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Diboson Physics

— Cross-Sections & Anomalous couplings

Experimental Considerations
— Datasets, Triggers, Objects, Backgrounds

Measurements
— Cross-Section measurements & comparison to theory
— Anomalous Triple & Quartic Gauge Couplings
— Summaries (>50 ATLAS & CMS publications in this area !)

> Few more details on recent results (14 in last 6 months !)

Future Prospects
— Upgrades & projected sensitivity
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Standard Model Production Cross Section Measurements
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Status: March 2017
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Compact Muon Solenoid
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Total Cross-Section dominated by QCD effects
— Test higher order QCD calculations: (N)NLO

EWK production enhanced in certain regions
— Test higher order QED, nature of EWSB, gauge structure of the SM and beyond

H. Evans
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Compact Muon Solenoid

Lowest Order
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Anomalous Couplings

Only certain multi-gauge-boson couplings are non-zero in the SM
— Tree-Level TGCs: WWZ, WWYy
— Tree-Level QGCs: WWWW, WWyy, WWZZ, WWZy
— Beyond SM physics can modify these couplings or lead to new ones

Anomalous couplings are probed using Effective Field Theory
= Dimension 6 Operators ==> Triple Gauge Couplings
— Dimension 8 Operators ==> Quartic Gauge Couplings

D=6 D=8
B ¢ [s; IT,;j far
JCEFT = JCSM + Z F@@' + Z FOSJ + Z FOT"}; + Z Ad OM,j
i=WWW,W,B,dW,0B j=1,2 §=0,...,.9 §=0,...,7
Only Ducb Only Field Strength D“cb + Field Strength
— EFT only valid to New Physics Scale (A) .
S
> Can use Form Factors to model cut-off: f = f 1+X

IIJ H. Evans Dibosons & VBS - SM@LHC: May 2, 2017 6



Experimental Considerations
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2010
2011
2012
2015
2016

45 T T T T T T

7 TeV

7 TeV
8 TeV
13 TeV
13 TeV

ATLAS Online Luminosity
2011 pp Ys=7TeV

— 2012pp V5=8TeV

— 2015 pp s=13 TeV

— 2016 pp s =13 TeV

Delivered Luminosity [fb™']
(o]
o

ot
Month in Year

23 /172

uoneiqy:

CMS

Data Sets

Compact Muon Solenoid

50 ns 0.048 0.045 0.045 0.041
50 ns 5.5 5.1 6.1 5.6
50 ns 22.8 21.3 23.3 21.8
25 ns 4.2 3.9 4.2 3.8
25 ns 38.5 35.6 40.8 37.8

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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Diboson Building Blocks

Representative threshold cuts on objects used in diboson analyses

Photons
- E;>15-25 GeV

Leptons (W = ev,uv ; Z - ee,uu)
— Electrons: p; > 25 GeV (lower for dileptons, e.g. > 17/12 GeV - CMS)
— Muons: p; > 25 GeV (lower for dileptons, e.g. > 17/8 GeV - CMS)
— Taus: generally not reconstructed for these analyses
Jets (W/Z = qq ; other jets in the event)
— Forward: E; > 30 GeV
— Resolved (V = jj): E; > 25 GeV
- Merged (V = J): E; > 200 GeV
Missing Energy (Neutrinos)
- E;miss > 40-100 GeV

IIJ H. Evans Dibosons & VBS - SM@LHC: May 2, 2017 9



EWK: QGC QCD Diboson
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Distinguishing characteristics of events with multi-boson vertices

— Forward jets: Anomalous Couplings:
high m; & Ay;, no color connect. enhanced at high m(VV), p.(V) ...

T T T T T

3 ATLAS SRR ] . CMs fevminy S by (o i cms 191" (8Tev)
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arXiv:1611.02428 arXiv:1703.06095
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Primary triggers used for Diboson analyses: Single Leptons (e/p)

Triggering

— yy results use diphoton triggers w/ E; thresholds: ~35/25 GeV

— Dilepton (ee,up,epn) also used in some analyses

>

ee: 12/12 GeV, pu: 17-18/8 GeV

Representative Single-Lepton Trigger Thresholds

— Note the use of increased thresholds & tighter isolation at higher luminosities

2011 (7 TeV)
2012 (8 TeV)

2015 (13 TeV)

2016 (13 TeV)

llJ H. Evans

3.7
7.7

5.0

13.8

22 GeV

24 GeV (lso)
60 GeV (no Iso)

24 GeV (lso)
60 GeV (no Iso)

26 GeV (lso)
60 GeV (no Iso)

Dibosons & VBS

18 GeV

24 GeV (lso)
50 GeV (no Iso)

24 GeV (Iso)
50 GeV (no Iso)

26 GeV (lso)
50 GeV (no Iso)

- SM@LHC: May 2, 2017

CMS

Dilepton 17/8 GeV

24 GeV (lso)

27 GeV (lso)

27 GeV (lso)

27 GeV (Iso)

27 GeV (Iso)
50 GeV (no Iso)
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Backgrounds & Systematics

CMS

Compact Muon Solenoid

Recent results give good overview of main diboson issues

— All major backgrounds are estimated using data-based methods

ATLAS;@QQE’ 8
CMS 13
CMS 13

CMS
CMS

Usually employing background-enhanced Control Regions

Yy
Z7+jets

77 - 48

Wijj

WW - evpv

Wz - ¢'vee
WW/WZ - 8vqq
WW/WZ - 8vqq
WW/WZ - 8vqq
Wyjj

Zyjj

Zyjj
WH(Ev)W*(Lv)jj
Wyy/Zyy

arXiv:1704.03839

CMS-PAS-SMP-16-017
arXiv:1703.04362
arXiv: 1702.04519
ATLAS-CONF-2016-043
CMS-PAS-SMP-16-012
arXiv:1703.06095
STDM-2015-23
arXiv:1612.09256
arXiv:1702.03025
STDM-2015-21
arXiv:1611.02428
arXiv:1704.00366

Fake y (j=>m%n)

Z+jets, WZ+jets
tt + Wt, multijet
tt+ Wt

Mis-ID leptons
W+jets

W+jets

W+jets

QCD Wy+jets, W+jets
QCD Zy+jets, Z+jets
QCD Zy+jets, Z+jets

WZjj
Jet/e - y mis-id

Photon ID efficiency

¢ efficiency, trigger eff
Jet related

Jet related

Mis-ID € bgrd, trigger eff
W+jets, V-tag

W+jets

Jet related

W+jets, mis-ID j—>e
QCD norm, Fake photon
Jet related

Jet related

Jet - y mis-ID

Dibosons & VBS - SM@LHC: May 2, 2017 = final since Moriond 12




Cross-Section Measurements
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Compact Muon Solenoid

Status: March 2017 JLdt

jfor1]  Reference March 2017 CMS Preliminary
: : ‘, ,‘ : 2 4.9 JHEP 01,086 (2013) T T T T T T T T T T T T T T T
L IT“‘S Fielul 45 CRTRE, CMS measurements 7oV CMS measurement (stal statssys) ——o——
et = i
Zy—tly un12 v5=7,8,13TeV - ;2;@322}7]%‘3% 1}2%%—3:1 vs. NNLO o) theory 8 TeV CMS measurement (stat,stat+sys) +—+—e—+—
i 203 PAD S, 112002 (3018 13 TeV CMS measurement (stat,stat+sys) ——e—+—
= [Mee = 0] 46 PRD 87, 112003 (2013) P
SEP IR 203 PRD 93, 112002 (2016) T o 1.06£0.01£0.12 5.01b
¥ PRD 87, 112003 (2013) .
WV - fvqq :_g JHEP 01, 049 r20[15> . WY: (NLO th.) [ iy o+— ] 1.16+0.03+£0.13 50fb 1
ww 200 mem vepog Zy, (NLoth) o 0.98+0.01+0.05 5.01b"
87, 112001 (2013) =
e Zy, NLOth) Hee 0.98+£0.01£0.05 19.5fb"
~WWosen, e = 0] ke bl WW+WZ —f——+— 1.01+0.13+0.14 491b™
—WW-sey, [njee > 0] NNLO QCD 4:6 PRD 91, 052005 (2015) ww ——O———f 1 07 + 004 + 009 49 fb'1
—WW-oep, [njee = 1] 20.3 PLB 763, 114 (2016) .
; BB woaoo | a2 pREmEL. ww — 1.00+£0.02+£0.08 19.4 fb"
wz 203 (e E016) )
LHepp \E=7Tev | 46 ISl ww e 0.96+0.05+0.08 2.3 fb"
-WZosevee == S wZz o 1.05+0.07 £0.06 4.9 fb"
stat @ syst ¥ PRL ﬂrﬁ ’10‘8?512016\ -1
2z lHcpp iasmev. | sos mbh wZz —E—— 1.02+0.04+0.07 19.6 b
e 46 PETRESY wZz — e = 0.80+0.06 +0.07 2.3fb"
o state syst 203 JHEPO1,088 (2017) 77 P — 0.97+0.13+0.07 4.91fb"
LHC pp Vs =13 TeV 46 JHEP 03,128 (2013) X T y
—ZZsttwy o O s IR zZz - 0.97+0.06 £0.08 19.6fb
3 stat® syst 203 PLB 753, 552.572 (2016) ZZ e 1.10+£0.04 £0.05 35.9 fb-1
—ZZ'->4 46  JHEP 03,128 (2013) | ) ) ) ) | ) ) ) ) | ) ) ) )
02 04 06 08 10 12 14 16 18 20 22 24 AlPOS s at: | . 15 . 2
. Al resuts at. Production Cross Section Ratio: c,,,/ oy,
ratio to best theory http://cern.ch/go/pNj7 P
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/ https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined

~All recent measurements are systematics limited

Generally good agreement between experiment and theory

- NNLO QCDJimproves agreement substantially in some cases

> |New NNLQ calculations for WZ (arXiv:1604.08576) and Vy (arXiv:1504.01330)

But some features observed in some differential measurements

IIJ H. Evans Dibosons & VBS - SM@LHC: May 2, 2017 14
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otaI and Differential (vs. 6 variables) cross-sections

— Fixed order QCD predictions at NLO and NNLO do not reproduce data well
= Parton-level calc w/ varying jet-mult up to NLO matched to parton shower does

i * T— A . *
a much better JOb (bn=tan(%)sm6n a, = comp of p, transverse to thrust
.S T T T T | T T T T | T T T T I T ]
e Data (16.8+0.8pb) ATLAS ; S 105 ATLAS  5-8Tev,2021" 3 < 4? ATLAS (5=8TeV, 20210
+ . i * Ee Data + stat. i it (5 = -4-Data + stat. unc. -
g. - + 16 band \I§ 8 TeV, 20.2fb %: " ;\ -;-T:taal e:p.au:::rtaimy E = e E ¢ Tottal ex;-aneﬂainty =
o D + 2 ¢ band Q 1 O E ., 2yYNNLO (NNLO) - -4'9 sl 2yNNLO (NNLO) i}
o s E %, - SHERPA 22.1 (ME4PS atNLO) 3 gl 10 e ._’F.SHERPA 221 (ME+PS at NLOJ S
S oF '0, _E © F .- ]
g Sherpa 2.2.1 (ME+PS merged at NLO) 10 E i T 10k T
o 16.4 31 E e = o) E "g
4% pb E 3 © F B RS s &
= * 1 = E 10E 40008 ; *4», =
E E 3 = = ) E =
3e) DIPHOX (qq/qg at NLO, gg at LO) gt E : f’u e :
© 10.7%% pb i 1072F 100™4hey, - Ty, ] + 3
= . 2 - . 10*17 o meeeeed ]
= RESBOS (full NLO + NNLL) 4F o 01— e -
=z 12.1 pb . 10 Eoul AR R R Al il i 2
S 15 il T R B AR ol 15F yEmaa| e i
2yNNLO (NNLO) i g
14272 pb e N iy S e L VYR “%ﬁﬂlll
1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 g L fT ‘I— ] B E = TTIIT_TI I ]I ﬂi _I_
0 5 10 % 20 § 090 e meaa i § 05F , .o oL 2
1029028 & 10 10 10 10“¢* 10 1
Integrated fiducial cross section [pb] n ar [GeV]
Precision improved by ~factor of 2 a. & ¢* probe infrared emmission effects

wrt 7 TeV measurement
(JHEP 01, 086 (2013)
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First diboson result with full 2015-16 dataset (35.9 fb-1)

— Good agreement of differential cross-sections with NNLO predictions

CMS 47

= CMS 272v
MATRIX NNLO (qg+qg+9g)
NNPDF3.0, fixed p_= p_=m,

MCFM NLO+gg
L~ NNPDF3.0, fixed h=p =m,

Data/MC

Data /MC

14
s (TeV)

2

CMS Preliminary

] T

35.9 b (13 TeV)
T T T T

£ POWHEGMCFM

£ MGS5_aMC@NLO+MCFM

250 300
pF[GeV]

Compact Muon Solenoid

CMS Preliminar, 35.9 fb' (13 TeV)
>500_\ T ‘ UL L ‘ T T ‘ TTTTW ‘ TTT1T | T 11T | T 11T | T 1T T 1]
[ eatl . il
e @iy o) |
o F + CJa-2z2y ]
;4007 <—fr0m I g9 > 22,2y =
s =E [ ]ZZ+2jetsEWK | -
= Z>48 |aw-z .
L ] tiz, wwz 5

300; I z+X ;
200|— —
100 —

oL JEo e

0 100 200 300 400 500 600 700 800

my, (GeV)

BR(Z-41)=4.74+0.16 (stat) 3> (syst) = 0.08 (theo) = 0.12 (lumi) X 10~°
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Leptonic W/Z decays: WZ - €'v€€ , WW - evpuv

ll\\\llllllllI\\‘\!llllllli\‘\\l E I~ 3
: - R = [ ATLAS Preliminary | —
] o ATLAS Preliminary ATLAS-CONF-2016-043 Pl i =
s=13TeVv, 133" 2‘ $ —4— \s=13TeV, 13.3 fb™ 2
pee | 1.11:0.14 - g =il (S8 ) B8
Wz he] | ® Data o
© ; ]
eup 1.18+0.18 ——+— < LIl W POWheg+Pythla |l
® Data - — @ Sherpa _
== Powheg+Pythia . . =
wua | 1zs5010 wer CTIO Possible tension w/ ; ; .
CMS [080:0:00 — =il — — — — — PLB76612017) H 10‘1 e i il
combined |  1.24+0.09 — o <:| CMS |eptonlc WZ E _______ ; _______
T S I P T e T
OEEOIe T OIS I B F o= T e T s D measur‘ed at 13 TeV B ; $
ofid. | gheory L W2 oveel e
W<Z WZ =
e PR, I
IESSE QIS S aE 2 .E
ATLAS \s=13TeV, 3.16 fo" é i
o + + +
o - ——
m "NNLO+H calculation o joeemces Teeees ek ~hivh s FS AT AR U (e
(fixed-order acceptance) i o 1 P
WW — etv pfv = -
il ?’u(r\)lLOJ,H calcul)ation Fiducial cross section , o 08f
acceptance —
: Good agreement w/pred’s A A T BT R
0 100 200 o0
pata (also in 13 TeV / 8 TeV ratio) p? [GeV]
— 52020450+ 11fb i
‘- :Iz:'+syst i pp — WW sub-process Order of ity A af‘/‘VdWﬂeu G OOd agree m e nt W/
i [ECRUE i ki A TN o [pb] [%] [ -
300 400 500 600 700 qq [9,13] 0(a?) 111.1 + 2.8 [ 16.2040.13 [ 422 T 2 N N N LO+H prEd IC‘L’IOI’\S
ofd [fo] —22 (non-resonant) [33] 0(a?) 6182 = klfiog e = 44.947.2
WW — e g9 — H — WW [67][30] O(a?) tot. / O(a?) fid. | 10.45F 50| 4.5 £0.6 11.0£2.1
qq + gg (non-resonant) + nNNLO+H ‘ 1284 T35 [ 15.87F 017 [ 478 £17
arXiv:1702.04519 -2=f=2%
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Gauge Coupling Measurements
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Neutral aTGCs

Zvy, ZZy, ZZZ couplings zero at tree level in SM
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CMS Preliminary 35.9 fo' (13 TeV) o tovs L=359 1" s=13Tev e L=359m", (s =13 Tev
> e P e i e v s B e s [ ] EL. [ ]
(] | F - . 4
. . . [0} = 1 [ ] r ]
Fits to shape of m__ distrib 3 58 el :
77 2 b oo oo L ] i 1
a L ] L ]
. . GC) 10% I | I i
==> |imits on aTGCs 8 i3 ] i -.
Effective Lagrangian formalism 0002 i 0002 ]
Nucl Phys B 282 (1987)253 S .. : ] : ]
-0.004 5 5545002 o 6.002  0.004 -0.004 5 654 5.002 0 0.002  0.004
1, i
.
Zyy, ZZy: no 13 TeV results yet L77,177y
March 2017 o | |
April 2016 oM — = ATASson: E Channel Limits [Lat s
ATLAS  +— f‘f b ZZ (41212v)  [-1.5e-02, 1.5e-02] 461" 7 TeV
o = Channel ,det Vs 4 i 7Z (41,212v)  [-3.8e-03,3.8e-03] 203167 8TeV
Zy(llywvy) [-1.5e-02, 1.6e-02] 46fo' 7 TeV iy 22 (4)) [-5.0e-03, 5.0e-03] 196"  8TeV
hs g — ZZ(212v)  [-3.6e-03,3.2¢-03] 247" 78TeV
H Zy(lly,vvy) [-9.5e-04,9.9e-04] 203f' 8TeV — ZZ (41,212v)  [-3.0e-03, 2.6e-03] 247"  78TeV
— Zy(lly,vvy) [-2.9e-03,2.9e-03] 50f" 7TeV = (al) [-1.3e-03, 1.3¢-03] 3591 13 TeV ]
v | Zy(Iy) [-4.6e-03, 4.6e-03] 195’ 8TeV C S 1 3 A — 77 (41212v)  [-1.0e-02, 1.0e-02] 96f'  7TeV
H Zy(wy) [-1.1e-03, 9.0e-04] 19.6fb' 8TeV N e W M Te V fz I ZZ (41212v)  [-1.3e-02, 1.3e-02] 46107 7TeV
} ] Zy(lywvy) [-2.2e02,2.0e-02] 51 fb' 1.96TeV i e, = 2::52'2“ 203 1o gﬂ
[ x 1 36-02, 1.4 ) i 196 b e
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New semi-leptonic WW/WZ analyses use merged jets

— More sensitivity to aTGCs in merged jets despite lower EW cross-section significance
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Lower energy scale
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Charged aTGC: Wijj

Compact Muon Solenoid

ew W = ev/uv + 2 forward jets in many fiducial regions with varying EW contrib.
— ATGCs probed using M, > 1 TeV Signal Region (+ p.t > 600 GeV)
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those from WW production

A =4 TeV A =00
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Ag?  [-0.39,0.35]  [-0.32,0.28] [-0.16,0.15] [-0.13,0.12]
Akz [-0.38,0.51] [-0.29,0.42] [-0.19,0.19] [—0.15,0.16]
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Compact Muon Solenoid

CMS WV semileptonic 13 TeV results (2.3 fb-1) nearly competitive
with 8 TeV (20 fb-1)

WWYy Couplings WW?Z Couplings
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New Diboson Results

ATLAS

*#ll\lew W/Zy and WW:+ results all with EW cross-section significances near or above 30

Compact Muon Solenoid

5

— Note that aQGC fits use more more restrictive phase space with higher S/B but lower signal significance

Zvjj 2.00 (1.80 exp) N events in aQGC region 3.00 (2.00 exp)
STDM-2015-21 arXiv:1702.03025
Wyijj --- --- 2.70 (1.50 exp)
arXiv:1612.09256
WEWHj 3.60 (2.80 exp) N events in aQGC region 1.90 (2.90 exp)
arXiv:1611.02428 PRL 114, 051801 (2015)

Best Zyjj limits from v channel
* Improved by 10-30% with inclusion of € modes
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New CMS W(8v)yy / Z(€€)yy production measurements at 8 TeV
— Signal Significances: 2.6c (W) / 5.90 (2)

Channel Measured fiducial cross section
Wyy — efvyy  4.242.0(stat) £ 1.6 (syst) £ 0.1 (lumi) fb
Wyy = pfvyy 6.0 4 1.8 (stat) £ 2.3 (syst) £ 0.2 (lumi) fb
Wyy = Fvyy 494 14 (stat) + 1.6 (syst) £ 0.1 (lumi
Zyy—efe yy 125+ 2.1 (stat) £ 2.1 (syst) £ 0.3 (lumi) fb
Zyy = utyu~yy 128 +£1.8(stat) £ 1.7 (syst) £ 0.3 (lumi) fb
Zyy = (0 yy 127+ 14(stat) £ 1.8 (syst) £ 0.3 (lumi) b
Channel Prediction

Wy — Fvyy 484051

Zyy = LT yy 130+ 156
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consistent w/ NLO theory

aQGC limits (esp. f;,)
improved wrt previous 8 TeV

results

Woyy Expected (TeV %)  Observed (TeV %)
o/ A [—549,531] [—701, 683]
s/ A [—916,950] [—1170, 1220]
fro/ A% [—26.5,27.0] [—33.5,34.0]
fr1/ A% [—34.5,34.8] [—44.3,44.8]
fra/ A% [—74.6,73.7] [—93.8,93.2]
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Compact Muon Solenoid

aQGC: Summaries

New 8 TeV W/Zy jj results ==> significantly improved limits
— Eagerly awaiting first 13 TeV results

f . mixed longitudinal & transverse f_:transverse

v i cMS. — .
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Inclusion of Form Factors
dilutes limits

— e.g. aTGC limits from ATLAS
8 TeV WV - £vqqg increase by
up to 10% for A = o2 - 5 TeV

— However, many limits without FFs
fall in the unitary unsafe region
(at 8 TeV)

aQGCs: f_, f  from ATLAS Zyjj
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Future Prospects
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Upgrade Plans

HiLUmi ’
L-LHC PROJECT

HL-LHC P
LHC
Run 1 ‘ | Run 2 ‘ | Run 3
LS1 EYETS 14 TeV 14 TeV
13 TeV - 13.5-14 TeV energy
injector upgrade 5t07 x
splice consolidation cryo Point 4 limi - nominal
7Tev B8TeV button collimators DS collimation raon HL-LHC luminosity
— R2E project P2-P7(11 T dip.) regions installation
Civil Eng. P1-P5 _\
2023 2024 2025 2026
__”
radiation
experiment experiment upgrade 2 x nominal ‘um‘nods‘at;nage exEeiment
nnnnnnn i ee nominal luminosity I phase 1 +———— ' | upgrade phase 2
luminosity | /_
30 fb™! 150 fb™! [ 300 b | ikl

Drivers of the Upgrades

— Radiation: tracking systems, some muon (ATLAS) & calorimeter (CMS)
detectors, electronics

— Event Complexity (pileup): trigger & DAQ systems, electronics
High-Level Goals of the Upgrades (Phase-1 & HL-LHC)

- Maintain performance of object (e,u,t,jet,E,mis,...) identification/reconstruction

at Run-1 levels in the challenging HL-LHC environment
==> very stringent requirements on detectors, electronics, trigger, readout

IIJ H. Evans Dibosons & VBS - SM@LHC: May 2, 2017 28
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Diboson Projections

Important Considerations for Diboson/Gauge Coupling Analyses
— Lepton triggering: complete overhaul of trigger systems
= Pileup rejection for forward jets: extend tracking |[n| =2.5 > 4.0
Both ATLAS & CMS have made diboson projections
— Input to HL-LHC detector design/optimization

vs/Lumi  8TeV/20fb?  14TeV/3000fb?  8TeV/19 fb? 14 TeV / 3000 fbt
Ao/o 36% 4.5% 66% (1.90) (2.750)
Reference  ArXiv:1611.02428 ATL-TDR-025 (2017)  PRL 114 (2015) SMP-14-008 (2016)
O ATLAS Sruaton D wwien s anEE e

I wz/y* (QCD+EW)
[ other backgrounds |
10 = With forward tracking [ w'wj (acD) =

Vs = 14 TeV 3000 b, <u==200

[ WW WZ combination

Expected significance (o
w
T

—— Phase 1 50 PU
--- Phase | aged 140 PU

— Phase Il 140 PU

ATLAS-TDR-025
SMP-14-008

IR e
0 2000 4000 6000

0
Leading jetn VBS - SM@LHC | Luminosity (fo) 29
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: CMS /|
Conclusion

Diboson measurements provide a very sensitive test of the SM
— Higher order QCD calculations: inclusive & differential cross-sections

— EW symmetry breaking mechanism: TGCs and QGCs

NNLO QCD calculations generally improving agreement with data
over NLO

— But some areas where problems still seen

Sensitivity to aTGCs and aQGCs improving significantly
— Use of boosted topologies
— Addition of 13 TeV data

Prospects for diboson physics at HL-LHC are bright !

IIJ H. Evans Dibosons & VBS - SM@LHC: May 2, 2017 30
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aTGC Coupling Representations

T

2
7 _q my
=l+ew—5
g] 2A_2
2
My
W
ky =14 (ew + ¢B) —5
ma,
kz =14 (¢ — cptan? 914:)2—1{[2’
‘ Z V4
392”3,2 Aglzgl_l
_ e W Ax, ,=x, ,—1
Ay = Az = ewww = ANy 2=Ky
: Agi=AxK,+tan"6, Ax,
vi_ V _
91 =95 =0
. m%i,,
Ry = Oy s
2A2

. 'm%i;

Kz = —cy tan’ QWW

3g°mi;

A=Az = CWww gne arXiv: 1309.7890

Dibosons & VBS - SM@LHC: May 2, 2017 32



2
-]
2
s
-3
]
<
§
S
b=
3
§
\ 2
\ £
\ 5
S

ATLAS yy — 8 TeV

Two methods used to distinguish yy signal from fake-y bgrd

— . . . ’
2D fit to isolation of the two y’s S
210 ATLAS E
- . . £ Vs=8TeV,20.2fb"
matrix method for events that pass/fail o i
. . . % -4 Data |
isolation requirements 5 R
3 .
== i 10 j+y+]j
==> consistent results Bvi+iy +
Blee
. 1072
> Z<103| T T 3 %) ;<10 : ' : I :
& 355_ + Data ATLAS _g G 30F +Data ATLAS ] 102 1 102 10* )
% 305 _Full model (s=8Tev,202fb" 1 & p5F — Fullmodel Vs=8TeV, 202" ] ¢
0 25 ;_ Syst. unc. —; E E Syst. unc. m
g 203_ == _E g 205— i E — =y T T T T T T |
T B e = £ 10fk.  ATLAS Vs=8TeV, 202 fo"
ey E e i =i B 2
10 ;— ...... LY —; 10 E_ ....... ” = g 1 04 :!:‘.\. 3 Blit’ljloxpiqq/qgnat l\}{O, gg at LO);
5 E_ = _E 5:_ i -8 ;_ —::._:RESBOS (NLO + NNLL) _;
P R = 0 Bt o T g 10%F R, 1
g 12 T T T T T 8 1.2 == o —:_._ —
o i 2 1 oo E 1 - B
S 1§++ﬂ+*‘*...‘ " E 1 '++‘+‘+'+"-$—O-M*'°‘°'H"": E 200 — bz
= © E o 3
§ 08 +-4 = 5 : - 3 08Bl - 5 5 o 10 -wo""*-....% 3
E9 [GeV] T2 [GeV] 10; S =
< [T T T T T T T 7
g 2 ‘;
:: 11«-5: -4+ +
S5 ot ]
- 18’2 ‘ “‘1(‘)’1‘ H1 7 ‘1‘0 ;02‘ ‘1”03 1‘04‘ *
‘Dﬂ
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CMS ZZ - 4€ - 13 TeV

Tiny background levels in this analysis

— measured using a sample of

CMS Preliminary

mainly for jet - € mis-ID

Z+8 . 44ate €VENLS iN data

> with relaxed €, 4iate 10

35.9fb" (13 TeV)

> 600F—T T LA R L B B ) B R
) L |
(D [ -
o [ [—+Data % i
N5 |1 qa »2Z,2Zy" _]
o [ | gg-2zz7y .
C [ |[]Zz+2jets EWK 1
S [ | Hszz ]
8400~ | [ tiz, wwz -
N L | z+X i
300/ .
200/ .
100/ .
0 I BRI B o T N

0 20 40 60 80 0 120
my, (GeV)

Compact Muon Solenoid

Decay Expected Background Total Observed
channel Ny expected
4y 2655+13+84 | 52+08+15 | 270.7+£1.5+8.6 290
2e2y | 4254+1.6+175|190+18+34 | 4444+24+181 465
4e 650 10109 118 el et D8 2 1 8:E 1114 175
Total | 856.2+23+33.3 |360+25+64 | 8922+34+344 930
CMS Preliminar _ 359 fo! (13 TeV)
;1 20 T ‘ T ‘ T ‘ T T T ’l T ‘ rTTT ‘ T
S L A ° ] - !
O, r Data " 7
S e 4e . " ]
1007 = 202y = 284 ]
L A 4,_1 _
L . ]
80 CSAR —
L : .-A -
L ey ]
. A n A [ ] -
S
60— nd °® . ]
L - o ]
L . 2. ]
7 ° A‘ q .-‘A ;
o . o e 1
i A A"A a 4 ? [ ] -
L 3 ¢ 5 1 : - s
201~ s xe :‘ ane K ]
:: L .‘. ¥ A ‘:A ) ..:} AR : .l :
Y, u.‘?&‘-.- in 45 Pt
0 L1l 7 L1l T L1l [ ? L1l L1l ‘ L1 ‘ L1l
40 50 60 70 80 90 100 110 120
mz [GeV]
CMS-PAS-SMP-16-017 34
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Fiducial Cross-Section definition

— mainly for jet - € mis-ID

NNNLO prediction

Fiducial selection requirement | Cut value
T > 25 GeV
|72¢ <25
Mey > 10 GeV
Number of jets with pr > 25(30) GeV, |n| < 2.5(4.5) 0
Eq’}‘fsﬁel > 15 GeV
Einiss > 20 GeV

pp — WW sub-process

Order of

tot

A

fid

Tww OWW—en
s [pb] [7] [fb]
qq [9,13] 0(a?) 1111 £ 2.8 [ 16.20£0.13 | 422 T 13
gg (non-resonant) [33] 0(a?) 6.82F g3z [ 281 T 27 44.947.2
99 — H — WW [67][30] O(a?) tot. / O(a?) fid. | 10457 050 [ 4.5 £0.6 11.042.1
q7 + gg (non-resonant) + nNNLO+H 128.4 T 3% | 15.87T 017 | 478 £17
g9 — H—-WW

- A=(16.410.9)%

also calculated using MC

>  POWHEG-BOX+PYTHIA for
qq and gg>H->WW

> SHERPA for non-res gg

Dibosons & VBS - SM@LHC: May 2, 2017

13 TeV / 8 TeV x-sect ratio

ATLAS

— Data

[0 stat.+syst.
-~ nNNLO-+H Prediction

WW — efvufv

TN RN ONT W R AT WA |

el e gl ] s e e e )
I T I I I T I

3.16 fb' (13 TeV) and 20.3 o™ (8 TeV)

Total cross-section ratio

(13 TeV /8 TeV)

-

Fiducial cross-section ratio
(13TeV/8TeV)

YRRV COE R A A S WA HAR0 ok A AT

1.2

Il
1.4

16 1.8 2
Cross-section ratio (13 TeV / 8 TeV)

arXiv:1702.04519 35



Compact Muon Solenoid

- > =t T T T T > T i .|
Background Control Regions & ax ATLAS iy € wimtiini
g g < r WV = v o WV = vd 7
s r \s=8TeV, 202" iF \s=8TeV, 202"
. < 1500f Top CR 4 @ W +jets CR ]
— [ = L i — ]
top & V+jetsbgrds > & PR i
10001 Ewv 1w Ewv
. R R E [OTop quark ] O Top quark
Fiducial Cross-Sections e m.e:
500 1 [Muttijet
WV — tvjj WV — tvl -
Lepton Ny = 1 with pr > 30 GeV and || < 2.47 s * — s
AR(,j) > 0.4 AR(,)) > 0.4 b 12 i %)
W > by pr(&v) > 100 GeV - % 1 /W Wﬁ% £
mr > 40 GeV - Q o8 i a
EIs ERSS > 40 GeV ESS > 50 GeV O,J ] =
Jet N, = 2 with pr > 25 GeV, [7] < 2.5 Ny = 1 with pr > 200 GeV, [57] < 2.0 SO O 100 his0 ‘4°m [C?:V] 0.(J) [GeV]
ARG, e) > 0.2 AR, ) > 1.0 J T
No small-R jets with pr > 25 GeV, |n| < 4.5
AR(],J) > 1.0, ARG,C’) > 0.2 e e T e T [ e Lo T o e T LI — T T 1 T T T T
40 < myj < 200 GeV 50 < my < 170 GeV ATLAS Preliminary
pr(ij) > 100 GeV - i &
AnGp) < 15 _ \s=8TeV, 20.2 b
Global AgGr. EF) > 0.8 - —=———— WV lvjj
® Data
> q4000F T T T > . . \ . . 1 Tot. uncertainty
b ATLAS Preliminary —+ Data ] b ATLAS Preliminary + Data E £
@ 12000- Wy > B R WY > by B [ stat. uncertainty
~ \s=8TeV,202fb" Wv-dets ] B 1s=8TeV, 202" Wv+sets ] —— MC@NLO
“g 10000 Signal Region [ Top quark “g Signal Region [ Top quark @
L%’ 8000 O Muttijet — L%’ OMultijet
6000 ] | WV— vJ
4000 3
2000 .
gy 7 . i 1 1 | 1 Ji 1 | 1 1L | I ] 1 1 I 1 1 1 1 1 1 I 1 1 1 | 1 1 1
2| ot ¥ 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Do, t
g Ratio of measurement to prediction, ol "2/ o/o. "¢
a
20 60 80 100 120 140 160 180 200 60 80 100 120 140 160
m [GeV] m,[Gev] )LHC: May 2, 2017 STDM-2015-23 36
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CMS
T

191b™ (8 TeV) CMS
iWW CNZ @ .
b 7 >1000r-
Il Top [0
Bl W-+ijets (O]
e u,Data o
‘ e
| =
1)
| c 500
(O]
S E
L

100 120 140 %
m, (GeV)

0

distributions

W+jets, tt, diboson normalizations from fits to m,

§*lvl;;l rll{
) 35, ) @ T

140

120

Events /(5 GeV)

230" (13 TeV)

TR A

g2y ¢
2
4

60 80 100 120 140

0 60 80 100 120 140
Mpruned (GeV)

m, (GeV)

80 100 120 140
Mpruned (GeV)

Fits for aTGCs from p; (8 TeV) & m,,, (13 TeV) distributions

gTey ~ top & diboson shapes from MC (diboson adjusted for aTGCs) 13 TeV
— WH+jets shapes from MC corrected using sideband data transfer func.
' aTGC expected limit observed limit
. S e R I e )
'O Y (TeV~?) ki laveai il [-12.6 , 12.0]
Parameter Expected Limits Observed Limits : = % (TeV_Z) [-54.9, 53.3] [-56.1, 55.4]
Az [-0.014,0.013]  [-0.011,0.011] XE A [-0.036,0.036] [-0.039, 0.039]
Ak, [—0.068,0.082]  [—0.044,0.063] : gg Ag?t [-0.066,0.064] [-0.067 ,0.066]
Agy [—0.018,0.028]  [—0.0087,0.024] , = A&, Az [-0.038,0.040] [-0.040, 0.041]

IIJ H. Evans

arXiv:1703.06095
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ATLAS Wjj — 7,8 TeV

Fiducial Cross-Section measurements for QCD & EW components

— uses M; as discriminating distribution

— shape of QCD M distrib from control region (high lepton centrality)

Region name Requirements
Preselection Lepton pr > 25 GeV
Lepton |n| < 2.5 e ‘ . ‘ : .
ET™ > 20 GeV = ATLAS \s=8TeV,20.2ft"
mr > 40 GeV g 180 Wijj inclusive region ® Data i |
. 3 I EW Wjj i}
p!r' > 80 GeV '§ B QCD Wijj
J2 i Top quarks
pr > 60 GeV 2 I Muliijets -
Jet|yl < 4.4 :>j Zjj and dibosons
ij > 500 GeV 3% Uncertainty
Ay(j1, o) > 2 i
AR(j,¢) > 0.3 —
Fiducial and differential measurements Control
Signal region Nf:p‘;on = l,]\’f:;‘ =0
2 cen ke cen _
Forward-lepton control region Nlepton = 0,1\/j s =0 c
. sdati ¢ en | cen = 5 il
Central-jet validation region Nlcepton = l,Njets >1 £ 1 ? i e l
Differential measurements only £ ael ¢ il
Inclusive regions M;; > 0.5TeV, 1 TeV, 1.5 TeV, or 2 TeV e GEMEAII0 2 B O FATIAN . 6 AL, AR Sl DA e
Forward-lepton/central-jet region N =0,N > 1 ] Lepton centrality

High-mass signal region

lepton jets =

ij >1TeV, Nfe;rion = l,IVj‘:ilsl =0

Anomalous coupling measurements only
High-¢? region

Mjj> 1 TeV, N&& =1, NS = 0, pi! > 600 GeV

lepton jets

IIJ H. Evans

Dibosons & VBS - SM@LHC: May 2, 2017

Events / GeV

Data / Prediction

z
]
2
°
=3
@
<
S
S
=
B
£
-3
\ £
A S
\O
\
A

T T T
ATLAS
Wijj signal region

T T T
\s=8TeV,20.2 o'
® Data
Il EW Wjj
I QCD Wijj

Top quarks
B Multijets

Zjj and diboson:
3% Uncertainty

arXiv:1703.04362
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ATLAS Wijj— 7,8 TeV (cont)

Compact Muon Solenoid

Total & Differential Cross-Sections

LHC electroweak Xjj production measurements

ATLAS
Stat. uncertainty . Total uncertainty X Theory uncertainty
g | | |

ATLAS EW Wjj \s=7 TeV
This paper (CERN-EP-2017-008)

M

ATLAS EW Wjj \s=8 TeV
This paper (CERN-EP-2017-008)

CMS EW Wijj \s=8 TeV
JHEP 1611 (2016) 147

ATLAS EW Zjj 1s=8 TeV
JHEP 1404 (2014) 031

CMS EW Zjj s=8 TeV
Eur.Phys.J. C75 (2015) 66

LHC EW Higgs 1s=8 TeV
JHEP 1608 (2016) 045

| | |
1.2 1.4 1.6 1.8

6-B normalized to SM prediction

jets

1/609- do/dN°*/ bin width

Theory/Data

do/dp_ [fo/GeV]

Theory/Data

£ T S Daa s -8 Tev, 20207 | ]
B POWHEG+PYTHIA8 (QCD+EW) ]
[ POWHEG+PYTHIA8 (QCD)
L L] 3 SHERPA (QCD+EW) d
L SHERPA (QCD) i
107 u
r  ATLAS i
r Wijjinclusive region (Mn>2'0 TeV)
e LTI 1 L,
T o
1.5
4 3 % %
| | 1 | |
0 1 2 3 4

Number of jets in the rapidity gap

107

10%E,

ATLAS =
Wij signal region (M>1.0 TeV) i

—e— Data Vs =8TeV, 20.2 b L
POWHEG+PYTHIA8 (QCD+EW) |
POWHEG+PYTHIA8 (QCD)
HERPA (QCD+EW)
SHERPA (QCD)

L

Dibosons & VBS - SM@LHC: May 2, 2017

5x10?
Leading-jet P, [GeV]

% © T e Data fs=8Tev, 202" 1
S 10 POWHEG+PYTHIA8 (QCD+EW).
K] 127 SHERPA (QCD+EW) 3
= $35¢ HEJ (QCD) + POW+PY (EW)
= [ 1l
3z
8 5 3
AL - |
107 =g
102 : 3
I ATLAS 2
Wij inclusive region (M >0.5 TeV)
HOFER i il Hise
© ———7
©
[a]
B
o
(9]
=
=

5x10? 10° 3x10°
Dijet mass [GeV]

— — T T T T
% | —e— Data /s =8 TeV, 20.21b"
0] E== Interference uncertainty
== POWHEG+PYTHIA8 EW-only
§ SHERPA EW-only 4
8 i
oz i
° [ = l
107 =
r  ATLAS
r Wijj signal region (Mﬂ>1 .0TeV)
il . .
© T T T ———
8 15- == 5
=l b it &
o L h GRS 1
o}
£ 0.5r | il
10 - IBx0P
Leading-jet P, [GeV]
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ATLAS Z(€2/vv)yjj — 8 TeV

Compact Muon Solenoid

Fiducial Cross-Section measurementin Z > €€ channel

— Distinguish EWK from QCD component using centrali

— il Mji + M
(E'— with 7, = ————, An;; =n;
A??jj JJ 2 J7 Ji
- Og(meas) =

O.(VBFNLO)

0.94 + 0.09 fb

Objects

Particle- (Parton-) level selection

Leptons

pfr >25GeV and || < 2.5
Dressed leptons, OS charge

Photon (kinematics)

Ep > 15 GeV, || < 2.37
AR(f,y) > 0.4

Photon (isolation)

Er® <0.5- E:;" {no isolation)

FSE cut

meg + Mgy, > 182 GeV
myp = 40 GeV

Particle jets (Outgoing partons)
(J = jets)
(p = outgoing quarks or gluons)

At least two jets (outgoing partons)
E}P" > 30 GeV, [P < 4.5
AR(L, jip)) = 0.3
AR(y. j(p)) > 0.4

Control region (CR)

150 = ”rjj[,l'?}'ﬂ = 500 GeV

Search region (SR)

”r.li.li[f”f” = 500 GeV

aQGC region

EJ > 250 GeV

IIJ H. Evans

1.1 £ 0.5(stat) + 0.4(syst) fb

Events / bin width

Data / Pred.

1n

Events / bi

EWK Significance
2.00 (obs) / 1.80 (exp)

Data / Pred.

2507""!""\"" LA I
[ ATLAS

A Data
X I Z(1yjj EWK
200F Vs=8 Tev, 20.2 o' Z(I)yjj QCD

r Bl Z+jets
o tiy
10 . Wz
Tot. unc.

100; Search Region
-

Events / bin width

50F

|

0
1.5

beepliea

0 05 1 15 2 25 3 35 4 45 E
Zy Centrality

Data / Pred.

Dibosons & VBS - SM@LHC: May 2, 2017

Y
51400
s

—Nj :

ATLAS-STDM-2015-21

ATLAS —— Data

B Z(M)yyjj EWK A
12005 ys_g Tev, 202 f5' W Z(M¥jQCD
1000 -E;"Bts 1
. WZj &

Tot. unc.
Inclusive Region

1.5¢ :
IR =
: —— ]
0051152253 35 4 45 5
Zy Centrality
T T T T T T
700F —4 Data =
- ATLAS 2T EWK
800 ys-8 Tev, 20.2 1b' -g(lfl)tyijCD E
L +ets ]
500 -
B tty ]
400 =g I WZj 3
E 3 Tot. unc. ]
300? t Control Region
200F =
100 =
—_—
OF &
1.5F :

15*“’ puiTaeagan > s
0 05 1 15 2 25 3 35 4 45 5
Zy Centrality
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CMS Z(e28)yjj — 8 TeV

Fiducial Cross-Section measurement in Z - €€ channel
— Distinguish EWK from QCD component using fit to M, distrib

+0.09

O, (meas)=1.86"2% (stat) > (syst )=0.05(lumi) fb
Ogy (MADGRAPH )=1.27 +0.11(scale ) +0.05(PDF ) fb (LO)

Common selection

72 > 30GeV, [72| < 47

P2 > 20Gev, [512) < 2.4

EWK Significance

77| < 1.4442
ij > 150 GeV
S s 3.00 (obs) / 2.00 (exp)
EW signal measurement Fiducial cross section aQGC search
pT > 25GeV pT > 20GeV py > 60GeV
|A17jj| > 1.6 |A17]']'| =h |A17]']" 0
AR]g >0 AR]']"(Y]'/),@ > 0.5 AR]j,’Yi,’YZ,jZ >04 AR][ > 0.3, AR]']'/),V},[ > 0.5
lyzy — (Y +yp) /2| <12 Mj; > 400 GeV Mj; > 400 GeV

A¢z,j5 > 2.0 radians
Mj; > 400 GeV with two divided regions
400 < Mj < 800GeV and Mj > 800 GeV

IIJ H. Evans

arXiv:1702.03025
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Events/100 GeV

Events/100 GeV

19.7 fb™ (8TeV)

—e— Data
[l Dibosons

[ Top quark

B Fake v

I QCD Zy+jets

I EW Z/y+2jets

@ Systematic uncertainty

CMS
Muon channel

L e

102

10

800 1000
M. (G

19.7 b (8TeV)

-e-Data
[l Dibosons

[ Top quark

[ Fake v

[ QCD Zy+jets

[ EW Z/y+2jets

@ Systematic uncertainty

CMSs
Electron channel

102

10

800

1000

M, (GeV)
4




Fiducial Cross-Section measurement

— Fake photon background (mainly from jets) estimated using 2D
distribution of isolation of two photons — tight vs loose selections

> templates from MC and data control samples

19.4 o (8 TeV)

19.4 b (8 TeV)

> >
sl . . . [} ¢ Dat: [} ¢ Dat:
Definition of the W+ fiducial region 8 Hdiy S = wr
v ol ] Prompt diphoton = E 'I:’Aror;p\ dfipr;olon
Fi £ isidentified jets
ps > 25GeV, |n7| < 2.5 2 B e i Totauncersiny
i Total uncertainty o

p% > 25GeV, || < 24
One candidate lepton and two candidate photons
mt > 40 GeV
AR(7y,7v) > 0.4 and AR(7,¢) > 0.4

80 100 120 140

100 120 140
pI'[GeV] Pl [GeV]
Definition of the Zvyy fiducial region _oms mawewy _ cws M
4 7 Z(—ee)yy ¢ Data @ Z(=m)ry ¢ Data
pt > 15GeV, |77| < 2.5 8 Al 8 ee b
Y, / o Y\ [ Misidentified jets o [ Misidentified jets
pT > 10 GeV, ‘17 | < 2.4 ,2 [E] Total uncertainty g [EJ Total uncertainty
[} r [
w w

Two oppositely charged candidate leptons and two candidate photons
leading p4 > 20 GeV
myp > 40 GeV
AR(7,7) > 0.4, AR(y,£) > 04,and AR(¢,¢) > 0.4 g

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
P [GeV] Py’ [GeV]

Signal Significances: 2.6c (Wyy) / 5.90 (Zyy) using profile likelihood (data & pred bgrd)
for each channel and for both/one photon(s) in barrel
IIJ H. Evans arXiv:1704.00366 Dibosons & VBS - SM@LHC: May 2, 2017 42

2
s
2
8
s
)
<
§
S
3
3
.8
\ &
£
\ S
\S
\
\




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42

