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Introduction C

Lord Kelvin at British Association for the Advancement of Science in 1900:

“There is nothing new to be discovered in physics now.

All that remains is more and more precise measurements.”

(actually Kelvin never pronounced this sentence. Something similar was said by Michelson six years earlier)

Let’s follow the road pointed by "Kelvin/Michelson” in the hope to be wrong as well
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A
m,\ What kind of precise measurements? C°

= The Standard Model in a nutshell (actually in a coffee mug)
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https://iopscience.iop.org/article/10.1088/1361-6552/aa5b25

Tree Level

) .

Standard Model Predictions

The SM needs three input variables to derive all other quantities. The most precise:
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Caveat: in the loop can enter any
new and/or unknown particles

A few plots from the LEP electroweak working group page (status at March 2012)

Prediction of the top mass at LEP
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http://lepewwg.web.cern.ch/LEPEWWG/

What about LHC? c

=  With the measurement of My the electroweak sector of the SM is overconstrained

= Global fits can be exploited to predict W boson mass and the effective electroweak
mixing angle, with a precision exceeding that of the direct measurements.

= [tis a challenge for the experiments to be (at least) as good as the fit

Plot taken from the Gfitter working group page

;‘ 80-5 T I T T T T I T T T T I T T T
8 ™ 68% and 95% GL contours
— | B0 direct M,, and sin*(8!]) measbirements Latest Gfitter paper:
EB Il ﬁt w/o M, s?nZ(G;ﬂ) :|nd z widiihs meagurements arxiv:1803.01853
80.45 — fit w/o M,,, sin“(8,) and MH m?asurements
™~ fit w/o MW, sinz(eLﬂ), MH and Z;widths measurements
80.4

M, =80.379£0.013 GeV| [ W

\‘

sin°(el, ) = 0.23153
+0.00016

M,, = 80.379 £ 0.013 GeV

Fit: AMW =8 MeV s80.35

7

80.3 1 I 1 1 1 1 | : 1
0.231 0.2315 0.232

. . Fa2 el
Fit: Asin®(0), ) =0.00006 sin?(6/,)=0.23153+0.00016 S Gen)
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https://arxiv.org/abs/1803.01853
http://project-gfitter.web.cern.ch/project-gfitter/

OUTLINE Cr

= \V mass
— ATLAS (2018): Eur. Phys. J. C 78: 110

— CMS (2018): Eur. Phys. J. C 78: 701 ; ATLAS (2018): ATLAS-CONF-2018-037

———————— Vector Bosons Couplings ————————

= Vector Boson Scattering

— Same Sign WW;
CMS (2018) Phys Rev Lett. 120.081801; ATLAS (2019) arxiv:1906.03203

— WZ:
CMS (2019) Phys.Lett. B 795 281-307 ; ATLAS (2019) Physics Letters B 793 469-492

— ZZ: ATLAS (2019) ATLAS-CONF-2019-033
= Triboson final state

- WWW: CMS (2019) Phys Rev D 100 012004
- WWW, WVZ: ATLAS (2019) arxiv:1903.10415
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https://link.springer.com/article/10.1140/epjc/s10052-017-5475-4
https://link.springer.com/article/10.1140/epjc/s10052-018-6148-7
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801
https://arxiv.org/abs/1906.03203
https://www.sciencedirect.com/science/article/pii/S0370269319303636?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269319303211
https://cds.cern.ch/record/2682845
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.012004
https://arxiv.org/abs/1903.10415
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A
ATLAS W mass: measurement strategy ¢~

Eur. Phys. J. C 78: 110

)
N

2011 data set: E¢y=7 TeV: £=4.6 fb! I P (w—tv] | Due to the neutrino the W invariant mass can not be
reconstructed and we are forced to consider other

p / \ variables sensitive to the W mass, like for instance:

* The lepton transerve momentum:

Q Q)

« The W transvers mass: \/Zf);ﬁ;m 1- C05A¢)

—miss

where p . = —([37(, +uT) is the neutrino missing pr

and ur is the recoil: ﬁT = ZE Ti(calorimeter clusters)

i

Event selection Event sample

- Muons: |n|<2.4
- Electrons : |n|<1.2 OR 1.8<|n|<2.4
- Lepton isolation

W+ — uty 4609 818
W= = puv 3234 960

- pr'’>30 GeV Wt ety 3397 TI(

- prmiss>30 GeV W~ e v 2487 525

- ur<30 GeV

- m>60 GeV Sample of 13.7 M events: 5 times larger than

combined (DO + CDF) Tevatron sample

Statistics is not an issue; the challenge is the control of systematics (theoretical and experimental) to aim at 10 MeV error

Z-> I'l" is valuable to controll the systematics (MC tuning and cross checks)
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https://link.springer.com/article/10.1140/epjc/s10052-017-5475-4
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W mass: effects of p"¥, PDF and pile up
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Example taken from an ATLAS note (2008) arxiv:0901.0512
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| | | | I | |

_— pT(W) =0, no smearing

pT(W) #0, no smearing

=== p(W) =0, with smearing

b, #0

]lllllllllllllllIllllllllllllllll

Ut resolution
St (3)
50 55 60
it GeV
Sensitive to p;"¥ and PDFs Pr [ ]
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= At Leading Order the W is
emitted along the beam pipe:

P =
» HO corrections modify the spectrum:

p, #0

;7000_'_" L rfrrrryrryrrrrrrrrrrrrr|yrrrrorprord ._—
® 3 ]
o - —— p,(W) =0, no smearing ]
E 6000 E ------ p,(W) #0, no smearing E
‘Ué 5000} -.=.=- p;(W) 0, with smearing _:
S = :
5 4000 W =
5. F «— p, #0 :
2 3000 -
£ - ]
- - .
< 2000\ X =
- "~ Urresolution 3
1000/ . =
Coool 1...,11,,1..11'-""---4_._... ..(l.));

% 5 60 70 80 9 100 110 120
Sensitive to pile up and UE My [GeV]
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https://arxiv.org/pdf/0901.0512.pdf

Events/ 0.5 GeV

Data / Pred.

W Mass Fits o

Fit from MC templates with different mass generated in steps of 1 - 10 MeV

28 y? fits, separeted for lepton type (u,e), W charge (+/-), rapidity interval (4 for u, 3 for €) and
fit variable (m+, p{').

Many other fits were performed as consistency checks by varying fit range, etc ...

«10° ><103
290 BT T T S e —
200 E- ATLAS ‘@ Data 3 100 ‘@ Data
180 E- Vs =7TeV, 4.1 EmW - 1y Z 140[F Vs=7TeV,46 fb! WmW - e'v
160 []1Background » 120 [ Background
140 xldof = 20/39 ‘g 100 x2/dof = 54/59
120 Rkt
100 80
80 60
60
40 40
20 20
1.02 E S oS 1.02 - |
T [ o —————————— y— ++ 1’ ..... ﬂ [ L o Pr——————————— T E|
R +. HH: S 1-I»1+H- P wb it |
099" s wrrsprrtct + O od T At b T 1
0.98 . : S 098 : : : : : ]
30 32 34 36 38 40 42 44 46 48 50 3 60 70 80 90 100 110 120
|
p; [GeV] m; [GeV]

Combined result

Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total x2/dof
[MeV] | Une. Une. Une. Une. Unc. Unc. Une. Une. Une. | of Comb.

[ 80369.5 | 68 6.6 6.4 20 45 83 55 92 185 29/27

stat. = 6.8 MeV exp. syst = 10.6 MeV nod. syst =13.6 MeV

M,y = 80370 + 19 MeV
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Comparison with previous results and SM C

Nd

_N\&S/=
TV

S L I T L L

)] = =80.370 £ 0.019 GeV - ..

O go.5[- ATLAS ——_ 17256 1 010 Cay . The ATLAS measurement has the same precision of
& -y =125.00£0.24 GeV the previous most precise single measurement (CDF)

80.45 # 68/95% CL of m,, and m, —

and is consistent with previous results.

Illlllllll]ll

80.4
80.35] From PDG 2019
80 3:_ w 68/95% CL of Electroweak ] ALEPH ——— 80.440+0.051
F Fit w/o m,, and m, 7 :
= (Eur. Phys. J. C 74 (2014) 3046)
go.oslo—m bt 1 L]
165 170 175 180 185 E
m, [GeV] L3 —a— 80.270+0.055
Good agreement with SM EWK fits (Gfitter ) OPAL . . 80,415 40,052
N 10 - T 4 . T T T T T T T ] ;
F of ] : el fitter %530 LEP2 —a— 80.376+0.033
. e = : 2idof = 49/41
8 E [ sM fit wio M § megsurements 3 i *
g SM fit w/o M;:v ang M, measurements g
7 = - LEP [arXiv:‘.:'302 415] = DO .= 80.383+0.023
6 4 Tevatron [afXiv{l 204.0042] =
5F -8~ ATLAS [ERJC '8, 110 (2018)] = Tevatron - 80.387+0.016
= 3 = y2/dof = 4.2/6
S S U S I 5% Worldav. (old) - 80.385+0.015
35 =
oFE , 3 ATLAS -m- 80.370+0.019
= k ‘-‘ i — -
TE s N e EL World av. (new) 80.379+0.012
0 - 1 | 1 1 1 | 1 1 1 — é
80.34 80.36 80.38 80.4 80.42 ! | ! L L ¢ L ! ! |
80.2 80.4 80.6
From the fit: M,,=80356 =8 MeV M, [GeV]

My [GeV]
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http://pdg.lbl.gov/2019/reviews/rpp2018-rev-w-mass.pdf
http://project-gfitter.web.cern.ch/project-gfitter/Standard_Model/index.html

A
Prospects for My measurements  C°

Maijor source of uncertainties are pt" (from QCD and PDF) and recoil (from pile-up)

# exploit dedicated low pile up runs (<p>=2) to get pr"V from data | ATLAS: ATL-PHYS-PUB-2017-021

Low-mu datasets: ATLAS/CMS 380/200 pb-' at 13 TeV; 260/300 pb-' 5 TeV

ATLAS-CMS High_Lumi perspective arxiv:1902.10229

;‘ 30 B I I I T ] s 20 I. ) I o I | N
g - ATLAS Simulation Preliminary .Stat. ® PDF % 18 ATLAS Simulation Preliminary 3
= o5 - Vs=14&27TeV, 200 pb”, <u>=2 Il stat ] '} Vs=14TeV, <PI>=2 I stat. ® PDF 200 pb' 3
f - my fromm; & p'T 5 . E 16 -my, fromm, &pl, nl<4  mEmc. oppF1h!
20 :_CT1O PDF : PD:F _: 14 B Fo 3
- Extend forward | ' . 12 =
15 : region @HL—LHC; _: 10 E
: ] 8 =
oF - 6 =
5f : ) E
C ] 2 —

\s= 14 TeV g 27 TeV 114827 TeV Different set of PDF functions

= Total uncertainty of ~11 MeV with 200 pb-1 of data at each energy ( ~one week of data taking)
= With HL-LHC PDF and 1 fb-! we could reach of precision of 6 MeV
=  With Future LHeC PDF set from DIS data we could aim at a precision of 4 MeV

CAVEAT: experimental systematics are not included, but they are of statistical nature and could be reduced
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https://arxiv.org/abs/1902.10229
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-021/
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Measurement strategy C

=
Measurement is based on the cos(theta) dependence q / q
. : > &
of the Drell-Yan cross-section (using ee/Jp events) /
e+
At LO SM (Forward event)
do

=A(1+coszt9*)+Bcost9*

_ 4o "
dcosO’ I q / q

» &
1 e//e |
2012 data set: Ecy=8 TeV; £ =20 fb" Parity-violating term; B ~ Agg (Backward event)
is a function of sin20,,
ATLAS: 7.5 x 10 di-muons and 7.5 x 10° di-electrons 5(cos0 * > 0) — o(cos O * < 0)
CMS: 8.2 x 10¢ di-muons and 4.9 x 10¢ di-electrons | | Ars= Forward-Backward asymmetry ||Az5 = 5(c0s0* > 0) + 0(cos O * < 0)

——————— PROBLEM: how do we distinguish a quark from an antiquark in the initial state? ————— —

a) The antiquark is picked up from the sea; b) at high rapidity is more likely that the Z follows the quark direction.

yz=0 u(x) = 0(x) = maximal dilution

u u u u
> < ~ > <

yz>>0 u(x) >>U(x) = anambiguous

u u u u
> < > <t

This measurement is best done in the high rapidity region of the detector
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A
PDF effects on the Ay measurement C°

= Agg is sensitive to PDF for two reasons: e / e’
— different couplings of u- and d-type quarks q - / q q q

>» &
— y, direction depends on the relative content of valence //g
and sea quarks ey e

(Forward event)

Nd

_N\&S/=
TV

(Backward event)

Vf:’l;f_ZQfSlnzew B O-(COSH :{:> 0)—(7(COSH* <O)
i =T " 6(cos0* > 0) + o (cos 6 * < 0)

Using quark direction Using di-lepton direction A for different rapidity bin

Sq 0BT R @ 08— T ; @ 0.8f - — — ; )
SEuw [ - o L i -
< o PYTHIAS utype  Lesq < osF PYTHIAS < ool PYTHAS ]
°F o ¥ o . 6 .
[ LO NNPDF3.0 l °°°°o° : [ LONNPDF3.0 u 1 [ LO NNPDF3.0 ]
i ° &0 - 1 I .
0.4 CMS *0® oot® ] 04~ Sea quarks do v ] 041 7
‘Ao a* . A o

[ $%,0 i " not contribute R i ; R
02k (3" . 02k -".oo°°°°° 0.2 central bin alast good
i ] i . ° co0od) i LT T L
r o d-type 1 [ ¢ 3;5883:039"4“"‘: - l ;iig!!:«;cd@c

0 ? 0 = = :nooggé 4 h xl “ 0 -
o © ] [ coo000Y s _* PO000p00C .
average .., ] $88883009°%,° d 1 PreesizzzzBii e 0.0<|ly,|<04 ]
-0.2- 7 e _ B b 02 **es e _ a . 02 4 aa aan o 04< lyH| <0.8
: \ s ° odd *uu 1 - odd *uu ] - 5 0‘8<ly‘[|<1-2 :
-04 o Ml ACE P = 04 ASE . CC ] 0.4 N ‘ -
[ 2 & 4 s Te [ average S c ] s = 12<ly, <16 |
—oefrReec® 7 bb eq@ §  _ggf bb eq@ |  _gef £ 1.6<ly <20 ]
[ fea® I [ ] i 20<|y|<24 ]
Y| IR B I | PR B B Y| SPEFIFERE B PR | NPT I B _0.8‘,Uluul,U,luul,“",h“'
60 70 80 9 100 110 120 60 70 80 % 100 110 120 60 70 80 9 100 110 120
m; (GeV) m, (GeV) m; (GeV)

PDF uncertainty is the major source of systematic error and require particular care in the sin20,, extraction
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CMS: AFB methOdOk)gy Eur. Phys. J. C 78: 701 C

= Measure Arg asymmetry in Collin-Soper frame in Collins and Soper reference
reconstructed m,, y, bins PhysRevD.16.2219
A
. | . _ / A R
= Sin26.4 extracted from template fit to Arg in data using / y

theoretical predictions
(Powheg v2 event generator using NNPDF3.0 PDFs)

}
%

70 < M, <110GeV| (0.0 < |y <24

- -1

CMS 19.6 fb™' (8 TeV) CMS 18.8 b (8 TeV)

m O4rTTTTTTT T I T T I T I I I T T T T T T T T T T T T m O4rTTTTTTTT T T T T T T T T T T T I T T T T T T T T 7T
<|-|- 10.0<lyl<0.4 |04<lyl<0.8 [08<lyl<1.2 |1.2<lyl<1.6 |1.6<lyl<2.0 |2.0<lyl<2.4 | <|-L 100<lyl<04 |04<lyl<08 |[0B8<lyl<12 [1.2<lyl<16 |1.6<lyl<2.0 |20<lyl<2.4 ]

+ =

I

+
L
+
-
R
LL«»
Ly
%_*
"S=¢
F

o
|
{
A
e
A
L’
.‘¥
I
lllll[l[
o
lllllél T T T l LI
.
S A
& +f
t
6*\
5
T
T
T
“_“\
e o
i
lIllllIl

. n
: - ~Data H ﬁ—
02 Fit + 021" Fit
| .| L1l L1l | | | L1l | L1l | | L1111 L1l |
4 R e B e S MBI e L 1 = R e B AN B b
L. oosf 4 + \ 4 W oosf + &
1 - 7 1 - ]
© 0 H-tatant +'+'++'.n ++++ 4 +‘-+++++h‘~’+ ++ + +ﬂ‘.¢+ +++ ++ *H{ = © 0 :1*'"\'¢++++«’“‘*+++"'«“"’*++‘++""-"0*’+' _+_ _+_+*"’"0+++ ﬂ*#{”r =
+ o ] - - .
®© _o00s - —: © _o0s - + +‘:
D T T S T T T S S T T S NS T S Y Y SN NN SN T N S TN [N TN Y SO SN S 0 T SO I 9 D :. I T - T - I T - I W - T -1 T - |:
70 90 11070 90 11070 90 110|70 90 110|70 90 110|70 90 110 70 90 110[70 90 110|70 90 110/70 90 110[70 90 110/70 90 110
electrons  m__ (Gev) m,, (GeV) muons
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https://link.springer.com/article/10.1140/epjc/s10052-018-6148-7
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.16.2219

Channel Statistical uncertainty
Muons 0.00044
Electrons 0.00060
Combined 0.00036

systematic uncertainties from PDF

CMS: uncertainties and result

Experimental systematic uncertainties

Source Muons  Electrons
Size of MC event sample 0.00015  0.00033
Lepton selection efficiency 0.0000 0.00004
Lepton momentum calibration <0.00008  0.00019
Background subtraction 0.00003  0.00005
Modeling of pileup 0.00003  0.00002
Total 0.00018  0.00039

systematic uncertainties from theory

Modeling parameter Muons Electrons

0.00003  0.00003

0.00011  0.0001

Dilepton pt reweighting
g and g scales

POWHEG MINLO Z+j vs. Zat NLO 0.00009  0.00009
FSR model (PHOTOS vs. PYTHIA 8)  0.00003  0.00005
Underlying event 0.00003  0.00004
Electroweak sin® 6’ vs. sin 6% 0.00001  0.00001
Total 0.00015  0.00017

Channel Not constraining PDFs  Constraining PDFs
Muons 0.23125 + 0.00054 0.23125 + 0.00032
Electrons 0.23054 + 0.00064 0.23056 + 0.00045
Combined 0.23102 + 0.00057 0.23101 + 0.00030
CMS Weighted PDF 18.8 fb™ (8 TeV)
CT10 °
NNPDF3.0 (1000) .
MMHT2014 .
CT14 .
NNPDF3.0 (100) — o .
1.229 023 0.231 0.232
sin0L,

sin’ Gfo = 0.23101 =+ 0.00036 (stat) + 0.00018 (syst) = 0.00016 (theo) + 0.00031 (PDF)

C.Luci - Precision Test of the SM

> ‘sm 6L = 0.23101 + 0.00053\ 2.3 % precision
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Vd

N ATLAS: Ai methodol OQYVY ATLAS-CONF-2018-037 C

The differential cross section pp = Z - ¥ can be parametrized at EW LO and all order QCD as:

do 3 doV+L

dpif dyt“ dmt‘ dcos 6 dg l6n dpsf dytt dmt

1
/ ¢ 39 b {(l+00829)+—A()(1—300829)+A1 sin2()/cos-¢\
AS s 2
S

A 1 7

)(/'\)K z +— Az sin’ 6 cos2¢ + Az sinf) cos ¢ + Ay ¢osl 3
2 A_==A,

+As sin® 6 sin 20+ Ag sin 26 sin¢g + A7 sinf sin ¢}.

* 9 harmonic polynomials P;(cosBcs,Pcs) describe the lepton angular distribution in the Z rest frame
«  8A(MY pt, vy coefficients and total unpolarised cross section gU*- (m%, pt¥, y*) describe the Z dynamics
» Parity-violating A, term is sensitive to sin%0.4

« A, obtained from templates binned in (m¥, y%)
(method here: J. High Energ. Phys. (2016) 2016: 159 )

From A, we get sin?0

Fit A, to the data

A4 1_' rrrrTTTT rrrTrrTrTTTrT T T T T T T T T T T T
ATLAS Example: P4 template ATLAS Simulation ee,.: y’-integrated - ATLAS S'mUIat'?n Preliminary E
@ . 1 =~ Vs =8TeV, p’ = 22-255 GeV 0.1~ (s=8Tev, 27y’ (NLO QCD) =
o 6 o3 36 ! % E 80 GeV <m’ <100 GeV ]
o A = -
2 ° ° .09 } A Improved Born Approximation {
E Q@ :‘ A Effective Born ]
< 8 oos "lua B
- s “ua ]
[ NaA -
3 % 0.07[— A N -]
full phase 0. 2 fiducial ph § oo e, ]
08 Fold detector 1 . 4 ud
space 08 space
acceptance 0 . 0.229 0.23 0.231 0.232 0.233 0.234 0.235
008060402 0 0208060831 1 -08-06-04-02 0 02 04 06 08 1 Sin?8,

cos 0

ea - vi.intearated cos 055
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-037/
https://link.springer.com/article/10.1007%2FJHEP08%282016%29159

ATLAS: data sample c

= ATLAS can exploit also the Forward Region for the electron channel, unlike CMS

HHcc eecc ee.f
N 5103 T T T T T T T T T o X1OJ T T T T T T T T o - T T T T T T T T T
g 1402_ ATLAS Preliminary —e-Data g 120:_ ATLAS Preliminary —e-Data _: 850000:— ATLAS  Preliminary —o-Dala —:
P C 8TeV,202f", un 0z P - 8TeV,202fb", ee 0z . P - 8TeV,202fb", ee )z R
€ 1200 cc B Top+EW c 00 ce I Top+EW ] € 400001 CF B Top+EW =
o - 80<m,<100GeV,0slyl<25  gNon-fiducialZ 2 - 80<m<100GeV,0=ly|<25  [Non-iducialZ g - 80=m,<100GeV,1.6<ly|<36  [Non-fiducial Z m
Y wE ! 0 Multiet w C [ Mutijet ] w C 0 Multiet ]
- 80F - 30000 =
80— 601— . C ]
60— - . 20000 1.5 M events 3
= 40 - - 3
40F- 7.5 M events - 6.0 M events ] 1o000F- .
20 &3 E z z
3 1.2 ' =
1.1 . . )=
3 E 1.1
g 15e ’ g B 1M e ot tegs . M"ﬁ
3w g s 03 . E
g osst? 8 8 o7 1
09 06 4 -
-1 08 -06 04 02 0 02 04 06 08 1 -1 08 06 04 02 0 02 04 06 08 1 -1 08 06 04 02 0 02 04 06 08 1
cosf cosf cost
’S 0.24:_'|""I"".I.‘"'Y""I""\""I""l"_:
S = ATLAS Preliminary ——CT10 E
70 < MM < 125 GeV 0.0 < |y‘ <25 1.6 < ‘y‘ < 3.6 g 0'22;_8 TeV, 20.2 fb" - CT14
5 0% —— NNPDF31 ]
018 —— MMHT14
0.161 =
0.14f ,.-"m’t* =
H H : . 0.12 * -
= Forward region is very important because: iy iy E
E » 3
. . - & =
—  Smaller dilution effect gg: iy ]
. g . VOE & E
— Higher sensitivity to A, and sin?0; 0.04F o £
. . - 0 -
—  Smaller PDF uncertainties O ™
0 .
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uncertainties and result

Channel eecc | Mucc | eecr | eecc t HHcc | eecc t PUcc teecF
Central value 0.23148 | 0.23123 | 0.23166 0.23119 0.23140
Uncertainties
Total 68 59 43 49 36
Stat. 48 40 29 31 21
Syst. 48 4 32 38 29
Uncertainties in measurements
PDF (meas.) 8 9 7 6 4
p¥ modelling 0 0 7 0 5
Lepton scale R 4 R 4 3
Lepton resolution 6 1 2 2 1
Lepton efficiency 1 3 3 2 4 |~9
Electron charge misidentification 2 0 1 | <1
Muon sagitta bias 0 5 0 | 2
Background | 2 1 1 2
MC. stat. 25 22 18 16 ﬁa
Uncertainties in predictions ~
PDF (predictions) 37 35 22 33 24
QCD scales 6 8 9 5 @
EW corrections 3 3 3 3

sin 0l = 0.23140 £ 0.00021 (stat.) + 0.00024 (PDF) + 0.00016 (syst.)
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A1
CDF uu 9fb 0.2315+0.0010
CDF ee 9 b’ >y
0.23248+0.00053
+ -1 ——
CDF ee+uu 9 fb 0.23221:0.00046
A —_——
DO uu 9o 0.23016+0.00064
-1 —
DO ee 10 fb 0.23137+0.00047
-1
DO ee+uu 10 fb ~*1 0.23095+0.00040
TeV c?ombineq: CDF+Q0 ”"0“2314&0_.00033

LEP-1 and SLD: Z-pole

LEP-1 and SLD: Ajy

SLD: A,

<«— Tevatron

LHCb: 7+8 TeV
CMS: 8 TeV
ATLAS: 7 TeV
ATLAS: eeccHIM
ATLAS: ee.¢
ATLAS: 8 TeV

ATLAS

Sin%0.4: comparison among results

Preliminary

—e—1

e

—ar—

CMS pp 18.8fb"

CMS ee 19.6 b

CMS ee+upu

0.23125 + 0.00060

0.23056 + 0.00086

0.23101 + 0.00053

023

0231

2
sin“e’,

0.232

)

INFN
C

0.23152 +£ 0.00016
0.23221+ 0.00029
0.23098 + 0.00026
0.23148 + 0.00033
0.23142 + 0.00106
0.23101+ 0.00053
0.23080 + 0.00120
0.23119 £ 0.00049
0.23166 + 0.00043
0.23140 + 0.00036

ATLAS error is similar to the Tevatron one
ATLAS and CMS errors are comparable

in the central region

The measurement is still dominated by the “old” LEP and SLD done at the Z-pole
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S sin20, : what next? -

= ATLAS and CMS measurements can not be combined as they are because they use
different analysis methods (the LHC electroweak working group will take care of it)

=  They plan to use the same approach (most likely Ai coefficients) for future measurements
(Run2 onwards). LHCDb will also play an important role (see next slide).

= A common note describes what could be obtained in HL-LHC (arxiv:1902.10229).

CMS Phase-2 Simulation Preliminary 14 TeV

F102 T T T T T T = 10?
o [Se- - . - - ° *—o - o]
A o R 7]
ATLAS /s = 8 TeV ATLAS /s = 14 TeV ATLAS s = 14 TeV %F 7
L[ 20 3000 3000 «%
w0 el T O
PDF set MMHT 14 [18] CT14[13] PDF4LHC15yy .Lyc [19] Tl T
S 10 — ) — 10
sin® ferr [x1079) 23140 23153 23153 E 3
Stat. + 21 +4 +4 B Il <2.4 Il <2.8 "o N
PDFs . = 24 + 16 13 - —e— Statistical —6— Statistical °]
Experimental Syst. +9 + 8 +6 ) )
Other Syst. +13 | —e— NNPDF3.0 nominal —6— NNPDF3.0 nominal a
—o— NNPDF3.0 constrained —©— NNPDF3.0 constrained
Total + 36 + 18 + 15 ;L ) L Ll ]
10 10? 10° »
L, (fo™)
ATLAS Preliminary: 8 TeV ——— 0.23140 + 0.00036
HL-LHC ATLAS CT14: 14 TeV 0.23153 + 0.00018
HL-LHC ATLAS PDF4LHC15,, ,.: 14 TeV 0.23153 + 0.00015
HL-LHC ATLAS PDFLHeC: 14 TeV 0.23153 + 0.00008
0.23 0.231 0.232
s 2nl
sin“6,,,

The dominant error will be PDF uncertainties

C.Luci - Precision Test of the SM 17/09/19



https://arxiv.org/abs/1902.10229

Prospects for Sin20_ at LHCb c

= LHCb is designed for flavour physics but it is also able to act as general purpose forward detector

I Muon " LHCb Current —— Upgrade | ———— Upgrade I—»
B HCa j o oI
N ECa e 300fb A §
I Tracking g 16—2 3 §
é 143 —fzoo __E_‘
r N — 12—; -~ o - s
ATLAS ke 10_; ) N _:150 g
e 4
CMS &3 K-
4 =]
e 6 fb! Eso
LHCb Goro 2015 2020 2025 2030 2055
— -4 -3 -2 -1 0 1 3 1 5
U
""o 40 L1 I -
x 30 .
5 om s PDF uncertainty at LHCb is similar to ATLAS and CMS:
- % .
g O ~ 20x105 [ATLAS ~ 24x10-5and CMS ~ 31x105 ]
§ R °":-‘-‘=’-..~..___0 J. High Energ. Phys. (2015) 2015: 190
= 10 T o

x 1| * Statistical uncertainty at LHCb negligible for Upgrade I

POWHEG+Pythia8, NNPDF31

6 =+=¥== Statistical Uncertainty

ol I < With 300 fb-1 the PDF uncertainty could be reduced
: -1 o ) | below ~10x10-° using PDF reweighting method

e a0 o s e LHCb-PUB-2018-013.pdf

Integrated Luminosity [fb]
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https://link.springer.com/article/10.1007%2FJHEP11%282015%29190
http://cdsweb.cern.ch/record/2647836/files/LHCb-PUB-2018-013.pdf

Gauge Boson Couplings
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Motivations for the measurement C

The non-Abelian gauge nature of the Standard Model predicts, in addition to the trilinear WWZ
and WWYy couplings (TGV), also Quartic Gauge Boson Couplings (QGC)

TGC : :ﬂ< QGC

TGC and QGC probe different aspects of the weak interactions ¢ds:9505252
TGC test the non-Abelian gauge structure of the Model; they have been tested at LEP:

e W~ e w
0
; ve M >\/va{
e . W+ + + + +
e W e W

QGC are accessible to LHC. They can be regarded as a window on the electroweak symmetry
breaking mechanism and they represent a connection to the scalar sector of the theory.

Anomalous couplings are handled by the Effective Field Theory approach:
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https://cds.cern.ch/record/281467/files/9505252.pdf

Vd

N7 Production cross sections C

July 2019 CMS Preliminary

L | =
o) &
Q | s Drell-Yan @ 7 TeV CMS measurement (L <5.0 fb”) .
— 10 lect K ducti @ 8 TeV CMS measurement (L <19.6 fb™) =
© ‘ électroweak production @ 13 TeV CMS measurement (L < 137 fb™) 3
and multi-boson final states Theory prediction .
S 404 L Z Z Z CMS 95%CL limits at 7, 8 and 13 TeV _
9 S -
O 403l |
() 10 .E.r \ @ —5’
n - s @ e
21 =ni
8 1 O - ﬁ'meté% o T _gi
o - g @ ‘§ - i
O 10F gﬁ f 2
S _f ‘ W a0 E
5 1F z oogd p A5 i
- Z T [ ] ?ﬁl < 3
= - I Sl
-1 - a
o010 E _— - 3
- - p ] =
o . - :
10—2 - L ] o o - ?5
- T_a + .
10-3 =— % 'U' b =
: :> gLE ;

-4
T T o T T T T T T Tew v ool Tew 1 T T r. .1 T 1T 1 _1T_T T 1T T.1 LILI L L
10 . ew'ew v 'ew] 'ew Tew Ew 'ew . 'VBF

W Z Wy Zy WWWZ ZZ W aaZ WW Tssww 2y qaWz 77 WWWIWy Zy Wy 1t Wt tty tZq #Z ty oW titt ggH qaqH VH WH ZH ttH tH HH

s<ch
EW.2yy Wy fiducial wilh Wy, Z-l, lse Th. Ao, in exp. Ao

All results at: http://cern.ch/go/pNj7
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Vector Boson

Scattering
(VBS)




V4

_N\&S/=
VM

Final state: 2 Vector Bosons + 2 jets

Unique to VBS

VBS: Feynman diagrams

q4

q2 HIGGS q4 q2

f1
V2 f_2
Vs fs
fa

qa

q3

fi

V2 fa
Vs f3
fa

2 4

q1 fi
% f
e — (]3
+ 9

el (] |
Vs I3
q2 f4

q1 g
f1
+ Vl f2
I3

V2 fa
g q2

VVjj EWK NON VBS

q1 qs Q1 f

V3

f4 Vs I3
q2 q4 g2 f 4

= (1)

[:

h Va fo = Ay
a6 Vs f_' qs3 tagging jet (4)
Ew |y, 2 + Vi
f3 q4

(2)

tagging jet

Several final states depending on the nature of the Vector Bosons
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EXPERIMENT

Run: 302956

Event: 1297610851
2016-06-29 09:25:24 CEST
mijj = 3.8 TeV

C.Luci - Precision Test of the SM

A rare process, but very clean

17/09/19




Nd

_N\&S/=
VM

1 (fb)

1),

do/dlAy.

Phenomenology highlights for VBS W*W=jj

0.8

0.6

0.4

0.2

flow between interacting partons

O Two hadronics jets in forward and backward regions with high energy (tagging jets)
O Hadronics activity suppressed between the two jets (rapidity gap) due to absence of colour

Q Boson pair more central than in non-EWK processed

of all the VBS processes at LHC.

The VBS process involving two same-sign W bosons has the largest signal-to-background ratio

Di-jet rapidity difference: arxiv:1803.07943
Inclusive study at LO: do / dIA yu | (fb)

oZot

total of + o,0° + ofot

]TITITIT[IT

.................
....

IT]!ITI7

"
"
'
..........

- interference

Di-jet invariant mass: arxiv:1803.07943
Inclusive study at LO:do /dm,, (fb/GeV)

INFN

A
0.006 [—
: ------ (16
- 5
0.005|— 0,0
s oot
- —_— o+ oo® + oot
< 0.004[ HETR
& 0.003-
E 0.002(
\ -
3 0.0010-/Vi % e
o} I
0001 b Laa o oy
0 100 200 300 400 500 600 700
m; (GeV)

The analysis can be cut flow based

C.Luci - Precision Test of the SM
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https://arxiv.org/abs/1803.07943
https://arxiv.org/abs/1803.07943

=)
INFN

CMS: VBS Same Slgn WW  physRevLett 120081801

Data 201 <:|
2016 data: 35.9 fb-! at 13 TeV Signal + total background 205 + 13
U Signal 66.9 +£2.4 -
Total background 138 + 13
= 2 same sign leptons (e or p) with: Nonprompt 88 + 13
pr>25/20 GeV and n < 2.5/2.4 Wz 251+ 11
QCD ww 48+04
) Wy 83+1.6
= M;> 500 GeV; |An; > 2.5] Triboson 5.84+0.8
Wrong sign 52+£1.1
CMS 35.9fb"' (13 TeV) CMS 35.9fb"' (13 TeV)
- Data 1 - -« Data :
150 L EW WW ] 150 |- EW WW 5
[ mwz ] [ mwz )
" Nonprompt E I I Nonprompt
.g Others 1 g - Others J
< i A Bkg. unc. =100 e A Bkg. unc. -
P 100 | . g. unc | P NN g. unc )
[ =4
1] ]
> >
w (w
50 NN - 50 .
\\\\\\;\\\\\\\\‘\\\\\\\\\\‘?‘\\“\\\f B R
1 \\\\\\\\\\\\\\\*\\\\\\\\\\\\\\:
0 P S T T [ S T 0 A i " " A 3 ' '
500 1000 1500 2000 200 400 600
m, (GeV) m, (GeV)

= Significance: 5.5 o (obs); 5.7 o (exp.) = first observation of EWK W* W=jj

= Ogg(W* WHjj) = 3.83 = 0.66 (stat) = 0.35 (syst) fb (statistically dominated)

= gl0 =425+ 0.27 (scale + PDF) fb
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.081801

CMS VBS WW: aQGC & limits on

Anomalous gauge couplings

TGC

QGC

\

Focus on dim-8 operators for aQGC

INFN
C

handled by > Effective Field Theory

FTT T T I

| 1 1 |

C. [ f [

L =L +1Y L0+ ~Loi+

EFT SM i A2 i P A4

AT IR,

______ | _______ |
dim-6 dim-8

Observed limits (TeV™*)

Expected limits (TeV—)

fso/A*
fg/A*
fyvo/A*
VAN
fe/A*
fg /A
fro/A*
fry /A*
fry/A*

[~7.7,7.7]
[—21.6,21.8]
[—6.0,5.9]
[—8.7.9.1]
[—11.9,11.8]
[—13.3,12.9]
[—0.62, 0.65]
[~0.28, 0.31]
[—0.89, 1.02]

~7.0,7.2]
(—19.9,20.2]
(—5.6.5.5]
~7.9,8.5]
[—11.1, 11.0]
[—12.4,11.8]
[—0.58,0.61]
[—0.26, 0.29]
[~0.80, 0.95]

They are all compatible with 0 (SM)

C.Luci - Precision Test of the SM

Limits on o x BR for VBF production of H¥*
VBF H* — W*W* 35 9fb' (13 TeV)

— Observed

--- Median expected

1| 68% expected
95% expected

IIII|IlIlIIlIIIIlII|Il|Il llllllll
200 300 400 500 600 700 800 900 1000

m,_.. (GeV)
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9 ATLAS: VBS Same Sign WW
by . dme sign arxiv:1906.03203 L~
N
= Combined
2016 data: 36.1 fb-' at 13 TeV Wz 30 = 4
Non-prompt 15 =5
= 2 same sign leptons (e or ) with: e/y conversions '-:-9 + 2.9
pr>27 GeVandn <25 Other prompt 24 + 05
W=W=jj strong 72 + 23
= M;>500 GeV; |An; > 2.0 Expected background 69 = 7
> _— W=W=jj electroweak 60 =11 -
& _.F Amas —+— Data_ : . >
S 26 (s=13TeV,36.1 b ) Soweak 3 — i <:I
~— - Non-prompt. 7
8 20k — o Conversens B _ Comparison with MC predictions
S Z Other prompt A 2 ATLAS l - I . ]
> N 44222 Total uncertainty 7 3 L otal experimental uncertainties _|
w 45 — - o L Vs=13TeV, 36.1 fb' & Experimental stat. uncertainties -
B ] 4 __ Total theoretical uncertainties |
10 " _‘ L £=== Theoretical scale uncertainties _|
. - L
500 1000 1500 2000 2500 3000 5 Z
m{GeV} — T
Sherpa v2.2: non-optimal setting of colour flow for the parton shower | _—¥ |- Interference with strong production and NLO EW
S excess of central emissions I corrections are not mlcluded in theoretical predllctlons

Sherpav2.2.2 Powheg+Pythia8 Data

fid. 0.51 0.24 0.14 0.08 :
o' = 2.897 ¢ (stat.) 7553 (exp. syst.) ¢ (mod. syst.) 5 e (lumi.) fb

Significance: 6.5 o (obs); 4.4 o (exp. from Sherpa) and 6.5 ¢ (exp. from Powheg+Pythia8)
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https://arxiv.org/abs/1906.03203

N/ INFN
CMS: VBS WZ -
ﬁf . Phys.Lett. B 795 281-307

‘o,VMq\@

We have a Z in the final state 2016: 35.9fb-1 | | 3 leptons in the final state
q q” & Process U upe eep eee Total yield
" QCD WZ 1354+08 91+05 68+04 46+03 341+1.1
W+ Wt \\Y

t+V/VVV 56+04 31402 254+02 17401 129+05

Nonprompt 52420 24409 15406 07+03 99+23

\%A% 08+01 16402 04400 07401 35402

7 7 7 Zy <0.1 21408 <0.1 <0.1 21+0.8

Pred. background 252421 183+16 112+08 7.7+05[ 624+28

q q g EW WZ signal 6.0+12 42408 29406 21+04| 151+16

Electroweak induced QCD induced production Data 38 15 12 10 &
Less clean signature than W=W=jj
CMS 35.9 b (13 TeV)

5 F |A'n”| €[25,4.0] IA’n”I €[4.0,5.0] . ‘IAn”I 250 7
2 e : . —Data = e - 043
o F : L EW-WZjj N id _ +0. +0.

TR = : . EZy - O-Wij 3'18—0.52 (Stat) —0.36(SySt) fb

: ' [ Nonprompt T Lo 4039
; C W ] = ' +
b | - Emevw | Owz 3.27 7, (scale) = 0.15 (PDF) fb
- ; . [71QCD-Wzjj -
— 1 | - EWK - +051
o= Stat.®Syst. = u = ()_82_0.43

9 5 = Significance of EWK WZjj: 2.2 o (obs); 2.5 o (exp)

&

E o

a
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https://www.sciencedirect.com/science/article/pii/S0370269319303636?via%3Dihub

)

NV
i@ CMS VBS WZ: aQGC & limits on H* "
AOIVMQ\{b
, aQGC y ; / -
q Anomalous gauge couplings q q
wx ! n
W:i: I f I \%Y%
X,
| J J
Z AT
Z b e — [ 7
dim-8
! |
q q
Parameters Exp. limit Obs. limit
fmo/A* [-11.2,11.6] [-9.15,9.15] Limits on o x BR for VBF production of H*
fv1 /A% [—10.9,11.6] [—9.15,9.45]
fso/ A [—32.5,34.5] [—26.5,27.5] CMS 35.9 fb' (13 TeV)
fsy /A% [-50.2,53.2] [—41.2,42.8] Y i T
fro/A* [—-0.87,0.89] [-0.75,0.81] E 10° gbser:e: =
fr1/A% [—0.56,0.60] [—0.49,0.55] N F xpecte :
fra/A% [—1.78,2.00] [—1.49, 1.85] = i o 1o -
T Wi :] +* 20’ -
They are all compatible Wlt.héo. (.S.M) . i ]
~ fems | = spedismcl | ~  [CMS —— Bpecedcai oL | m B |
: | S e —— i h < N s
= = = [ ; o N\ ]
3 N 5 . I N
el i : VIL L N et reee s L
i i m
A - o> - >— |
i N
\\_Z P ! P - .
f ] 500 1000 1500 2000
. | ] m(H’) [GeV]
‘—10IJ“$J|ll1i0‘ ‘5‘0l 0 50l

fuo/A* [Tev?) fMO
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INFN
ATLAS: VBS WZ pnysics Letters B 703 469-492 C

- ATLAS | o Daia. ;
— 120 — (s=13TeV,36.11b" :Wiﬁvc“o -
2016 data: 36.1 fb-' at 13 TeV £ WZjj-QCD CR 7 ]
© 100 B Misid. leptons —
> - t+V -
L r —L— N 1Zj and VVV ]
SR WZjj—QCD CR  b-CR ZZ-CR 8of- (A% Tt une .
Data 161 213 141 52 6ok | LL.  Control Region -
Total predicted 167 £ 11 204+ 12 146 + 11 51.3+7.0 - " ]
40 —
WZjj—EW (signal) | 44+ 11 8.52 +0.41 1.38+0.10  0.211+0.004 : } ]
W Zjj—QCD 91+10 144+ 14 13.9+38  0.94+0.14 20 =4— | .
Misid. leptons 7.8+32 14.0+5.7 235496  0.41+0.18 - , ]
ZZjj—QCD 11.1+£28 183+1.1 2354+0.06 408472 g ' ' Bl ' ]
tZj 6.2+ 1.1 6.3+1.1 340+53  0.17+0.04 s °F E
tt+V 47+10 11.14+0.37 71+ 15 3.47 +0.54 S8 bttt 4 | ;
ZZjj—EW 1.80+045 | 0.44+0.10 0.10+0.03 42+12 <+ T ]
A"a% 0.59+0.15 | 0.93+0.23 0.13+0.03  1.06+0.30 5 "3 3 s ]
BDT Score
U Aboosted decision tree (BDT) is used to exploit the kinematic difference N ASET =
between the WZjj-EW signal and the WZjj-QCD and other background S 40F % rsTev, 361 1’ é]aa:g-g\go E
O Atotal of 15 variables are combined in one discriminant. 2 E  WzjsRr m—z
2 E Signal Region o E
O_fd O 57 +014(Stat) +0.05(eX s St) +0.05(m0d ex ) +0 01 (Iuml) fb w 305_ :%lé:?\c\.lw _E
WZjj—EW 0.13 -0.04 p y -0.04 ' p - 25;— r““"’lwi (d) —;
1016 20F A B
=0.57 -0.14 fb 3 & E
fid-sherpa 391 + 0,002(stat) + 0.005(PDF) %7 (scale) fb 3 Tyl 3
O-WZ] EW ) (S a ) - ( ) -0.023 (Sca e) 10E 7 E
fid 1 5 e
O i =1.68 + 0.16(stat) = 0.12(exp. syst) £ 0.13(mod. exp) +0.04 (lumi) fb E  — :
&) - —
=1.68 + 0.25 fb = 2 :
fid—Sherpa +0.65 g [ __l__ "
Oz 2.15 *+ 0.01(stat) £ 0.05 (PDF) > (scale) fb S 1 fosusrrmd v
Significance: 5.3 o (obs); 3.2 o (exp.) - first observation of EWK WZ jj S 050 ";%'T'S' 1
core
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https://www.sciencedirect.com/science/article/pii/S0370269319303211

Vd

_N\&S/=
VM

ATLAS: VBS ZZ aras-conr2019-033

EWK

p . g R y ¢ 2015-18 data: 139 fb-' at 13 TeV
Wiz Z LZL”\:'vwva " z Process (el {lvvjj
Wiz H< 1 | I EW ZZjj 2_0.6 + %.5 12.301 0.65
z LT z QCD ZZjj 7T x£25 172 3.5
. e el e . QCD ggZZjj 131+ 44 35 1.1
QCD Non-resonant-£¢ - 21.4 +4.38
! Lo v ' B il Wz - 228 +1.1
‘ ’ ’ ’ Others 32+ 21 1.15+0.89
p Total 114 +26 784 +6.2
Z Z Z — ]
q o o - 4 Data 127 82
The electroweak signal is extracted using a BDT with 12 (4f) or 13 (2£ 2v) variables
5.:5 70:”'1'”'”"”'1; ;alt;”ll;lzlzl(;s{/\;)”lm § 225 4 Data WzzEW) b\% 35| ATLASPreliminary e Data  EEZZ(EW)
£ C Wzz(QcD) [@ggzz 3 2 @zz(QcD) [WggzZ g : E=13Tev.139rb'58,‘29’5 =ﬁ€§%‘;§”
S eor M Others Uncertainty ] 'g sf [ Others Uncertainty & F e 992z Uncertainty
w n 30r- Signal Region
o ATLAS Preliminary 16F ATLAS Preliminary C
SO /s = 13 TeV, 139 fb"’ : /s =13 TeV, 139 fb" 25k _ _
- ceet ] 14f eee - Signal Region
40:_ QCD Control Region _ » C Signal Region 20:
_ Control Region 10 Signal Region :
15
10
5
0—1 -08 -06 -04 -02 0 02 04 06 08 1 0—1 -08 -06 0402 0 02 04 06 08 1 0—1 -08 -06 -04 -02 0 02 04 06 08 1
BDT Output BDT Output BDT Output
G;Z.j W 0.82+0.21 ﬂ? Significance: 5.5 o (obs); 4.3 o (exp.) - first observation of EWK ZZ jj production
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https://cds.cern.ch/record/2682845

Triboson final state

(VVV)

Representative tree level Feynman diagrams

Vi
q

—r A |
Y q
—_—
A | |
+ \
——hrron Vi —_‘—vwvm\‘ Vs

Process never observed at previous colliders
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WVV analysis strategy C

WWW Analysis Cutflow Based WVZ Analysis ~ BDT Based

WWW W@

Avoid Z bosons:
2¢2j Analysis - Two Same Sign leptons Categorize according to 3! FRUVEVEREelal(gi[ege]
or 4f end-states Z boson with 2 leptons

3t Analysis - 0 Same Flav. Opposite Sign
leptons

2£2j Analysis 3t Analysis

* Atleast 2 jets with b-jet veto. ® Atleast one jet with b-jet veto.

® M;jis used as the discriminant ® One BDT is trained per jet category:

* Specific cuts to veto same sign WW * 1,23+ jets.

3¢ Analysis 4¢ Analysis

® 0 SFOS suppresses majority of backgrounds. * 4 leptons with a total charge of 0
®* b-jet veto is additionally applied to veto ttbar events. .

One BDT is trained for each category:
¢ Same-flavor on-shell
¢ Same-flavor off-shell
¢ Different-flavor

* Used both data-driven and MC-based background estimates with control region
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CMS: WWW Phys Rev D 100 012004 C

9 si | . CcMS 2016: 35.9 fb!
* 9 signal regions ¥p T 1 T _—T T T T T
g g ) ] E [Direducible Bl charge misassignment - -WWW (stacked) ]
> 6 from 2¢€ of same sign, m;-in 30 :_DL Yiree Oy =
consistent as W and mj-out for p Wtostires loplons  WY-—lepton t Data -
other selected events 25 :_DNonprompt leptons @Total uncertainty _:
» 3 regions from events with 3¢ 2 b : : :
c C X X =
o ~ [ [ ]
* Measurements: & oF | | E
toartsE\ +320 - ' ;
o(pp—>w W W) = 1702 fi 10f 1
5F sodix ) meaes
aQGC limits on 3 most sensitive couplings - :
4 0 . e‘e* eu* prus | etet et p*pu* 0 SFOS 1 SFOS 2 SFOSl
Allowed range (TeV™) | <—— m-in »,<¢—— m;-out —>,«-Three leptons —»!
Anomalous coupling Expected Observed Signal regions
f’l‘.()//\;1 {_;3’ ;i} {_;i’ ;i} _ OGCI:!\{ITS 35.91b' (13 TeV) 1,:CMS 35.91b' (13 TeV)
Jra/ A < = 6% xpoctd d e
_f T.2 / A [_3-0’ 29] [_2'7’ 26] § —‘?’Krj\e/ac:eﬁ[i?acltggnss section with 1/f, = 5 TeV-! ® 95% expected
gj’ 04 —— Observed —
2
:
Explore BSM physics based on photophobic axion- & o2
like model (ALP: arxiv:1805.06538 ) >
pp 2 Wa (a»> WW) > WWW

NN N TS AT A A A A L Lowoo lonaa b b boaa b baaay
250 300 350 400 450 500 550 600 0™-356"300 350 400 450 500 550 600
m, [GeV] m, [GeV]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.012004
https://arxiv.org/abs/1805.06538

Nd

ﬁﬁf ATLAS: WWW+WWZ+WZZ .xiv:1903.10415 N

S — _ : 2016-2017: 79.8 fb-

> T ®

& 120F atLas ¢ Data covw 1 5 60:- ATLAS ¢ Data ovw ]

o [ 13Tev,79.8f" Eh"l"z t E’zz 1 @ °°F 13Tev,70.81" E:IVZ t EZZ ]

Ny WWW: 6% on-prompt My conv. [ www: 3¢ 0-SFOS on-prompt My conv. . .

2100 posiit " pg, Hower - Zuncemamyy  gof postit momer  Zunceramy ] | Simultaneous fit to 11 SRs and 1 CR, and
o L

@ 8o + | e ] a0

% . | combine into a plot of log,,(S/B) clearly
| deviated from BKG only.

30 * 4 v, ]
| | . e,
40 20 “ ]
20} 10
0 s 0 E 105§—|--||u||-|-|x||--|.||---|~r—§
T T T T T ] e} = 3
LRE: S AN 3! L 1E s Number of events 1 3 - ATLAS ¢ Data 3
$ 1 i Aa fvr £ 1 N 2 - (s=13TeV, 79.8 fb” a
s 05F ‘ 1 so7 ' \NE 10 By (u=1.38) |
© G 1 L 1 L 1 © 0'4 E
[a ) 50 100 150 200 2,5no [GeS?O o L] D Background 3
i _
IQ T T T T T T T T T Q - T T T T T T T T T 3 | % Bkgd. Unc. 1
5 450 ATLAS ¢ Data jvwv 5 18:_ ATLAS ¢Data [JVWV 10 E 3
o 400F 13TeV, 79.810" @awz mzz D [ 13Tev,79.81" awz @z - -
WvZ: 3¢2j @Non-prompt Mty conv. 16F wvz: 4¢DF Wiz  mwz N 7
350F Postit Wiz mwz F Post-fit W [Other 7 Uncertainty »
” EOther % Uncertainty 14:— P 10°E =
! P 12F g - 3
10} f{f{ = J
of 1% 10
6 -
4 1L 1
2 -8, N
. .0 é 2
B 12f R 1 B1sk | t 1 < 1s5f
o 1f ? b ) s v + o 1 ' y % 1 B °
« 0.8F +—_ s 0.5¢ t ] (=] C
m 0.6 1 1 1 1 1 1 1 1 1 m G L 1 1 1 1 1 1 1 1 _2.5 _2
[a] -1 -08-06-04-02 0 02 04 06 08 1 O -1 -08-06-04-02 0 02 04 06 08 1
BDT response BDT response
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=)

s ATLAS: WWW+WW/Z+WZZ ol
_N\&S/=
o,\,Mq‘
12 region distributions after fit (DF=Different € Flavor, SF=Same ¢ Flavor) ATLAS {s =13 TeV, 79.8 fb’
‘(L) : 1 I I 1 I 1 1 T 1 I T : T T T T T T T T T T T T T T T T T T T T
& | ATLAS ¢ Data oww  gwz tot. - - - - Combined
& 10% - 13 TeV, 79.8 b mzz [@Non-prompt@lly conv. — stat. ggmg tsg?t. tot stat
3 Wiz mwz @Other 3 ' L 062 4039
E 7/ Total uncert. : WWW 2¢ \F-o-H w=213 557 o
10°F E +0.54  40.49
100 R e WVZ 3¢| e n=042 To, oy
10 WVZ 4¢ e =244 5o 0%
................ R
Combined b+-| w=140 55 0%
| 1 | PR R | |
g 1-5 :_ + 1 I I I I 1 1 I 1 I 1 —: O 2 4 6 8
@ . 51%%%%%%«4 e e o best fit u = GWWV/GlivV
§ .0— l I I 3, ' 3, ' 3, ) T l I ¢ ) t I * ) 1-
Fi i : : Decay channel ighiticance
irst evidence of VVV production in pp events has been Observed Expected
observed with a significance of 4.1 o compared to WWW combined 320 > 4o
expected 3.1 0 WWW — (vlvqq 4.00 1.700
. ) . WWW — Evlvly 1.00 2.00
* WVV cross-section measurements, consistent with
SM predictions WV Z combined 320 2.00
WVZ — Cvqqtt 0.50 1.00
_ +0.16 +0.16
Oy = 0.65_ - (stat) ", (syst) pb WVZ — CvEvet/qqtltt | 350 1.8
— +0.15 .
Oy =0.5510.14(stat) '~ (syst) pb WVV combined | 4o 3.10
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VBF, VBS, and Triboson Cross Section Measurements siws: sy 2019 [Ldt
T T T e eeeereeeeen [

YYY n - B 20.2
Zyy—ttyy - ATLAS Preliminary 20.3

= [njee = 0] | 20.3
Wyy—tvyy fun 1.2 ¥6-7.8.13 T&/ o 203

— [Njer = 0] 20.3
WWy-evuvy 20.2

) \WWW, (tot.)
20.3

- WWW - vlvijj 20.3

- WWW--{vlvly 20.3

) \WWZ, (tot.) 79.8
Hjj EWK, (tot.) )3’

e 36.1

- H(>WW)jj EWK s

— H(—=yy)ij EWK (ly|<2.5) Theory 79.8

Wijj EWK M) > 1 Tev)
- M(jj) > 500 GeVv

Zjj EWK

yy - WW
Zyjj EWK
(WV+2ZV)jj EWK

mm)  WEW*jj EWK

=) Wzjj EWK

LHCpp Vs=7 TeV
=
stat
stat & syst

LHCpp Vs=8TeV

stat
LHCpp Vs=13TeV

stat
stat ® syst

1 1 1 1 1

SM is still solid as usual
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Conclusions C

LHC is a "discovery” machine but it can do also precision physics.

My, and sin26,, are fundamental parameters of the SM, so they
have to be measured with the highest precision we can achieve.

To be noticed: | presented recent results (2018-2019) based mainly
on old” data (2011, 2012, 2016) - it takes a lot of time to make
accurate measurements.

In any case the SM is still solid as ever... but we keep trying.

Gauge Boson Coupling measurements are still limited by statistical
uncertainties, so the full statistics available is required

LHC will restart in 2021 and we expect about 300 fb-!in RUN3.

The long term goal is the 3 ab-! expected with HL-LHC, but besides
the luminosity we need also a major breakthrough in the PDF
determinations.
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Total length 26.66 km, in the former LEP tunnel. CMS
8 tors), ~3 k h. {
arcs (sectors), m eac , §f%\

8 straight sections of 700 m.

!

RF and beam

Beams cross in 4 points. . .
Instrumentation

Beam dump

a
a
a
a
a

Design energy 7 TeV obtained with
superconducting magnets operating at 8.3 T.

SECTOR

25 56

Q 2-in-1 magnet design with separate vacuum
chambers.

O 2 COUPLED rings.

Betatron
collimation

Momentum
collimation

Heat Exchanger Pipe
Beam Pipe
Superconducting Coils

Helium-II Vessel
Spool Piece f
Bus Bars S i N Superconducting Bus-Bar
Iron Yoke

Non-Magnetic Collars

Vacuum Vessel

; Per- o :
» ™ -
Radiation Screen ) @

The Bealm ATLAS B;am

15-m long
gn g LHC cryodipole Design Vs=14 TeV

Quadrupole

&

Thermal Shield
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LHC Luminosity and Energy: 2010 = 2018 (™

Nd

_N\&S/=
TV

- - - ".__' T T T I T T T I T T T | T T T [ T T T I T T T l T T T3
CMS Integrated Luminosity Delivered, pp (;,, - ATLAS Online Luminosity /5 = 13 TeV .
Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC g 25:— e LHC Stable Beams —:
- 100 w2010, 7 TeV, 45.0 pb ' ' 100 8 ~ Peak Lumi: 21.0 x 10¥ cm? s 2018 ]
o w2011, 7 TeV, 6.1 b ' o 20F &‘ . ]
S m— 2012, 8 TeV, 23.3 b — — . o ° ~
> 80 = 2015, 13 TeV, 4.2 b ' |80 = - e\ o '&' ]
= 2016, 13 TeV, 41.0 b ‘- - e T 4w :ﬁ% . ‘et d .
o e 2017, 13 TeV, 49.8 b Q15 ¢ L o e
E m— 2018, 13 TeV, 67.8 b ' - N . . . : ]
£ 60l {60 £ : o design luminosity .
3 e 10— :
T = C Y ° . .
£ a0l 140 g - ot ® e 1z
o - 5 [ —18
o X N . ° - . s
Q (4] L &
- [ - 8
£ 20} {20 - o : .
® 29/03 01/05 03/06 05/07 07/08 09/09 12/10 14/1-
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N s"\d N RS AN 4 9° 210 arLas (s=13TeV E
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8 [ ) Delivered: 156 fb” ]
S120 D LHC Delivered Recorded: 147 fb’! ]
Q Run1: 2010- 2012: 5 00f. JATAS Recordsd E
» 2011:7 TeV; 6.1 b 3 805 ]
> 2012: 8 TeV; 23.3 fb" 0% - | Run 2: 2015-18 §
0 Run2: 2015-2018 £ 80 E
» CM energy = 13 TeV £ 40- =
> Total lumi Run2 = 160 fb’ = o0k E
A Run3 goal: ~ 300 fb' by 2024 ob__ A B R R R
Q HL-LHC goal: ~ 3 ab™' by 2035 300 V2 g B 10 (B A T g T B g8

Month in Year
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Pile-up C
2011-2012: 50 ns bunch spacing 2015-2018: 25 ns bunch spacing
:.‘ 180__HA1.]’_II_'IAISH(;IIH'|L'”'l'"'[""l""l""l""__ o 600__*'"|""|""l'"'l""l""l""l"'*j
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=3 = 1 g 500F 2015: <> = 13.4
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£, (x.,Q2) fo(x, Q)
%_FAGG
proton proton

Interaction between the partons which
constitute the hadrons:

not well defined parton energy but
energy distribution 2 pdf

x f(x)

LHC: parton-parton interactions

1.2

Low energy

1.2

08 (NNLO)

010 Q=10

g9/10

W=10 GeV’

x f(x)

GeV?

0.8
0.6

0.4

PDFs are parameterizations of the partonic content of the proton:
at Hadron Colliders cross-section calculations are a convolution of the cross-section at parton level and PDFs

ab

1
Z / (l;r“(141‘ﬁ f('Ta'v f’a‘vas Q‘z)f(:rb* f[(“'"ba Qz)
0

Tab—>X (-Taf Ly, Qz)

\

\

~,

Sum over initial partonic states a,b Parton Density Function

hard scattering cross-section

C.Luci - Precision Test of the SM

17/09/19




LHC schedule C

LHC HL-LHC

13 TeV LS2 14 TeV LS3 14 TeV eneray
e qom, e pemnd
installation = nstallation ;
o5 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 202 | 2023 | 2024 | 2025 | 2028 [|]]]
radiation

damage

. 2.5 x nominal luminosity
2 x nom. luminosit

nominal luminosity —_— P

150 1b 3006 3000 " RHES

In November 2019 there will be a meeting with CERN DG, accelerator and experiments to revisit the schedule

Technical limitation on the Instantaneous Luminosity:

Collider (cryolimit in the triplet region) at 2x10%* cm2s-! twice the nominal design luminosity)
Experiments pile up in the detectors). Designed for peak of 40 they are actually dealing with 60!

Technical limitation on Integrated Luminosity:
Collider (radiation damage to the IT magnets — correctors and quadrupoles)
Experiments radiation damage in the Inner Tracker)
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Arg

0.2

-0.2

0.005 [~

Constrained PDF uncertainties

» The observed Arg value depend on PDF distributions and on sin26.4 value.

» Changes in PDFs produce large changes in Agg when the absolute values of Arg are large

(away from the Z pole). In contrast, the effect of changes in sin20 are largest near the Z pole.

> Because of this behaviour, we could apply a Bayesian y2 reweighting method (arxiv:1310.1089)
to constrain the PDF, and thereby reduce their uncertainties in the extracted value of sin20 4

-

J

—————

. POWHEG

NNPDF3.0 uncertainty
NNPDF3.0 replicas

- r——y
> gm‘-’r;{*';u

RT3 L LA At

-0.005 |—

3sin’e.,, = $0.0004, $0.0008, +0.0012 .
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https://arxiv.org/abs/1310.1089
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EW corrections impact on A, decompositioncC

The polynomial decomposition of the do 3 doV+E
Drell-Yan differential cross section dptf dy’t dmC dcos0dg 167 dpll dy?t dm!
decouples the angular

distribution of the final state from the production
variables of the initial state contained in the A,

This factorisation is valid as long as we can neglet the
higher order box corrections that couple +As sin® 0 sin2¢ + Ag sin20 sing + A7 sin@ sin ¢}-
initial and final states.

We can see that aroud the Z pole the box corrections

can be neglegted

1
{(1 +cos” @) + 5 Ao(l - 3cos® @) + A sin26 cos ¢

1
+5 Az sin’ 6 cos 2¢ + Az sinfl cos ¢ + Ay cosf

1_I L L I T 17 17T I LI I LI I T 1T 17T | T 1T 177 I LU I_ vo,oos_l 1T T 1 17T l T 1 T 7T I L I T 1 17T I T 1 71 I T TT I L I_
0.8 ATLAS Simulation Preliminary c o o o < 0.004F ATLAS Simulation Preliminary =
- Vs=8Tev o ® L ] . Vs =8 TeV, Z/y* (NLO QCD) :
0.6 o —] 0.002— —
C L ] Y e ]
0.41— ® ] 0:_. _____ B A e m e —————————————]
- ° ] - © .
0.2 ° - 0.002 VW, e ® ®* Y
- » ] " o o © ]
C 2 ’ - o o ]
] et .J’_ ~0.004— —
- o ] - ]
-0.2— ] -0.006[— ]
- o N . .
-0.4— . — -0.008—~ --- s§ =0.23113, EW LO -
C . ] - 2 _ ]
—0.6fe ® Z/y* (NLO QCD) = 0,01 ® s, =0.22352, EW FF no boxes =
- Z ] - s3, = 0.22352, EW FF with boxes R
_0. L - l - l I - l ) I l - l I - l Ll L1 l - ] _0.01 L - l ) - l - l N - l ) - l - l I - l - ]
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Large Hadron Electron Collider (LHeC) ¢

= A Large Hadron Electron Collider web page http://Ihec.web.cern.ch
= Scattering of 60 GeV electron with 7 TeV proton (CDR done on 2012)

= LHeC is designed to have a factor of 10-20 higher cms energy (s=4E.E;) and a factor of nearly
1000 higher luminosity (L near 1 ab-') than HERA

= LHeC extends the kinematic range accessed with HERA from a maximum momentum transfer

squared, Q2?, of about 0.03 TeV2to above 1 and from a maximum Bjorken x of about 0.6 to 0.9.
The low x range extends down to 10,

V4

_N\&S/=
TV

> }
4 ! LHeC Experiment: B ®
- P RPV SUSY, LO [ tune-up dump
~ 10 2 K p I TRr
x B2Z L1 Substructure ? l 10-GeV linac T RF 202
& HERA Experiments: ——- | injector
105 | @ H1 and zEUS ‘
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3 1 NMC A Large x
? 10 4 § ) BCDNS Gluon j
T | . -4 20, 40, 60 GeV
EJ . ] SLAC : 1
5107 1
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€ 107} Nuclear 1
o £ ‘ CiCs E ° -
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2 [ ]
g 10 ; High Density Matter I 1
o & o 1
- f ool QGPlasma |
P esesesese Ra ] dump
| O - !
-I [ ~ r .
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t _7. Aaaaaul _ﬁ. Adaasal ,5‘ A A AAAAL _4. A _}. A dsaasl 2 Lasasl _|‘ e | 0-03 km -
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