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Fundamental Questions
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Back to work...
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Is it “THE” Higgs?

** Does the Higgs play by the “Standard Model Rule-Book”?

¢ Can depict particle interactions in simple pictures:
“Feynman diagrams”. The cast:

—— O Uarks (g), electrons, muons, ...

AN/\N\NN\ Photon (y), W & Z bosons

- o on em o= = = Higgs (H)

*»* The Standard Model of particle physics dictates how above
lines can be put together: who can interact with whom?
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Vector Boson Scattering

q Qtag
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Vector Boson Scattering
q Qtag
4 V=W/Z
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Vector Boson Scattering
q Qtag
é V=W/Z
K
Interactions

—-- M’T’f V-Higgs
L P ad oV Interactions

+*»* Quartic self-interactions of W/Z never observed before —
untested territory!

W w w w w w W W
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Vector Boson Scattering
q Qtag
é V=W/Z
K
Interactions

—-- w V-Higgs
L P ad oV Interactions

+*»* Quartic self-interactions of W/Z never observed before —
untested territory!

W W W W W W W W
Y gl Z Y 7 7Z W W
¢ Quartic self interactions just involving y/Z forbidden...
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¢ No Higgs:

Why the Higgs part matters
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Why the Higgs part matters
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Why the Higgs part matters
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What we measure in ATLAS...

Standard Model Production Cross Section Measurements  swius: Juy 2014
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Data selection

Looking for extremely rare processes:
W*W* ->WHW*happens every
~100,000,000,000,000 collisions!
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Data selection

Selection of 100 ‘best’ events/s:
40 MHz, 1 PB/s

75 kHz, 75 GB/s

~100 Hz, ~¥100 MB/sec
~10 TB/day, 1 PB/yr recorded data
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A Global Computing System

** Worldwide LHC
Computing Grid

** 170 computing centers

4

1)

* 40 countries

L)

4

L)

* National and international
grid computing projects

L)

*»* 2 million jobs run every day

© GridPP/Imperial
College London

Marc-André Pleier 21/38 Brookhaven National Laboratory



ATLAS World-Wide Computing Grid

g ~ 70 sites:
-« CERN Tier0,
10 Tier-1s,
e ~40 Tier-2 federa-
tions

'NDG
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WEW=-> WEWH= Fingerprint

Quark turning into spray of particles (jet)

etoru®
Neutrino v, appears as “missing energy”
torpt

Neutrino v, appears as “missing energy”

Quark turning into spray of particles (jet)

*** Two jets in forward-backward constellation in detector
“* Two energetic leptons (e* or u*) of same electric charge
** “Missing energy” due to neutrinos escaping undetected
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VVijj classification

¢ pure electroweak VV jj production:

VBS diagrams (what we’re after):
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VVijj classification

¢ pure electroweak VV jj production:

VBS diagrams (what we’re after): non-VBS diagrams, gauge invariantly

P sand

suppressed by
kinematic cuts

0 o

strong” VV jj production:
gauge invariantly separable, suppressed by kinematic cuts
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WBS Channels to Study

** LO WBS cross sections for pp collisions at 8 TeV, split by final state,
EW and QCD contributions (sHerpa w/ p- (1) > 5 GeV, m, > 4 GeV, p; (j) > 10 GeV)

Final state W o, (EW) [fb] | oy, (QCD) [fb]
/*v Iv jj (opposite sign) WW- + ZZ 94 3192
00 0%V jj W=Z 30 687
A AN AT 77 2 106
/Ev (*v jj (same sign) WEW* 20 19
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WBS Channels to Study

** LO WBS cross sections for pp collisions at 8 TeV, split by final state,
EW and QCD contributions (sHerpa w/ p- (1) > 5 GeV, m, > 4 GeV, p; (j) > 10 GeV)

Final state W o, (EW) [fb] | oy, (QCD) [fb]
/*v Iv jj (opposite sign) WW- + ZZ 94 3192
0 0=V j W=Z 30 687
AT | /7 2 106
/Ev (*v jj (same sign) WEW* 20 19

+ Same-sign requirement suppresses Z, top backgrounds

‘ + Greatly reduced QCD background

- Understand charge-mis-ID, jets faking leptons
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W*W-jj Background Sources
I Electroweak WWjj
B Strong W]
B Prompt |

o . [ ] g;lvrer:n-prompt
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0 WH+jets, semi-leptonic tt decays, multi-jet events
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Background Control Regions

*»* Test background modelling with dedicated control regions

= prompt background: trilepton control region (invert 37 lepton veto,

drop cuts on m;, Ay;)

= conversion and prompt backgrounds: control region with at most one
jet (“< 1 jet”)

= non-prompt leptons from top: at least one jet identified as b-jet

= combined background model: invert m; selection
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Background Control Regions

*»* Test background modelling with dedicated control regions

prompt background: trilepton control region (invert 39 lepton veto,

drop cuts on m

iy ijj)

conversion and prompt backgrounds: control region with at most one

jet (“< 1 jet”)

non-prompt leptons from top: at least one jet identified as b-jet

combined background model: invert m; selection

Control Region | Trilepton <1 jet b-tagged Low m;
efer  exp. 36 +6 278+28 40+6 76 + 9
data 40 288 78
eyt exp. | 1104+ 18 288 +42 75+13 127 £16
data 104 328 120
uEuE exp. 60+ 10 88 +14 25+7 40 + 6
data 48 101 30
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Background Control Regions
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What do we see?

¢ Final selection — requiring forward-backward jets:
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What do we see?

¢ Final selection — requiring forward-backward jets:
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What do we see?

¢ Final selection — requiring forward-backward jets:
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What do we see?

¢ Final selection — requiring forward-backward jets:
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What do we see?

¢ Final selection — requiring forward-backward jets:
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Observed events 34

15F

10

Published in PRL:
S Phys. Rev. Lett. 113 (2014) 141803

IIII|IIII|IIlI|IIII|II

0 1 2' 3 4 5 6 7 8
Jet separation (fwd-bkwd) ny

+¢* First evidence (3.6 o) for EW WWijj production
o™ =1.3+0.4(stat) £0.2(syst)fb SM:c™" (NLO)=0.95+0.06fb

WEWEjj wiwtj

+** First access to WWWW vertex

+» Starting point of VBS program at LHC!
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W*W-jj = ¢vivijj candidate event

Ay;;=6.3
protons




Exploring the unknown

** Wealth of models propose extensions to Standard Model
(which is known to be incomplete):

new boson “X”
new

boson
llX”

¢ Can search for specific models, or do a model-independent
search for modifications from the Standard Model:
“Effective Field Theory”

¢ “New Physics” will modify production rate and kinematics of
decay products
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First constraints on New Physics

*¢» Use our measurement to constrain admixture of anomalous
couplings a,, o (both =0 in Standard Model):

5“') _IIIIIIIIIIIIIIIIIIII IIIIIIII IIIIIIIIIIIIIIIlIIII
B ATLAS
0.6 20.3fo",\s =8 TeV
0 4 pp — W W' jj
r K-matrix unitarization
0.2
of

-0.2[~ confidence intervals

_ 68% CL
04— o
- []95% CL
-0.6—~ —expected 95% CL

X Standard Model

04 03 02 01 0O 0.1 02 03 04
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First constraints on New Physics

*¢» Use our measurement to constrain admixture of anomalous
couplings a,, o (both =0 in Standard Model):

= AL BUELALEL BRI BRI B B LA B ELE L I

B ATLAS N .

0.6 203 vs—sTev 1 1D 95% CL intervals
- WEWE i N .

0.4 :_ f(F-)m_a)trix unitaijrization _: eXpeCted .

0.2 3 -0.10< 0.< 0.12

of ] -0.18 < 0,< 0.20

'0-2:_ confidence intervals _: ObserVEd:
- [68% CL : _

045 Hos oL - 0.14 < 0.< 0.16

—0.6:— — expected 95% CL _: -023 <0< 024
¢ Standard Model Y ] (respective other o= 0)

-04 -0.3 -0.2 01 0O 0.1 02 03 0.4
0y

¢ First limits on anomalous quartic couplings
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First constraints on New Physics

% Use our measurement to constrain admixture of anomalous
couplings a,, o (both =0 in Standard Model):

= AL BUELALEL BRI BRI B B LA B ELE L I

B ATLAS N .

0.6 203 vs—sTev 1 1D 95% CL intervals
- WEWE i N .

0.4 :_ f(F-)m_a)trix unitaijrization _: eXpeCted .

0.2 3 -0.10< 0.< 0.12

of ] -0.18 < 0,< 0.20

'0-2:_ confidence intervals _: ObserVEd:
- [68% CL : _

045 Hos oL - 0.14 < 0.< 0.16

0.6 — expected 95% CL _: -023 <0< 024
¢ Standard Model Y ] (respective other o= 0)

-04 -0.3 -0.2 01 0 01 02 03 0.4
0y

¢ First limits on anomalous quartic couplings
¢ Scale of new physics: A >500 - 650 GeV
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CMS W*W-+jj result

¢ Final selection (same signature, different cuts): [PRL114 (2015) 051801

cms 194fb {BTeV}
L L

—-—Data

WHEWH)

[ Other Bkgs. 1

0 Nonprompt —

m w7

Events / bin

=5
o
T T T

SRR i
NSSSSSSSS

0
500 1000 1500 2000
Dijet Mass m, (cev)

¢ Significance for EW WWijj production: 2. 90 (exp), 1.90 (obs)
o o™ =4.0%(stat) To(syst)fb SM:c™ (NLO)=5.8+1.2fb

wEwdjj wEwdjj
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CMS W*W-+jj result

¢ Final selection (same signature, different cuts): [PRL114 (2015) 051801

CcMS 194fb {BTeV} 1DDDCMS 194 b7 (8 TeV)
- A
2 W T e
= i [ Other Bkgs. 7 - e« SM
& 10 - I Nonprompt — 500~
i B Wz 1 _
N ) [}_—
N | _
s N :
SN ] =0or
RSN \&\\\% B
0 i
500 1000 1500 2000 Aopolpk bl ol ol
Dijet Mass m, (cev) Fso
¢ Significance for EW WWijj production: 2.90 (exp), 1.90 (obs)
* o =4.07(stat)p(syst)fb SM:io™ (NLO)=5.8+1.2fb
w* W—jj W- W—"

¢ Limits on anomalous guartic gauge couplmgs (EFT model)
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CMS W*W-+jj result

¢ Final selection (same signature, different cuts): [PRL114 (2015) 051801

CMS 194fh {8 Te‘uf} CMS 19.4 fb" {8 Te‘u’}l
_E T T T T | T T T T | E | T 11 | T T 17T | L | T T |
2 - Dﬂtﬁ | = [ VBFH"_ww* === Observed
:; WHEWEj T o -'I --- Median expected
E B [ Other Bkgs. 7 - [ Expected+ s .
> 10+ I Nonprompt — | 200 Expected+ 2o _
w i oWz - yey = 35 GeV i
[ 1 | T == vev =25 GeV
" —— vev=16 GeV
Q \ ] .
W _|
s A _
AR ]
DO AN
0 -‘T__--_-T-_T'lﬁ-['-l—r-!—r—r—-'l—l-:l-ﬂj
500 1000 1500 2000 500300 400 500 600 700 800
Dijet Mass m, (cev) m,.. (GeV)

¢ Significance for EW WWijj production: 2. 90 (exp), 1.90 (obs)
“ o =407 (stat) 5(sys)th SM:o™" (NLO)=5.8+1.2fb

X L|m|ts on anomalous guartic gauge couplmgs (EFT model)
*»* Explicit BSM (Georgi-Machacek) model test: doubly-charged Higgs

Marc-André Pleier 32/38 Brookhaven National Laboratory


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.051801

LHC Run Plan

Marc-André Pleier
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!
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LHC Run Plan

Marc-André Pleier

*¢* Plan in 2015:

= “50nsramp-up” data (<~1 fb1) in June
= 25ns dataup to ~15 fb?! starting July

s =7-8 TeV
1077-7.10" fem? s

Phase-0 Upgrade

Vs = 13 TeV

A, 3
107 fem”™ s

Vs = 14 TeV

23107 em? «

Vs = 14 TeV

5 7107 %em® s

!

Phase-I Upgrade

Phase-II Upgrade

2010 2012 2014 2016 2018 2020 2022 2024 2026
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LHC Run Plan

Marc-André Pleier

*¢* Plan in 2015:

= “50nsramp-up” data (<~1 fb1) in June
= 25ns dataup to ~15 fb?! starting July

Vs =7-8 TeV

1087710 fem? s

C.oww X 3.5

9

Phase-0 Upgra
Phase-I Upgrade

Vs = 13 TeV

A, 3
107 fem”™ s

Vs = 14 TeV

23107 em? «

Vs = 14 TeV

5 7107 %em® s

!

Phase-II Upgrade

2010 2012 2014 2016 2018 2020 2022 2024 2026
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Looking forward

** What could we see w/ 15 vs.
150 times the current dataset?

[ATL-PHYS-PUB-2013-006]

w =
2 - ATLAS Simulation Prellmlnary . VBS ssWW (SM) S
T 3500 —]
L = J L= 3000 fb' - SM VBS ssWW + 7
3000F _ fs0 =10 TeV* -
25005 . SM ssWW QCD
20003— SM WZ + mis-ID _f
15000 =
1000E- =
=
1 2 3 4 5
m,, [TeV]
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Looking forward

** What could we see w/ 15 vs.
150 times the current dataset?

[ATL-PHYS-PUB-2013-006]

w =
2 - ATLAS Simulation Prellmlnary . VBS ssWW (SM) S
T 3500 —]
w = J L= 3000 fb' - SM VBS ssWW + 7
3000F _ fso =10 TeV* -
25005 . SM ssWW QCD
20003— SM WZ + mis-ID _f
15000 =
1000E- =
s B

1 2 3 4 5
[TeV]

jj||

** Gain in sensitivity (50 aQGC
discovery) for HL-LHC:
factor of two.
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Looking forward

** What could we see w/ 15 vs.
150 times the current dataset?

[ATL-PHYS-PUB-2013-006]

-g § ATLAS Simulation Prellmlnary . VBS ssWW (SM) S
D 35005_ J-L 3000 5" “ SM VBS ssWW + ]
3000F _ foo=10 TeVv* -
2500%_ . SM ssWW QCD _%
2.300;_ SM WZ + mis-ID _§
1500 =
1000F- =
—
i 2 3 4 5
m,, [TeV]
** Gain in sensitivity (50 aQGC
discovery) for HL-LHC:
factor of two.
Marc-André Pleier
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*** What could we gain running at
100 TeV rather than 14 TeV?

70000

B0000

Events/bin

50000

40000

30000

20000

10000

i CIPAUASIO s A

f,,=0.001 TeV* —
1s= 100 TeV

ssWW (SM) j‘ Ldt— 3 ab”

y

SM background

|IIII|IIII|IIII|IIII|IIII|IIIIL

STTTT

0.1

0.2 0.3 04 0.5 0.6 0.7

log,, My flog,  (TeV)]

** Gain in sensitivity (50 aQGC
discovery) for 14—100 TeV:
factor of one hundred.

Brookhaven National Laboratory
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October 2014 @ BNL

MULTI-BOSON INTERACTIONS
WORKSHOP

October 28-30, 2014 * Brookhaven National Laboratory * bnl.gov/mbi2014

TOPICS Munl—oc-,on Inferactions In VBS, VB WV & VV production
eory status of SM pro 5
E)'l;-mrrr‘ntal status of measuremen
A lous: s, EFT and BSM py
Unitarization |
Prospects at 13 TeV LHC and beyond
Monte Carlo generators

ORGMGIZINGCM‘!MITTEE WORKSHOP COORDINATOR
A Ui Felerbend
Michosd Eobel (T Dresasn) (rgen i (DESY) TRt gov
Uncisoy Groy (FMAL Sabine Lammers (indiana Uni) ( 1) £31-344-4887
Maitihow Hormdon (Univ. of Wisconsin)  Hong Ma (BNL)
‘ShirvChieh Hsu (Unhv. of Washinggon)) Yurl Marovin (Konsas Sate Univ)

Marc-André Pleier 35/38 Brookhaven National Laboratory



October 2014 @ BNL

Aol

.More information: htfps://irid'icb.an‘._go.\I//event/mbi_ZOM _
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October 2014 @ BNL
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[arXiv:1304.1151]

More Information:

Marc-André Pleier Brookhaven National Laboratory


https://indico.bnl.gov/event/mbi2014
http://arxiv.org/abs/1304.1151

What we see so far...




What we see so far...

... more data will help ...
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« Many open fundamental questions in physics, today:
*Does the Higgs do its job as expected in WBS?

First ever results on WBS, involving a WWWW vertex

«13/14 TeV data will allow more detailed study of quartic vertex




Helmholtz Alllance

Multi-Boson Interactions (MBI) 2015
° Many open fu 2-4 September 2015 '

*Does the Hig=2= s

*First ever resulteg

«13/14 TeV data

Shof NLO/NNLO mmm*ii?ﬁ“'ﬂ

L WV scattering, Vector boson fnmnn
- E ak Sudakovs and showers =
- Higgs Effective Field Theory :
- Unitarization: methods/resonances/ 3 :

coupled channels ; E
- Monte Garlos and other Tools "_'.e'. .':-_-“'--_ m@:&%m
- Hectroweak Precision Tests s = ™ Sadenius [DESY), Anja Veet (T Drestien)

Ragiziration desdline: 15 August 2015
Please register at the workshop webpage:

http://mbi2015.desy.de




What we know Is a drop, what we don't know Is an ocean.
Isaac Newton (1643 - 1727)
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