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SM measurements:

Introduction

® “SM everywhere” - important to understand until which point it describes our world
- Need to perform SM measurements as best we can
- Need to look for "Beyond SM”. Twofold interest in SM measurements:
- look for deviations wrt SM

- SM is a background for direct searches

® LHC Run 2 (2015-2018) has ended

- additional ~

140 (~ 6, LHCD) fb'! @ 13 TeV being analysed|

- essential work in performance =
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SM measurements: outline

Standard Model Production Cross Section Measurements Status: July 2019
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Standard Model is (nearly) everything (so far)
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Tests of QCD
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Probing QCD: V+jets (V=2Z,W) o
Cross section measurements of V+jets test NLO & NNLO QCD predictions
CMS SMP'18'913 L=19.7fb;‘at (s=8TeV
New ATLAS: inclusive jets + Z(ee) vs jet |y| and |p+] I T esins

Predictions:
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Probing QCD: cross section vs jet size

" Dependence of the jet production cross section on the anti-k-
distance parameter R tests the modeling of the perturbative and
nonperturbative (NP) processes in parton evolution

Ratio of jet cross section:
" New CMS: NLO + NP corrections Wt R=0.4jet
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Recent o, measurements

" g from fraction R,, of dijet events wit T s
A(|)12 < A(P max— 7/8m \gn
(use 0 <y*< 1.0, y*=l|y; = y,|/2 Ag,,

-> Test scale evolution of a, up to 1.7 TeV

" a,(m,) from a global NNLO QCD fit including

a,(m,) = 0.1150 + 0.0008 (exp) *9-0002 (model)
+ 0.0006 (hadr) + 0.0027 (scale)

- ~ 30% reduction of scale uncertainty
NLO analysis

" a.(m,) fit triple differential tt cross section @ NLO~ *
(CMS, 1904.0523) including HERA DIS data #
for simultaneously a,, mp°e and PDF extraction:

ag(m,) = 0.1135 £ 0.0016(fit) # $%39°% (model)

0.0008 0.0011
:I(-).OOOl (P DF param-)O.-(l)-OOS

-> Value compatible with competitive uncertainty °f
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® Test pQCD with a hard colorless probe + sensitivity to gluon density in the pro

" New ATLAS result: better y calibration & identification
—> reduced experimental systematic uncertainty (by up to ~ 40%)

® Cross sections vs E;¥Y & |nY| : good description of data already @ NLO QCD

® Recent NNLO calculations (NNLOJET) lead to a reduction of the theory scale
uncertainty, ( < ~5%) and to an improved description of the measurements
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Gauge boson p;V(V=W, 2)

Fraction of Events

Unfolded Data

CMS p-4: for normalised o, uncertainty < 0.5 % for p;# <50 GeV, ~ same as ATLAS

p;Y distribution (V =W, Z): probes various aspects of the strong interactions

(fixed order, resummed, parton shower calculations)
" New DO p,": measurement where the production dominated by valence quarks

Predictions describe data within theory uncertainties:
@ low p RESBOS calculation (resummed NNLL) does a good job (but no
uncertainties available)
@ high p; : good description with MadG5_aMC@NLO; Z+j @ NNLO small uncertainti

® Key ingredient for a precise measurement of the W+ maég @ pp colliders
pr > 32 GeV
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E.w. precision measurements

LDC - HEP-EPS Ghent, 15 July 2019

10



Probe BSM via electroweak precision t My, SiN20,, My,

" m,, sin’8,,: important parameters of SM.

probe

® PDF source of main systematics @ pp colliders
(followed by QCD modelling)

Can be calculated from 3 measured e.w. observables
(ex. from 3 best measured: a

em» Op @and m,

plus corrections including m,, & my,)

Comparing indirect to direct

measurements

e decsManmeEaslimnsistency > BSM

AsinZ6,,

Am,, <8 MeV,

<7*10°

Am,, =1 GeV

" Projections from LHCb, 1808.08865:
m,, measurement @ forward rapidities

11

- complementary lepton acceptance 2<n,;<5
—> partial anticorrelation of PDF w.r.t. existing
measurements, Eur. Phys. J. C75 (2015) 601)

PDF —
- Am,,

2 MeV with LHeC

80.4 —

80.35

LEP Comb.
Tevatron Comb.

LEP+Tevatron

ATLAS

Electroweak Fit

My =, | —— !
VT V2GE sinfw V1 —Ar

68% and 95% CL contours
I direct M, and sin*(0)
M it wfoM . sin (0 "]

) measurementg
and Z wu:ﬁhs meagurements

fit wio M , sin ((ar ) ahd M_ measurements

B~ fit wfoM . sin (B i)

..'I and Z widths measurements

e

ITWIlI

My, = 80.379 + 0.013 GeV

ozl D)
80.3 L PR 1 L -
0.231 0.2315 0.232
Eur. Phys. J. C78 (2018) 110 sin(e,)
T | T T
ATLAS ® My
=m Stat. Uncertainty
d | I’eCt — Full Uncertainty
@-80376+33 MeV
— @ 80387E16MeV
d | I’eCt @-80385:15 MeV
— . @-80370£19 MeV
In d I reCt 803568 MeV
1 I 1 L
80320 80340 80360 80380 80400 80420
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Probe BSM via electroweak precision tests inZBW,
m )

] lllé%pl . ) I- — —
2 — 2 Or—0O
sin éeﬁ = Kigp SIN° B, (Kiep €:W. correctlons)B q . A’ d F A= _F "B

. iy Ort0Op
" Tension between the most sensitive results e T
< 0'1 5 __ ........................................... PRL120(2018)241802 -
- D@86 b 1+
Methods @ (p)p colliders: of - x/ndof =11 '£+=¢:F
E —+= L
. C . . B o Tl .
* Forward Backward Asymmetry (Ag) in Z (—ll) decays™ T e S
- . . i + .7 ——data
template fits (vs m,, in bins of y,) oF 1 __ i sirfe, = 02300
:*::t : MC sin’6f, = 0.2255
* Angular decomposition of the Drell-Yan cross-section ™" m .. Mosriw=02r2
—_— 75 80 85 90 95 100 105 110
qq _)Z/v* N II Dimuon Mass (GeV/c?)
ATLAS Prelimindsy A5 CONF-2018-037
- : . LEP-1 and SLD: Z-pole ' e 0.23152 = 0.00016
PDF source of main systematics LEP-1 and SLD: A% | @ 0.23221 + 0.00029
] ] SLD: A B @ 0.23098 + 0.00026
- Projections from LHCb (1808.08865): Tevatron B . | 0.23148 = 0.00033
advantages @ higher Z rapidities: LHCb: 748 TeV i ' | 0.23142 000106
- the forward-backward asymmetry is larger ©Vs:8Tev B 1 _| 0-28101=0.00053
- the parton direction is better known ATHASIT TEY & * B e
ATLAS: eec UM —— 0.23119 = 0.00049
H A future e+e_ CO”lder may reaCh ATLAS: ee . - —to— _ 0.23166 = 0.00043
. 2|ép * 6 ATLAS: 8 TeV —e— 0.23140 + 0.00036
Asin“ 9y, ~5 *10 023 0231 0232
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Probe BSM via electroweak precision tests (my, 9,
m ¢ \
op/ s
L TLAS+CMS Preliminary My, summary,¥s =7-13 TeV  May 2019
" Direct measurements dm, from decay productsiew m.dir
"""" World comb. (Mar 2014) [2] t tctal ot
1 . H B stat otal stal
" Indirect measurements: fit tt X-sections + theqry s ot st s G e
LHC comb. (Sep 2013) LHctopwa 173.29 = 0.95 (0.35+ 0.88) 7 TeV [1]
- EXtraCt th e pO I e m aSS m tp 0 l € World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2]
. . ATLAS, l+jets 172.33+ 1.27 (0.75+ 1.02) 7 TeV [3]
CMS (1904.05237): simultaneous g and m Pole | ms. seer e e
S t ATLAS, all jets 17512 1.8 (142 1.2) 7TeV 4]
M H M ATLAS, single top 172.2=2.1 (0.7= 2.0) 8 TeV [5]
extraction using NLO calculations ATLAS. dieton sty
H ATLAS, all jets 173.72+ 1.15 (0.55= 1.01) 8TeV [7]
Tot. uncertainty below 1 GeV | ATLAS Lsiis Znensiemeci  siwm
r ATLAS comb. (Oct 2018) 172.69 = 0.48 (0.25 = 0.41) 7+8 TeV [8]
ATLAS m tpo le PN CMS, Hjets 173.49+ 1.06 (0.43= 0.97) 7 TeV 9]
DO of,,, V5=1.96 Tev , .34 oMl s, A D
PRD 94, 092004 (2016) 1728 35 GeV CMS: l+jets {7235 051 (0:16= 0:43) 8 T:V [121
CMS, dilepton 172.82= 1.23 (0.19= 1.22) 8TeV [12)
CMS c’:u:cl’ NNPDF3.0, Vs=7+8 Tev 1738 *+ 1.7 GeV CMS, all jets 172.32 = 0.64 (0.252 0.59) 8 TeV [12)
JHEP 08 (2016) 029 T -18 I_ CMS. single top 172,95+ 1.22 (0.77= 0.95) 8 TeV [13]
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13+ 0.47) 748 TeV 12
CMS off |, Vs=13 TeV 1706 +27 Gev ¢ CMS, Irjets 172.25= 0.63 (0.08= 0.62) 13 TeV [14]
JHEP 09 (2017) 051 T-27 CMS, dilepton 172.33+ 0.70 (0.14+ 0.69) 13 TeV [15]
CMS, all j ©
cms o;'m, (5= 13 TeV o . all jets I‘ST).’"HG] )
arXiv:1904.05237 - 1705 “gg GeV Direct measureme
ATLAS cgiﬂ,l‘§=3TeV 16 T B R R [ | I
EPIC 77 (2017) 804 . 1782 T g GeV 165 170 1 75 180 185
ATLAS Vs= 7+8 TeV W‘ [GeV]
olnc , Is= 25
i —— 1729 *28 Gov from CMS (TOP-19- 005)
ATLAS 1% (527 Tev m, @ high Lorentz boosts: a single jet include
° +2.3
JHEP 10(2015) l21 173.7 -21 GeV II b ’
1 allt - bW — bqqg’products
ti+1 jet
ATLAS (‘Iﬂﬂ,l \E-STeV 1714 1.2 GeV - = b bl Id | I d - I
this analysis -1 pr0m|S|ng O Serva e COU Ca CU ate at partlc e
Indlrect measu rements
| level from theory

| I
180 190
I‘I’l[pOIe[GeV]

|50 160 170

m,Peost = 172,56 + 2.47 GeV (36 fb'l @13 TeV)
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op measurements for couplings & BSM
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‘ Rare processes: tttt (4 tops) ::z<

' NLO MS Prelimina BDT (postfit) 137 fb? (13 ev)
" Not yet observed : 0.... (SM) ~ 12 fb < 24 )
y e (SM) PAS-TOP-18-003 = & .
102 .E ?%znprompt lep. T g:\/t'-;

®  Sensitive to BSM effects .

way to assess the top Yukawa coupling
10!

® CMS full Run 2 data (ss dileptons & = 3 I+jets)
fit many signal and control regions

2.6 (2.7) o obs(exp.)

10°

® Significance:

-> Challenging ! 107
S
imi 137 fb~1 (13 TeV 2
CMS Pre”mlnary ( h © ) g /‘//4/*/2//}//////‘////‘////t‘l////‘v///..’/ftm.;/:;.r‘/;z . ,., //I»‘//lu/‘/////}//////////A/////L
Zzz: Observed upper limit H © )
50 - . f = 0= T T T
—— Observed cross section ! © E 2 2 2 ¥ 2 g5 8283 383893
___. Predicted cross section, / SR
40 . Phys. Rev. D 95 (2017) 053004.’
PAS-TOP-18-003 /| / " Top Yukawa coupling: |y/yM| <1.7 @ 95%
£ 30 comparable with recent CMS limit from tt kinematic
$ distributions in lepton+jet : |y/ySM| < 1.67 (1907.01590)
complementary to coupling extraction in ttH & tH

05 1.0 15
lye/yeM|

2.0

2.5

" Limits on (pseudo) scalar A/H — tt
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N >m< Top properties in tt: charge asymmetry, A,

16
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——000000/
" In SM A results from the interference of HO amplitudes in qq and qg initial states
—~ tprefers q direction . | ATLAS+CMS Leptonsiets (s=8Tev |
Small effect, enhanced @ high tt mass ( m,, ) and 01 3 Anasioms ]
longitudinal tt boost ( B ) 2 3 (BEB N FEW D) :
. . === Light colour-octet 4
® Enhanced in some BSM theories ,0.05]  Heawcdlourodtet 5
< L i
" ATLAS + CMS results @ 8 TeV in agreement with o W
NLO and NNLO but also compatible with zero A oFT ]
® New ATLAS result full Run 2 data: lepton + jet with-0ost. . 0 b o
. 400 600 800 1000 1200
resolved and boosted jet lept+jets m; (GeV)
5 Inclusive A is | ATLAS-CONF-2019-026
nclusive A; is fo g 1, 0.07p -
C 15 TOUL o 014f g8 mioaco s moew ATLAS pralim ay|< " F B nwoQcoD+NOEW  ATLAS Preliminary’
standard deviation , o, Jll romesoymes 15 06 | e
N 9 0.05F Powheg+Pythia8 Vs =13 TeV, 139 fb =
from zero oot ¥ Pelsared ooab |, NAWI>0 _ NAlyI<0 E
& in agreement with ooos- 003t | © NAW>0 1 NAJyI<0 E
NNLO predictions -+ o.oosf 1 002t } E
0.004 - 0.01 ® g
EWNLO ooat. ER = e e e ——— |
—> Limits on coefft. ot — 00 ATy = [y — [yil ﬁ% E
dim-6 EFT operators C//\2 o2 T | | L3
-0.03 <500 [500,750] [750,1000] [1000,1500] = 1500

m; [GeV]



q q g w
E %L{ Single top cross section
b t b t

Investigation of the Wtb vertex %:
® LHC best combined precision 7@8TeV: %
ATLAS+CMS X-section: ~ 7% (t-channel) '

NLO+NLL predictions ~ 3

% (t-channel)

ATLAS+CMS
LHClopWG

JHEP 05 (2019) 088

Omeas.
If V! = \{ s, from single-top-quark production
: NLO (t- and s-channel), NLO+NNLL (tw)

Iheu

80, : Scale ®PDF @ o, @ m ® E, . total theo.

m, = 172.5 GeV If V| = (meas.) = (theo.)
ATLAS+CMS LHClopWG N
t-channel, ¥s =7, 8 TeV ! ' -+ 1.02 +0.04 = 0.02
ATLAS+CMS LHClopWG . .
tw,{s=7,8TeV ! "_’_'_' 1.02 = 0.09 = 0.04
ATLASICHS Sapwe. o 0.97 +0.15 = 0.02

s-channel, s =8 TeV

ATLAS+CMS LHClopWG

— + +
t-channel, tW, s-channel, \s = 7, 8 TeV 1.02 = 0.04 = 0.02

06 08 1 12 14
If, V|

10

| fLv * V[ =1
within ~ 4%

(f.y form factor
for BSM
contributions)

®  Differential cross-section measurements:

better description with 4 Flavour than 5F schemé
LDC - HEP-EPS Ghent, 15 July 2019

” ATLAS+CMS Preliminary
- LHCtopWG

™ Single top-quark production
| November 2018
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ATLAS-CONF-20 CMS-PASTOP-15:019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL.
PLB 756 (2016)228

¥ CMS s-channel
JHEP 09 2016)02795% CL

X 7+8 TeV combined fit 95% CL
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Gauge boson couplings
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Multi gauge boson production

q

q

"

M‘ vertex

VI

" VWV /Vylyyl/VVV (V=W, 2)

- Investigate the non-abelian structure of the SM at the highest energy
- Sensitive to new physics via anomalous Triple (Quartic) Gauge Couplings (aTGC, a

® Dibosons: many measurements, NNLO necessary to describe data

" CMS: o, (Z2Z) with full Run 2 data. Uncertainties: stat ~ syst ~ lumi

® ATLAS measures the helicity fractions of W* and Z in WZ events in agreement with SN
predictions. First step on the way to perform polarization measurements in VBS proce

*

L
u
o
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T I\l T T T l T T T T l T T T T l

NNPDF3.0, fixed B=

" NNPDF3., fixedu_=u_=m,
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CMS 272v

ATLAS 47 (x1.016)

ATLAS 47+2¢2v (x1.016)
MATRIX NNLO (qgq+qg+39g)
'“a= mZ

MCFM NLO+gg

T | T 1 T T l
CcMS &7 (137tb™") Prelimina
CMS 47

ZZ2-> 4l

SMP-19-001
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e Ort={
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Multi gauge boson production

ATLAS-CONF-2019-034

® Di-boson Z(ll) y : new ATLAS full Run 2 data.
Differential X-sections vs E;Y, n,|, p"Y, m(lly) sy
~ 5% experimental uncertainty in most of E;Y bins.

20

NNLO describes E;Y within uncertainties

& improve data description

Tribosons:

rare process

1

- Recent ATLAS result finds 4.1 o evidence
(3.1 o exp.) for WWW+WWZ+WZZ combined

- Recent CMS result (1905.04246, ~ 36 fb'l @ 13 TeV)

focuses on WWW in the 2ss- and 3-lepton chanré&($ *
Confidence intervals for aQGC (dim-8 operators, combined

"‘_IIIH| IIHHHl \IHHII‘ \IHI|T|" IIIHH? \IH|'|T|'I

ul!

LI

i{\v% ATLAS Prelimis

Vs=13 Te
Z(—lly

102 =% Sherpa LO
Z= Madgraph NLO
s e Data
107
E | " L |
:D_“ 1 e [} . . ] . .
B o8 -
1% o ) ) ) . . Z
30 40 50 60 70 80 100 120 150 200 300 500 1200
E; [GeV]
ATLAS 1903.10415 (5-13Te79.8107)
— T T " L
tot. S 8ombined
omb. stat.
stat. ] Comb. tot. tot stat
V- 1 +0.62 +0.39
‘www 27 ‘o w=213 557 oz
1
. +054 +0.49
WWW 3¢ o1 E u=047 547 g
1
: +0.98 +0.49
wvz 3¢| +——e—— w=042 5o o4
1
1 +0.92 +0.83
'—e— w=2.44 Tion o7
""""""""
I-é-l u=140 557 g5
| 1 11 | 1 | 1 1 | 1 |
0 2 4 6 8

more later). Limits on axion-like particles

LDC - HEP-EPS Ghent, 15 July 2019
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Single gauge bosons & di-bosons with dijets 2
(EW Vjj & EW-WVj))
® Vector Boson Fusion (EW-Vjj) and Vector Boson Scattering (EW-VVjj)

VBF

- milestones studies of EW sector , e
- sensitive to new physics in the 3 or 4 boson vertex ot R Ay 2,
| | o BEEEPRR el - -
® VBF and VBS tagged by 2 jets with large separation in rapidity jet
- Large mjj for leading two jets W-VBE 0
- Low jet activity in the central region
" “QCD-mediated” V+jj and VV+jj -
. _Mach2oto QMS F?re[lm!nafy
(interference !). Often largest background™ ™ o o ementss. 7rovous messworen st o -
- perform common fit to signal and contr Theory 8 TeV CMS measurement (statstatvsys) e
. 13 TeV CMS measurement (stat,stat+sys) i
regions aqqW —.— 0.84+0.08+0.18 19.3fb"
® Observed : aqw e 0.91+0.02+0.09 35.9fb"
.. .. aqZ ——of— 0.93+0.14+0.32 50fb"
VBF: EW-W” and EW-Z” (ATLAS&CMS) qqZ —ro i 0.84+007+019 19.7fb"
.. aqZ o VBF 0.98+0.04+0.10 35.9fb"
VBS: EW-ssWWjj(ATLAS&CMS) W T R T T 17410002074 1977
EW_WZ” (ATLAS),EW-Zij (ATLA qqWy 1.77 £ 0.67 £ 0.56 19.7fb::
. SSWW w——ef 0.69+0.38+0.18 19.41b
. ) ss WW v—ef VBS 090+016+008 359fb"
" Evidence: qaZy —- " 1.48+065+048 19.71b"
VBS: EW-Zyjj (CMS) @ 8 TeV & 323 gev aqwz 0.82:+0.47 35.9 fb”
qqZZ b — e — 1.38+0.64+0.38 35.9fb"
® Agreement with SM predictions oMresusar Production Cross Section Ratio: G, /Gy,

= limits on aTGC and aQGC
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Observation of EWK-ZZj] & evidence EWK-2yjj

CONF-STDM-2019-11
‘ | l# Da‘ta | -|ZZ(E{N) |

I ZZ(QCD) [@aggZZ
[l Others 77 Uncertainty

e | TTTTTT

201 -

® ATLAS: observation of EWK-ZZjj with full Run 2 data
(4l and llvv)

®  Fit to a multi-variable combination (BDT): :

signal strength = 1.4 + 0.

QSignificance 5.5 (4.3) o obs. (expm),=0.82 £ 0.21 fb '

Events /0.125

18— 4
- ATLAS Preliminary
s /s =13 TeV, 139 fb™
CCCENf

Signal Region

16—

® CMS: Evidence of EWK-Zyjj 36 fbt @13 TeV (Z > II) °

6

® 2 D fit to mjj & Anjj: signal strength = 0.64.} %23,
QSignificance 4.7 (5.5) o obs. (exp.) combined with 8 TeV *

QCD-Zzjj

; 0—1 -08 06 04-02 0 02 04 06 08 1
CMS Preliminary 35.91b7 (13 TeV) CMS Preliminary 35.9fb7" (13 TeV) BD

c —Z é I I I I I 0 I i - | T | | T T | ] EDT Output
_045: -VV —+— Data E'_ -VV —4— Data ] c [T T[T [T T T[T T[T T[T T T [ TT T [ TTT[TTT[TTT]
>~ p p TTy ) st une. 22 L eee Ty CJsatunc. { 2 35 ATLASPreliminary e Data  EEZZ(EW)
8 4of ST R ST a0 21 £ [ fs-13Tev, 100 fp"MOWers HRZZQOD) 1
c - I QCD Wy Nonprompt 1C B QCD Wy - NonproYmpt ] @ - Lewi mg9ZZ . Uncegainty
o \ ' 1 @© ] 30[™ signal Region ]
> 35¢ : 94 ; ; . C &
w : \Z 111 : ] C ]
30 : = : ] 25[- .

_ Z=2llvv

N
($)}

' [
' ]
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Anomalous gauge boson couplings@ 13 TeV

® New Physics added to the SM Lagrangian as higher dimensional operators:

Lerr = Lsn +

2

i=WWW,W,B

A2

A

Dimension-6 operator
Ci Give rise to charged aTGC & aQGC

j=1,2

Dimension-8 operators:
Give rise to aQGC

S0+ > fS’“”OSJJr > fT’“”OT,JJr Z fM’“"OMJ
\J‘ =0,...,9

fr;

A4

CMS M CMS —
ay 2019
May 2019 cochey Yy ATLAS — Channel Limits SLdt S
— U1Lmt A — WWW [-1.2e+00, 1.2e+00] 3591 13 TeV
el + T0 _ ¥ "
C./A? 2/10+01) 18401 zr 386400, 3.40+00] 971" 8TV
B -2.9e+01, 2.4e+01 — Zy [-3.42+00, 2.9e+00] 2021’ 8 TeV
|} -6.4e+01, 6.9e+01 —_— Wy [-5.4e+00, 5.6e+00] 197 fb 8 TeV
-3.6e+01, 4.3e+01 e | ss WW [-4.2e+00, 4.6e+00] 194" 8 TeV
120401, 2.00+01 H ss WW [-6.2¢-01, 6.56-01] 359" 13 TeV
-8.8e+00, 8.5¢+00) oo oo — wz [-7.5e-01, 8.1e-01] 359" 13 TeV
-4.5e+01. 4.6e+01 M M H 7z [-4.6e-01, 4.46-01] 3591 13 Tev
> 1.66+01. 1.56 | E— f WV 2V 1.2-01, 1.16-01] 359 fb" 13 TeV
Coww /A 120401, 9.0e400) — WWW 3.36+00, 3.36+00] asof’ 13 TeV
480400, 4.60500 | Zy -4.4e+00, 4.4e+00] 197" BTeV
-3.4e+00, 3.3e+00) — Wy -3.7e+00, 4.0e+00] 197" 8 TeV
-1.2e+01, 1.2e+01 — ss WW -2.1e+00, 2.4e+00] 194 fb" 8 TeV
-?:g:g?, ??218(1) H 55 WW -2.8e-01, 3.1e-01] 359" 13 TeV
-1. 1. - - 1
-3.3e+00, 3.2e+00] oo oo H wz [-4.9e-01, 5.5e-01] 359 fb” 13 TeV
-4.6e+00, 4.2e+00) V J]J] v J] H zz -6.1e-01, 6.1e-01] 3591b" 13 TeV
—S.gea,gg, §,1e+oo  — ] WV ZV -1.2e-01, 1.3e-01] 3591 13 TeV
-9.5e+00, 9. — -2.7e+00, 2.66+00 3]
2oeu00 85t fraA° I o £.90:00. . 0es00] o7 oTev
-9:2e+00: 7.3e+00) I Wy [-1.1e+01, 1.2e+01] 197 b 8 TeV
-2.7e+00, 2.7e+00| I ss WW [-5.9e+00, 7.1e+00] 194 "' 8 TeV
-1.6e+00, 1.6e+00| - 55 WW [-8.9e-01, 1.0e+00] 359" 13 TeV
Sas o RV ER R VAT pury = Pty B~ (A L0
-2.3e+00; 2.5+00 v« » V 1. 1.2+
-8.7e+00, 1.1e+01 .ﬂ.ﬂ .ﬂ.ﬂ —) H WV ZV [-2.8e-01, 2.8e-01] 359 fb’ 13 TeV
1.4e+01. 4.1e+00) o [ Zvy [-9.3e+00, 9.1e+00] 203 M 8 TeV
5 5.4e+00, 1.3e+ 5 —_ Wy [-3.8e+00, 3.8e+00] 19.7fb” 8TeV
Cy /A 390100 4 10500 .. /A% —— Wy [2.80+00, 3.08+00] 1977 BTev
S R [ , .
e+ e+ 3 [ W ~7.3e+00, 7.76+00 o 8TeV
140401, 2.20401| frz /A T 19.7 fo
3 ggjgg L3400 i IA — 7 1.86+00, 1.86+00] 1971 8 TeV
-4.1e+00, 1.1e+00| 8 — Zy -1.8e+00, 1.8e+00] 202 b’ 8 TeV
-g.ge-a-ga, 1.?&»8} H zZZ -8.4e-01, 8.4e-01] 359" 13 TeV
-6.4e+00, 1.71e+ I 7. - 5}
Sie ety o —_— g B L1
wy 20600 270409 = 2 [180:00, 1 86300 AR A
-3.3e+01, 3.0e+ -1.88+00, 1.8e+ 359 fp e
m EW qu qqz _g}ge.'_gg! ;%"‘8} I 1 1 1 1 FZ I 1 1 ? 1
-8.2e+00, 2.0e+
| 1 1 1 | —eH 1 1 1 1 LEP &’mb 1 -13e+01, p.1e+ —20 O 20 40 4
e .. o -
-100 0 100 aC summary plots at: http://cern.ch/go/8ghC aQGC leItS @95 A’ CL [Tev ]

aC summary plots at: http://cern.ch/go/8ghC

aTGC Limits @95% C.L. [TeV?]
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Conclusions

® LHC Run2 very successful - Large data sets available
® Improved performance
+ Many important SM measurements with significantly increased precision
+ Exploration of differential distributions in high p; jet, photon, W, Z, top final state
+ Many rare processes observed
® Major advances in techniques for theoretical calculations
- stringent test of SM
® EFT: starting to be able to fit Wilson coefficients in multiple sectors simultaneously
Rich interplay between EW precision + Higgs + top + diboson fits.
® > EW & EFT fits: important tools to search for BSM
Need theory guidance for the interpretation of experimental results

® Solid basis for the future of the our discipline (colliders & beyond colliders)

THANKS TO ALL MY ATLAS, CMS, LHCb, HERA & TEVATRON COLLEAGUES WHC(
PROVIDED ME WITH MATERIAL, COMMENTS & ANSWERS TO MY QUESTIONS
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Additional recent results
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Slide from Maria, Florencia, Nadjieh (CMS): Top mass from boosted top ﬁ%%

© gF T T T T T T T
. . - . - : CMS 1
m differential tt cross section ol S Simulation
. [ © . e Preliminaty ]
as function of mjet £ .’ M
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XCone S DR ey YT
I . "R,,=04,N- =20r3|
] = SR S I BN T W Wi e
mmy = 172.56 + 2.47 GeV 3 2 4 0 1 2 3
n
4 -1
. s 23R 2TEN T ST SRR
- CMS ® Data ] F‘ I -¢-Data _
8 3000 :_Preﬁmfnary -& : . ‘—'(D_ B gMI'S' ------ 'mt =169.5 GeV -
% 2500F Single t E glg® reliminary — —m =1725Gev -
€ F I W+Jets ] o< 003 fim, =175.5 GeV |
q>J 2000 F Total unc. ] \mlle) Y -
I : ——
1500 . i il 4
1000;_ Oozj 1 : .- ..... : i
500
O 1.5 ; Total une. Stat. une. o] 0.01 :_ T _:
NI Wl A
o F e 0 ' + ++ ]
8 osf Y t .
0 100 200 300 400 500 020 Ta0 Te0 180 200 220

My, [GeV] My [GeV]




Jets & azimuthal decorrelations

" Azimuthal decorrelations (Ag,,): sensitive

to higher orders, parton showering and resummation
" pQCD fixed-order calculations unstable for A@,, = T,

—> resummation of soft parton emissions
approximated with parton shower evolution

" Normalized differential cross section vs Ag,,
in 2 (and 3 jets) events in nearly back-to-back jet topologies in bins of leading jet p

1

1.2
1.1
1

1

1

Prediction/Data (normalised 2-jet cross section)

CMS ¢

1.2F
1.1

_ 2-jets 3591bT(13TeV)

—— PH-2J + PYTHIA8
—— PH-3J + PYTHIA8

1902.04374

0.9¢E

0.9
1.2}
1.1

09¢
1.2F
1.1

0.9F
1.2}
1.1F

09¢ 1 1 ] 1 1 1 1 ] 3
170 171 172173 174 175176 177 178 179 180

Total exp. unc.
200 < p:m <300 GeV —— PH-2J + Herwig++ - P
................. : — 3-jets 35.9 b (13 TeV)
. . '_'_ 1.2F max 7
- L ! 1 1 1 L 1 1 1 : 11t 300<p <Jf4OQGeV
| 400 <p”™™ <500 GeV | ——— '
e e o s I )
] I I ] 1 ] ] 1 ] k 1.2¢
600 <p]** <700 GeV [
— 1
# S— —— —— - 0.9 1 1 1 1 1 1 1 I ;
1 1 I 1 1 1 1 1 1 ] 12} max
800 <p"™ < 1000 GeV 1 14 700 <p ™ <800 GI'eV '
o e e - T == e = e R ettt
1 1 : 1 1 1 ‘ 1 : ]| 3 09E ! 1 L | ! L 1 !_._|_—
pm > 1200 GeV 1.2t 1000 < pma" <1200 GeV 3
T E 1.1F T
1p= e R 1 - == e
] 0.9 1 1 I 1 1 ! 1 PR

A¢., [deg]

170171172173 174175176 177 178 179 180

A¢, [deg]

A@, = azimuthal angular separati
between the leading jets

Ag,, A,

PH-2J PowHeg 2->2 NLO
PH-3J Powheg 2->3 NLO

" Need to improve
the modelling of the
accompanying soft
parton radiation because
no model describes
simultaneously
the 2- and 3-jet measuremer
(differences up to 15% )
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NNLO

NNLO

NNLO

H1 multijets at low Q? : EPJC 67:1 (2010)
ZEUS incl. jets in y p : NPB 864:1 (2012)

H1 multijets at high Q? : arXiv 1406.4709 (2014)
H1+ZEUS (NC, CC, jets) : EPJC 75:580 (2015)
H1 incl. & dijet : EPJC 77:791 (2017)

CDF Incl. Jets : PRL 88:042001 (2002)

DO incl. jets : PRD 80:111107 (2009)

DO ang. correl. : PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS Incl. Jets 7TeV)
EPJC 72:2041 (2012)

ATLAS N,, 7TeV : ATLAS-CONF-2013-041 (2013)
ATLAS TEEC 7TeV : PLB 750:427 (2015)

ATLAS TEEC 8TeV : EPJC 77:872 (2017)

ATLAS azimuth. decor. 8TeV : PRD 98:092004 (2018)
CMS R,, 7TeV : EPJC 73:2604 (2013)

CMS tt cross section 7TeV : PLB 728:496 (2014)

CMS 3-Jet mass 7TeV : EPJC 75:186 (2015)

CMS Incl. Jets 7TeV : EPJC 75:288 (2015)

CMS Incl. Jets 8TeV : JHEP 03:156 (2017)

CMS R,, 8TeV : CMS-PAS-SMP-16-008 (2017)

CMS tt cross section 13TeV : arXiv 1812.10505 (2018)
CMS multi-diff tt 13TeV : CMS-PAS-TOP-18-004 (2018)

World Average : PRD 98:030001(2018)

1 I ] [ I | ] | | I | | ]

0.14 0.16 0.18 0.2
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—— VW
Single gauge boson production: W °
g c
. . *3 - ATLAS {s=8TeV,20.2fb"
® Large data sets and accurate predictions £ 0350 4 5, DYNNLO o 211::”“%,‘32 -
1 > - tat.+Sys. Unc. 4 epv/Z16 ]
- stringent SM measurements 3 gs et T Weorn
C PDF4LHC15 7
" Recent results: e
- W charge asymmetry (ATLAS) vs |n | discriminates A= T T e -
among PDFs ( asymm. uncertainty ~ 0.002 - 0.003) 021 E%}W% E
H - . C LIS V .
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. ol ¢ . ]
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] 0 1 2
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fw< Single gauge boson production&decay: Z/y'=> |

® do/dm, for 15 <m; < 3000 GeV ( @ 13 TeV) in full phase space, corrected for FSR

® Agreement with SM theoretical predictions (large stat. uncertainties at the highest mas

1812.10529
CcMS 2.3 1b” (ee) 2.8 b (up) (13 TeV) 5 CMS 2.3 fb” (ee) 2.8 fb” (uy) (13 TeV)

< £ . - - 8 - *Z - e'e, wrw
%) 102k v'/Z — e'e, uu © - ‘ Stat. unc. Tot.unc. ! Z a6, Wi
Q) Q -
-8_ 10 g‘ 25 ¢  Theory(FEWZ, wio PiyData
= 1E (0] . — g 440
€ i £ o 7%
o 107E = | rosssvens Theory(FEWZ, w/ Pl)Data ¥ 77
= E 2
-8 10k r -

10k i \\\ Bkl

10E A

10-5;_ + Data T ues ¥ | 1 £

of g
10°F - FEWZ (NNLO QCD + NLO EW) Lllaa 2% % i/ I ] !
107 -
E L1 1l L
-g 1.5;— | stat.unc. Tot. unc. [ Theo. unc. (FEWZ) o 05:
Q 1%-&3“—';,““,}??#{114- -m>200 GeV
E" E e "Ll l I 0_ 1 1 | 1 Il L1 ] I
8 0.5 . ‘ 300 400 1000 2000 3000
£ 20 30 100 200 1000 2000 m [GeV]
m [GeV]

® Sizable effect from Photon-Induced (PI) contribution in the high- mass region
(comparison with LUXged PDF set)
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g 0000000 )——>— |

Top (tt) cross section measurements

g9 t

" g, provides information on: s [ zzs((ﬁ(( T BTLASSCHS Prliminary szt |
m ATLASen8TeV (L 202fp)
0 - Top mass, ag 1 gluon PDF at h|g§ X0° s csmgs‘(3§ L 53203 1) Lrctopc -
« - 3 CMSgﬁe%laTef(L Z%fb% .
" Most precise o, measurements: ~ 4% [ 2:25,13:\'3:“3{;%;%%) : ]
limited by luminosity & experimental = [ Soeoreeeresss) 900} Al 4T
. . [ | [ e dons ]
systematics. Agreement with full 5 102; so WA tE
NNLO+NNLL calculations E - . 1]
- =—— NNLO+NNLL (pp) -
" o tt (ee, eM, IJIJ) multi-differential 10— _2?:|$:N2:;|g:p|)\mtov PRL110(2013)252004| 13 I\@rlre"’]__
C[‘OSS Sect|0n . E | | NNPDF3|0m _1725|GeVa(M) ?118:0001 | E
. . . 2 I4III6III |10|||12|||14
normalised single, double & triple (3 [TeV]
differential cross sections. Many _ 0003 EMS _1904.0523 359" (13 TeV)
Variab|es unf0|ded to parton and E | | 300<M(t})<450GeV 450<M(tf)<600GeV 600<M(tf)<1500GeV | ° Ej;d::a .
i = £33y — POW+PYT, 5=
£ 0.003 == POW+HER, =34
particle level (pr', y' My ™ ) 5 ooms=
' ' ’ %- i == MG5+PYT, »x?=67
" MCs have harder top p; spectra o.00 {ElPowseyT unc,
wrt data, effect increases with ™
. — 0.001
higher m(tt) values 2
® Significant impact on gluon PDFE 2t
at large x, when fitting S|multaneousl)g F | , | |
200 400 200 400 200 400
a, , mP°e, and PDFs P, (1) [GeV]
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Associate production: tt + Z

Top Quark Production Cross Section Measurements

Status: November 2018

® Rare process probing top coupling to Zg8 [t |[anas peiminay R
L. . 10° Fpm Run 1,2 45 =7,8,13 TeV e oot 3
" Sensitive to BSM physics ( VLQ, 4/3 ¢ -
charged top, ...) ol 7 —Lm em ey
" ttV, V=W, Z, observed already @ 8 TeV ; g rp 5ot ]
4 Il 0ata 32-798f"
by ATLAS & CMS wif 10 ]
@ 13 TeV: i j“;/
0 . = 1.00 *0.08 (stat) * 007 (syst) pb A7 R o ]
-0.05 -0.06 - w | [
consistent with SM o B
CMS Preliminary 77511 (13 TeV) ATL-PHYS-PUB-2018-034 ]
'_0'007: L LA B CMS-PAS-TOP-18-009 & t W t aw iz tZi tH _tEy
2 0.006f * Data 1 CMS Preliminary  77.5 fb* (13 TeV o o
0] - ¥ —aMC@NLO  { [T T
=, 0005 e | — 95% CL observed —— L
K4 0004k 1 ] | —prev.oMs(95% CL) .
INO. 1 ‘ —ATLASi (95‘%:CL) I m . .
.8;0.003:_ _: '?c’\):)i'i:ﬁ-gr((gggf/océlz) -—o—- C[g//\z ttZ InCIUSIVe &
~ N 1 | e indirect (68% CL) ! t . .
8 oonl § ] differential
o . ) Cross sections:
= 0.001 7 —_— t/ .
= . ; — o 1-& 2-d fits to extract
g ' ] limits on coefficients of
25F ; — = e . . .
S H—— } { [EESSE S = i dimension-6 operators in
e P | | I | an Effective Field Theory
0 100 200 300 400 500 =20 0 o 10

p1(2) [GeV]
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& voooUUD

o H,z_~?
Top (tt) + heavy flavours 3~ <;
gUUU‘U'O'O'U 4
JHEP 04 (2019) 046
O . ™ e ATLAS = 2
Background to ttH(bb) & tt tt leptonsiets (23b) [ .-+ y;
" Challenges: multiple scale and cotontiots (2 45) | % o
many processes contribute =
" ATLAS: dilepton and lepton+jets eu(=3b) | ':-+ " S, _:_-‘"

CMS: dilepton and all-jet

® Measure integrated and (ATLAS)
differential cross sections

" Dilepton and lepton+jets :

- cross sections higher than predictec

still compatible within uncertainties

CMmS
ttbb all-jet
Preliminary

ti+jets: POWHEG +
HERWIG++

ti+jets: MG5_aMC@NLO +

- fair agreement for the shapes for m:™=

of the predictions

" Tensions between all-jet cross
section measurements and
predictions

tibb: MG5_aMC@NLO +

PYTHIA8 4FS

ti+jets: POWHEG +
PYTHIAS

Total

~— Measurement

Stat.

-1
eu(=4b) i}
]

10

Sherpa 2.2 tibb (4FS) 1
Powheg+Pythia8 ttbb (4FS) M [ ]
PowHel+Pythiag tibb (5FS) M _.._
PowHel+Pythia8 ttbb (4FS) W [ ]
1 102 103 104 0.5 1.0 _1.5
Ofig [fb] Pred./(Data - ttX)

35917 (13 TeV)

CMS-PAS-TOP-18-11

Parton Agnostic
\\\\llllll\\llv\!l

Partlon q?seq

Fu

0.5 1 1.5

Fiducial PA oﬁbE(pb)
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cvents

Data/Frediction

b t b t b
EZ Rare processes with one top: tZq, tyq Eff

- modified production could indicate FCNC

100~ [] Multiboson th = Total unc. |
- tyq sensitive to the top quark charge i

q q
B Sensitive to BSM effects o 'C‘M;S'D;t;' NE— ._?:-.:ZLUT“.C’.T%VJ
-tZg & tyq include TGC diagrams (WWZ & WWY) 2 [ EWZ  pter, IMYZ 1
2 X / tX mm Xy
o

2-3 jets, 1 b-tagged —

" pp — tZq . Best signal region: 3 leptons, 2-3 jet (1b) _
Main bkg: diboson -
BDT (CMS), NN (ATLAS) trained in each signal region i

" ATLAS 36 fb1: first evidence : 4.2 (5.4) o obs (expt)

£ [] Stat. unc. [] Total unc.

| -1 i z
CMS 77.4 fbt: observation > 5 o obs. - l-bue WP L

Data / Pred.
o -l
190 o

PRL 121(2018)221802 359" (13 TeV) : 1 PRL 122(2019) 132003 _
1200:..é|.v|,s.,..,..,,,.....,[;'.n. ...... iw ............... - 1 05 0 0.5 1
1000 — B stat. @ syst. [] Zyjets ) BDT Output

tvq [ signal (tr) [ vy

B t/(s- and tw-) [l Misidentified photon ~ —
3

" pp — tyq:first evidence for (4.4 o obs., CMS)
Template fit to BDT distributions

" o(pp — tyq) x B(t —» pvb) = 115 £ 17(stat) £ 30(syst) f

¥ SMvalue: 81 +4fb

0 1 2 3 4 5 6 7 8 9 10
BDT output LDC - HEP-EPS Ghent, 15 July 2019 34



Rare processes:

tttt

CMS Preliminary

Events / bin

c'J\'t;?(SM) = 9.2 fb (30% scale uncertainties)

Sensitive to Beyond SM effects

Way to asses the top Yukawa coupling
ATLAS 36 fb1:
Template fit to H"2d = 5 pJin bins of b-jet
multiplicity 2.8 (1.0) o obs(exp.) significance

CMS 137 fbl: 2.6 (2.7) o,

102

10!

10°

107!

(4 tops)

BDT (postfit)

=ttt
= W
s ttZ
17%  Nonprompt lep.
ttH

137 fb~1 (13 TeV)

=%y Rare
EIm Charge misid.

L]

BDT and cut base approach. Fit many regions £ B2 o . J/
\ R R S //////‘////‘//lr/‘ftrtr"rrfl"”" ««««« & | PP AP Ao § /////‘//////*///// -
2.6 (2.7) o obs(exp.) significance S
-4 -4 -4 -4 o -4 -4 -4 -4 (-4 - - - — - - - -
SM | o &% & & 6% &5 % & % g £ g E E E E B
ly/ySMi|<1.7
PRD 99, 052009 (2019) ATLAS
q - - - _1 . .
?Erffgrev 261 10 ggzg::’“ # Data WAT(SM) O +jets (datardriven) P e aT R
- o @7+ HV  ONon-f #7Uncertainty " E D — 36.1 fb~! Single lep. / OS dilep.
[Phys.Rev.D99 (2019) 052009]
Lo 763021 7i,24b,21J >8j,3b,>1J 38i24b,211 S 261 5L Comblived
A7 -
- = CMS
Z R 30F
: ’ - /] = o 35.9 fb~! SS dilep. / trilep.
» s 20 : [Eur. Phys. J. C 78 (2018) 140
5 , s o 35.8 fb~! Single lep. / 05 dilep.
[CMS PAS TOP-17-019
________________ — o S 35.9 fb~! Combined
. 4 137 fb~ SS dilep. / trilep.
/./ WM/ / / / // o /// " W/ e [CMS PASTOP-18-0%3] R
500 7000 1500 2000 0 500 7000 1500 2000 0500 1000 1500 2000 0 500 1000 1500 2000 25| NLO QCD| NLO QCD+EW [HEPO2 (2018) 031]
Hy [GeV] Hh2 [GeV) H¥ [GeV] Heey] L e
0 20 40 60 80 100 120
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Quantum Interference Between Single and— —————r—r—r—

Doubly Resonant Top Quark

Phys. Rev. Lett. 121, 152002 (2018)

Identical WWhb final states,

T T T T T

] T T T T l

> [ ]
Q e | Data, stat. uncertainty
O 2E 2o ke [ Full uncertainty =
:; - - # Powheg+Pythia8 I'vivbb :
z ; "8} Powheg+Pythia8 i+tW (DR) |
ol _ ¢ Powheg+Pythia8 ti+tW (DS)
° EE°10 35_ - ¥ MGS5_aMC+Pythia8 ti+tW (DR) 3
o - %% | MGS5_aMC+Pythia8 ti+tW (DR2) 3
= Z i
4 f‘.’
107°E L4 —
- L] 3
E* ' .0{ s 1 3
- ATLAS g A
0 {s=13 TeV, 36.1 fb t g o
107 pp — 'bb+X D
: b iy I AR g
[ 2_ - !
© C 1 v 1
g e A AR
= ot 3 3 5 s -
0 100 200 300 400
nﬂmnmax [GeV]
tt-tW interference
Good description by predictions including
recent fixed-order calculations of the full
next-to-leading-order (NLO) pp — I+vl-vbb~
process
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leptons
9%

4
leptons
4%

ttet

lepton
39%

CMS Projection 14 TeV

— 14—
ke - tttt production at HL-LHC
Z 12f Stat. Uncert. only
S f Run 2 Syst. Uncert.
S 10f —— YR18 Syst. Uncert.
2 [ e YR18+ Syst. Uncert.
c 8F
2 N
N r
o 6
o
S 4 T
L 4= T
= _
w5 - //'
0:| | 1 1 1 1 | ] |

03
Integrated Luminosity (fo)
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Top properties

ATL-PHYS-PUB-2018-034

Intrinsic Production Decay

Theory

T

Vs=7TeV 3.4 +24
2.05- 4.7 fb™
Ys=8TeV

4.59 - 20.3 fb™

Ratio w.r.t. SM prediction

1.4

1.2

0.8
0.6

0.4

Ys=13TeV

ATLAS Preliminary

Status October 2018 Charge
asymmetry Wtb vertex
Q, m, Iy Spin A® Vol

Correlation

LDC - HEP-EPS Ghent, 15 July 2019




Top properties: polarisation, spin correlations

. 1903.07570
" tandtproduced non polarised (QCD conserves %1_06; Inclusive ATLAS E
C and P ) with t and t spins correlated. %,104; | fo=13TeV,36.110" ;

- Test of BSM effects via EFT, (ChroMagnetic g 102§ | I A==l ]
Dipole Moment ..) S B e B W R,

T [ e e ;

. . T 0.08 ¢ Data . —— ]

® Top decays before hadronisation ‘ :—i‘;‘;";‘;g;”fp’,‘:;"wn % :
- Spin information preserved in the decay products %~ S eoiew e sown 3
— i 0.04f == MCFM >

use A@, (&An, ) between leptons in tt (dilepton) NN e upléoun y
X ] P T (I U B ]

0 010203040506070809 1

Parton level A¢(I*,I')/x [rad/n]

® A more direct study extracts 15 coefficients CMS Preliminary 359 10" (13 Tev)
.. ] — CMS-PAS-TOP-17-023

characterising spin dependence of tt o Data —— POWHEGV2 + PYTHIAS

H . . . —=— NLO calculation = —*— MG5_aMC@NLO + PYTHIA8 [FxFx] result = (stat) + (syst)

production. Large uncertainties still.

B! | e i 0.005 = 0.010 = 0.021

A, tension between NLO & data B; 4 —we——+—  ox8-0010-002

likely explained by missing higher order By ——— i 00234 00114 0013

B; — - -0.010+ 0.0112 0.017

o PO'&I’IS&tIOﬂ, CMDM, In agreement Wlth B L 0.006 = 0.009 = 0.010

SM within uncertainties B .-

—0.06I I I-0A|04I I 1—C)A‘OzI — CI) = IOAICJ2I I IOJ}MI I ‘O.‘OS‘ I I0.08

LDC - HEP-EPS Ghent, 15 July 2019 Polarizat®8



Slide

from

Christian
Schwanenberger

ATLAS+CMS Preliminary
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!

o el NSNS NS J"
1

Multi gauge boson production

q v
TGC vertex
Vv
q ¥

" VW /Vylyyl/VVV (V=W, 2)
- Investigate the non-abelian structure of the SM at the highest energy
- Sensitive to new physics via anomalous Triple (Quartic) Gauge Couplings (aTGC, a

® Dibosons:

Diboson Cross Section Measurements

e d

- Many measurements W:v—[»fvy 0
. = [Mjer =
- NNLO necessary to describe data Zystty
— N — — ~ [N =10]
_Q - —
%‘ - ATLAS STDM-2018-03 A —Zy—swy
gy 50—  wzewn —]
] - ® ATLAS {s=13TeV, 36.1 fb" WZ% 3|V ] WV = {vjj
a0 * ATLAS Vs=8 TeV, 20.3 fb" T —WV-=iv)
T ® ATLAS Vs=7 TeV, 4.6 fb" . wWW
C o CMS Vs=13 TeV, 35.9 fb" N
30 :_ A CMS Vs=8 TeV, 19.6 fb" _: —WWosep, e = 0]
= O CMS ys=7TeV, 49" ]
20— v D0 Vs=1.96 TeV, 8.6 fb" — :w:$ :’: i{{]]
" & CDF {5=1.96 TeV, 7.1 fb" . '
- — MATRIX NNLO, pp—~W2Z ] wz
10— —
- 3 — MCFM NLO, pp—~W2Z . —WZstvee
- = - MCFM NLO, pp—~WZ ]
o= ., 1 L | [ zZ
o -y T L I LA L L DL L
= 1.4
= S —ZZ-4f
1.2
e 1E- ___ﬁ _______ 'F{L i % —
il E = —ZZ—ttvy
S 08B 1.1 ] [ ! —
s 2 4 8 10 12 14 szt
Vs [TeV]

" Larger samples allow for differential cross sections
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ATL-PHYS-PUB-2019-012
Status: July 2018

feletetete®: -

g ATLAS Internal
Run1.2 v5=7813Tev

NNLO QCD

R — B8 noach
o Em

LHC pp Vs=7 TeV
=
stat
stat & syst
LHC pp vs=8TeV

L - [
stat
LHC pp Vs=13 TeV

Data
n

stat & syst

0.6 0.8 1.0 1.2 14 1.6

Ratio with respect to NNLO
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E VBS with semileptonic final states: V(jj) V(Iv/l)+j]

® Semi-leptonic final states complementary to fully-leptonic :

- The latter less background, good for observation (first VBS observation, 2017, in
WW3jj —Ijj, most favorable EW/QCD production ratio)
- The former higher BR, probe higher energy tails where aQCG effects more promine

" Latest results (VZjj & VWjj): exploit boosted topology V->j (V as large merged jet)

" Recent ATLAS (1905.07714) ~ 36 b @ 13 TeV (CMS _ 1905.07445  ss0m”(13Tev)

also resolved jets. 0/1/2 leptons ——ovserved [ v +iets
. 5
- Use MVA including quark-gluon separation u’; 07 Wltopauek [ Jacowy
. . 4
- 2.7 & significance (2.5 o exp.) 00 T omewwy [T Bkg. uncerainy
10°
e f A% = 0.5 TeV 4 -omo- - = 1000 GeV, s, =0.5
" Recent CMS (1905.07445): 102 S .
- Main aim: search for aQGCs (& Higgs?) 10 e I
- Fit to m,,, and m,,, distributions | ,,,,,,,,,,,,,,,,,,,,,,,,
- Uncertainties: QCD scale, PDF uncertainties, 10y [
V+jets background shape g 10—

Obs/Ex

- Stringent constraints on parameters for - -
dlmenSIOn 8 Operators J l J1000J I J I1500J l J l2000l J I J2500
my,y (GeV) ,
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