other parameters within the Standard Model of
particle physics are fixed

Allows the indirect determination of parameters

Questions: Why this large number of parameters?
Why the large difference between energy scales?
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The “New Physics” landscape....




Pick your most favourite model: SUSY

= Supersymmetry: broken symmetry between
particles (known) and sparticles (not yet found)

= Precise predictions for sparticles
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with only a few free parameters

T, production, ;> b t'%, /T~ ¢ X, /T~ Wb ¥, /T~ t %] Status: Dec 2017

T ATLAS Preliminary

Vs=13 TeV, 36.1 fb” 3]
Tt T woy oL [1709.04183] ]

Tttt A WbT T bifR L [1711.11520] -]
T Bt t% A WohX T-bifx 2L [1708.03247] 2

Monojet
Run 1

[1711.03301] -
[1506.08616] .
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Wi—cx A=bfry
O — Vs=8TeV,201b"
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Solves hierarchy problem

Mass scale

of 1 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

900 1000
m; [GeV]

700 800

December 2017 Vs=7,8,13TeV
Model &mnY Jets Ep® [rann™) Mass limit 5=7,8TeV [ Y5=13TeV| Reference
b 0 26jets Yes 361 mE)<200GeV, m(1 gen. )-m(z= gen. ) 17120232
2 (compressad) monodet  13ets  Yes 961 )< eV 171103501
g g% 0 26fets Yes 361 @)<200Gev 171202332
qqf‘asqw‘)ﬂ 0 26jets  Yes 361 m(E})<200 GeV, m(F*)=0.5(m(E})sm(@) 1712.02832
3 qa(COF, e 25 Yes 147 @)<a00GeV, 161105791
aq(ee/vw)t] Ben 4jets i 36.1 m(F})=0GeV' 1706.03731
§ B8, BoaqWZX] 71jets  Yes 36.1 m(F?) <400 GeV 1708.02794
32 GMSB (¢ NLSP) 127401¢ 02jets  Yes 32 1607.05879
2 GGM (o NLSP) 2y 3 Yes 361 r(NLSP)<0.1 mm ATLAS-CONF-2017-080
‘GGM (higgsino-bino NLSP) i 2jets Yes 36.1 m{E})=1700GeV, cr(NLSP)<0.1 mm, 1> /ATLAS-CONF-2017-080
Graviino LSP 0 monoiel Yos 203 |FVscale 865 GeV m(G)>1.8x 10 oV, m@)=m=1.5 oV 150201518
8 g, go058) 3 35 Yes 61 miE)<s00Gev T110ts01
72, 3% 01en 3b Yes 361 m(E})<200GeV 1711.01801
by—b¥ 0 2b Yes 361 m(#?)<420 GeV 1708.00266
1, bk 2eu(SS) 16 Yes 361 |h 2TET00 eV m(E1)<200 GeV, (¥ )= m(F)+100GeV 1706.08731
i, fi-obit 026 126 Yes 47133 | [17:170Gev 200720 GeV miE) = 2m@), mid? 1209.2102, ATLAS-CONF-2016.077
- WhE or i) 02eu 0-2jets/1-2b Yes 20.3/36.1 90-198GeV.  01951.0TeV. miE)=1Gev 1506.08616, 1709.04183, 1711.11520
) 0 monojet Yes 361 (i} miE)=5 GeV. 1711.03301
atural GMSB) 2epn(2) 15 Yes 203 150-600 GeV m{E})>150GeV. 14035222
i+ 2 3eu@® 16 Yes 361 . 290790Gev. m(E)=0Gev 1706.03986
i +h 12en  4b Yes 381 o 320880Gev mifh)-0Gev 1706.03986
Bnlig, E0E] 2ep ] Yes 361 miE)=0 ATLAS-CONF-2017-039
XXy X{ ) 2en o Yes 361 m(Eh)=0, m(Z,=0.5(m(¥7 emii?)) ATLAS-CONF-2017-039.
T ), B e07) 2r S Yes 361 m@)=0, m @ omiEh) 170807875
S g TR EvELE), GELLGY) 3eu Yes 361 v miE})=m(Ed), miE)=0, mZ, )-0.5(m(E; Jem(El)) ATLAS-CONF-2017-039.
T -z 28eu  O2jels  Yes 361 (& )=m(E), miE})=0,  decoupled ATLAS-CONF 2017039
s il ey 026 Yes 203 B 270 Gev @ )=m(E), miEh=0, 2 decoupled 160107110
TR, B3 Tl den 0 Yes 203 [F 635 GeV. mUE)=mE), miE)=0, m(Z, 5)=0.5(m(E)em(i) 1405.5086
GGM (wino NLSP) weak prod., ¥]—yG 1.4 +7 Yes 203 | 115-370 GeV' cret 1507.05493
GGM (bino NLSP) prod, Fj»G 27 Yes ATLAS-CONF-2017-
Direct ¥} ¥; prod., long-lived ¥ Disapp. trk  1jet  Yes 171202118
Direct 1] prod., long-lived ¥; dE/dx trk. = Yes A 1506.05332
Stable,stopped ¢ Rrhadron 0 1Sets Yes (9100 GoV, 10 s<r(@)<10005 13108584
§ 8 Stable 7 Rrhadron ik - 1606.05129
§€ Metastable 7 R-hadron Eiox 1k - m(#4)=100 GeV, >100s 1604.04520
S 8 Metastable 7 R-hadron, g-gqt] displ. vix - Yes 7(3)=0.17 ns, miE}) = 100GeV. 1710.04901
= GMSB, stable 7, ¥ 7(@. D+r(e) 12p ; 10<tang<s0 14116795
GMSB, ¥ —yG, long-lived £ 2y Yes 1<r(#)<3 ns, SPS8 model 14005542
8,03 eev/epv v displ. ee/eupyt s 7 <ertif)< 740 mm, m@)=1 3TeV 160405162
LFV pp—+¥; + X, ¥r—vep/et/ur epeTyr - Ay =011, dixajias23=0.07 1607.08079
Bilinear RPV CMSSM 2e4(SS)  03b  Yes m@=m@), crisp<1 mm 14042500
b7 if«wi;,}“am, euv, v deu = Yes m?)>400GeV, a0 (k = 1,2) ATLAS-CONF-2016-075
S T W Aty erve Bepst ME)>02xm(F), dss#0
i > qaq 0 45large-Rjets - susv2016:22
- qaq Teu 810jetsi0-4b - 1704.08493
—bs Teu 810jetsi0-4b - 1704.08493
0 2jeiss2b 171007171
2en 2b BRI(7; —be/u)>20% 1710.05644
Other Scalar charm, —c¥ 0 2¢ Yes m(#?)<200GeV 1501.01325

*Only a selection of the available mass limits on new states or
enomena is shown. Many of the limits are based on

simplified models, c.. refs. for the assumptions made.
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Generic searches for resonances

= Generic search for resonance in a (falling) distribution
= Not necessarily connected a priori

with a striking theoretical motivation = .62 2016) = 170 papers

~165 spin-0 resonance
~5 spin-2 resonance

Example: diphoton excess| R.I.P. ~1 spin-1 resonance
~5 parent resonance/kinematic edge
Search for § R anas peimnay T
resonance directly g e 2015 e
produced at LHC S fB-13Tev, 32"

10
e

10*13—, ..............................
15 =

10 ¢

-10E-

-15E E

200 400 600 800 1000 1200 1400 1600
m,, [GeV]

Data - fitted background
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Generic searches for resonances
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e e e Lie e
Bl e
B OV et e
e S
1 200 *300 400 500 600 700 800 900 1000
— X 7= X
2ml m,; [GeV]
S e e s R e B B
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What if we don’t reach the resonance? Effective field theory

Search for
phenomena at
higher energies

= Generic search for deviations
In distributions sensitive to
new physics effects

= Could be sensitive to much
higher energies scales
compared to resonance
searches

= Detects also new physics
without resonances or very

: EFT regime Resonance
Renormahsqble Higher-Dim produced broad resonances
SM Lagrangian
Operators on-shell
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A framework to characterise the new phenomena
Peter Higgs Operators:
Which particles interact?

Coupling strength:
How strong is the interaction?

d

Lsm + Z Z Alei_ﬁi_d

Standard model d>4 1

General extension: describes any hew phenomena
suppressed by|energy scale Aldimensiond-4)

< 4 - Standard model
- 5 . Neutrino masses d > 6 - Unknown phenomena
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Dimension-6 parameter

= 59 non-redundant parameters (CP-even, ignoring flavours)

SILH-Basis (hep-ph/0703164,1308.2803)

EWPTs Higes Physics TGCs
Ow = 4 (Hfaﬂﬁ*H) DUWe,
Op =4 (HT;,’;‘H) 9B, Ogw = g s WarW? yweon
Op =3 (HTD H)E Onw = ig(D"H) 0" (DY H)W,
Op) = (L1o®y"Ly) (Leo™yuLu) Onp — ig(D*H)(D"H) B
Of = {eHTD;. )(€rr"er) O, = g2 |H|* G, G
O = (iH'D, H)(upy"ur) O = g”|H|* By B"”
0}, = [IHfD H)(dry"dp) Oy = L(o"|H|?)?
O = (:HTrr“D H)(Qroy"Qyr) | Of = ys|H2FL,HO fr + h.c.
Of = [iH*DpH)(Qm”QL) Op = A|H|°
EWK precision data: Higgs physics: Dibosons:
DY, charge current first measured and  first measured at LEP
— usually LEP determined at LHC  high precision at LHC

https://arxiv.org/abs/1609.08157
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Translating into interactions

HWW

HZZ

HZA

HAA

WWWW

AAWW

==
S | =

SR

s

sl

e

R

skl

SR ST e

SR T e

i

= A = Photon
= H = Higgs
=W, Z
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Diboson production: WW process as example

Confirmation of Abelian self-coupling of the electroweak gauge bosons

30 PhyS Rep 532, 119 244 (2013)
------------------------------ : — | -
E .e+ ........................ W +..., I . . -8_ LEP -""—‘
: i Similar ~
i1 behaviour for § ' |
Ve HE .
i1 LHCIn o] 20
. — gq production
i S— Bhrnd | S e
et W : et W ‘ _
i N
: Z
YFSWW/RacoonWW
e Wt e c) w+ 1 E ....no ZWW vertex (Gentle) .
______________ tf) A ...only v_ exchange (Gentle)
O _ T T T T T
160 180 200
= Negative interference confirmed at LEP collider \s (GeV)

= What still holds: A tiny deviation in the self coupling —
the dampening of the cross section at high energies is lost
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Using proton collisions at the LHC

proton - (anti)proton cross sections

= Typical production cross i I E TR A b
sections: N b
O(fb) - O(10%pb Stong 1@

( ) ( P ) force 10° 10°
10° 10° ™

= For 10 fb* expect: I L
10 — 1 million Events Electro- . b

magentic
(before detector) force _ 10° 10°

~

= Some channels can be
measured for the first time

events / sec for £ = 10® cm™s

= some can be studied G
with precision for the first A {WH
time

_WMD—--% _- 1, v ,..,,‘10.
AN T ... \s (TeV)

Tree-level qg->VV Higgs contributes at O(a?)
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Using proton collisions at the LHC

Data collected:

ATLAS

EXPERIMENT |

More than 100 fb* at 13 TeV
— a wealth of results to come

"~ CERN site R

ATLAS Online Luminosity
— 2011 pp YVs=7TeV

—— 2012pp {s=8TeV
—— 2015pp {s=13TeV 46 8 fb-l

| —— 2016pp Ys=13TeV
— 2017pp {s=13TeV
m— 2018 pp Vs =13 TeV

+
%3

POE L TS
wat F o

=

ooooo
¢¢¢¢¢¢¢¢¢

IIII|IIII|IIII|IIII|IIIIIIII
|IIII|IIIH‘|IIII|IIII|I

0 | | | E"f
Gy % o oct
High energy proton-proton collisions Month in Year

center-of-mass energy of Vs = 7, 8 and 13 TeV
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\ Additional
interactions

;,ﬁ\ﬁ A
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\ / P |
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{zd »
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MisSing
momentum
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Translation into (re-interpretable) cross section

| Fix-order calculation (for hard process)

ra
&

Description of the collision: hadronization,
: /underlying event, multiple interactions

= Need to understand our predictions
before we can quantify deviations

Total PS

_ What we see in the detector Fiducia
signal events
Reco.
oL (WW) = Ndata — Nokg Fiducial cross sgct]on: o
fid Cww X L correct for resolution and efficiencies
Correction factor | minosity Total phase space:

correct for acceptance to compare to theory
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WW as an example measurement

Measure WW process by selecting the decay
processes and rejecting similar “background”
processes by kinematic selections

Two energetic leptons

- Large missing transverse energy,
outside Z mass window

- reject any event with jets in the final state,
remove large top background

> = T T I T T T T I T T T T I T T T | =
8 E A. + Data E ﬂ _| T | T jl T I | I I | B B S| I | I - | I | [N | | I | (B N O | I | [ | I T I_
15) [ sk % WW MC i S12000— ATHAS In}ernal —4— Data 1
~ - Top MC > Erstdpmas i 4[] wwMmC il

%) 4l ey _ i o \s=8TeV, ) Ldt =20.3 fb
= 10 g == e e 3 10000~ €*v #*v channel ] i =i
q>J - I W-jets MC = & I z+jets MC i
L i I other diboson MC Il E e B W-jets MC il
%444 stat. unc. 8000— B other diboson MC —
Mok > E %44 stat. unc. ]
6000~ . e —
102 4000 ” -
2000 = -
[y il i s ey el S I = N
LY 15088 Fp00= os0EE Ba00 ——I—ﬁ . :
| 0 1 2 3 4 5 6 i
m, [GeV]

Jet multiplicity



ATLAS Preliminary
j Ldt = 20.3 fb’

\s=8TeV
WW

SM Prediction

qg/qg —» WW: MCFM NLO CT10
99 —» WW: MCFM LO CT10

gg — H— WW: NNLO MSTW2008

llllllllllllllllll

10 - 20 .30 - 40

50

60

* Good agreement between the channels
* ey dominates due to smaller uncertainty and larger statistics

Measured
Cross sections

e'e

Ty

etut

= Combined
2.2 0

llIIlIIlIIlIIIIIIlIIl
70 80 90 100
oighy [pb]

WW excess in 2014

oy = 71.4 713 (stat) 739 (syst) 757 (lumi) pb

Standard Model prediction: 58.74_%:(1)

3.1
(PDF) J_r2_7
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‘Stop’ that ambulance! New physics at the LHC?

Jong Soo Kim,* Krzysztof Rolbiecki,* Kazuki Sakurai,” and Jamie Tattersall®
a Instituto de Fisica Teorica, IFT-UAM/CSIC,
C/ Nicolds Cabrera, 13-15, Cantoblanco, 28049 Madrid, Spain

®King’s College London,
Department of Physics, London WC2R 2LS, UK

¢ University of Heidelberg, Institut fiir Theoretische Physik,

Philosophenweg 16, D-69120 Heidelberg, Germany

FE-mail: jong.kim@csic.es, krzysztof.rolbiecki@desy.de,
kazuki.sakurai@kcl.ac.uk, tattersall@thphys.uni-heidelberg.de

ABSTRACT: A number of LHC searches now display intriguing excesses. Most prominently,
the measurement of the WTW ~ cross-section has been consistently ~ 20% higher than the
theoretical prediction across both ATrLAs and Cwms for both 7 and 8 TeV runs. More
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Jong Soo Kim,* k
@ Instituto de Fisica
C/ Nicolds Cabrer

®King’s College Lot
Department of Pha

¢ University of Heid
Philosophenweqg 16
E-mail: jong.ki
kazuki.sakurai

ABSTRACT: A nmt
the measurement c
theoretical predict

‘Stop’ that ambulance! New physics at the LHC?

Transverse momentum resummation
effects in W W~ measurements

Patrick Meade, Harikrishnan Ramani, Mao Zeng

C. N. Yang Institute for Theoretical Physics
Stony Brook University, Stony Brook, NY 1179/.

meade@insti.physics.sunysb.edu,
hramani@insti.physics.sunysb.edu,mao.zeng@stonybrook.edu

Abstract

The WTW ™ cross section has remained one of the most consistently discrepant
channels compared to SM predictions at the LHC, measured by both ATLAS and CMS
at 7 and 8 TeV. Developing a better modeling of this channel is crucial to understanding
properties of the Higgs and potential new physics. In this paper we investigate the
effects of NNLL transverse momentum resummation in measuring the WTW ™ cross
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(will be inserted by the editor)

‘Stop’ that ambulance! New physics at the

Jong Soo Kim,* k
@ Instituto de Fisica
C/ Nicolds Cabrer

®King’s College Lot
Department of Pha

¢ University of Heid
Philosophenweqg 16
E-mail: jong.ki
kazuki.sakurai

ABSTRACT: A nmt
the measurement c
theoretical predict

On the excess in the inclusive W*TW = — [*]~vi cross section

Pier Francesco Monnia>1, Giulia Zanclerighib’l’2

1Rudolf Peierls Centre for Theoretical Physics,University of Oxford,1 Keble Road, Oxford OX1 3RH, U

TI. an S Ve r S e m O m e I]. 2CERN, Theory Division, CH-1211 Geneva 23, Switzerland

effects in WT™W~

. . . Abstract In this note we analyse the excess in the WTW ™ inclusive cross section recently me

Pa.tl"l(fk I\-’Ieade, Ha-rlkrlSh] We point out that in fact for the ATLAS fiducial cross sections there is no excess in the meas

to the NLO QCD predictions. We also argue that higher order effects to the fiducial cross se

r tend to cancel each other, hence the inclusion of NNLO and NNLL corrections will not mo

N significantly. We find that at 8 TeV a substantial part of the disagreement with the NLO pre
cross section observed by ATLAS is due to the extrapolation carried out with POWHEG.

>
C. N. Yang Institute fo'
Stony Brook University, Stony Brook, NY 11794.

meade@insti.physics.sunysb.edu,
hramani@insti.physics.sunysb.edu,mao.zeng@stonybrook.edu

Abstract

The WTW ™ cross section has remained one of the most consistently discrepant
channels compared to SM predictions at the LHC, measured by both ATLAS and CMS
at 7 and 8 TeV. Developing a better modeling of this channel is crucial to understanding
properties of the Higgs and potential new physics. In this paper we investigate the
effects of NNLL transverse momentum resummation in measuring the WTW ™ cross
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‘Stop’ that ambulance! New physics at the

On the excess in the inclusive W*TW = — [*]~vi cross section

Pier Francesco Monnia>1, Giulia Zanclerighib’l’2

‘ 1Rudolf Peierls Centre for Theoretical Physics, University of Oxford,1 Keble Road, Oxford OX1 3RH, T
a I l S v erS e I l l O I l I e I l 2CERN, Theory Division, CH-1211 Geneva 23, Switzerland

effects in WT™W~

Jong Soo Kim,* k

@ Instituto de Fisica

C/ Nicolds Cab . ‘ . . Abstract In this note we analyse the excess in the WTW ™ inclusive cross section recently me
1colas Labrer Pa.tl"l(fk I\-’Ieade, Ha-rlkrlSll] We point out that in fact for the ATLAS fiducial cross sections there is no excess in the meas
b1 ’ to the NLO QCD predictions. We also argue that higher order effects to the fiducial cross se
ng § College Lot g tend to cancel each other, hence the inclusion of NNLO and NNLL corrections will not mo
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Abstract

The WHW~ production cross section measured at the LHC has been consistently exhibiting
a mild excess beyond the SM prediction, in both ATLAS and CMS at both 7-TeV and 8-TeV

runs. We provide an explanation of the excess in terms of resummation of large logarithms
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(will be inserted by the editor)

‘Stop’ that ambulance! New physics at the
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W*W~ production at hadron colliders in NNLO QCD
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Charged gange boson pair production at the Large Hadron Collider allows detailed probes of the
fundamental structure of electroweak interactions. We present precise theoretical predictions for on-
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PDF uncertainties?

ATLAS Preliminary
SM WW

(+ PDF = total error)
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Theoretical Predictions

Predictions obtained using perturbation theory in orders of coupling constant o

9 Interference,"

W
%%% J/-'f neglected

q

q W q W g&f L‘I‘\kW g W
“ ~91% _ ~2% I\ ~T%_
Y Y Y
NLO (at) LO (a?) NNLO (a?)
contains triple gauge coupling large NLO

(enhanced cross section for high energy and new physics)  ~grrection?

Is anything missing from the calculation?
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Updated theoretical predictions

> Theory > Experimental
Progress . —— — Progress
| s B Xiv:1608.03086 [6 " |Extension of
o 187 8TeV, 20310 , arXiv:1608.03086 (6] fiducial phase
=| —4— Data space
= Non-resonant gg NLO A Theory

Higgs N3LO prediction
arXiv:1603.01702 [5]
&

(g - WW) NNLO
predictions

Resummation effects ATLAS-CONF-2014-033 [4]
due to jet veto ’ ¢ !

55 60 65 70 75

i [PP]

> Experimental results here contain large extrapolation
> Desirable: Compare theory to best fiducial measurement
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And new results at 13 TeV

ATLAS Preliminary

nNNLO+H calculation
(fixed-order acceptance)

nNNNLO+H calculation
(MC acceptance)
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= ~good agreement of theory and data

= Kinematic acceptance modeled
with either fixed-order or Parton-showers

Events / 5 GeV

Data / SM

= No differential cross-section measured
(EFT sensitivity from 2015 13 TeV should be ~same as 2012 8 TeV)
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(object reconstruction)
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WW uncertainties at 13 TeV

Sources of uncertainty Relative uncertainty for o‘%‘,’w_,e#

Jet selection and energy scale & resolution 7.3% ~

b-tagging 1.3%

EMiss and pmiss 1.7%

Electron 1.0%

Muon 0.4% \>

Pile-up 0.9% ] Require
Luminosity 2.1%

Top-quark background theory 2.4% — carefu I
Drell-Yan background theory 1.5% balancin g
W +jet and multf—iet backeround 3.8% >

Other diboson backgrounds 1.1%

Parton shower 3.1%

PDF 0.2%

QCD scale 0.2%

MC statistics 1.2%

Data statistics 3.7% /

Total uncertainty 11%
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Diboson

results at ATLAS
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7 TeV, 4.6 fb™!, Eur. Phys. J. C 74:3109 (2014)

8 TeV, 20.3 fb™!, Eur. Phys. J. C 74:3109 (2014)
13 TeV, 3.2 fb™, arXiv:1606.02699

T pp—otg

7 TeV, 4.6 1b™", PRD 90, 112006 (2014)

8 TeV, 20.3 fb™", ATLAS-CONF-2014-007
13 TeV, 3.2 fo™', ATLAS-CONF-2015-079
9 po—H

7 TeV, 4.5 1b™", Eur. Phys. J. C76 (2016) 6
8 TeV, 20.3 fo!, Eur. Phys. J. C76 (2016) 6
13 TeV, 13.3 fo™!, ATLAS-CONF-2016-081
T pp - WW

7 TeV, 4.6 b, PRD 87, 112001 (2013)

8 TeV, 20.3 fb™", arXiv:1608.03086

13 TeV, 3.2 b, ATLAS-CONF-2016-090
T pp - WZ

7 TeV, 4.6 fb™, Eur. Phys. J. C (2012) 72:2173
8 TeV, 20.3 fo™!, PRD 93, 092004 (2016)
13 TeV, 3.2 b, arXiv:1606.04017

L pp—2Z

7 TeV, 4.6 b, JHEP 03, 128 (2013)

8 TeV, 20.3 fbo™!, ATLAS-CONF-2013-020
13 TeV, 3.2 fb™!, PRL 116, 101801 (2016)
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Take-away message

Diboson measurements at LHC can yield high level
of precision

Need corresponding accurate theoretical predictions
for comparisons

Crucial for the constraints on new physics as
deviations from the Standard Model predictions
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But what do we gain?

= Surely a measurement can’t be better than a dedicated search

= Well apparently yes (though things might have changed in Run-2)

pp—t, 1), & —=bffX] /{ —bWK} [t —tx] , BR=100%

160}
140}
120} Z
%“ |
(¢ 100¢
9
o 80 WW 0-Jet
£ WW 1-Jet
TX 60f WW combination
ATLAS monojet
40 ATLAS 1-lepton
| ATLAS 2-lepton
20 CMS 1-lepton
ATLAS spin correlation

120 140 160 180 200 220 240
t, mass (GeV) .2018 | 41
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https://arxiv.org/abs/1505.05523

But what do we gain?

= This was from a direct measurement, surely constraints on EFT
parameters cannot be as useful...

= Translation not as straiahtforward, but limits seem competitive
tan 3 = 20

| - ' ’ T ’ ’ ’ ’ ’ ’ ’ ’ ! ! I_
0.8 | ] T, production, ;> b t'%; /T~ ¢ X /T~ Wb 3, /F> %] Status: Dec 2017
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arXiv:1803.03252v1
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Events / bin

Effects of these nhew phenomena on WW production
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Comparing WW and WZ constraints

= Best constraints marked

W<Z : :
= Obtained setting others to
EFT coupling Expected [TeV™2] Observed [TeV~2] ~2er0
1 oow/A? [-3.7;7.6] [-4.3;6.8] !
B B2 00 E R 20 '2'16]' L
---------------------------- [ |
o= " e =R More true to the situation
and an improvement to
arXiv:1603.01702 . .
WW remove statistical
Scenario Parameter Expected [TeV™?] Observed [TeV ] constraints:
oo = Cumw/AL L J7.62.7.38L _ . _ 1461, 4.60)
EFT 1 Cp/ A2 [-35.8, 38.4] [-20.9,26.3] ! ] ] ]
e o e E e b Rl o D g L Conducting combined fit

Phys. Rev. D 93, 092004 (2016) L0 @ll measurements
sensitive to these
parameters
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Triple and quartic Gauge Couplings

Inclusive
production

c +

8 W
2

E:.q:,;g z

OO-HE w

on®Mm 27y

¢=U>

>|-Lmv W-

two jets with large rapidity gap
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Triple and quartic Gauge Couplings

Inclusive

production

Single boson

7Tev wWw WWWw 7,[; "
8 TeV wz z WWwz v
13 TeV 77 WZZ )
not measured Zy WWY r\g\g\)

Vector Boson
Fusion or

Scattering

WW
Al — 227
g w ZZy
5|2 ZZ VBS Zyy
—y not measured Zy VBS YYY
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Summary of constraints: Processes with W'’s

Jan2018 . &, s

Fit Value Do —e—
LEP —o—] Channel Limits [ Ldt s
Ak —- WW [-4.3e-02, 4.3e-02] 4.6 b’ 7 TeV
7 — WW [-2.5-02, 2.0e-02] 20.31b" 8 TeV
—e— W [-6.0e-02, 4.6e-02] 19.4 fb” 8 TeV
| ! wz [-1.3e-01, 2.4e-01] 33.6fb’ 8,13 TeV
I | Wz [-2.1e-01, 2.5e-01] 19.6 fb” 8TeV
I | WV [-9.0e-02, 1.0e-01] 4.61fb" 7 TeV
— WV [-4.3e-02, 3.3e-02] 5.0fb" 7 TeV
— WV [-4.0e-02, 4.1e-02] 231" 13 TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02] 0.7 fb” 0.20 TeV
— WWw [-6.2e-02, 5.9e-02] 4.61fb" 7 TeV
AZ WW [-1.9¢-02. 1.9¢-02] 20.3 b 8 TeV
— WWwW [-4.8e-02, 4.8e-02] 4.9 b 7 TeV
o Ww [-2.4e-02, 2.4e-02) 19.4 fb! 8TeV
S wz [-4.6e-02, 4.7e-02] 461b" 7 TeV
H wz [-1.4e-02, 1.3e-02] 33.6fb’ 8,13 TeV
H Wz [-1.8e-02, 1.6e-02] 19.6 fb” 8TeV
— WV [-3.9e-02, 4.0e-02] 4.61fb" 7 TeV
— WV (Ivii) [-2.2e-02, 2.2e-02] 20.2 b 8 TeV
— WV (IvJ) [-1.3e-02, 1.3e-02] 20.2 fb 8 TeV
— WV [-3.8e-02, 3.0e-02] 5.0fb" 7 TeV
H WV [-1.1e-02, 1.1e-02] 19 fb 8 TeV
— WV [-3.9e-02, 3.9e-02] 231" 13 TeV
H VBF Z [-1.0e-02, 1.0e-02] 35.9 fb” 13 TeV
—o— DO Comb. [-3.6e-02, 4.4e-02] 8.6fb" 1.96 TeV
—e— LEP Comb. [-5.9e-02, 1.7e-02] 0.7 1" 0.20 TeV
A 7 — WW [-3.9e-02, 5.2e-02] 461" 7 TeV
91 — Ww [-1.6e-02, 2.7e-02 20.3 fb" 8 TeV
I i Ww [-9.5e-02, 9.5e-02] 491" 7 TeV
—o— WWw [-4.7e-02, 2.2e-02] 19.4 fb” 8TeV
— Wz [-5.7e-02, 9.3e-02] 4.6 fb" 7 TeV
— WZ [-1.5e-02, 3.0e-02] 336 fb"! 8,13 TeV
— wz [-1.8e-02, 3.5e-02] 19.6 fb™ 8TeV
—_— WV [-5.5e-02, 7.1e-02) 4.6 fb" 7 TeV
— WV (Ivjj) [-2.7e-02, 4.5e-02] 20.2 fb” 8 TeV
— WV (IvJ) [-2.1e-02, 2.4€-02) 20.2 fb" 8 TeV
— WV [-8.7e-03, 2.4e-02) 19 fb! 8 TeV
—_— WV [-6.7e-02, 6.6e-02] 2.3fb" 13 TeV
— VBF 2 [-3.5e-02, 4.2e-02] 35.9 fb” 13 TeV
e DO Comb. [-3.4e-02, 8.4e-02] 8.6 fb': 1.96 TeV
| | | . e | : | LEP Comb. [-§4e-02, 2.1¢-02] | 0.7 b | 020TeV |

aTGC Limits @95% C.L.



ZZ processes

cMS —
September 2017 LA
ATLAS+CMS — Channel Limits [ Ldt Is
Y } | ZZ (41,212v) [-1.5e-02, 1.5e-02) 46 b 7 TeV
fs — Zz(@22y)  [-3.86-03, 3.8¢-03] 203f"  8TeV
— ZZ (41) [-1.8e-03, 1.8e-03] 36.11b" 13 TeV
P ZZ (4l) [-5.0e-03, 5.0e-03] 19.6 fb™ 8 TeV
— ZZ (212v) [-3.6e-03, 3.2e-03] 24.7 to” 7.8 TeV
- ZZ (41,212v) [-3.0e-03, 2.6e-03] 24.7 b 7.8 TeV
— ZZ (41) [-1.2e-03, 1.3e-03] 359" 13 TeV
I | 77 (41,212v) [-1.0e-02, 1.0e-02) 9.6 b’ 7 TeV
fZ f i ZZ (41,212v) [-1.3e-02, 1.3e-02] 4.6 " 7 TeV
4 — Z7 (41,212v) [-3.3e-03, 3.2e-03] 20.3 10" 8 Tev
— ZZ (4) [-1.5e-03, 1.5e-03) 36.1 fb 13 TeV
P ZZ (4l) [-4.0e-03, 4.0e-03] 19.6 b 8TeV
I ZZ (212v) [-2.7e-03, 3.2e-03] 24.7 b1 7.8 TeV
— ZZ (41,212v) [-2.1e-03, 2.6e-03] 24.7 fo 7.8 TeV
— ZZ (41) [-1.2e-03, 1.0e-03] 35910 13 TeV
I | ZZ (41,212v) [-8.7e-03, 9.1e-03] 9.61b" 7 TeV
v } i ZZ (41,212v) [-1.6e-02, 1.5e-02] 461’ 7 TeV
f5 — ZZ (41,212v) [-3.8e-03, 3.8e-03] 20.3fb" 8TeV
— ZZ (4) [-1.8e-03, 1.8e-03] 36.11b" 13 TeV
_ ZZ (41) [-5.0e-03, 5.0e-03] 19.6 fo' 8 TeV
— ZZ(212v) [-3.3e-03, 3.6e-03] 24.7 fo” 7.8 TeV
— ZZ{41,212v) [-2.6e-03, 2.7e-03] 24.7 b 7.8 TeV
— ZZ (4) [-1.2e-03, 1.3e-03] 35.91b" 13 TeV
I i ZZ (41,212v) [-1.1e-02, 1.1-02] 9.6 b’ 7 TeV
fZ I i ZZ (41,212v) [-1.3e-02, 1.3e-02)] 4.6’ 7 TeV
5 — ZZ (41,212v) [-3.3e-03, 3.3e-03] 20.3fb" 8TeV
— ZZ (4l) [-1.5e-03, 1.5e-03] 36.11b" 13 TeV
—_ ZZ (4) [-4.0e-03, 4.0e-03] 19.6 fb! 8TeV
— ZZ (212v) [-2.9e-03, 3.0e-03] 24.7 fo”! 7.8TeV
— ZZ (41,212v) [-2.2e-03, 2.3e-03] 24,7 fo” 7.8TeV
— ZZ (4l) [-1.0e-03, 1.3e-03] 35910 13 TeV
| I i i |zz (41,212v) [-9.1e-03, a.se-uF] 9.6 b’ 7 Tev
| | | | | | | | | | | | | |
-0.02 0 0.02 0.04 0.06

aTGC Limits @95% C.L.
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What’s In store?

= With no significant deviations from the SM — new physics (if any)
must be moderately “decoupled” (i.e. at higher energies)

= A programme of EFT measurements allows to evaluate the SM as
a whole and to characterize it globally, possibly shedding light on
whatever comes next (as LEP did for the Higgs)

= Experiments moving slowly from non-Higgs LEP-style EFTs and
Higgs characterization models to a more comprehensive
programme

= Above all: in the process of exploiting currently incoming data —
measuring some processes for the first time!
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Triboson

VBS/VBF

Observed Significance of Selected Standard Model Processes

Status: May 2017

PP — WWy / WZy 4
(STDM-2016-05, 8 TeV, 20.3 fb) | 160
PP — WWW 0% Run 1,2 Vs=7.8,13 TeV
(arXiv:1610.05088, 8 TeV, 20.3 fb'|, ; 1.05 6 5 - Observed Significances
pp — Wyy _ '-
(arXiv:1503.03243, 8 TeV, 20.3 fb|, 1.8 6 : Expected Significances
pp — ZyYy — 6.0
(arXiv:1604.05232, 8 TeV, 20.3 fb |, : : : 4.4 G
pp - WWZ 0006 5
: : :3.00
pp — WZZ 000
____________________________ 5 5 :3.00
pp = vy > W'W’ I 3.0 ¢
(arXiv:1607.03745, 8 TeV, 20.3 fb'|, | 006 |
pp — WZ jj (EWK) . 186 0
(arxiv:1603.02151, 8 TeV, 20.3 fb°] 11.026 |
pp — Zv jj (EWK) —200'
(arXiv:1705.01966, 8 TeV, 20.3 fb'|, 1.86 : :
pp — W W jj _ 3. 6 o
(arXiv:1611.02428, 8 TeV, 20.3 fb'|, 230 |
pp — ZZjj 0.00 : : 5
______________________________________ ] a-olcl | | | | 1 | | | | 1 1 | | | | 1
0 1 2 3 4 5 6 7
Significance
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Conclusions

Diboson cross sections measured with great precision O(5%)

Only NNLO predictions can describe these processes up to
this level of precision

Diboson production sensitive to new phenomena
Stringent constraints set — so far no hints for new physics

Looking forward to new measurements and improved physics
Interpretation
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Backup slides
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The Standard Model's biggest triumph

= 1961 Glashow: Unification of electromagnetic and weak force
= 1964 Brout, Englert, Guralnik, Hagen, Higgs: Higgs mechanism
= 1967 Weinberg, Salam: Mechanism of electroweak symmetry breaking

2 g
v=(v2Gp) ? ~ 246.22 GeV a= = sin Oy = —
e pe Nare
1/2
T O, 1

radiative corrections
Ar~3 %

W%@W
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How do we investigate the Standard Model?

Proton Collisions Diboson Production

® o
\ New
physics Decays into
. further particles
/ modifies P
- Interaction
. . N
Quarks, gluons, Dibosons
photons, W/Z bosons WW final states most sensitive
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How do we investigate the Standard Model?

Cross section: measure of probability of
process to happen (strength of interaction)
(unit: area)

Luminosity: How many colliding particles cross
per unit area and second (how much could
happen?) (unit: 1/(areaxtime))

Integrated Luminosity: size of data set
(unit: 1/area)
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Detector and Performance

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter leta] < 4.5
i

leta] < 2.5 /\ “

''''''

/ ! \ N I
letal < 2.5 Toroid Magnets  Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker
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