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The Higgs boson contribution cancels exactly the E2 dependance of the
cross section at high energy in massive VBS only

e Unitarises the scattering amplitudes
e Key process linked with Electro-Weak Symmetry Breaking (EWSB)



£ Physics motivation

Larger cross sections:

e More precise measurement for SM test
e Possibly accurate differential cross section Very rare process (~ th)

= o(ex. yy—oWW) =22 fb ex. yy > WW8 TeV

mimmm Wy O(EW ggWy) = 11 fb EW qgWy 8 Tev
BEm= |O(EW qqWy) =19 fb EW qqWy 13 TeV
= Oo(EW os WW) = 10 b EW os WW 13 TeV
B e 0(EW ss WW) = 4 fb EW ss WW 8 TeV
mmt O(EW ss WW) =4 fb EW ss WW 13 TeV
mEIN o(EWgaZy = L EW qqZy 8TeV
‘ 0(EW gqqZy) =5.2 fb EW qgqZy 13 TeV
" 0(EWQqqWZ) = 1.8 fb EW qqWZ 13 TeV

o(EW qqZZ) = 0.33 fb EW qgZZ 13 TeV 4
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TGC: Triple gauge couplings QGC: Quartic gauge couplings

Larger cross sections:

 More precise measurement for SM test Probe new physics

e Possibly accurate differential cross section | through deviations from
Multiboson couplings: SM couplings

e T(QGC: WWZ, WWy, WWZy, WWyy

* BSM TGC: 22y, Zyy Unique EFT interpretations

* BSM QGC : ZZyy, ZZZy,Zyyy ] for the pure neutral gauge
BSM Higgs decay by Z — v couplings
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e Measurements use full Run 2 data, from both experiments, in the Z—
ee/pyu channels

e Signal generated with MadGraph [1] at LO

Common selection  p7"* > 25GeV, |71#2| < 2.5 for electron channel

l .
p!} 12 > 20GeV, |74#2| < 2.4 for muon channel Lepton pr > 20, 30(leading) GeV, [n,] <2.5
pY > 20GeV, |7| < 1.442 or 1.566 < |17| < 2.500 N, > 2
1112 1j2
> 30GeV, |p1?| < 4.7 ~
70 < ma <110GeV, my, > 1oocev Photon bEp > 25 G;)V 7] <2.37
CMS AR AR AR, S 05, AR, S ESme20 < 0,07 B
Fiducial volume Common selection, AR (6 ) > 0.4
mj; > 500 GeV, [Arg| > 2.5 Jet pr > 50 GeV, |y;| < 4.4
Control region Common selection, [Ay[>T1.0
150 < mj < 500GeV m;; > 150 GeV or m;; > 500 GeV
EW signal region Common selection, Remove jets it AR(7,7) < 0.4 orit AR/, 7) < 0.3
n* < 24, Apgz, 5> 19 Event myy > 40 GeV

Myy + My > 182 GeV

aQGC search region Common selection, W
my > 500 GeV, |Ar;| > 2.5, V)<
gap __
p% > 120 GeV ‘NJetS 0

w VBS signal is selected by the VBS signature

~ Final state radiation (FSR) contribution is largely reduced by
cutting on Zy invariant mass

[1] http://madgraph.phys.ucl.ac.be/index.html
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e [argest background comes from QCD Zyjj production

* Modelled using simulation, but constraint with data

e Other major background comes from Z+jets events, with a jet
misidentified as a photon, estimated with data-driven method

C M S Process

EW Z(¢¢)y+jj: Background .

PH Ybarrel  #HVendcap €€ barrel €€%Yendcap

ST 0704 02%+02 06=x03 02=x02

TTy 8813 21x05 34x06 02x02

VvV 6019 32=+12 41x13 08=x=03

Nonprompt photon 189 +9.2 143 +69 93.6+65 743 +5.0

QCD Zvy 274 +10 108 =56 162+74 624139

EW Zvy 133 +47 465x+17 845+31 282=x1.1

Predicted yields 612+ 13 303 =8 349 +9 166 = 6
Data 584 320 375 174
I—I—I

NP = 1453

NEW—Z’yjj 269 £+ 27
NoeD—704; 245 + 21
Ny 1292 £ 50

N, 73411 16+ 2
Ny s 1743 942
Total 1461 4= 38 560 £ 23
N, 1461 562
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EW Z(££)y+)j: Results

e Simultaneous binned maximum likelihood fit in CR and SR is used for
extracting signal significance and cross sections

e CMS: mjand An; in SR, m; in CR
e ATLAS: mjin both SR and CR

Significance well above 50

e Both EW and EW+QCD cross sections are measured

cms 137 fb™! (13 TeV)
5 200F WEW Zy ST,TTy,VV
£ - B QCD zy - Stat ® Syst -
® 450 Ybatrrcl Nonprompt y : ]
i - : : .
100 25=< IAnjjI < 4.5; + 45< IAnjjI <6 ;IAnjjI >_€
50 —
O 0 .......... + .......
% | + ................... + ................... * ........................................ +¥ ................... + ...... &4
g i
QO 0.5

0.5-0.8 0.8-1.2 1.2- 0.5-0.8 0.8-12 1.2-0 0.5-w
m; [TeV]

oo P = 4.34 £ 0.26 (scale) = 0.06 (PDF) fb

opw = 3.21 £0.52 (stat) £ 0.56 (syst) tb

ag;;fQ op = 13.3 £ 1.72 (scale) £ 0.10 (PDF) fb

Events

Data / Pred.

||||| I TTTT I L I TTTT I L | TTTT TTTT | L 1T 1714
- ATLAS —$— Data 1
600— s “ 1 EW-Zyjj —
r Vs= 13 TeV, 140 fb I QCD-Zyjj ]
C Z+tjets ]
500[~ signal Region . -
- Post-Fit wz -
N 7 Total unc.
4001~ ]
300} —

200

100

0

1.5¢
1.25F

1

0.75¢

%/mf///%d//%WW/WW

08567300 1500 2000 2500 3000 3500 3000 4500 5000
m, [GeV]
SMpred. __ 4+
O =35+0.21b
pred. _ +5.0
OEw+ocD — 15.775¢1b
_ +2.0
Cowrocn = 16,8120 fb
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EW Z(££)y+]j: Results

e CMS has measured differential (1D and 2D) cross sections for EW, and
EW + QCD Zyjj

_ (&Ms 187 6 (13 TeV) Cems 137 o (13 TeV) ,CMS 137 fb” (13 TeV)
E g ¢+ Data (stat. @ syst.) SIS - ¢ Data (stat. ® syst.) - > - ¢ Data (stat. ® syst.) E
S 107E - EW Zy MadGraph 4 % 10 EW Zy MadGraph - % 10 EW Zy MadGraph =
=~ E . I syst unc. T = F T syst. unc. ] = - T syst. unc. -
%10—2__ : — %10—2? 1 — :==10_2=F : E ?:
B = . E -~ = :+: E < = 56<IAn,,I <6.5 3
ho) - . o} - - ho] L 1 * : : A |
C 1 = o — S 103 & ; : -
10‘3E + a 107 * 1 3 - * = .
S 1 o - ; 5 .
o . N ! L 1 1 N B R . - | , , o , _] g 10_4 E2.5 < IAnJJI <4.5 E 45 < IAT'JJI <6 E —
O C T T T ]
T 1 e R
o e VR chb T N ' L S ] = 2 * } =
o 1 1 i = 8 1l I 1 i : = (QU ok [} ~ * $ * ]
50 100 150 200 250 300 350 400 D o (I b b 05 0g., 1o. 05 0 . 0.5
! [GeV] 100 200 300 400 500 600 700 800 50581522 %6058 22 002
! P [GeV] m, [TeV]
T

Table 5: The signal strengths and differential cross sections from SM expectation and fit calcu-
lated as part of the unfolding of 2D m;-|Ar;| observables for EW Z«jj. The last bin includes

overflow events.

Within uncertainties,

generally good agreement

|An;| bin  m; bin [GeV]  p & Ap '\ Predicted d?c/dmd| Ar;| [fb/GeV]  Observed d?c/dm d|A7n;| [fb/GeV]
[2.5,4.5) [500, 800) 0.00185 + 0.00017 0.0023 £ 0.0011

[2.5,4.5) [800, 1200) 0.00096 + 0.00014 0.00166 + 0.00040
[2.5,4.5) [1200, 2000] 0.000322 £ 0.000065 0.00037 + 0.00011
[4.5,6.0) [500, 800) 0.000559 = 0.000057 0.0024 + 0.0028

[4.5,6.0) [800,1200) 0.00078 £ 0.00012 0.00104 £ 0.00086
[4.5,6.0) [1200,2000] 0.00069 + 0.00016 0.00064 + 0.00019
[6.0,6.5] [500,2000] 0.00060 £ 0.00016 0.00112 + 0.00092

with predictions
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!
New! STDM-2018-36

e New results for the VBS Z(££)y process from ATLAS

* Several differential cross sections are provided for EW, and EW + QCD
» As functions of pI, pl., pL, p7, my; . |AY], |AP(Zy, i)

‘I_l_| Ll I T T 17T I LI I T T 17T I T T 1T I T T 17T I T T 1T I T T 17T I T T 17T I LI |_
> 014_ATLAS Total unc ] e L B N B R B B — LI LA L L L L L L L L L L B L |
5 r ' 1 3 - ATLAS Total 1 = E
(D | _ -1 | (o) otal unc. _ >
X - s =13TeV, 140 b + Data, stat. unc. 4 O woer ~Vs=13TeV, 140 fb™ 7] 8 -ATLAS 1 + Data, stal une. ]
o 0.12[-Sjgnal Region > —  x Sional Regi ' | Data, stat.unc. - > - Vs =13 TeV, 140 fb Total uncertainty .
= - 7 EW-Zyji MG 1 e - Signal Region , ) ] B
blT_u" 5 % 7 = 0% 7/ EW-Zyij MG | £ 1EExtended SR 444 EW-Zyjj MG + QCD-Zyjj SHERPA =
© e 0.1 1 S _g : : B >I:u}_ ;. _
4 B 1 8l5 % 4
0.08 ] 0.0034/ — - 7]
% ] - . 107" =
0.06 — B ] = 3
B ] 0.002— — - 7
0.04F+ - - - . ’
- £ ] 0.001/— — 1072 = =
0.02— — - . = 3
- ] N ] - 77 %
TI I 1111 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1 1 ? 1 1 1 1 : 1 1 1 1 : I - _I - I ! I - I - I - I - I e I e I - I_ : -
g 1.3;_ I ' = § m 1 g;— :E 11 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111
58 2 SE o 9§ 14f T
8 8 821 i E g-j - 85§00 1000 1500 2000 2500 3000 3500 4000 4500 50500 5 % 13% + ;
s B P D 38 o :
50 100 150 200 250 300 350 400 450 500 D&f oeE " . . : . . : . E
50 100 150 200 250 300 350 400 450 50(

y m; [GeV]
E; [GeV]
E; [GeV]

Within uncertainties, generally good agreement with predictions
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e CMS also set limit on aQGC by EFT, with events in dedicated search region
with high pt photon (p% > 120 GeV).
e Fit on invariant mass of the Zy system (mZv)

-®

N 660 4 ST 5®) 4
¥ X

Lppr = Ly +

CMS 137 fb™ (13 TeV)
c F | | | | | 7 Coupling Exp. lower Exp. upper Obs.lower Obs. upper Unitarity bound
Q10 ¢ Data Nonprompty - Fyo/ A* —12.5 12.8 —15.8 16.0 1.3
P WEwW Zy STTTy,VV ] R /Aj —28.1 27.0 —35.0 34.7 15
c [ 4 Fyn/A —5.21 5.12 —6.55 6.49 1.5
Q0oL Wacob zy Frg =047 TeV Foo/A*  —102 10.3 ~13.0 13.0 18
LLl — Frg=0.91TeV" : Fuu/A*  —102 10.2 ~13.0 12.7 1.7
] Fys/ A* —~17.6 16.8 —222 213 1.7
10k _ Fyy/ A* —44.7 45.0 —56.6 55.9 1.6
- = Fro/ A% —0.52 0.44 —0.64 0.57 1.9
i ’ Fri/A* —0.65 0.63 —0.81 0.90 2.0
e s Frp/ A% —1.36 1.21 —1.68 1.54 1.9
Frs/A* —0.45 0.52 —0.58 0.64 2.2
- Fre/ A* —1.02 1.07 —1.30 1.33 2.0
10! =
- | | | |

0.15-04 0.4-0.6 0.6-0.8 0.8-1.0 1.0-1.2 1.2-x
m, [TeV]
11
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e First measurement and observation in full run2 data
e Search for H(—inv)y with VBF+MET+Photon signature

- EW Z(w)y+ij]

e Search for H decays to dark photon

o Mostly focus on low energy region p% e [15, 110] GeV

Variable

SR W), CR W],CR Z}

CR Fake-e CR Low-EM VR

ev.Cen

pr(j1) [GeV]
pr(j2) [GeV]
pr(J>2) [GeV]
Njet

Nb-jet

Adjj

| Anj]

n() xXn(j2)

Cs

my; [TCV]

EM [GeV]
Errrmss,le;.)—rm [GCV]
ngets,no—]vt [GeV]
A¢(ji, E’%nlss,lep-rm)
N7

pr(y) [GeV]

CV

A ¢ (% E‘);l‘nss,lep-rm)
Ny

pr(£) [GeV]

> 60
> 50
> 25
2,3
<2
<2.5[2.0]
> 3.0
<0
< 0.7
> 0.25 0.25-1.0
> 150 - > 80 > 150 < 80 110-150
- > 150 > 150 - > 150 110-150
> 130 > 100
> 1.0
1
> 15, < 110 [> 15, < max(110, 0.733 X m7)]
> 04 > 04 > 0.4 <04 > 04 > 0.4
> 1.8 []
0 1 u le 0 le 0

— > 30

> 30 - > 30

* Zrev.cen(y) CR: QCD-Zyjj enriched

e EW signal sample by MadGraph at LO
 Higgs related sample at least at NLO

e Dominant background from QCD
Zy+jets and W(Lv)y+jets and
controlled with CRs

e Wr(uv), Wr(ev) and Fake-e region:

allowing one lepton (or jet fake electron)

12
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S—

Centrality cut:

2
e Signal extracted from simultaneous fitting c,,=exp[- ; 4n : (ny-’“;”z) ]
. 1 — 1]2
across all the regions -

_ . _ Observable Requirements
e QCD WYy and Zy normalisations are floating Niet with pr > 25 GeV >2
In(12)l <4.5
In the fit pr(j1) [GeV] > 60
[ 180 T 7 r-—~r~—+—+—r 7T T T T ] pT(jZ) [GeV] > 50
% 160 iéTl?éTsev 139 fb” Postit \ { _i"jData AR(j, €) > 0.4
T 140:_ EW Z(—=v7)y i \\ _: 3\ Uncertainty |A)7JJ| > 30
o u EW Z+y
Lﬁ 120 — I Strong Z+y C3 <0.7
; & ; 1w ey mij [TeV] >0.5
oo g g g g bt truth-EMS [GeV] > 150
6of = ’ N L S A¢ (truth-EMS, j;) > 1.0
40 | ety pr(y) [GeV] > 15, < 110
20 | Wlljet—e In(v)| <2.37
_____ 20 / Y
ESone20 /Y < 0.07
g 2 AR(y, jet-or-€) > 0.4
i 82 -Q-Dat;cl/Post\flt\E \\ Uncertainty E — Pre-/Post-fit E ) H m. [TeV] ny o . > 04
“Fake-eCR W.,CR W', CR zgevoen R SR m A¢(truth-ET", ) > 1.8
N, with pr > 4 GeV and |n| < 2.47 0
2 350 A"I'L AS I I II’ost-fl:t - Data \\IUncenainlty
luZ’)’EW ‘ ﬁ Z’Ystrong ‘ ﬁ W7 |_?>j zzg gsF*:}YST:Vég%?;W Z(=vW)y i E:VV izy =§:::2 f,,:yy
1.03£0.25 | 1.02+0.41 | 1.01 £0.20 mp W
150 \\\\\\t\\\\ -
100
ANNNNNNNNNNN \\\\\*\\\\
opw = 1.31 £0.20 (stat) = 0.20 (syst) tb sof ~
15F 3
H = g= = . e A .
Observed (expected) significance: 5.2 (5.1) 0 ¢
0 01 02 03 04 05 06 07 08 09 -1 13

Photon Centrality
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() B8 EW Z(w)y+ij: BSM search ‘

Same VBF signature used to search for H—inv. and H—yyd

1. H—inv.

* Dense Neural Network (DNN) used as fitting discriminant
* Looser event to increase statistic
* Highly suppress the QCD production Zyjj events
e Obs. (Exp.) branching ratio upper limit is 0.37 (0.34191>) at 95% CL

~0.14
2. H-yyd

* Transverse mass of the photon and MET system is used for fitting
e Obs. (Exp.) H = yyq4 branching ratio upper limit is 0.018 (0.017%9%7) at 95% CL when

—0.005
mn= 125 GeV

o)
ATLAS Post-fit 1 o
s=13TeV, 139 fb” - - -:-Batan . g
VBF+y B search [~ \\\ Uncertainty

™o 0 . EW Z+y .
I
N

10

T T T T T |
—— Observed A TLAS
..... Expected Vs=13TeV, 139 fb™
) Expected = 1o Limits at 95% CL
Expected = 20 VBF Higgs couplings

10?

Events / Bin

~ I Strong Z+y

1P EW Way

- I Strong W+y

SO Il Ty Vyy Q

3 jet

2= = 7+ v

3 ey w
S

)

—_
IIIIII| I TTTTI

s 0VSF with B(H—yy )=0.05

jet—=y
W jet—e
-=+H(B,, =03

Ratio

S \0\;\ \‘I

0.5

! 3
! + ' -@- Data/Post-fit \\U ncertain ty — Pre-/Post-fit E
0 025 06 08 1/0 055 06 0.8 1/0 025 06 038 1/O 0.25 0.6 1/0 055 06 08 DNN Score 102 103

Fake-eCR  W!.,CR W/ CR Zi .. CR SR m,, [GeV] 14




< EW Z(w)y+ij: high energy region

JHEP accepted, arXiv:2208.12741 e T e T
o - B Z(vV)yjj QCD W(lv)yjj QCD
] 10°=-/s=13 TeV, 139 fb -tty§, E -vu( D
o New measurement with extra p% > 150 GeVio o o ™ sty

enrich the QGC events:
e BDT to separate signal from backgrounds
e Observed (expected): 3.20 (3.70)

e Photon Etis used in aQGC search

g 10° §_ATL|AS | | leatal | Z(ler)yjj éWK_E g
L C {s=13TeV, 139 fo' lZ(vV)ji QCD I W(lv)yji QCD 7
| Background only fit W(lv)yjj EWK [ W(ev)jj, tjj, ttjj ]
] 5| Signal region B tiii i a
0"E post-Fit Wz I Z(llyj -
C 7 Uncertainty  --- Pre-Fit Bkgd. E i _ _ i
In the region where unitarity is preserved
10%E =
= Coefficient E. [TeV] Observed limit [TeV %] Expected limit [TeV ]
%% fro/A* 1.7 [-8.7,7.1] x 107! [-8.9,7.3] x 107!
2
" “p ”/j////////// ® /rs/\ 2.4 [-3.4,4.2] x 107! [-3.5,4.3] x 107!
-* ® frs/A 1.7 [-5.2,5.2] x 107! [-5.3,5.3] x 107!
L | O fro/A* 1.9 [-7.9,7.9] x 107! [-8.1,8.1] x 107!
£ 125 ) faro/ A 0.7 [-1.6,1.6] x 10? [-1.5,1.5] x 10?
§0_7; ' //%% //// fui /A 1.0 [-1.6, 1.5] x 107 [—1.4,1.4] x 10
0.5 Frra/A* 1.0 [-3.3,3.2] x 10! [-3.0,3.0] x 10!

-1 0.30 0.53 0.71 0.81 0.86 0.90 0.93 0.95 1
BDT classifier response

15
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e Measurements using full Run 2 data by CMS, with W leptonic decay
e Signal is generated with MadGraph at LO

e Main backgrounds from QCD Wy and nonprompt y/£ by data-driven method

e Results extracted from 2D variables of mj and my,
e Simultaneous fit in the CR and SR

. EMS 0000 138 fb" (13 TeV)
Common selection Control region §°°°‘ S B ot e =;‘j;’DVYVh’;;n |
e pT(L/y) > 35 (25) GeV * 200 GeV < mj < 400 GeV | & ¢ ’Doumelm -
e Jets with pr> 50 GeV O P S
* AR(L,v/)) > 0.5 Signal region a . LT
mt(W) > 30 GeV * Ap(Pzy, Pj) > 2 | e > :
MET > 30 GeV ¢ Inzy - i+ N)/2| < 1.2 2 ﬁ_%-

IMey - mz | > 10 GeV e m; > 500 GeV
mwy > 100 GeV e An;> 2.5

o
T, T

Data/exp.
OO ==
ONO Lo,

Obhserved (expected) significance: 6.03 (6.79)o



https://arxiv.org/abs/2212.12592

€) B EW W(Lv)V+i

EXPERIMENT /AR | ™

e |nclusive and differential cross sections are measured for both EW and
EW+QCD productions

tew = 0. 88J_r8 %g opw = 23.5 = 2.8 (stat) iﬂ:? (theo) f_“g:i (syst) fb

Hewrocp = 0987015 opwaoep = 113 2.0 (stat) 733 (theo) =+ 13 (syst) fb

CMS 138 b (13 TeV) CMS 138 fb (13 TeV) CMS 138 fb (13 TeV)
; - I | T 3 ;- a T § 35 :— I :
S os b —— Obs. (stat® syst.) 1 é’ o — Obs (stat@ syst.) 1 —— 30 E- —— Obs (stat@ syst.) 1
S 18 o10 [ - = =
g Obs. (syst.) 9= Obs. (syst.) % 25 [ Obs. (syst.) =
=7 € 008 [ — = - =
% o F EW(LO) Wy MG5 = EW(LO) Wy MG5 5 20F EW(LO) Wy MG5
< 03 3 B 0.06 — < 15F E
° :
01 E { W i 0.02 _— | | E— — 5 —:
' — B ] . —4—+—_._ = =
00 I 0.00 ] 0L =
| | | ] - | | | -5 | | | =
S 3 | S 5 [ [ S 3
g g)g [ B e % 5:2;‘ = e — f % 82;‘ ] —
822 . . . 8021 . . . 822 . . |
[30,80] [80,110] [110,160] >160 ~ [05,07] [0.7,1.0] [1.0,1.5] >15 ~ [253.0] [3.0,3.7] [3.7,45] [4.56.5]
m, [GeV] m; [TeV] Anjj
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e Set limit on aQGC by EFT, with events in dedicated search region.
e Fit on invariant mass of the Wy system (mWV)

aQGC search region L= L
* photon pr > 100 GeV - AN,

*m; > 800 GeV Expected limit Observed limit Upound
e Anj > 2.5 5.1 < fpo/A* <51 =5.6 < fpo/A* <55 1.7
71 < Ml/A4<74 ~78 < Ml/A4<81 2.1

CMS 138 fo' (13 TeV)
3104__ .+ Data e v -25<fM3/A <25 —27<fM3/A <27
E; : B Top. V. zy QCD Wy '33<fM,4/A <33 —37<fM4/A <3.6
§ - Muon events MisiD photon [} Double MisiD : M : ' M ‘ :
L 3 MisID lepton %; - Stat @ syst -13 < fM 7/A < 13 _14 < fM7/A < 14 22
10°E e gty -043<fT0/A4<051 —047<fT0/A4<051 1.9

-027<fT1/A <031 -0.31 <fT1/A <034 25
-0.72 <fT2/A4 <092 —0.85 <fT2/A4 <1.0 2.3
-0.29 <fT5/A4 <031 -0.31 <fT5/A4 <033 26

most stringent to date

[0.15,0.4] [0.4,0.6] [0.6,0.8] [0.8,1.0] [1.0,1.5] 18
my, [TeV]
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3 ummary

e QOverview of VBS/F processes with a photon measurements
in both ATLAS and CMS

e VBSZy,Z — &4

e VBS Zy, Z — vvin low and high photon pt region

e VBS Wy, W — £v

* Rich and comprehensive physics results
e Differential cross sections

e Search for aQGC
e Search for Higgs invisible decay and to dark photon
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VBS/VBF Final CMS ATLAS
with y states
. y ATLAS-CONF-2021-038
ZV| £Ly)) PRD 104 (2021) 072001
(m; > 500 GeV)
. . EPJC 82 (2022) 105
PAY| VY]] — |
JHEP accepted, arXiv:2208.12741
Wyjj Lvyj] PRD accepted, arXiv:2212.12592 —
VBSNBF Final CMS ATLAS
with y states
ZVi| £ey;j PRD 104 (2021) 072001 ATLAS-CONF-2021-038
) ) EPJC 82 (2022) 105
yAY| Vvyjj — ,
JHEP accepted, arXiv:2208.12741
Wyjj Lvyjj PRD accepted, arXiv:2212.12592 —
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Backup: EW Z(££)y+))

/N\ Based on the Z+jets events, two good leptons from
Tyuwe Z, 70 < mg< 110 GeV

— Falﬂ—e
Remove Oinin cut

AR(yreco,ygen) < 0.3
Get shape from simulation

True
Template fit Template

p P

hin i
_ \I Z?XS Wil; = Tsxs)” ¢_
nin —

O 5X5 - =
. W B
predicted — __ X _ Nunweighted X oht _ 2,
M ke—in—sr — Ttot 7 Cfake—fraction = Vgpo_in_cr 7° WELETHS w0, if Ej > 0.9% of Egys "

22



@ ‘" Backup: EW Z(£8)y+ij

ATLAS
= o S * The amount of nonprompt photons in A is Ng x
Nc/Nb
ttertevs | G D e The shape of the mijj distribution for events with
nonprompt photons is obtained from B,C, and D
pass tight cuts A B
PN SRR SR S Lo o by oo o by s e o by g g

5 0 5 10 15 20 25 30 35
E®° [GeV]
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ATLAS: mjj > 150 GeV

ooMpred- — 4 73 + (.22 (scale) + 0.15 (PDF) fb

%ew

opw = 4.49 = 0.40 (stat) = 0. 42 (syst) fb
red. _

agW +0CD =20.4 +0.2 (PDF)72 +2 6 9 (scale) b

ogw+ocp = 20.6 £0.06 (stat) 71 1 O(syst)fb ¢
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CMS

Systematic uncertainty Impact [%]

Jet energy correction +7.9 —6.7
Theoretical uncertainties +5.5 —4.]
MUC statistical uncertainties +4.7 —4.5
PU +4.7 —-4.1
Related to e, y +4.5 —3.6
PU jet ID +3.7 -34
ECAL timing shift at L1 3.5 —2.8
Nonprompt-y bkg. estimate +2.0 —1.6
Related to u +1.7 —14
Integrated luminosity +0.8 —0.6
Total systematic uncertainty +14 —12
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Compact Muon Solenoid

" Backup: EW Z(£0)y+i

ATL \\\ ~

EXPERIMENT &R | 7

g 0-2:' R e _! LI |
[ o ims Prefminany S
§ " UF | Vs=13 TeV, 139 fb™ Pileup .
y 0 on [0 - = PDF and Scale ]
Source Size [%)] g of PDF and Sc E
. . . «© ™ = Parton Shower and Underlying Event
Electron/photon calibration =+ 0.3 o 0'05%’:_‘ -
oF =
Photon + 0.3 = -
—0.05__| -
Backgrounds + 1.0 o1E -
Electron + 1.1 -0.155—‘ EW-Zyjj, SR =
. oob e U
Flavour tagging + 1.1 025550 1000 _ 1500 2000 _ 2500 _ 3000
m; [GeV]
Muon + 1.1
MC 80'4_'”'””'””!”JE'T'QF} Tagging
T ot « / = - _— —_— and Flavour Tagging .
MC stat. + 1.4 5 oal ,\?_Tl;gST I:/rellergr}zy_ Eleciron, muon, phoon E
; a0 o - \s= ev, Pileup ]
Pileup + 2.6 o 020 PDF and Scale =
-% E Merging and resummation scale E
Jets + 4.7 s 0.1 [ =
i k =|
sy : 4.8
Q(/U-Z’)“]] 1110(lelllng i4.3 0%
o : +5.7 -0.1E E
EW-Z~7j7 modelling 46 0ok E
Data stat. + 8.8 _0.35_ QCD-Zyjj, SR _f
+]:$.'1 ;l L 1 l 1 1 L 1 l 1 L 1 1 l L 1 1 1 l 1 1 1 1 l 1 1 1 1 E
Total ~12.6 047500 1000 1500 _ 2000 _ 2500 _ 3000

m; [GeV]

Data stat. MC stat. Background Reco EW mod. QCD mod. Total

Aoewloew [T] =9 +1 +1 +5 tg ti +13

Table 3: Breakdown of the uncertainty on the EW-Zyjj cross-section.




Dominated by statistical unc. in all channels

Large systematic variation from modelling:

Scale var. 25%~56% (3%~11%) for QCD (EW)-Vyjj
Madgraph v.s. Sherpa up to 20% for QCD-Vyjj
Parton showering model: 4-15% for EW-Vyjj

Interference between EW- and QCD-Vyjj up to -22%

Post-fit impact of each systematics term >

Largest exp. systematic impact from jet related

> Backup: EW Z(w)y+jj

Source 1o Uncertainty on gz,

Jet scale and resolution 0.076

Vvy + jets theory 0.067

pile-up 0.040

Photon 0.035

e = v, jet— e,y Bkg. 0.035

Lepton 0.027

E%"““ 0.023

Signal theory shape 0.020
Signal theory acceptance 0.12
Data stats. 0.16

Wy + jets/Zy + jets Norm. 0.073

MC stats. 0.063
Total 0.25
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Coefficient E.[TeV] Observed limit [TeV™*] Expected limit [TeV ]
fro/A* 1.7 —8.7,7.1] x 107! (—8.9,7.3] x 107!
4 i 7 -1 : - 1
Unitarity is preserved /%5 10 T Sy S 0
fro/A* 1.9 —7.9,7.9] x 107! —8.1,8.1] x 107!
Frro/A* 0.7 —1.6,1.6] x 10° (—1.5,1.5] x 107
a1 /A 1.0 —1.6,1.5] x 10° (—1.4,1.4] x 10°
Frra/A* 1.0 -3.3,3.2] x 10! -3.0,3.0] x 10!
Coefficient Observed limit [TeV ] Expected limit [TeV ]
fro/A*? —9.4,8.4] x 1072 —1.3,1.2] x 107!
Unitarity is not preserved  frs/A* —8.8,9.9] x 1072 —-1.2,1.3] x 107!
frg/A? (—-5.9,5.9] x 1072 —8.1,8.0] x 1072
fro/A* —1.3,1.3] x 107! —1.7,1.7] x 107!
fao/A* —4.6,4.6] —6.2,6.2]
far1 /A —7.7,7.7] —1.0, 1.0] x 10!
Frra/ A —-1.9,1.9] —2.6,2.6]
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