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CMS

® (General purpose design to detect all
particles. Wide reaches of physics potential
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Energy Frontier in Particle Physics:
& 4 Rong-Shyang Lu / NTU Oct 5-6,2020 2

LHC and Future Colliders



CMS

Hi
Energy Frontier in Pgr%

Total Integrated Luminosity (b ')
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CMS Luminosity

n Runi1, CMS recordec
Run 2, CMS recorded 163 fb-1 @13 TeV.

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

6.1fb-" @7TeV and 23.3 fb-' @8TeV.
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SM results of CMS 4

@@\r

£
ROl

‘73
vz

@*\ ){
e Numerous “Standard Model measurements’, use almost Full Run2 data, performed by CMS %“ 7
e Good agreement for many processes, over 15 orders of magnitude

® Testing the Standard Model through rare processes and differential/ precision measurements possible due to
excellent reconstruction and calibration performance results

May 2020 CMS Preliminary

_ ST S A R @ 7 TeV CMS measurement (L < 5.0 fb’ )
R R R @ 8 TeV CMS measurement (L < 19.6 fb’ )
e B 13 TeV CMS measurement (L < 137 fb™)
E . . . . . . . . . .
njets): ;¢ i Lo Thgory prediction
Do . L % Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pN;7
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Drell-Yan from leptons 42 &
® The production of lepton pairs in pp-
collisions is described by the s-channel

exchange of y*Z. Theoretical calculations are JHEP 12(2019) 059
well established up to NNLO order _.  CMms 2.3 fb” (ee) 2.8 fb” (uu) (13 TeV)
= ek 17 — e*e’, utw
i O 102E Y ; WU
® The measurement provides S
g 10¢
® Testing Standard model (SM) CEL 1k
® Constraining parton distribution functions3 '
-8 102
(PDFs) il
® Extracting parameters (sin20w, Ars, 104f
angular coefficients etc.) of 1 Data T
. -6
® Background evaluation for BSM models ~ *°F [l Fewz oo aco + nLo Ew)
1077
® Testing different Monte Carlo models I
. . ' ' -'(_U‘ 1_5:— | stat. unc. Tot. unc. |V Theo. unc. (FEWZ2) v
® Testing production mechanism dynamics Q
® scarches for new physics gosp
< 20 30 100 200 1000 2000
® Precision measurements with a hadron m [GeV]

collider!

Energy Frontier in Particle Physics:
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https://link.springer.com/article/10.1007/JHEP12(2019)059
https://link.springer.com/article/10.1007/JHEP12(2019)059

CMS

Jet Energy Correction agreement at per
miill level;

MPF stands for Missing Transverse
Energy Projection Fraction

CMS-DP-2020-019
2016, 35.9 fbo (13 TeV)
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PileUp Jet ID

JINST 15(2020) P09018

35 9 fb (13 TeV)
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O =1.06 CMS p>* MPF 4 o© F CMS * Quark Ul <255 3
S © L Preliminary o _a YHet | 1 Gluon |
= \Cl_)/1 04+ —— - ZHet : ? LPJIrI%Upl ned %
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T g i N =g 107 =
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— g R i 107E
.:E 0.98= il L 3 c i
4 ! ] 107 =
A 0.96 ] ] | | I | | LT
~ After global fit ] - é 2rm PU uncertalnty I HerIW|g/P$/th|a ®PU ljncertélnty—_
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40 100 200 1000 2000 ® 768060402 0 02 04 06 08 1
o (GeV) BDT output
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https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09018
https://iopscience.iop.org/article/10.1088/1748-0221/15/09/P09018
https://cds.cern.ch/record/2715872?ln=en
https://cds.cern.ch/record/2715872?ln=en

CMS

® Measurements of vector boson scattering (VBS) processes — Key process to
experimentally probe nature of EWSB

® complementary to direct Higgs boson measurements

® The LHC makes it possible to measure many rare processes predicted by the
SM lepton lepton

C
* \VVBS topology tagging jet /)

® two energetic forward jets in opposite hemisphere
® large dijet mass and Az,

® Experimental Analysis :
® Select VV (V:W, Z, y) events with VBS-like jets lepton Iep‘ton
¢ [Estimate non-VV backgrounds

® Non prompt/fake (reducible) due to mis-ID =from data

’
]
Ani )
|

‘\ tagging jet

® Prompt (irreducible) = from MC

® Measurements
® |nclusive and Differential Cross section Measurements
® Search for anomalous Quartic Gauge Couplings

Energy Frontier in Particle Physics:
LHC and Future Colliders Rong-Shyang Lu / NTU Oct 5-6, 2020 7
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® [irst simultaneous W=W=jj & W/Zjj
analyses using fully leptonic final stat

e Why W*W=jj ?

® E\W production dominant over
QCD-induced

® Distinct same-sign (SS) lepton
state with low background

o Why W/Zjj 7

® sensitive to charged resonances or,
couplings

e Clean signature but higher QCD production

background compared to W=W

Energy Frontier in Particle Physics:
LHC and Euture Colliders Rong-Shyang Lu / NTU Oct 5-6,2020 8
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W=W= & WZ VBS: Analysis Strategy W=
”@5@1&@%@@)
U
e Statistical analysis by simultaneously fitting signal yields in WW &
WZ signal regions as well as background yields in control Regions
(Non prompt, WZb(tZqg) and ZZ) , to assess normalization from
data PLB 809(2020) 135710
cmMs  137f"(13TeV) cmMs 137 fb” (13 TeV)
3 P + oue [ mw T eom ]
Process WZI:W:I: SR WZ SR % 3 V\;{rong sign \\\W:?".’:u "] % 10— WYrong sign &\W"‘\;ll\.l’u “ |
. . . . g B Other bkg. B EWK WZ g i B Other bkg. B EWK WZ
Pre-fit Post-fit Pre-fit Post-fit ©or Wz o0 Wz |
EW W*W= 209 £22 210 +26 — — o Nenpromet. 1 ! Nenpromet
QCD W=W= 13.6 £23 13.7+22 — - 3 S ]
Interference WTW* 84423 87423 — — N L NS
EW WZ 141+17 178439 543457 69+15 Tl . i
QCD WZ 429+47 427+74 1179+68 117 +17 e
Interference WZ 03401 03402 22406 27+10 5, S saf
77 07+01 07+02 61+04 60%18 2 il E I 15— P
Nonprompt 211+55 193+40 14.6+76 144467 208 * t 4 St
tVx 90+31 74422 151+19 143428 50010001500 2000 2500 3000 ~ 100 200 30 400 G 3’?0
Wry 78420 91+29 11405 1.1+04 s wwmmy _ ows B 1571”13 7o
Wrong-sign 135+71 1394+65 16+07 174+07 § | RS W 2 ool RS
Other background _ 50+£24 52221  33£07 33+07 & | Mot e Wz . momertks.  mEHKW2
Tl oM 535+ 60 522+49 216+12 229423 ¢ 4 ZZ ompt s00l- 22 omnt
R4 s o
Source of uncertainty WEW= (%) WZ (%) o
Theory 1.9 3.8
Total systematic uncertainty 5.7 7.9 p =14F ‘ f —
Statistical uncertainty 8.9 22 € S Bt ' %x E
. 8 | Qosgf } f E
Total uncertainty 11 23 sk = 06 £ =
500 1000 1500 2000 2500 3000 -1 -0.5 0 0.5 1
m, [GeV] BDT score
Energy Frontier in Particle Physics:
LHC and Future CO”iderS ROng-Sh)’ang LU / NTU OCt 5'6, 2020 9


https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub

CMS + +
W=W=* & WZ VBS Full
Run |l : Results
® Measured inclusive and
differential cross section
measurements on my;, M., and
ptmax for WW and m;; for WZ
® Obtained obs(exp) significance
of 6.8(5.3)0 for EWK WZ and
far above 5o for EWK WW.
MadGraphs5_amc@nlo
predi(}tions at.L(.) ' _
Process 75 (f) ot Lo oo ) wwith NLO corbectioms (1)
EW WEW= 0.37 (ss’cﬁc? i: 8;1; (syst) 3.9340.57 3.31 +0.47
EW+QCD WEW= 0.39 (iﬁj i: 8..;157(syst) 434 +0.69 3.72 +0.59
EW WZ 0.39 (sltﬁ; i (())ﬁ (syst) 141 +0.21 1.24 +0.18
EW+QCD WZ 0.40 (s%cagg::tt(());}g (sys 9 454 +0.90 4.36 + (0.88
QCD W2z 3.15+049 3.124+0.70 3.124+0.70

0.45 (stat) £ 0.18 (syst)

Energy Frontier in Particle Physics:
LHC and Future Colliders
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https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub
https://www.sciencedirect.com/science/article/pii/S037026932030513X?via=ihub

CMS

Overview

Polarized W*W=* VBS Full Run Il :

® [irst measurements of EW production cross sections of polarized WEW=

e \/BS scattering amplitude is dominated by transverse gauge components. In
SM, W W_ contribute bout 10% of total EW WW cross section. Significant
excess in the longitudinally polarized channel would point to new interactions in

the EWSB sector

e Same Event Selection & Background Estimation with WW VBS analysis

® Analysis Strategy : simultaneous fit with

. inclusive BDT (to separate EW from SM bkg) vs
signal BDTs (to measure W W, against WxWt and W Wx agains WtWr)

e \WW signal region (2D)

e Control regions

137 b (13 TeV)

-E — T T T T I T T T T I T T T T I T T T —
~ CMS [ Other bkg. -¢- Data
2 | Preliminary —WW, W ‘|,3v'§’-;!N unc. ]
o B A ]
>
w 400 W W, mwz
- 7z —]
Nonprompt
D B tvx N
SN ‘
200 — —

-1 05 0

05 1

BDT score

Energy Frontier In Farticie Fhysics:
LHC and Future Colliders

Events / bin

137 b (13 TeV

T T T T T T ]
. CMS I Other bkg. ~¢- Data .
10% |- Preliminary —WW, \\ Bkg. unc. N
= WLWT W W= 3
- VA, mwz E
B W,_W,_/WTWX T 27 g
31 Nonprompt |
10 E B tvx E
102 E _eee—‘eeee ]
: e e 3
] —— ) ]
i [

— | T [ T S T
-1 ~0.5 0 0.5 1
BDT score

Rong-Shyang Lu / NTU

Events / bin

10%

10°

102

10 E

CMS-PAS-SMP-20-006

137 b (13 TeV)

[ CMS

[ Other bkg. -4 Data

= Preliminary —WW, N\ Bkg.unc. 3
- W W, ww* 3
B mwz 7
- W W, /W, W, Welly zz 1
= Nonprompt =
= B tvx 3

%
%

|
ﬁ

— :

T o,y o5 1
BDT score
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http://cds.cern.ch/record/2724972?ln=en
http://cds.cern.ch/record/2724972?ln=en

" Polarized W*W* VBS Full Run Il : ()

%i%[ﬁ%j
Results P
® [iducial cross sections
Measurement for the helicity Process o B (fb) Theoretical prediction (fb)
eigenstates in the parton-parton WiW: 0247030 0.28 4 0.03
center-of-mass frame WxWs  3.257020 3.32 + 0.37
A7 +0.60
® The observed (expected) upper m}xi ;321823{ 1-;; i g-i
imit 95% CL of W W, _is 1.17 T 22050 ST YT
(0.88) fb.
- errasTey) a3 TeY) CMS Preliminary 137 b (13 TeV)
E 1.5~ CMS | -IOtherbkg-I +Dalt€I1 § 100 |- CMS | I Other bkg. | ¢ Data '_ _ — — T T — -
> ~ Preliminary — W, W, x\\Bkzg.imc. % Preliminary — W W, x\\Bk:g.lmc. c . — Expected bkg. only stat
€ W, W, w'w o B w W, w'w T | — Expected bkg. only stat+syst
L%) UAS O ;sz i B Wi W, a ;vzz . C<\]| ° Ex::ected siggnal+bykg. '
Nonprompt | Nonprompt I | = Observed
1 I tvx B tvx

AN

sl B,

L it

I

S 15 S 15 F 3
D D * .
% U SN GRS, (S — : "g l l b L ST S o l""” l :
S 1w ] ?T = S e T" : TT """" e ‘]
500 7000 1500 2000 2500 __ 3000 0 1 2 3
m; [GeV] Ao

Energy Frontier in Particle Physics:
LHC and Future Colliders Rong-Shyang Lu / NTU

L 95% CL

15
Ow,w, [fb]
Profile likelihood scan as a function
of the W W_ cross section
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® Measurement of EW ZZjj production using 4¢ events

® Really clean, fully reconstructable final state. Small instrumental background

® Making use of a matrix-element discriminant (K ) to enhance EW

production
® BDT was also studied - gave consistent results CMS-PAS-SMP-20-001
« 100 CMS Preliminary 187107 (13 TeV)
® Observed (expect) EWK ZZ 4.0(3.5)0 Sk
I 10° = ] Z_+X =
® ppw = 1217030 ppwqep = 0991013 §UF meesy Dz T
102 Mgy 22
= W EWZZj  :
SM ¢ (fb) Measured o (fb) - —+- Data ’
Z7Zjj inclusive 107
EW 0.275 4 0.021(theo)  0.33 T, (stat) Tgo3 (syst) :
EW+QCD 535+ 0.51(theo)  5.29 793! (stat) 4 0.46 (syst) e -
VBS-enriched (loose) i -
EW 0.186 + 0.015 (theo)  0.200 Ty %5 (stat) Too73 (Syst) 10
EW+QCD  1.21 4 0.09 (theo) 1.00 F912 (stat) {02 (syst) e
VBS-enriched (tight) 2
EW 0.050 + 0.005 (theo)  0.06 Ty, (stat) £ 0.01 (syst) s
EW+QCD 0.171 4 0.012 (theo)  0.17 #0.04 (stat) 4= 0.01 (syst) s
Energy Frontier in Particle Physics: R _Sh Lu/ NTU Oct 5-6. 2020 13
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https://cds.cern.ch/record/2718812
http://www.apple.com
https://cds.cern.ch/record/2718812

® \\Wy measurement is difficult by itself

= 20.4 4

Wy VBS 2016 dataset &

CM

wL 1@”2@"62

‘G
%\&
§

\
@5\
2
Z(Z@Z(“L@l )19
/,“‘\

*3

S-PAS-SMP-19- 008

- 0.4 (lumi) .

_arge QCD irreducible Wyjj background, and fakes

- 2.8 (stat) 4

- 3.5 (syst) tb

® Combine 13+8 TeV and obtain EW Wy 5.3 (4. 8)0
observed (expect) significance

o
fid
® [iducial XS Cgw
CMS Preliminary 35.9fb" (13 TeV)
CSosof T T T T T T T T T T T ]
0O . —e— Data B ocD wy I Single top
~ EW Wy I Vis-ID photon tty
N Unc Mis-ID lepton \YAY
200 . QCD zy e—y
D muon barrel :
>
w I :
- my, €(30,80) ¢ my, €(80,130) 1 my, > 130
150 . , _|
10044
50
0

05,08 1
1620, 98~7 Sy Loninf 650 987 Sy 1oninf6v0 Q87 Sy Loning

m; [TeV]

Energy Frontier in Particle Physics:
LHC and Future Colliders

CMS Preliminary 35.9 b (13 TeV)
C220‘_ | | | | | | | | | | |
o) —e— Data B oco wy I Single top
~200 EW Wy I Vis-ID photon tty ]
7p) C Unc Mis-ID lepton VvV
E1 80 L . QCD zy e—y
(b} C electron barrel:
>160 : -
I'u14oj— m, €(30,80) 1+ m, €(80,130) + m, >130
1201
100[
80
60
40
20

0] [ 7

Rong-Shyang Lu / NTU
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http://cds.cern.ch/record/2718822?ln=en
http://cds.cern.ch/record/2718822?ln=en

CMS

aQRGCs

® Traces of heavy states from Beyond Standard
Model Physics can be parameterized in terms of
the Effective Field Theory (EFT) approach.

® | imits on aQGCs are set via EFT approach.
Dimension- 8 operators that can modify VVj;
production through aQGCs are considered, one

VWV 137 fb” (13 TeV)
- . — |
5 S CMS B tVx + Data .
@ 108 A N\ Bkg. unc.
e 10 E_ Preliminary s Wrong sign WAW* _§|
kT 5 [ Other bkg. B EWK WZ .
10° —f/A*=29TeV* mWZ E|
~ — foo/ A* =20 TeV™* zz ]
104 E [ Nonprompt =
10° E
102 i === .
10 B o e e
N
E : | '
o1.5F ' ° ]
é B
= B
% 1 g } e
®
(@]
0 500 1000
m*W [GeV]

Energy Frontier in Particle Physics:
LHC and Future Colliders

WZ 137 fb (13 TeV)

£ ' ' ' ' T T T T T T T
2 10° -CMS . Vy '+ Data _
@ D P [ Wrong sign N\ Bkg. unc. 7]
£ 105 [ eIMINaY o Other bkg. EEWKWZ
o i —f,/A*=29TeV* mWZ ]
— — fo/ A* =20 TeV™* zz —]

[ Nonprompt
103 [ B tVx ]
10 -

107"

215 3 ¢ -
% 1 :' ‘i'.fi'.é‘"‘"'fi'Iﬁ’f’:;;*;’i;’?i’f """" T e =
ol - ® ]
505 | 3
ok ' - -
0 500 1000 1500
mi¥Z [GeV]
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V 35910 (13 TeV)

C M S Prel/mlnary

> | | T T T | T T L
3] t Data' - Qc zY [ single top
0] , i
O10° F1,=0.8x10"2 [_]Mis-ID lepton []e—>y N
N E Unc. [ Mis-ID photon [_] VvV E
P Bacowy [ Double fake -
10" CJEW Wy Dty

>

I
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107"

200 400 600 800 1000 1200
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CMS Prellmlnary 137 to (13 TeV
| | LI | T 1T 1T
- Z+X -

[]ttz, vz E
[Jqq—2Z ]
W gg9—-22 .
B EW zZjj e
- Data

CIf./A*

m; > 100 GeV

Events / bin

=2TeV* 3

0 200 400 600 800 1000 1200 1400
m,, [GeV]
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CMS

WW &W<Z

Y4

aQRGCs

Results

Observed (W*W™) Expected (W*W™) Observed (WZ) Expected (WZ) Observed Expected
(TeV—4) (TeV—4) (TeV—4) (TeV—4) (TeV—4) (TeV—4)

S0/ A* [-1.53,2.31] [-2.05,2.73] [-1.65,1.90] [-2,2.25] [-1.10,1.63] [-1.58,1.99]
fr1/ A* [-0.81,1.16] [-0.98,1.42] [-1.32,1.54] [-1.59,1.81] [-0.69,0.97] [-0.94,1.27]
fra/ A* [-2.14,4.45] [-2.65,5.25] [-2.73,3.44] [-4.42,5.47] [-1.62,3.06] [-2.25,3.82]
Sano/ A* [-13.4,15.9] [-18.6,18.3] [-16.2,16.1] [-18.9,18.8] [-10.5,12.2] [-14.9,14.9]
S /At [-20.3,18.9] [-22,24.8] [-19.1,19.6] [-23.3,23.8] [-15,13.8]  [-18,19.6]
Fuie/ A [-27.3,31.8] [-37.4,36.5] [-33.6,33.4] [-39,38.6] [-21.7,24.8]  [-30.6,30]
fanaz/ A [-21.5,24.2] [-26.6,24.9] [-22.2,22] [-28.2,28] [-15.7,17.8] [-21.9,20.9]
fso/A* [-35,36.1] [-31.3,30.9] [-82.5,85.4] [-87.9,91.1] [-33.8,35]  [-31,30.6]
fo1/ A4 [-100,118] [-102,110] [-107,109] [-122,126] [-86.3,99.8]  [-91,97]
Coupling Exp. lower Exp. upper Obs.lower Obs. upper Unitarity bound

fro/ A* -0.37 0.35 -0.24 0.22 2.9

fri/ A -0.49 0.49 -0.31 0.31 2.7

fro/ A -0.98 0.95 -0.63 0.59 2.8

frs/ A* -0.68 0.68 -0.43 0.43 3.3

fro/ A* -1.46 1.46 -0.92 0.92 3.3

Observed limits [TeV 4] Expected limits [TeV 4] Unitarity bound [TeV]

—8.07 < Fyig/A* <799 —7.67 < Fyo/A* <7.55 1.0

—11.8 < Ry /A* <121 —108 < Fy/A* <113 1.2

—2.81 < Fyp/A* <281 —2.68 < Fy,/A* < 2.68 1.3

—441 < Ry 3/A* <449 —4.04 < By3/A* <410 1.5

—4.99 < By 4/A* <495 —470 < R4/ A* < 4.67 1.5

—8.27 < Fys5/A* <831 —7.85< Fys/A*<7.73 1.8

—16.2 < By /A* <160 —154 < Fye/A* <151 1.0

—20.8 < By 7/A* <202 —194 < Fy,/A* <187 1.3

—0.62 < Frg/A* <0.64 —0.60 < Fro/A* < 0.62 1.4

—0.35 < Fr1/A* <039 —034 < Fp;/A*<0.38 15

—0.99 < Fr,/A* <118 —098 < Fr,/A* < 1.16 1.5

—045 < Fr5/A* <046 —043 < Fr5/A* < 0.44 1.8

—0.36 < Frg/A* <038 —0.34 < Fr4/A* <036 1.7

—0.87 < Fry/A* <093 —0.83 < Fr,/A* < 0.89 1.8
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CMS

® Are multi-boson interaction SM? First observation VVV
and evidences of individual channels.

® it four signal strength across 21 categories in lepton
number (2~6)/charge/flavour ---.

® (Observed the production of heavy triboson production
with a significance of 5.76 (5.9c expected).

® Evidences for the WWW 3.36 (3.1c expected) and WWZ
3.36 (4.1c expected). Hints for WZZ 1.7¢ (0.7c expected)

® signal strength of VVV production u = 1.02+)2¢

CMS Preliminary

137 b (13 TeV)

arXiv:2006.11191

. Sémé-éharge/S Iebtdn |

xg Aq umop
___pojeos uig

4/5/6 lepton .

1 jet m; out m;in  #SFOS

BT ois Z + eu BDT bins

Same-charge dilepton 3 lepton

Energy Frontier in Particle Physics:
LHC and Future Colliders

4 lepton

7| Bkg. in same-charge / 3 lep.

Data and prediction
¢ Data = stat. uncertainty
£ Background = systematics

Triboson signals
BWWW G, = 11575
BWWZ (u,, =0860%)
BWZZ (v, =224713)
WZZZ (v, =000

[JLost / three leptons

[ Charge misassignment
[JIrreducible
[JNonprompt leptons

By — lepton
Backgrounds in 4/5/6 lep.
(Jzz [Jtwz []Others

Wiz @wz

combined

WWW

WWZ

Wzz

277
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V3

q Vi
Vs
q V3

Triple gauge coupling
(TGC)

CMS Preliminary

q V3

Quartic gauge coupling
(QGC)

q Vi
% V2
9 Vi3
Higgs-gauge coupling
(HGC)

137 o (13 TeV)

| @® BDT-based
O cut-based

total stat

+0.26 +0.21
1.02 -0.23 -0.20

+0.45 +0.32
1.15 25140 ~0.30

+0.35 +0.32
0.86 531 -0.29

204 +1.92 +1.78

-1.25 -1.24

)

allowed

<5.4 |

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1
i
i
0

2
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https://cds.cern.ch/record/2721420
https://cds.cern.ch/record/2721420

CMS

Search for W-

> 7T

® Exclusive hadronic decay of W
boson

® provide insights on QCD
factorization and meson form
factors at high energy scales

Events

® possible a new precision
measurement of the W boson

® | arge theoretical range of

branching fraction in the range of
10-2-10-%

® |solated single track + photon in tt
enriched sample.

® Expectlmit 0.86 X 10-5>and
observe B(W — my) < 1.51 x 107

Data/MC

Energy Frontier in Particle Physics:
LHC and Future Colliders

Rong-Shyang Lu / NTU
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v in tt events Wi
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CMS-PAS-SMP-20-008
137 fb' (13 TeV)

_IIII| IIIIIIIIIIIIIIIIIIIIIIII |IIII|IIII|IIII_
200— CMS . giagtzal (BR=10")  —

— Preliminary I Drell-Yan 3
1 80 __ 5 tc%;:glets =
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160 — Etty v —
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1201— —
100 —

=

Oct 5-6,2020 18


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-008/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-20-008/index.html
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Experimentally

Energy Frontier in Particle Physics:

LHC and Future Colliders

Jet
Theoretically
_/Beam remnants
Fragmentation
' Multi-
g parton d
(Generalized); ~!hteractions
Parton :
Density
..................... Jet
x'\Beam remnants
Jet
Rong-Shyang Lu / NTU Oct 5-6,2020
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Jet

Soft gluon

resummations MPI i § 4 X ;
v remnants (UE) ¥ r“ Parton showering

-’ (jet substructure)
on L TR s
> 4 : : )
ENSER {Generahzed)‘ ' ' , i A/ (N“LO) corrections
(PDFs, : Parton Z: ----- ML -y
: : A
TMD, ‘Densnty ¢ . 1L A "
opos) e R
' Hadronization,
¢ Fragmentation
Functions

¥—~Beam remnants
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CMS

Compact Muon Solenoid

Fxtraction of o

® Extracted os=0.1175+0.0026 (NNLO,+2.3%) via 12 precise W,Z x-sections:

CMS 18.2 pb”' (8 TeV) CMS 18.2 pb”' (8 TeV) . .
) R N 10CMS pp — W+X, Z+X (fiducial) 38 pb™ (7 TeV) + 18.2 pb” (8 TeV
- 5 X 5
3 2 < I :
3 3 8 .
(2] 7)) — 1
2 2 200E - @ CT14 !
(& &) £ 1 -
pp —» W_+X, (s=8 TeV | M HERAPDF2.0 (NNLO) 2180F pp — W +X, Vs=8 TeV | M HERAPDF2.0 (NNLO) 61— % HERAPDF2.0
= | mmmm CT14 (NNLO) 2160 | CT14 (NNLO) n
2950 Total exp. uncertainty | B MMHT14 (NNLO) 2140 - Total exp. uncertainty | B MVHT14 (NNLO) B * MMHT1 4
L Lumlncsny uncertamly ll NNPDF3 0 (NNLO) 21201 Lum|n05|ty uncenalnty } NNPDF3 0 (NNLO) L
01 0105 041 0115 042 0125 013 0135 01 0105 041 0115 042 0125 013 0135 41— =¥ NNPDF3.0
NLO(m ) NLO(m ) -
z z L
CMS 18.2 pb”' (8 TeV) CMS 18.2 pb”' (8 TeV) -
S 470 S 420 ol
o Q.
5 460° § 410 \\._/ W/
8 as0- 8 400r O :
% E 8 E \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\Ill:lll\‘\\\\
g 440 g 390 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
430 pp — Z;+X, (S=8TeV | W HERAPDFZ0 (NNLO) 3%0pp > Z,+X, (s=8TeV | M HERAPDRZ0 (NLO) JH EP06(2020)01 8 a’S\“\“—O(m )
- Total exp. uncertainty | B MMHT14 (NNLO) - Total exp. uncertainty | B VIMHT14 (NNLO) Z
420 Lumlnosny uncenamly } NNPDF3 0 (NNLO) 370 Lumlnosny unoenamty } NNPDF3 0 (NNLO)
01 0105 011 0415 012 0125 013 0135 01 0105 011 0115 012 0425 013 0135
NNLO, NNLO
oMo ) oANO(m,)
e Extracted ots=0.11354+0.0020 (NLO, PDF dep.) via precise ttbar+N x-sections:
jet
-1 -
_ ¢ms 00000000 359f7(3TeY) CMS 35.9 fb™! (13 TeV)
Z o.2of T T T 1 T T T 1 T ] 5 dof2 ,,01 ,,,,,,,,,, BREREE L
= . 300<M(ff) 400<M(th) 500<M(t) 300<M(tf) 400<M(tf) s00<M(th) | © Data, dof=23 [ * M(tE),y(t0)]
5 <400GeV <500GeV <1500GeV <400GeV <500GeV k= <1500GeV NLO CT14 + () with total unc. arXIV:1 904_05237
o) N=0 N=0 ¢ N,;=0 Ng>0 N>0 Ng>0 mP*=172.5 GeV S
T 015 T 1 T T T 1 — data unc.
@) — ag=0.118, *=61
- —— PDF unc.
= 014=0.113, %2=56
0.1 == ag=0.123, =87 | | HUne-
ole
— m{®° = 1 GeV unc.
’ ABMP16
0.05 =}
HERAPDF20 hﬁi
CT14 'g‘
o 1.4}
'ﬁ 1.2
o 0 g World average [PDG2018] o
0:6 L 4 ¢ 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | | 1 1 1 1 | 1
T2 12 12 12 12 1 2 0.09 0.1 011 012 013
ly(th)l ag(m,)
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https://arxiv.org/abs/1904.05237
https://arxiv.org/abs/1904.05237
https://link.springer.com/article/10.1007/JHEP06(2020)018
https://link.springer.com/article/10.1007/JHEP06(2020)018

CMS
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| V& o
NS ) Q0
REF2 Y
Qs P
15761619

%;%&)‘»
® /+cin good agreement with Madgraph LO
predictions. Madgraph NLO and Sherpa tend to
overestimate the data.
CMS-PAS-SMP-19-011
CMS Preliminary 35.9 fb" (13 TeV) CMS Preliminary 35.9 fb™ (13 TeV)
% - L e B A L ] > == ' ' ' ' B
O 25000 —e— Observed (Muon channel) | 6 10 ___ B "casurement =
Al — o o - —~ = — =
o B . light jets B "é - MG5_aMC + PY8 (= 2j NLO + PS) PDF ® QCD 5
12] 20000:— C-jets _: % — B —————  MG5_aMC + PY8 (< 4 LO +PS) 7]
C B | Q
LCII>J) B ° ° Orjets ] 3 1 = e Sherpa (< 2 NLO + < 4j LO + PS) 3
15000 — Top and dibosons ] '8 E - E
- — | e —]
jo000f- : - i |
- . | e
5000~ " - 7| ES O Bt .
n . ‘e . . - ' : : Th Syst
B 0.......‘...: B _ : : ExplSyst E
0 l = B g 12,_.| """"" """"""""""""""""" """"""""""""" —
S S b | | | ;
p: = et ¢
- . ;
< N : : : : : ] - : : E
o 0.6 i i i i i 0.8— ;o i T
0 1 2 3 4 > 6 ©780 100 150 200 250

SV mass after applying NN c-tagging Mg, [GeV]
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http://cds.cern.ch/record/2723840
http://cds.cern.ch/record/2723840
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CMS ! Y‘
§

Data vs pQCD - Z+c/b &

i

® /+c/b measurements observe some disagreement between

measurements and theoretical predictions, e.g. for R(c/j) for
madgraph LO and NLO and R(b/j) for MCFM. R(c/b) is OK.

CMS Preliminary 35.9 fb™' (13 TeV)
(2} L L L L L
CMS-PAS-SMP-19-004 s cietM,, I
103 CMS Preliminary 35.9fb" (13 TeV) 2 0.15- Data B
> [TTTTTTTTT | T TTT | T T 1T | T TTT | T TTT | T T 1T | T TTT | T TTT | T TT I_ \.|6 ) - + % _+_ -
8 20:— —e— Data (Muon chan.) E - i + (Semileptonic tf) |
o 18 N Z +cjets []tt + singletop 3 '% I % -+ MC Z +clets ]
o ’ = B Z +Dbjets [ Diboson E S 0.1 + _
7 6: B Z + light jets &2 Post-fit unc. . - [ ]
S 14 E F *
> u N Y i N
b 12F = 005 3 1 -
. . CMS Prelimi 359" (187 | i I
10 = re’m’”ary(@j .
s ER- bjetM,, | "y |
- . > B I R 7 Y. i ;i (PP
6 7 - 0.1 Py —+—Data (e ﬁ)oo 1 2 3 4 5
- ] 2 & : 1 My, [GeV]
41— -4 8 ® % . MCZ+bjets
= ] = o ‘& ]
2F 1 & | # . | c/bjets in tt samples
%) 0.05r * 7
S | .
|2 *
©|= o ®:
alho i o
n i -
S e ., |
0 05 1 15 2 25 3 35 4 4575 o | | ® 0
SV mass after applying NN b-tagging Msv [GeV] 0 1 2 3 v 4 : GeV]5
sV
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https://cds.cern.ch/record/2684607
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CMS

Compact Muon Solenoid

Data vs pQCD - Z+c/b
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® /+c/b measurements observe some disagreement between
measurements and theoretical predictions, e.g. for R(c/j) for

madgraph LO and NLO and R(b/j) for MCFM. R(c/b) is OK.

CMS-PAS-SMP-19-004

CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9 b (13 TeV)
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CMS

on Solenoid

Compact Mu

Data vs pQCD - Z/y+jets ¢

® v+jets measurement directly test pQCD
@NLO and is also sensitive to the gluon
PDF over a wide range of x (momentum
fraction) and Q2 (energy scale)

CMS Preliminary

2. 26 fb’ (13 TeV

L)@@Z@b@

“@\f% F3 %

52@1@1@1@7@)

B

e Differential measurement of cross section
ratio of Z/y vs boson pT

® Ratio can constrain higher order QCD and
electroweak corrections that vary with
bosonpT
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® Parton Distribution Functions
constraint : All differential cross-
sections:

® dijet, W,Z,y, tt -
® W/Z/y + jets/c/b
® Jet substructure : dijet & tt events

* MPIl : same sign WW, double Y; UE :
/+jet
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CMS,

Summary

e CMS performs analyses on testing

fundamental aspects of the Standard
Model.

® [he precision measurements study its
EFT-based extensions it any hint

® |ncreasingly precise QCD observables
are experimentally studied. It leads to
improved analytic and MC models and
better control of pQCD.
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ATLAS W->WW and R(t/p) from W decay | m

N
. \
y W W %‘%; xf»
® Probing universality of W coupling to charged
W leptons: fundamental property of SM

® di-lepton (ep, pu) tt events provide a sample
of probe W-bosons

v w-— 7 W=
> — 1 T T T T T | T T T | T T T | T T T | T T — () : : _ - .
3 P ATLAS Préfiminary _ differentiate W-)>tvand W— pvvv: pry and|dy|
o 150 (s =13 TeV, 139 fb" — “ _e s
2 | Ny =0 ] / ‘ u(hadron decay)
GC) L Data _ 7
i - vy —=WW — %
Yy =TT — >
100 g Drell-Yan B 2
qg—WWw |
Non-prompt ]
Other qq initiated B 0% 200
Total uncertainty dot [mm] ptH [GeV]
50 ] T T T | T T T T T T | T T T | T T T | T T T | T T T |
— ATLAS —u— LEP (Phys.Rept. 532 119)
9 p ATLAS - this result
s Vs =13TeV, 139 b Statistical Uncertainty
S 14 V& [ ] Systematic Uncertainty
CO. > —e— Total Uncertainty
o 1 7 e [R(t/y) =0.992 + 0.013 [+0.007 (stat) + 0.011 (syst)] ]
S 08 '
0.6 S e o 2 | , : ' - :
0 20 40 60 80 100 120 arXiv:2007.14040
ATLAS'CONF-2020-038 peM [GeV] ' R T ST ST ST KT ST NN T S S SN S S M S S N
T 0.98 1 1.02 1.04 106 1.08 1.1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-038/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-038/
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PCLCLELE)
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B WEWE & WZ VBS: Event Selection & (1))
W+ . Event Selection & (¥}
Background Estimati
- A
ackground Estimation EGey
e \WZ SR is dominated by QCD W/Z events after the kinematic selection
e MultiVariate Analysis for WZ — enhance WZ EWK production w.r.t
large WZ QCD production
® QOverall good separation between EWK signal and background
e BACKGROUND ESTIMATION :
® Backgrounds estimated from simulation marked with (*] have
normalization assessed from data, others are normalized to the best
theoretical cross section prediction
: — Category Estimation
Variable W=W WZ
Leptons 2 leptons, pt > 25/20GeV 3 leptons, pt > 25/10/20 GeV
Pl >50 GeV >50 GeV
[11gp — my| >15GeV (ee) <15GeV Non Prompt From Data-Driven technique
Myy >20GeV —
My — >100 GeV .
piss <30 GeV ~30 GeV From charge mis-ID scale
b quark veto Required Required Wrong sign factors and simulated opposite
max(z}) <0.75 <1.0 sign events
m; >500 GeV >500 GeV
A >2.5 >2.5 QCD WZ[, ZZ[], tZq[*], WW

QCD, WW DPS, VW
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