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Why measure the Higgs boson width?

Are there subdominant contributions to our current production
and decay calculations we have not yet included?

Anomalous

Does the Higgs boson interact with particles we cannot detect couplings
(e.g. neutrinos)?

Visible

decays

Does it interact with a new type of matter either directly or

Invisible
through loops?

decays

H X1? Known?

Y, X5 3 ? Known?

)

What happens here? 2



What can we measure?

Anomalous

couplings

- Detector signatures in
known decay modes

Invisible
decays



What can we measure?

Invisible

decays

- Momentum imbalance in the detector,
excess events wrt. known backgrounds




What can we measure?

- Angular and mass observables
- Production and decay correlations

Anomalous

couplings




What can we measure?

- Mass spectrum
- Displacement
- Off-shell production



What can we measure?
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- Displacement
- Off-shell production

SM: 4.1 MeV
Detector resolution: ~1 GeV
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What can we measure?

- Mass spectrum

oo —
I - Displacement !
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- Off-shell production

SM: 1.6 X 10722 ¢
Detector resolution: ~2 x 10713 s
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What can we measure?

- Mass spectrum

- Displacement
I" ——————————— \
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Today’s discussion



Events / 1.25 GeV

Conventional ways to measure width/lifetime
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[1] ATLAS Collaboration; PLB 843 137880 (2023)

[2] CMS Collaboration; JHEP 11 047 (2017)
[3] CMS Collaboration; PRD 92 072010 (2015)
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Events / 1.25 GeV

Conventional ways to measure width/lifetime
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- Mass resolution: ~
- 44 vertex resolution: ~50 um

and Ty too small to be measured directly

[1] ATLAS Collaboration; PLB 843 137880 (2023)
[2] CMS Collaboration; JHEP 11 047 (2017) 11
[3] CMS Collaboration; PRD 92 072010 (2015)
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Off-shell Higgs boson production

InH->VV(V=ZW)my <myg<2my:
- On-shell H (myy~my) = One off-shell V
- Off-shell H (myy > my) = On-shell Vs

- Expect ~10% of H — VV events in the SM
to have an off-shell Higgs boson [1].

Possible to measure two off-shell

production mechanisms:

_ ulgff—shell (gg)

- uSft—shell (ew: VB, VH)

- Can also measure an overall ,uOff_She“

[1] Kauer, N. and Passarino, G.; JHEP 08 116 (2012)
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Off-shell Higgs boson production

10

InH->VV(V=ZW)my <myx<2my: 10°
- On-shell H (myy~my) = One off-shell V 102
- Off-shell H (myy > my) = On-shell Vs % 10
©) 1

- Expect ~10% of H —» VV eventsintheSM &

. ~ 10

to have an off-shell Higgs boson [1]. & 102
3 107

Possible to measure two off-shell 2 P
production mechanisms: 8 10 ]
) ulgff—shell (99) 10_6
- Can also measure an overall y°ff—shell 107

100

CMS Simulation

13 TeV

gg—212v (I=e, pn)

—— SM H signal (HP)
SM contin. (|CP)

— SM total (H+CP)

On-shell

I )
i Destructive
: interference
I
I

200 300 500 1000 2000
m,,,, (GeV)

Higgs-mediated diagrams interfere
destructively with continuum VV production:
—> Large in magnitude
- ~Twice the size of the Higgs signal

[1] Kauer, N. and Passarino, G.; JHEP 08 116 (2012) 13 > Necessary in the SM to ensure unitarity
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Diagrams of off-shell Higgs production

gg — H — ZZ: VBF (s-channel): VBF (t-channel):
g @1 G
A a Z
Z Z
\_QQgQQ/ 42 q2
WH

gg — H production
dominant at lower masses
in the off-shell region

W, f

708 A
; 1
Z
EW production more dominant at higher masses in

the off-shell region (mostly VBF in the SM)
14




Off-shell method for the width

Combine with on-shell signal strength measurement to extract I'y [1]:

gprodgdec 2
o= > RV 55 . dm
(m? —my)? + miply
’
/
’
/
/
’
On-shell /
ll
’
/
’
/
4
2 2
gprodgdec
/lprod
Iy

Measure on-shell signal strength
from final states ZZ or WW

[1] Caola F. and Melnikov, K. PRD 88 054024 (2013) 15
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Off-shell method for the width

Combine with on-shell signal strength measurement to extract I'y [1]:

gprodgdec 2
0= 2 2\2 2 FZ dm
(m? —mg)? + mily
/ \
/ \
/ \
/ \
I, \\
On-shell / . Off-shell

I, \\

/ \

/ \

U \
/ \

4 %
2 2 2 2
gprodgdec gprodgdec
g 2 off—shell
X = X Lo o n? —m2)2 " dm?® & 11,04
H H

Measure on-shell signal strength
from final states ZZ or WW

[1] Caola F. and Melnikov, K.; PRD 88 054024 (2013) 16
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Off-shell method for the width

Combine with on-shell signal strength measurement to extract I'y [1]:

o= j gprcz)dgdec — dmz
(m? —my)? + mi [
/ \
I, \\
U \
I, \\
On-shell / . Off-shell
I, \\
I, \\
Il, \\\
> 4
2 2 2 2
YIprodYdec YIprodYdec 2
X Iy Hprod o~ (m? — mlz{)z . dm® Hprod Iy
Measure on-shell signal strength Ratio of off-shell to on-shell
from final states ZZ or WIW signal strengths for each

production mode gives [y

[1] Caola F. and Melnikov, K.; PRD 88 054024 (2013) 17
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Off-shell & BSM HVV couplings

CMS Simulation Preliminary

13 TeV
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CMS Simulation Preliminary 13 TeV

From 102F EW ZZ(— 44)+qq production (¢ = e, j1)

Ref. [1] !0'F |4 x O(100) on-shell

10"k — s
@)
e
2
S
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HVV amplitude
My €y 1€ g

Same a, (SM) or
different on-shell and off-shell enhancements

in gg and EW production modes

[1] CMS Collaboration; CMS-NOTE-2022-010, CDS:2826782 18

+ SM-like a; term

couplings,

x A4, a,, az BSM contributions


https://cds.cern.ch/record/2826782
https://cds.cern.ch/record/2826782

We reviewed phenomenology until now.

In what follows, | will focus on the specifics of
the ZZ — 4 analyses in ATLAS and CMS.

Final results are obtained after combining
with ZZ — 2€2v and other control regions.
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Off-shell 4¢€: CMS analysis strategy

CMS-HIG-18-002: Analysis of off-shell (m,4; > 220 GeV) 2016+2017 data [1]
- All momenta are known in 4 = Use MELA matrix element discriminants
— Can compute for Higgs production, decay, or both; or backgrounds

D (Q) - 7Dsig (Q) D. t pmt (Q)

1 — mn

| alt Psig (Q) + Palt (Q) sig. aIt 2 \/PSlg alt )
sig. vs alt. interference

[1] CMS Collaboration: PRD 99 112003 (2019) 20



https://doi.org/10.1103/PhysRevD.99.112003
https://doi.org/10.1103/PhysRevD.99.112003

Off-shell 4¢€: CMS analysis strategy

CMS-HIG-18-002: Analysis of off-shell (m,4; > 220 GeV) 2016+2017 data [1]
- All momenta are known in 4 = Use MELA matrix element discriminants
— Can compute for Higgs production, decay, or both; or backgrounds

D (Q) 7Dsig (Q) Pint (Q)
alt — mt

Psig (Q) + Palt (Q) sig. aIt 2 \/p51g alt( )
sig. vs alt.

8 interference
Category VBF-tagged VH-tagged Untagged
Selection D%Ef or DZEE BSM < 05 Di? or ng\g[’BSM, or Rest of events
ZH ZH,BSM
DZjet or DZjet > 0.5
VBF+d VBF+d VH+dec ~VH+dec ki gg,dec

SMobs. gy, Dy, Dy " Myg, Dy, Drg My, Dyier Digf

Mass shape is the most sensitive to off-shell production
- Any off-shell analysis uses a mass-sensitive observable

[1] CMS Collaboration: PRD 99 112003 (2019) 21



https://doi.org/10.1103/PhysRevD.99.112003
https://doi.org/10.1103/PhysRevD.99.112003

Off-shell 4¢€: CMS analysis strategy

CMS-HIG-18-002: Analysis of off-shell (m,4; > 220 GeV) 2016+2017 data [1]
- All momenta are known in 4 = Use MELA matrix element discriminants
— Can compute for Higgs production, decay, or both; or backgrounds

D (Q) o 7Dsig (Q) t 7311’1’[ (Q)
alt — m
Psig (Q) + Palt (Q) sig. aIt 2 \/P51g alt )
sig. vs alt.
interference
Category VBEF-tagged VH-tagged Untagged
Selection D%Ef or DZEE BSM < 05 Di,? or ng\;?’BSM, or Rest of events
ZH ZH,BSM

e Dzl'etorpzjetl_f_og o

SM obs. My, D;/EF+decll_2)gsEl’f+iiei |y, Dl\)flfl +dec I_Dgsli-l_+iec_ My, Dﬁf}g D}%Sgl def :

Mass shape is the most sensitive to off-shell production
- Any off-shell analysis uses a mass-sensitive observable

+ Discriminant for signal vs bkg
+ Discriminant for Higgs-continuum ZZ interference
(or SM vs BSM if constraining anomalous couplings)

[1] CMS Collaboration: PRD 99 112003 (2019) 22
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Events / bin

Off-shell 4¢: CMS event distributions

CMS

77517 (13 TeV)

I

i Untagged

T T I T T T T

* Observed 60

----. Total (fa‘=0, I',=10 MeV) -

|:] gg—41 SM s+b+i —

EW SM s+b+i i

40

Events / bin

20

CMS

7757 (13 Tev)
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0 my > 340 GeV

| o tlh

T T |
{ Observed
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[ a4 bkg.
Bz i

L

..

0.4

06
kin
Dbkg

0.8 1

Events / bin

Example distributions from the untagged category

Selection requirements are applied on the plots

to enhance Higgs contributions

775" (13 TeV)

CMS

| Untagged

20—

10—

1 I 1 1 i} L L  § L 1 L

T I T T T T ] T T T T I T T T T ]
} Observed

---- Total (f =0, I';=10 MeV) |
D gg—41 SM s+b+i —
EW SM s+b+i
|:] qq—4l bkg.

B z+x i

lmy; > 340 GeV|

D% > 0.6

-0.5

0 05 1
gg,dec
Dbsi

Stacked histograms for prefit SM distributions (I'y = 4.1 MeV),
cyan for 'y = 10 MeV, magenta for an on-shell 10% PS (a3) mixture

[1] CMS Collaboration; PRD 99 112003 (2019)
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Off-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-32: Analysis of off-shell (m,; > 220 GeV) 2016-2018 data,
with my; € (180, 220) GeV used to constraint qq = ZZ [1]
- Event selection follows Ref. [2] closely.

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 24
[2] ATLAS Collaboration; EPJC 81 332 (2021)
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Off-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-32: Analysis of off-shell (m,; > 220 GeV) 2016-2018 data,
with my; € (180, 220) GeV used to constraint qq = ZZ [1]
- Event selection follows Ref. [2] closely.

—> Categorization depends on the number of jets (pt > 30 GeV, [n| < 4.5):
- EW signal region: N; = 2 and |A7]jj| > 4 (~46% of Higgs prod. EW)
- 1-jet mixed signal region: N; = 1 and |77j| > 2.5 (~5% of Higgs prod. EW)
- ggF signal region: All other events (~6% of Higgs prod. EW)

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 25
[2] ATLAS Collaboration; EPJC 81 332 (2021)
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Off-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-32: Analysis of off-shell (m,; > 220 GeV) 2016-2018 data,
with my; € (180, 220) GeV used to constraint qq = ZZ [1]

- Event selection follows Ref. [2] closely.

— Observables include information on the invariant mass.

n S o o o s e s B s e B B s e e e LA B e e T
s 10° ATLAS | | o Data -
Lﬁ {s =13 TeV, 139.0 f5" [ ] systematic uncertainties
105 :| qq— ZZ _g'
o o)z .
104 EI Other Backgrounds E|
l:l qq — (H* =) ZZ+2j _
10° 5
, 7 Postfit distribution
10 —= _
% W/ ‘uoff shell _ 1
10 =
1= -
) E, | | I I B | ] =
a 145 E
i 120 + 1 | E
E 1 2zl L) $ + l
% o8- + E
° o06: . ) S P =
300 400 500 600 700 &0 900 1000
m,, [GeV]
[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 26

[2] ATLAS Collaboration; EPJC 81 332 (2021)
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Off-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-32: Analysis of off-shell (m,; > 220 GeV) 2016-2018 data,
with my; € (180, 220) GeV used to constraint qq = ZZ [1]
- Event selection follows Ref. [2] closely.

— Observables include NN discriminants with the following general form:
Ps

Ony = log19—

NN 810 Py

- Ps: ggF or EW Higgs production processes

- Pg: Interfering and noninterfering bkgs. (input as two separate classes)
> Oggr (Ogw) used in the ggF and mixed (EW) SRs

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 27
[2] ATLAS Collaboration; EPJC 81 332 (2021)
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Off-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-32: Analysis of off-shell (m,; > 220 GeV) 2016-2018 data,
with my; € (180, 220) GeV used to constraint qq = ZZ [1]

- Event selection follows Ref. [2] closely.

2 Ogor (Ogw) used in the ggF and mixed (EW) SRs

ﬂ 6 T T } T T T T l T T T T I T T T T I T T T T T T T T T l ﬂ 6 T T T T T T T T I T T T T I T T T T l T
c 10 ATLAS e Data c 10 ATLAS e Data
g ] [777] Systematic uncertainties g ] [777] Systematic uncertainties
o 10° (s=13TeV, 139.05 a2z 0 10° (s=13TeV, 139.05 a2z
ggF Signal Region Il o9~ (H —)ZZ Mixed Signal Region Bl o H )22
1 04 [__] Other Backgrounds 1 04 [ Jag— (H =) ZZ+2j
[ qq— (H*—) ZZ+2] [__] Other Backgrounds
103 —— gg—o H* > ZZ 103 —— gg—o H* > ZZ
— qq— H* = ZZ+2j — qq— H* = ZZ+2j
10 10 . . .
10 10 -
1 T 1 =
10" _I_,—‘ 10"
—2 —2 E
10 10 E
. 1 1 ] |‘ 1 L 1 I ! 1 I 1 1 ! L 1 1 I ! 1 1 1 1 ! I I 1 L . L Il L 1 1 I 1 I Il ! L L L I ! L 1 L L
% 1.5 - e Data/ Exp. _'_I_,_, % 1.5 - e Data/ Exp.
L L L L
— L b ) [ ] — % |
E 1 r L Zmmres ] b 4 _* %T,. = _+_ % i E 1 __ T *
© C . o F
L -=1 F I/Exp. == 1+EW |/Exp. L -=1 F I/Exp. == 1+EW |/Exp.
O 05L 1 J0FS/Exp ——1+EWS/Bxp. | O 5L 1v30FS/Exp ——1+EWS/Exp. |
-1 -0.5 0 0.5 1 -2 -1.5 -1 -0.5 0 0.5
ggF
ONN
[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 28

[2] ATLAS Collaboration; EPJC 81 332 (2021)
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Off-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-32: Analysis of off-shell (m,; > 220 GeV) 2016-2018 data,
with my; € (180, 220) GeV used to constraint qq = ZZ [1]

- Event selection follows Ref. [2] closely.

2 Oggr (Ogw) used in the ggF and mixed (EW) SRs

7)) T T T T —T T T
2 10°E ATLAS | ¢ Data
g p [777] Systematic uncertainties
w 105 Vs=13TeV, 139.0 f5 a2z
EW Signal Region Bl oo (H—>)ZZ
10* [ qq— (H =) 22+
[_] Other Backgrounds
103 — gg—o>H"—>2ZZ
—— qq— H" > ZZ+2]
10
(] [
10 ,
——
{E [ 1 I
10 E %
1072
: = ""'%
% 25_0 Data / Exp. T é:
W oq5E -
© 18 e e B B R, Lot J P 2
S 0.5F- 1+—+gFI/Exp.--1+EWIIExp. reo B
0;—1+ggF|S/Exp._l1+EWS.’Elxp. ) ' 5 3
-1.5 -1 -0.5 0 0.5 1 1.5
EW
ONN
[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 29

[2] ATLAS Collaboration; EPJC 81 332 (2021)
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On-shell 4€: CMS analysis

CMS-HIG-19-009: Analysis of on-shell 4f 2016-2018 data [1]
- Utilizes a finer categorization and more discriminants as observables
— Same categorization and observables for all couplings
- Example from untagged category:
Zy,dec
Dingy D, D, Dl DT, D, DYl
SM vs BSM
Provides extensive set of results
- Provides the following input to off-shell analysis:
on-shell ur and uy
on-shell BSM HVV contribution fractions f;

CMS 137 fo’* (13 TeV)

250

200

150

100

Events / 2 GeV

50

[1] CMS Collaboration; PRD 104 052004 (2021) 30
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On-shell 4€: CMS analysis

CMS-HIG-19-009: Analysis of on-shell 4f 2016-2018 data [1]
- Utilizes a finer categorization and more discriminants as observables
— Same categorization and observables for all couplings

—> Example from untagged category: CMS 137 10 (13 TeV)
""" AR RN LR RRRRRLRRE RS
dec dec dec Zy,dec dec dec =0 B
Dbkg' D0h+’ Dy, DAt Dy Dine » Dep é ‘:f“a
SM vs BSM 200 \L ] zzzy
Provides extensive set of results B z+x

150

- Provides the following input to off-shell analysis:
on-shell ur and uy
on-shell BSM HVV contribution fractions f;

100

Events / 2 GeV

LlllJIlIIlIIII{I

50

CMS-HIG-17-011: Analysis of on-shell 4¢ 2015 data [2] °" & o 120 140 160
- Inclusive in categorization

- Observables: Dy, DEec  DIEC a5 in the untagged category above.
- The BSM discriminant depends on the analyzed coupling.

[1] CMS Collaboration; PRD 104 052004 (2021) 31
[2] CMS Collaboration; PLB 775 1 (2017)
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On-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-28: Analysis of on-shell 4f 2016-2018 data [1]
—> On-shell region as m,, € (115,130) GeV w/ sideband 105 - 160 GeV outside this range
— See backup for full event selection regs.

>120I||I|I1|||I|||III|IIII|III1
5 ATLAS ¢ Data
H—- ZZ* — 4] ggF+bbH [l ZZ*
Vs=13TeV, 139 fb™ VBF tXX, VVV
VH B Z+jets, tt

BttH+tH 7 Uncertainty

Events/2 G
S
o

oo
o

E—oé%\\%\\“'\\

T T | T 1 I T 1 I T T l T T |

60 % Postfit distribution
7 w/ my = 125 GeV

40 %

o0 % /

110 120 130 140 150 160
m,, [GeV]

[1] ATLAS Collaboration; EPJC 80 957 (2020) 32
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On-shell 4€: ATLAS analysis

ATLAS-HIGG-2018-28: Analysis of on-shell 4¢ 2016-2018 data [1]

—> On-shell region as m,, € (115,130) GeV w/ sideband 105 - 160 GeV outside this range
— See backup for full event selection regs.
— STXS-style event categorization and discriminants

Category Processes MLP Lepton RNN Jet RNN Discriminant
0;j-p3 -Low . Py’ Dzze, miz, may,
. 4T(’ ggF& VA T . p{", ne - NNggF
0j-p7 -Med |cos 87|, cos O, pzz
a
» P 1 NN for NNzz < 0.25
1j-p*-Low egF, VBF, ZZ* P Py plone : VBE 2z
ARA,pj, Dzzs NNZZ for NNZZ > 0.25
4 i miss
s Pps s EX, NN for NNz < 0.25
1j-p4’-Med ggF, VBE, 27 P Ppny: By phne - VBE “
ARy, Dzz, nar NNzz for NNzz > 0.25
a0
C AL 1k Py Prs 1 :
1j-p}’-High ggF. VBF e Pl ne - NNvsr
ET™, ARyrj, nac
, . NNVBF for NNVH < 0.2
: ar
2j ggF. VBF, VH mjj, py P e Py M
NNVH for NNVH > 0.2
2j-BSM-like ogF, VBF NP, pitd phne phan; NNygr
Nj ) N)—' $,70% ,
VH-Lep-enriched VH, ttH Jets: Trbrges 708 Pl . NN, i
EFTJISN, HT
4r
s Mjj, : NN for NN <04
ttH-Had-enriched ogF, 1 H, tXX Pr> i ph. e phon,; i X

ARy¢jy Npjets 700%s

NN;xx for NN;xx > 0.4

[1] ATLAS Collaboration; EPJC 80 957 (2020)

Errata: EPJC 81 29 (2021), EPJC 81 398 (2021)
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CMS results
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Evidence for off-shell from 2€2v + 4¢
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Anomalous HVV couplings from off-shell
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O(107>—1073) constraints on fractional BSM contributions
0(10%) improvement from adding off-shell information

Other on-shell - only measurements [2] constrain these
couplings even further.
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ATLAS results
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Evidence for off-shell from 2€2v + 4¢
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Results also interpreted in terms of off-shell/on-shell coupling multipliers, w/ Iy = 4.1 MeV:

_ 2 2 .2 2
2 Rgg =K, off—shell / ®50n—shell @4 Rvv = ¥y, o¢rshell / Xy on—shell
- Results consistent with the SM

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 42



https://arxiv.org/abs/2304.01532

Summary

Presented the current status of the off-shell analysis in CMS and ATLAS:

- Off-shell Higgs production in VV final states Important in the SM for unitarity

- Combination with on-shell information can allow us to measure the total width
—> Large deviations can hint at BSM couplings to the Higgs boson

— Analysis consists of 4¢ off-shell and on-shell, and 2£2v off-shell components
—> Particular emphasis is given today on the 4¢ analyses
- Additional information on other components can be found in the references.

—> Evidence for off-shell Higgs boson contributions in the ZZ — 4¢ + 2£2v final state
from both CMS and ATLAS!

—> Total width measurements consistent with the SM value of [y = 4.1 MeV
— Additional interpretations considering anomalous HVV couplings or different off-

shell/on-shell coupling multiplier relations considered - no significant devs. from the SM

Stay tuned for more exciting results as we continue to collect data in Run 3 and develop
analysis methods further!
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Typical lepton efficiencies

Detector is very efficient in reconstructing leptons.
— Here are exemplary lepton selection efficiencies.

CMS Supplementary 138 fb™ (13 TeV)
Average muon selection efficiencies using tight isolation
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Typical lepton efficiencies

Detector is very efficient in reconstructing leptons.
— Here are exemplary lepton selection efficiencies.
CMS Supplementary

Average electron selection efficiencies using tight isolation

Electrons: ~48% — 88%

p_ (GeV)

138 fb™' (13 TeV)

=55 | 0.83 | 0.88 | 0.79 | 0.85 | 0.86 | 0.86 l 0.85 | 0.77 | 0.88 | 0.82
[50, 55) _0.82 086 073 084 084 085 083 073 0.86 0.82—
[44.5, 50) _0.81 084 073 083 083 084 082 073 0.84 0.81_
[42, 44.5) _().80 0.82 0.68 0.81 0.81 082 0381 0.67 0.83 0.79—
(40, 42) _0.79 0.81 066 0380 0.80 0.81 0.79 0.64 0.81 0.78_
(36, 40) _0.76 078 062 078 078 079 0.77 061 0.79 0.76_
(30, 36) _().72 0.74 057 074 074 075 073 056 0.756 0.72_
(25, 30) _().68 069 052 069 0.70 0.71 068 052 0.70 0.68_
[20, 25) _0.64 | 0.65 | 0.48 | 0.65 | 0.65 | 0.66 | 0.64 | 0.48 | 0.66 | 0.63_
' nSC
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Transverse momentum of neutrinos

| | | | |
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. . Tracket
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miss
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MCFM+JHUGen+HNNLO 13 TeV MCFM+JHUGen+HNNLO 13 TeV
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Effects [1] only visible for a purely BSM Higgs
boson beyond ~500 GeV, couplings

A(ggH)~ z ’CfFf(Ch» g5 |mf) + ’Efﬁf(ch» q, |mf) constrained to a fraction of these values [2]

f
+ |a2| ei¢a2 f:L“(/l)f*(Z);ﬂV + |a3| eiq5a3 figl)f*(z),uv

[1] Sarica, U. Springer Theses (2019)

[2] CMS Collaboration; arxiv:2205.05120 (2022) No sensitivity with current number of events,
[2] LHC Higgs Off-shell Subgroup; CDS:2801789 (2022) 49

[3] SMEFIT Collaboration; JHEP 11 089 (2021) 50 we assume gg couplings are as in the SM.

Similar conclusions from couplings that affect
the continuum [3,4]
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Gluon fusion: Higgs amplitude

g9 — H — Z7:

g Z
ID : }:::

g Z

Full cross section calculation is available at different orders for the different components:
> gg » H - ZZ:N3LO0 in QCD around my = 125 GeV, NNLO for the full m;,

dependence, NLO or LO for event simulation [1] MCFMI+HNN|-IO e 13Tev
- K-factors are large for NLO/LO (~1.7-1.8), L NNLOPDFsQCD 1S
smaller and flatter for NNLO/NLO (~1.2-1.3), ; “+= NLO PDF+QCD _‘%
and the N3LO/NNLO K-factor is 1.10. 1o
\\“§
ok

| I | 11 1 1 | 11 1 1 | 111 1 | I 1 1 | | 111

[1] LHC Higgs WG; CERN-2017-002-M 50 00 1000 1500 2000 2500
m,, [GeV]
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Gluon fusion: Continuum amplitude

gg — L7
g A
Q000
g Z

Full cross section calculation is available at different orders for the different components:
= gg — ZZ continuum (and interference): Only full calculation and simulation with loop
effects available at LO in QCD
—> Approximate NLO calculations [1] show K-factors for gg — ZZ continuum,
gg — H — ZZ, and their interference within ~10%
suggesting corrections are mostly of soft/collinear nature
—> CMS procedure is to use K-factors for gg - H — ZZ on all components, and
unc. kg4zz = 1 £ 0.1 on continuum with related scale \/@ on interference.
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[1] Caola, F. et al.; JHEP 07 087 (2016)
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Gluon fusion: Continuum amplitude

gg — L7
g A
Q000
g Z

Full cross section calculation is available at different orders for the different components:
= gg — ZZ continuum (and interference): Only full calculation and simulation with loop
effects available at LO in QCD
—> Approximate NLO calculations [1] show K-factors for gg — ZZ continuum,
gg — H — ZZ, and their interference within ~10%
suggesting corrections are mostly of soft/collinear nature
— ATLAS procedure is to use separate NLO mass-dependent K-factors with x1.2 for NNLO
and x1.1 for N3LO scaling in QCD.
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[1] Caola, F. et al.; JHEP 07 087 (2016)
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Gluon fusion: Continuum amplitude

gg — L7
g A
Q000
g Z

Full cross section calculation is available at different orders for the different components:
= gg — ZZ continuum (and interference): Only full calculation and simulation with loop
effects available at LO in QCD
—> Approximate NLO calculations [1] show K-factors for gg — ZZ continuum,
gg — H — ZZ, and their interference within ~10%
suggesting corrections are mostly of soft/collinear nature
- ATLAS unc. doubled for p£% > 150 GeV; +50% when m;,~2m;
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Gluon fusion: Event generation in CMS

For the Higgs amplitude contribution, continuum ZZ, or interference, MC event generation
can be done in two ways [1]:
- Use JHUGen/MCFM to produce events at LO in QCD, apply NNLO K-factors and N3LO flat
normalization

—> Relies on Pythia for jet multiplicity and kinematics
—> Use POWHEG to produce gg — H, JHUGen for H — ZZ, and the MELA matrix elements
from JHUGen/MCFM (instead of event generation) to obtain continuum ZZ and
interference.

- POWHEG cannot produce off-shell line shape. Instead, produce samples for Higgs
samples at my =125, 160 ... 200 ... 3000 GeV, which have increasingly larger widths.

- hfact = my /10 + 37.5 GeV to match p¥ to NNLO+NNLL HRES predictions.

- For the gg — H(125) — ZZ amplitude, the only differences in these samples are the
propagator and the correction of the m;, line shape for the evolution of BR(H — ZZ).

The former is just reweighting the propagator to a BW(my = 125 GeV, I'y = 4.1
MeV), so it is basically part of the MELA reweighting procedure, and the latter is added as a
modification of event weights when running the JHUGen decay step.

- The samples are glued together in the end to produce the full spectrum. The
mathematical formulation is provided extensively in the note.

- We observe this approach produces stable results in jet multiplicity and other
kinematics after Pythia parton shower.

[1] CMS Collaboration; CMS-NOTE-2022-010, CDS:2826782 54
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Gluon fusion: Jet-exclusive comparisons

13 TeV
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Analyses need better control over jet multiplicity and kinematics than what MC LO in

QCD + parton shower can provide.

When split by jet (*) multiplicity, N; = 0,1 have similar levels of agreement
= LO my; distortion at N; = 2 understood to be because of parton shower effects

(*) Gen.-level anti-kt AR = 0.4 jets with pr > 30 GeV, || < 4.7

[1] CMS Collaboration; CMS-NOTE-2022-010, CDS:2826782 55
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EW production simulation in CMS

Nnq — ¢ H — Qb2 Z: Q192 = Q42

Matrix element (MELA) and event simulation (MCFM/JHUGen) available for SM or BSM
Higgs hypotheses, and continuum at LO in QCD consistently.

- Improve event simulation technique for jet kinematics [1] by
- starting with POWHEG+JHUGen samples for NLO VBF, and ZH and WH NLO + MiNLO HV)J)

- apply MELA ME reweighting
- Account for the extra partons from POWHEG by merging four-momenta of gluons (or
g — qq decays) to the closest quark

- We check that the LO topology is approximated decently.

[1] CMS Collaboration; CMS-NOTE-2022-010, CDS:2826782 56
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Analyses need better control over jet multiplicity and kinematics than what MC
LO in QCD + parton shower can provide.

When events are split by jet multiplicity and equivalent selection requirements
are placed on the LO and NLO MC, we find differences in N; =0,1.

— Discrepancies are understood to be from imprecise parton shower
modelling in the LO MC.

[1] CMS Collaboration; CMS-NOTE-2022-010, CDS:2826782 57
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EW processes: Recasting NLO topology to LO

The MELA and MELAANALYTICS packages impose several rules on the merging procedure for
the EW processes in order to make sensible predictions:

* An incoming gluon is never merged into an incoming quark. This rule is invoked
implicitly as the ¢ of the incoming partons is always the largest compared to that of
any other pair of partons in the event.

¢ Gluons are never merged into the decay products of the H boson from the [HUGen
step as they are produced during the production of the H boson with no prior knowl-
edge about the boson’s decay.

e Gluons are also never merged into the decay products of the associated W or Z boson
in the VH samples. Doing so distorts the BW nature of these resonances significantly.

e All merging is done in the convention of outgoing particles. This means the four-
momenta and charge of incoming particles are reversed in the intermediate steps
when those of the two merged particles are summed.

e When an incoming gluon is merged into an outgoing quark, the charge (i.e., PDG
id) and the four-momentum of the quark are reversed in the final step of the LO
topology construction. This reversion is done so that the event topology ensures
having exactly two incoming quarks as expected in the LO matrix elements.

e In the VH samples, when extra gluons are encountered, the merging of individual
gluons and that of a combined gluon (i.e., from a g — gg process) are all considered
separately.

o In the VH samples, it is also possible to encounter two extra quarks instead of glu-
ons. These extra quarks are merged into a gluon substitute first, as they are from a
g — qq branching process, before the merging of this gluon substitute is considered.

e Every merging permutation is considered, rated with the product of the dot-products
between the merged quarks and gluons, and those that do not produce an incoming-
outgoing parton composition that is compatible with the main physics process of the
sample (i.e., VBF, ZH, or WH) are skipped.

e A momentum redistribution procedure is applied on the incoming and outgoing
particles associated with H boson production so that the resultant topology features
massless particles, which is what is required from the use of massless spinors in ma-
trix elements. Denoting the momenta of the two final incoming or outgoing partons
as p, and p,, an intermediate four-momentum k is added to p; and subtracted from
pa such that |p; +k[> = |p, — k|*> = 0. This step is common to any matrix element
computed using the MELA package. Because event-by-event reweighting is done
through a ratio of matrix elements, which are invariant under any arbitrary boost
of the event topology, and because factors coming from PDFs cancel in the ratio,
the common boost of all particles does not affect reweighting as long as momentum
conservation is maintained strictly, and is therefore adjusted arbitrarily.

[1] CMS Collaboration; CMS-NOTE-2022-010, CDS:2826782 58
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qq — ZZ,WZ simulation (CMS)
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POWHEG simulation at NLO in QCD in CMS for the non-interfering ZZ and WZ backgrounds.
—> NNLO QCD corrections calculated as a function of m,,
— Relative uncertainties from the MC close to NNLO QCD cross section uncertainties

- Keep the relative uncs. as in the MC to predict the uncertainty in different kinematic
regions and jet categories
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qq — ZZ,WZ simulation (CMS)
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POWHEG simulation at NLO in QCD in CMS for the non-interfering ZZ and WZ backgrounds.
- NLO EW corrections typically reach -20% in ZZ (-10% in WZ) at ~1 TeV [1]

IZL

—> Assign the following uncertainty prescription [2] based on p = over leptons:

(1-K5E8)(1—K§i°) ifp < 0.3
(1— KN otherwise

[1] Bierweiler, A. et al.; JHEP 12 071 (2013) 60
[2] Gieseke, S. et al.; EPJ C 74 2988 (2014)
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qq — ZZ,WZ simulation (ATLAS)
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ATLAS uses Sherpa @NLO (LO) in 0+1 jet (2+3 jets)
- Uncertainties independent in N; categories
— Overall normalizations obtained from CRs
—> For NLO EW corrections, 4 assigns corr. over my,, w/ uncs. as in [1]
- 2¢2v averages multiplicative and additive NLO QCD(+)EW corrections, assigns
difference as unc.

[1] Gieseke, S. et al.; EPJ C 74 2988 (2014) 61
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CMS analysis ingredients

Need high-mass ZZ events that contain off-shell CMS Simulation 13 TeV
Higgs boson contributions 10* gg—212v (I=e. “)
—> Can be done in both 42 (high-m,;) and 2¢2v 10° s . )
_ 77 <. 102 ) —— SM H signal (JHP)
(high-m7") final states — On-shell SM contin. ([CP)
- BR(2£2v)~6 X BR(4¢) g o M total (H+CP)
= 472 cleaner in bkgs. (only irreducible) while 8 ] L |H|2+|C|2
2¢2v also has instrumental components. & 102 : : ______________
—> About equal statistical importance in the £ 10e ! : =
results from the two channels © 104N T Off-shell
© 10 1| ; = -
P! =
Need on-shell H(125) events to extract I'y 10°" :
> 42 only (not possible with neutrinos) 107 Lo o o e
S Little backeround 100 200 300 500 1000 2000
8 My, (GeV)

Extract physics using a combined fit to 117 multidimensional distributions:

24 distributions in off-shell 2£2v (2326 events)

— Analysis also combines 18 distributions from a WZ — 3fv CR (8541 events)

18 distributions in off-shell 4¢ (1407 events), and 57 distributions in on-shell 4¢ (621 events)

In off-shell categories, event counts are typically different from the SM by ~10-50% (larger

at higher masses) for uOff_SheH = 0 (or ~2.5)
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CMS analysis ingredients

Need high-mass ZZ events that contain off-shell CMS Simulation 13 TeV
Higgs boson contributions 10* gg—212v (I=e. “)
—> Can be done in both 42 (high-m,;) and 2¢2v 10° . )
_ 77 <. 102 ) —— SM H signal (JHP)
(high-m7") final states — On-shell SM contin. ([CP)
- BR(2£2v)~6 X BR(4¢) g o M total (H+CP)
= 472 cleaner in bkgs. (only irreducible) while 8 ] L |H|2+|C|2
2¢2v also has instrumental components. & 102 : : ______________
—> About equal statistical importance in the £ 10e ! : =
results from the two channels © 104N T Off-shell
© 10 1| ; = -
P! =
Need on-shell H(125) events to extract I'y 10°" :
> 42 only (not possible with neutrinos) 107 Lo o o e
S Little backeround 100 200 300 500 1000 2000
8 My, (GeV)

Biggest challenge in analysis is to extract off-shell information from the tails:
- Limited statistics, e.g., in 2£2v with N; > 2, pp miss > 200 GeV, and mT > 450 GeV,

off-shell |H|?:H-C interf.:total expected = 10:-17:64 (events)
- Need precise control over instrumental and irreducible backgrounds
- Need theory input, e.g. for NLO EW corrections in qq — ZZ, WZ, for increased precision
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Full table of observables for CMS off-shell 4¢

Category VBF-tagged VH-tagged Untagged
Selection DYBF or DYBFEM ~ g5 pWVH o WM () Rest of events
2jet 2jet 2jet 2jet /
DI o DZITM . 5

SM obs. My, Dl\)ffg-l—dec’ 1t\)/S]?F—Fdec My, Dl\)/kl—é—l—dec’ Dl\jfsli—l+dec My, ,Dﬁ%, D{C;’;gi,dec
(s obs. My, D{\ff;—l—dec’ D(\)/PF—I—dec My, Dl\)/;erec’ D(\)/E{erec My, le(i(?; ) Ddsc
a, obs. My, DI\)/E;erec’ Dgth_1:+dec My, Dgf; —I—dec’ D&I;I_—i—dec My, Dl];i(ré ) Dgﬁi
Ajobs.  my,, DyErtdes pYBFrdec yy, ppltdee DTSy, Dhin Dlee
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Full table of observables for CMS on-shell 4¢

2016-2018 categorization follows the order

- VBF-2 jet
- VH-hadronic
- VH-leptonic (1 lepton or an £* £~ pair)
- VBF-1 jet
- Boosted
- Untagged
Category Selection Observables X for fitting
Boosted py’ > 120GeV Dikg PT
VBF-ljet Dyt > 0.7 Dy, P
VBF-Zjet DXEBF ~ 0.5 DE}\%” D(\Jf}?_l:erec’ DS/PFerec, IDX?Ferec’ D/Z\’l}f,VBF+dec’ DXI]?F’ DXIEDSF
VH-hadronic Dy > 0.5 DEW, Dy, Dy -, Dy, DAY, DI, DY
VH-leptonic  see Section 3 Dy, px
Untagged none of the above Dy, DS, D§C, DS, D/Z\'{’dec, Dylec pdec
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Off-shell 2€2v: CMS event selection

Quantity Requirement
Pl p} > 25GeV on both leptons
17 <24onpu,<250ne
My |mg —91.2] < 15GeV
pif > 55GeV
N, Exactly two leptons with tight isolation,
no extra leptons with loose isolation and pr > 5GeV
N No isolated tracks satisfying the selection requirements
N, No photons with pr > 20GeV, || < 2.5
satisfying the baseline selection requirements
pjT > 30GeV, used in selecting jets
7] < 4.7, used in selecting jets
N, No b-tagged jets based on the loose working point
pEuse > 125GeV if N; < 2, > 140 GeV otherwise
APLL. > 1.0 between pf’ and piiss
Acpf:;;SjEtS > 2.5 between pf + ¥ ﬁ]T and pmiss
min A‘Piniss > 0.25 if Nj =1, > 0.5 otherwise

among all f} and pIss combinations

66

Requirements are mainly
aimed toward reducing

- instrumental piiss
smearing from Z+jets
-tt - 2€2v2b

-WW - 2£2v



Off-shell 2€2v: CMS qq — ZZ,WZ CR

Quantity Requirement
{‘Zl . . .
> 30GeV on leading-pr lepton forming the Z candidate . . . .
o= P ep & | Estimated using POWHEG simulation at NLO
Pt > 20GeV on subleading-p lepton forming the Z candidate in QCD
piTW > 20GeV on the remaining ¢y from the W boson In o
—> Additional K-factors for NLO EW and NNLO
117, <24onp <250ne i ]
My, Use the opposite-sign, same-flavor dilepton pair QCD corrections are a P pl ied.
with smallest |m,, — 91.2| < 15GeV to define the Z candidate 2> A joint fit with a 3¢ WZ CR is done with
N, Exactly three leptons with tight isolation, common nuisance parameters an d mWZ as
no extra leptons with loose isolation and py > 5GeV the on |y observable:
Nk No isolated tracks satisfying the selection requirements
N, No photons with pr > 20GeV, || < 2.5
satisfying the baseline selection requirements 2
i . L WZ2 P.'fz_l_m 2+ mlss_l_—’ m
PT > 30GeV, used in selecting jets Mt Pt 12 Pt Pr W
;] < 4.7, used in selecting jets
2
N, No b-tagged jets based on the loose working point 00
. —|PT + PT
pre > 20GeV

my > 20GeV (10GeV) for by = u (byy =€),

n —> Events in the CR are categorized for the
where ;" = \/ZPT p“““( Cosﬂff’mlbb) same N; bins, and £, = e, u.

. _;E\d\f —
is the transverse mass between p; and piniss

by .
A % mT“ + piiss > 120 GeV, with A = 1.6 (4/3) for fyy = p (e)

A(Piliss > 1.0 between ;EJ‘TZ and pmiss

Acpifi;rsjm > 2.5 between i + Y 7 pT and piss
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Zmiss

min Acp] > (.25 among all 'ﬁT and p7"*® combinations
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Evidence for off-shell from 2€2v + 4¢

CMS <138 fb' (13 TeV)

10% & ¢ Observed 212v+4l From =
¢ Observed 4l Ref. [1] 3
10° B oo No off-shell E
é by - Best fit, 212v component -
o 10 gy [ Bestfit, 41 component =
2 e Best fit T',; 3.2 MeV ]
c ST TS
c 1 ; P <
> =
Ll AN AN NN AN e e e e e 3
107
1072
g 2 A
— 48‘ 1 ;&@;\*w*\'\\'*\\\'{'\'\'\'\+{\'\\'\'.\{I\.\I\.\Iil\.\l\.\tl\.\l\r\\\\\\\\\\\%\\\\\\\\\\E
m } ;
X 0 . . . . ]
0.5 0.52 0.54 0.56 0.58 63 0.6
Nno off-shell / (Nno off-shell + Nbest fit)

Plotted is a bin-by-bin ratio over the
histograms of all observables and
categories.

[1] CMS Collaboration; Nature Phys. 18 11 (2022)
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Evidence for off-shell from 2€2v + 4¢

CMS <138 fb" (13 TeV)
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histograms of all observables and
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Once all bins and channels are
considered, significance reaches 3.6
standard deviations.

[1] CMS Collaboration; Nature Phys. 18 11 (2022)
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On-shell 4¢: ATLAS event selection

TRIGGER

Combination of single-lepton, dilepton and trilepton triggers

LEPTONS AND JETS

ELECTRONS Er >7GeVand || < 2.47
Muons pr > 5GeVand |n| < 2.7, calorimeter-tagged: pr > 15 GeV
JeTs pr > 30GeV and || < 4.5

QUADRUPLETS

All combinations of two same-flavour and opposite-charge lepton pairs

- Leading lepton pair: lepton pair with invariant mass m;2 closest to the Z boson mass mz

- Subleading lepton pair: lepton pair with invariant mass mz4 second closest to the Z boson mass mz
Classification according to the decay final state: 4y, 2e2u, 2u2e, 4e

REQUIREMENTS ON EACH QUADRUPLET

LepTON - Three highest-pr leptons must have pr greater than 20, 15 and 10 GeV
RECONSTRUCTION - At most one calorimeter-tagged or stand-alone muon
LEPTON PAIRS - Leading lepton pair: 50 < mj2 < 106 GeV

- Subleading lepton pair: mpin < mas < 115 GeV
- Alternative same-flavour opposite-charge lepton pair: mgp > 5 GeV
- AR(¢£,€") > 0.10 for all lepton pairs

LepToN 1sOLATION - The amount of isolation Et after summing the track-based and 40% of the

calorimeter-based contribution must be smaller than 16% of the lepton pr

IMpPACT PARAMETER - Electrons: |dy|/o(dy) < 5
SIGNIFICANCE - Muons: |do|/o(dp) < 3

COMMON VERTEX - y*-requirement on the fit of the four lepton tracks to their common vertex

SELECTION OF THE BEST QUADRUPLET

- Select quadruplet with m2 closest to mz from one decay final state
in decreasing order of priority: 4y, 2e2u, 2u2e and 4e

- If at least one additional (fifth) lepton with pr > 12 GeV meets the isolation, impact parameter
and angular separation criteria, select the quadruplet with the highest matrix-element value

HiGGs BOSON MASS WINDOW

- Correction of the four-lepton invariant mass due to the FSR photons in Z boson decays
- Four-lepton invariant mass window in the signal region: 115 < ma, < 130 GeV
- Four-lepton invariant mass window in the sideband region:

105 < mygpe < 115 GeV or 130 < mye < 160 (350) GeV

[1] ATLAS Collaboration; EPJC 80 957 (2020) 70
Errata: EPJC 81 29 (2021), EPJC 81 398 (2021)
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ATLAS systematic uncertainties

Process Uncertainty Final State  Value (%)
ggF Signal Region
qq — ZZ QCD Scale 202y 4-40
qq — ZZ +2j QCD Scale 4¢ 21-28
qq — ZZ +12j QCD Scale 202v 22-37
qq — ZZ +12j Parton Shower  2{2v 1-67
gg — H* — Z7Z  Parton Shower 4f 27
gg —» H* — Z7Z  Parton Shower  202v 845
gg > ZZ Parton Shower  4¢ 38
gg > 27 Parton Shower  2£2v 643
WZ +0j QCD Scale 202y 1-54
1-jet Signal Region
gg —» H" — ZZ  Parton Shower 4( 27
gg > H = ZZ QCD Scale 202y 13-18
gg > ZZ Parton Shower  4¢ 38
gg > 27 QCD Scale 202y 18-20
gq — ZZ (EW)  QCD Scale 202y 7-18
2-jet Signal Region
qq — ZZ +12j QCD Scale 4¢ 18-26
qq —> ZZ +12j QCD Scale 202y 8-32
gg —» H* — Z7Z  Parton Shower 4f 27
gg > 27 Parton Shower  4( 38
gg — Z7Z QCD Scale 202y 18-20
WZ +2j QCD Scale 202y 20-22
qq — ZZ Control Regions
qq — ZZ +2j QCD Scale 4¢ 26
Three-lepton Control Regions
WZ+2j QCD Scale 202y 28

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 71
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ATLAS systematic uncertainties

Systematic Uncertainty Fixed Uoff-shell Value at which —2 In A(ofr-shen1) = 4
Parton shower uncertainty for gg — ZZ (normalisation) 2.26
Parton shower uncertainty for gg — ZZ (shape) 2.29
NLO EW uncertainty for gqg — ZZ 2.27
NLO QCD uncertainty for gg — ZZ 2.29
Parton shower uncertainty for gg — ZZ (shape) 2.29
Jet energy scale and resolution uncertainty 2.26
None 2.30

Upper limits for u°-Shell gt 959 cL with most impactful systematics fixed:

—> Larger deviation indicates more impact

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 72
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ATLAS systematic uncertainties

Process Uncertainty Final State  Value (%)

ggF Signal Region
qq — ZZ QCD Scale 202y 4-40
qq — ZZ +2j QCD Scale 4¢ 21-28
qq — ZZ +12j QCD Scale 262y 22-37
qgq — ZZ +2j Parton Shower 202y 1-67
gg —» H" — ZZ  Parton Shower 4( 27
gg — H* — ZZ  Parton Shower 2{2v 8-45
gg > ZZ Parton Shower  4¢ 38
gg — 727 Parton Shower  2{2y 6-43 Ra nges Of Values Of most
WZ +0j QCD Scale 202y 1-54 . .. .

et Signal Region dominant uncertainties in
gg — H' — ZZ  Parton Shower 4 27 each Nj bin of ATLAS analyses
gg - H"— Z7Z QCD Scale 202y 13-18
gg > ZZ Parton Shower  4¢ 38
gg —= 27 QCD Scale 2{2v 18-20
qq — ZZ (EW)  QCD Scale 202y 7-18

2-jet Signal Region
qq — ZZ +2j QCD Scale 4¢ 18-26
qgq — ZZ +2j QCD Scale 2{2y 8-32
gg — H* — ZZ  Parton Shower 4¢ 27
gg — ZZ Parton Shower  4¢ 38
gg — Z7Z QCD Scale 202y 18-20
WZ+2j QCD Scale 202y 20-22

qgq — ZZ Control Regions
qq — ZZ +2j QCD Scale 4¢ 26
Three-lepton Control Regions

WZ+2j QCD Scale 202y 28

[1] ATLAS Collaboration; arxiv:2304.01532 (2023) 73
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