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Outline

 Higgs production

- VH and VBF Higgs production
* HH production

« VHH production

« Triboson (WWV, ZZV)
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Inclusive Higgs production
a few representative results

See more details in the dedicated talk by Changgiao
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https://indico.cern.ch/event/932480/timetable/?view=standard

- . ATLAS: Nature 607 (2022) 52-59
Higgs productions  cys: Natue s07 2o22) 6068
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https://doi.org/10.1038/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04892-x
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Differential cross-sections ATiAs: arxiv.2207.08615

CMS: CMS-PAS-HIG-19-016

CMS Preliminary 138fb " (13 TeV)
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https://arxiv.org/abs/2207.08615
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-016/index.html

VH and VBF Higgs production
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VH

VH associated production:
— Provides the best sensitivity to H->bb and H->cc decays and the VH production

VH (ull Run2) atLas | cws

VH(bb) resolved EPJC 81 (2021) 178
VH(bb) boosted PLB 816 (2021) 136204
VH(bb) boosted +resolved  ATLAS-CONF-2021-051
VH(cc) EPJC 82, 717 (2022) arXiv:2205.05550
VH(WW?) CMS-PAS-HIG-19-017

Not covered:
VH resonance searches, ATLAS arXiv:2207.00230
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https://doi.org/10.1140/epjc/s10052-020-08677-2
https://doi.org/10.1016/j.physletb.2021.136204
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/
https://doi.org/10.1140/epjc/s10052-022-10588-3
http://arxiv.org/abs/2205.05550
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html
https://arxiv.org/abs/2207.00230

ATLAS VHbb combination  aras.cone2021-0s1

- ATLAS previously performed separate VHbb measurements in the resolved and
boosted regimes
— Both measurements define 3 channels: ZH — vvbb(0-lep),WH — lvbb(1-lep), ZH — llbb(2-lep),
— With significant overlapping events

- New combination aimed to make them orthogonal

- p¥ < 400 GeV: resolved; py > 400 GeV: boosted o ATLAS Stmuiaton Proiminary
% 1 pp — WH — Iv bb, Vs = 13 TeV, 1-lepton selection
S : — Resolved only
- Statistical model adapted to obtain a coherent 2 os — Boosied
description of the common leading background £ |
contributions and systematic uncertainties =
04
0.2
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-051/

ATLAS VHbb combination

« Combined measurements

— Consistent with previous measurements, but with improved EFT sensitivities
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VH(cc)

ATLAS: EPJC 82, 717 (2022)

CMS: arXiv:2205.05550

« Three lepton channels: ZH — vvcc(0-lep), WH — lvcc(1-lep), ZH — llcc(2-lep)

VH (full Run2) ATLAS

H - cc resolved
reconstruction
c-tagging DL1, a deep neural
network
Categorization 2 p¥ bins x

(1-c-tag and 2-c-tag)

Fitting Muce
discriminants

ATLAS uses a c-tagger that includes a b-
tag veto on MV2c10@70% to establish
orthogonality with VH(bb) and allows the
combination

CMS
boosted

ParticleNet, a graph neural
network

BDT x 3 cc-tagging regions

chc

resolved

Deepdet

BDT

CMS ParticleNet tagger:
~5x better H—bb rejection
~5X better V+jet rejection

Background efficiency

>2X improvement in the final sensitivity
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https://doi.org/10.1140/epjc/s10052-022-10588-3
http://arxiv.org/abs/2205.05550

VH(cc)

« Constraints on Ly ce

138 fb”' (13 TeV)
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« Constraints on «
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CMS VH (WW*) CMS-PAS-HIG-19-017

- Experimental signatures:
- W->lv,Z->llandH - WW" - lvlv/lvqq

— Four final states: WH — 2(12vqq (WHSS), WH — 313v(WH3I), ZH — 3lvgq (ZHS3I),
and ZH — 412v(ZHA4l)

WHSS | WH3L | ZH31 | ZH4l

Number of leptons with pr > 10 GeV 2 3 3 4 CMS Preliminary 137 b (13 TeV)
Number of jets with p > 30 GeV >1 0 > 1 — | s _-
- — i
- Non-negligible contribution from wh =WW
H — 77 is also considered as the _ i
signal [

ZH4l

0 010203040506070809 1
Signal fraction
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-017/index.html

CMS VH(WW*)

- Main backgrounds: WZ, ZZ, Zy*
— Dedicated control regions to constrain WZ, Zy* and ZZ respectively

- Signal extraction:

— mH for WHSS and ZH3|

— BDT discriminants for WH3I and ZH4|I
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8/23/22 Lailin Xu 16



CMS VH(WW?*)

- Signal strengths measurements:
— For inclusive VH production: observed(expected) 4.7(2.8) o

— Also in two p¥ bins: p¥ < 150 GeV and p¥ > 150 GeV

CMS Preliminary
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ATLAS VBF Hy

JHEP 03 (2021) 268

« A unique Higgs production mode to be explored
- The presence of an isolated high-energy y helps suppress the background

Z boson fusion
b suppressed

D s e B B B B L B BN B -
$ 200 atLas Data
c 180 {s-13Tev, 13217 e fgij( '3
[%2] - = ass=s=a= =
160E— = np,=1.9)
'g 605 VBFH(=Dbb)+y Non—reHson. bbyjj
T 140 HighBDT Region Non-reson. bbyjj+Zyjj+Hyijj

« Main background: non-resonant bbyjj 1;}3? + ...... 3
production and resonant Z(—bb)y;jj production o H ]
— parameterized with analytic functions derived from zg:f ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E
simulated events or data sideband regions S W2

= _‘H ....... t $
60 80 100 120 140 160 180 200 m2:)0[62e4§)/ ]
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https://link.springer.com/article/10.1007/JHEP03(2021)268

ATLAS VBF Hy

- BDT is used to discriminate the signal from the background

Signal extraction: fit to my,, distributions in 3 BDT bins
— Observed: u,; = 1.3 = 1.0, 10 significance

Fraction of Events

rTr [ rrrprrr e T
012~ ATLAS Simulation

0.1—
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- I I I I | I I I I
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HH production
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Non-resonant hh production

» Direct probe of the trilinear Higgs self-coupling «;
- Main production processes: ggF and VBF
ocGGE =31.05 b + 3%(PDF + ag) J_rg(%% (scale) 4+ 2.6%(m;) @ 13 TeV

oyt =173 fb £2.1%(PDF + ag) T093% (scale) @ 13 TeV

g 9099999999999 > Q®---------- H

A \{

Rt
9 9999999999999 < ®---------- H
9 9909090999998 H
K¢ R\
A o . . L
H The VBF production has unique sensitivity to k.,

g 9999999999999~ o
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Search channels

B (HH — xxyy) ‘
my = 125 GeV |

bb 33.9%

754 « No Golden channels

ww 102  Decay channels with large Br’s may

lead to challenging signatures

w | 7.3%) (2.7%] 0.39% 105

2z (3.1%

ot [026% .
| | |

e bb WW g 47 YY

rarer

« Exploring a mixture of different Higgs
107 decay channels to increase the
sensitivity

16>

107°

8/23/22 Lailin Xu



Search channels

T  aTas | ows

4b (resolved) ATLAS-CONF-2022-035 arXiv:2202.09617 both ggF and VBF
4b (boosted) arXiv:2205.06667 both ggF and VBF
VBF 4b resolved JHEP 07 (2020) 108
bbtt ATLAS-CONF-2021-030 arXiv:2206.09401
bbyy arXiv:2112.11876 JHEPO03(2021)257
bbZZ(4l) arXiv:2206.10657
bb + WW / PLB 801 (2020) 135145
ZZItt(lvlv)
AW, WWrrt, 4t arXiv:2206.10268
Combination ATLAS-CONF-2022-050 Nature 607 (2022) 60-68
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://arxiv.org/abs/2202.09617
https://arxiv.org/abs/2205.06667
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://arxiv.org/abs/2206.09401
https://arxiv.org/abs/2112.11876
https://doi.org/10.1007/JHEP03(2021)257
https://arxiv.org/abs/2206.10657
https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://arxiv.org/abs/2206.10268
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://www.nature.com/articles/s41586-022-04892-x

Combined limits on u;,;,

ATLAS-CONF-2022-050 CMS Nature 607 (2022) 60-68 138 " (13 Tev)
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L1 | i | T N T T T T T T T YT [N TN AT N [N T N o
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Theory
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/
https://www.nature.com/articles/s41586-022-04892-x

Combined limits on «;

ATLAS-CONF-2022-050 CMS ___ Nature 607 (2022) 60-68 1386 (13 TeV)

ATLA S Prelimin ary = Observed limit (95% CL) I K=Ky = Ky =1 —— Observed ~ ==--- Median expected
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Y% SM prediction

—
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T
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95% CL limit on o(pp — HH (incl.)) / fb
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ATLAS | N .
Obs. (-0.6,6.6) (-1.24, 6.49)

Exp. (-2.1, 7.8)
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https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

Combined limits on x5,y

. . ATLAS-CONF-2022-050 o 10oCMS__ Nature 607 (2022) 60-68 138 10" (13 TeV)
— rr. 1.1t 111 1rJrTrrrJrrrrr 1 rrortort 1 1111 Qo Fr [ r 1t [ T 1t~ 1t A T [ T T T T [ T T T T
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f - /5 -13TeV, 126—139 fb-! _ Expegtgc:1 |Imolf[ égg.? CcL) | E ~— Theory prediction [EEEE 68% expected
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EXp. (0.0, 2.1)
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https://www.nature.com/articles/s41586-022-04892-x
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

Single + Double-Higgs combination

Single-Higgs processes are indirectly sensitive to k; via NLO EW
corrections: o

: : 2N M
Universal correction O(k;): Higgs loops # ----- 5t Py H

¢ q 9 - l - t
) T —— i
H A l_
\
———— H
tA t er-- H H:h,\
’
/ |
/H :‘ 1 :‘
9 QQQQQ/ q 9 RQQOY f

- Simplified template cross-section (STXS) results are parametrized as a
function of (x;, k.,)

signal

n; e (KasKm) o pi(Ka, km) X g (Ka, Km) X osm,i X BRsm, ¢ X (€ X A)i
K, the other couplings modifier
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-050/

Single + Double-Higgs combination

Channel Integrated luminosity (fb=1) Ref.
HH — bbyy 139
HH — bbt? 139 3 most sensitive hh analyses K, K¢, Ky, K, Kyfloating
HH — bbbb 126 .
with koy = 1
H—yy 139 &
H—Z7" — 4¢ 13
H — _—) 133 < 10 I T T T T . .| T T | T T T T [ T T T T
—TT STXS results - - ATLAS Preliminary Hy | ’
H — WW* — evuv (ggF,VBF) 139 a [ Vs=13TeV, 126—139 fo-! = H k) only ]
H — bb (VH) 139 | gl Observed —— HH K, only 2
H — bb (VBF) 126 i —— HH+Hxkyonly |
H — bb (ttH) 139 - HH + H K, only: HH + H «j generic -
ol b 61 95%: K) € [-0.4,6.3] _
X . ATLAS Preliminary — 68%CLHH+H - HH + H k) generic: =
[ Vs=13TeV, 126—139 fb! == 95%CLHH+H 1] | A ]
1.3~ Allother  fixed to SM e i 95%: K € [-1.3,6.1] i
r Observed —— 68%CLHH ] 4 95% _|
- --.95%CLHH 4  Fp N e mE e ]
1.2 B Y¢ SMoprediction B .
- qp  BestfitHH+H ] L -
1.1F 1T \ . i ]
: ~ ‘ o ]
1E ) J - N\ S 68% __
E R 1 /// 0_ I | | | ]
0.9 i | . -5 0 5 10 15
-10 15 20 Ky
KA
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VHH production
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ATLAS Vhh search ATLAS-CONF-2022-043

« First search for Vhh production at the LHC

- Rare process:
— 0.50 £ 0.01 fb for Whh, 0.36 + 0.01 fb for Zhh (@NNLO QCD) 04qr = 31.05fb
— Sensitive to 3 distinct Higgs couplings: ky, k,y, Ky oygr = 1.73tb

— Also sensitive to resonances VH—->Vhh
h h v

» Experimental signatures
- Zhh — vv4b (OL), Whh — lv4b (denoted by 1L), Zhh — [l4b (denoted by 2L)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-043/

ATLAS Vhh search

- Event selection:
— A leptonic W or Z candidate
— Two h — bb candidates by minimising the value of Im;; — 120l + Im,, — 1201 GeV

- Main backgrounds: tt, V+jets, constrained using data CRs

% 600_|II||IIII|III\|I|II|IIII|III||I|II|IIII|I\II IIII_ %45000_IIII|II|IIIIII|IIII|II\I|IIII|IIII||III|IIII IIII_ % _III\lIIII|IlII|I|II|I|I||III||I\II|IIII|I\II|IIII_
(0] - ATLAS Preliminary ¢ Data - (0} - ATLAS Preliminary ¢ Data ] (0] 500‘_ ATLAS Preliminary ¢ Data ]
3 L Vs=13TeV, 13918 Witt+j i B40000¢ ys = 13 TeV, 139 fd Wti+j E 3 - {s=13TeV, 139 8 BV-+=>1ic -
% 900 oLsr Wt+>10 P - 1LSR Wt+>10 P C2LSR Wt+>10
5 - PostFit } : fi+>1c 5350001 postFit ..., fi+>1c o 8 ool POSF V4230
i C o BY-+=ic B i o P, BY-+=ic 3 i L Vi i
400_ : : V+>3b ] 30000: V+j ] B tt+>1c ]
C V+j ] . V +2>3b ] - Wi+ .
25000F - - ]
300/— B Other ] - [l Other ] 3001 B Other _
C 77 Uncertainty 20000 77 Uncertainty ] B 77 Uncertainty ]
- -« SM Vhh - C - SM Vhh ] - -« SM Vhh -
200~ — 150001 - 200¢ -
C 10000F 3 L ]
100— = A 100 -
- " 5000F- -
L _rm ——_______ r |
e 0 s O s O
m E [a] m E o
o q2F ¢ : Doz ) @ q2F /+
s 1 /‘//*/W‘V””“*W/%’/W % s 1B~ W’-ﬁ’r@f&-f«/ﬁ/&é@fw‘f%/f% s 1 /W/gz)/m%//f& 255554555 /(
0.8F 0.8F 0.8
[m] [m) = [m] E
0.6F % o6EF . 0.6F
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0 1oo 200 300 400 500 600 700 800 900 1000
m,, [GeV] m,, [GeV] m,, [GeV]
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ATLAS Vhh search

- BDTs are used to improve the signal/background separation
— One for each channel (0/1/2-L)

}Q ! ! ! ! | ! ! ! ! | ' ! ! ! ! ! !
S 10°E" ATLAS Preliminary eData HV+xtc 3
o . F Vs=13TeV, 139" ._;Vhh V+23b 3
10° == SM-like Vih == Wi+ V4] =
,|E SR Post-Fit Bt + > 1b [ Other =
10 fi + > 1c 7 Uncertainty 5
10° ) =
102 —
10 =
1
107"
8 [~
s T
2 2
g’ L
.C/_) 0___I:L_ ___ J ___ |
1I2I3I4l I1I2I3I4I I1'2I3I4I l1'2l3'4
BDT Bin
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ATLAS Vhh search

Constraints on k,y, Ky

— Weaker sensitivity than ggF and VBF processes

—_ [rrrrgrrrrryrrrrjJrrri I LI | L | LU | LI I_ — | I | I I I I I I | I I 1 | | I I I I | I _|
= [ ATLAS Prehmmary —gg)eory p(;el_cm:_:u()gs/ o, =, - ATL S Prellmmary —(T) T)eory pﬁdicticzgs/ e
—_ — Observed limi % —_ — Observed limit %

£ oL Ys=18TeV, 189t e Gov L) — S el Vs=13TeV, 13910 e o oo oL —
Z - -EXpeCted + 1o - a - (| Expected + 1o 3
© B []Expected + 26 N © N []Expected + 2¢ i
ey T
i g\ =
10 = 10 =
L3 E it .
:I L1 1 | L1 1 1 | | I T | | L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 | L1 1 I: E | I | I | E

-40 -30 20 10 O 10 20 30 40 10 5 0 5 10

Ky,
Koy
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Triboson production
focused on WWW

See other triboson(VVy, Vyy) results in talks by:
Bing Li, Andrew Gilbert, Andrew Michael Levin
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https://indico.cern.ch/event/932480/timetable/?view=standard
https://indico.cern.ch/event/932480/timetable/?view=standard
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WWW observation

- Direct measurement of gauge boson self-coupling

— Finely balanced cancellations between QGC, TGC, Higgs amplitudes needed to preserve unitarity at
high CM energies q,

Y

Y

——hnnan
 First evidence for WWW and WWZ at ATLAS in 2019 (pLB 798 (2019) 134913)
— Partial Run 2 dataset 80 fb-
— Observed: WVV 4.10, WWW 3.20
 First observation of VVV (V=W,Z) at CMS in 2020 (pRL125(2020)151802)
— Full Run-2 with 139 fb-!
— QObserved: 5.70 (3.30 for WWW and 3.4¢ for WWZ)
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https://doi.org/10.1016/j.physletb.2019.134913
http://dx.doi.org/10.1103/PhysRevLett.125.151802

ATLAS WWW observation  pre120 2022) 061803

« New measurements

— Full Run-2 with 139 fb™1
— Final states considered: WWW-2I2vijj, 3I13v with |=e, p

Detector Signatures

WEIWiw™ - 212vjj etetjj 4 Ehuss
@ ,Ll—]]+EmlSS

uEutj + B
e+e+‘u+ _|_Emlss

wEiIwtwt - 313v
ut y+e++EmlSS

8/23/22 Lailin Xu


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.061803

ATLAS WWW observation

- For 212j: m;; <160 GeV, |An;| < 1.5 required to reject same-sign WWjj

- Main Backgrounds :

— 212j: WZ+2jets, non-prompt leptons (mainly ttbar), y conversions

— 3l: WZ+0jets, non-prompt

Background estimation:

;‘ | LI | LI | L | LI | 1T | L | LI ;‘ :\ TTT | TTTT | |||||||| | TTTT I TTTT | TTTT | TTTT | TTTT I TTT l:
O 500— — Q . . .

T ATLAS ¢ Data [ JWWW(u=1.61) | o] - ATLAS ¢ Data [JWWW(@u=161) 1 o .
% - Vs=13TeV, 139" Wz  [@Non-prompt P - Vs=13TeV, 13910 [WZ  [@Non-prompt WZ three Contr0| reglons deflned’
— - SR 27 [ conv. [JCharge-flip o C SR 37 [y conv.[]Charge-flip B -1
; 400__Post—Fit [l Other 77 Uncertainty = - Post-Fit [ Other 77 Uncertainty : 0/1 /2 Jets i
5 | 2 ok 7+ non-prompt leptons and y conversions:
> L (O] -

> C 7 ]
300 . 1 4 F E fake-factor methods
- - L L
- + m E + ] 81400}?]“3 &l\?vavtvaW( 161)_:
i r ] Q [ {s=13Tev, 139" u=1.61) ]
2001~ L ] 30p B 2 1200 CR WZ2) =Wz N

i ] C ] 27 Posti EIsz-npvrompt 1

[ A ¢ 5 20 — 2 1000f= & Oer -

i i L ] L L e 777 Uncertainty E

100__ N o . 800% ~ Pro-Fit Brgd.
i ] 10e5 W a 1
- = — 600[~ ]
: 0_ . 0= 4003— . .
O 1.4F ' ' ' ' ] ° 14F . F
L q2p O q2f : 200E g
E 1 /M///‘/’////‘////////7‘/////’//7‘////74///ﬁ////y‘*‘//f/{# & 1 %/// /////%//A/////;/,—VW A ///////}///////7/7// /% , —— ]
g o g 0o ! E e -
(0] . . © O 1 @ <t .. Py 'y
e 40 60 80 100 120 140 160 - 0 50 100 150 200 250 300 350 400 450 500 E, 0_3'} ¢ ¢
m” [GeV] Myyp [G eV] a 0'160?) 150 200 250 300 350[G \;1]00
Meepe |G
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ATLAS WWW observation

- Two BDTs used to improve signal to background separation in 212j and 3| SRs
— Using XGBoost

ﬂ 100—|—|||||I||||||| TTTT TTTT |||||||||||I||||||| 7T+ -'(2 40:|—||||IIII|IIII TTTT TTTT |||||||||||||||I||| |||—|:
§ [ ATLAS e Data ] § - ATLAS e Data .
W | fs=13TeV, 139 b’ E oy V=1.61) I 35 Vs =13Tev, 139 b E WWWi(=1.61)
80—SRe'e* ) Non-prompt | - SR3/ 3 Non-prompt -

- Post-Fit 3 y conv. 7] 30 Post-Fit 3y conv. ]

i [ Charge-flip N - [ Charge-flip ]

i [ Other i o5 [ Other -

60— 72/ Uncertainty ]| % 2/ Uncertainty

O Pre-FitBkgd. | P - Pre-Fit Bkgd. ]

. e S —

777777 ] 15 7

] Z

. 10 -

ﬂu | 5 E

i : __ o ]

o 14F 3 S 1.4F 7
£ 12k j | - 212k -
- 1%/%/%//)}%////7//////&/ /j/%////////% o 1%////;;%{//////%//////(//*/////7/////%/%///%%
g 0.8- - < 0.8- -
o6 . . .. o6 . ' .
- 0O 01 02 03 04 05 06 07 08 09 1 - 0O 01 02 03 04 05 06 07 08 09 1
BDT output BDT output
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ATLAS WWW observation

- Signal extraction: binned likelihood fit to BDT
distributions in SRs and m;; in WZ CRs

— Observed (expected) significance of 8.0(5.4)c

« The inclusive pp — WWW production
Ccross section is measured

meas. — spred.,  meas.

o

U

o(pp2>WWW) 820 + 100 (stat.) =80 (syst.) fb 511 =18 (syst.) fb

SM prediction: NLO QCD + LO EW
e Sherpa 2.2.2 for on-shell WWW: 209 +17 fb
* PowhegBox v2 for WH>WWW?*: 302 + 8 fb

~2.60 discrepancy

Fit w(WWW) | Significance observed (expected)
etet 1.54 4 0.76 2.2 (14) o
et 1.44 + 0.39 4.1 (3.0) o
it 2.23 + 0.46 5.6 (2.7) o
20 1.75 + 0.30 6.6 (4.0) o
3¢ 1.32 £ 0.37 418 (3.8) o
Combined | 1.61 + 0.25 8.0 (5.4) o
Uncertainty source Ac /o %]
Data-driven background 6.0

Prompt-lepton-background modeling 3.0
Jets and EAss 2.6
MC statistics 2.5
Lepton 2.2
Luminosity 1.9
Signal modeling 1.5
Pile-up modeling 1.0
Total systematic uncertainty 9.9
Data statistics 11.6
W Z normalizations 3.1
Total statistical uncertainty 12.0
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CMS VVV observation oRL125(2020)151802

« Combined production of VVV (V=W,Z) with full Run2 data

Theoretical cross
section (NLO)

WEWEW* - 212vjj

509 fb 54.0 fb www wWiwrw T - 303v
WWZ 354 b 412 fb wwz WEIw*Z - 412v
WZ7 91.6 fb 0.36 fb WZZ W*ZZ - 5l1v
77 37.1 fb 0.05fb 777 Z77 — 6l

- BDTs used in 2l, 3l and 4l channels, cut-based for the others

— The 2l channel is subdivided into 3 categories: 1-jets, m;-in(65 < m;< 95 GeV), m;-out
— The 3l channel is subdivided based on the number of SFOS lepton pairs: 0/1/2-SFOS
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http://dx.doi.org/10.1103/PhysRevLett.125.151802

CMS VVV observation

- Summary of observations and predictions

In the most sensitive *g
signal regions, 9
approximately 1/3 of the "“
VVV events come from

VH production.

Signal significance —)

PRL125(2020)151802
51 ol
212j 1 3] | 1 |
CMS : " " 137 o' (13 TeV)
100 Same-sign/3 leptons ;| ||DPataand prediction
. , ¢ Data =+ stat. uncertainty
80 : . : : : N Background + systematics
60- ' I i 1 |[Triboson signals
] f . ce . BWWW @, = 11505
40 : g8 BWWZ @, =086%5)
20 Sl BWWZZ (v, = 22433

3

—

92, 27

WZZZ (n,, =005
Bkg. in same-sign / 3 leptons

[[JLost / three leptons
[l Charge mismeasurement

. 1-. . OW W +ijj / ttw
So i - S N [[JNonprompt leptons
_1— 1 1 1 1 1 1 | 1 l 1 1 1 ' 1 1 1 1 1 .Y % Iepton
eeepupeecepppeeep 2 1.0 JA B 1 2 3 4 Slalo |Backgrounds in 4/5/6 leptons
. A . ®
1J m;-out my-in : # SFOS | DT bins Z+eu BDT bins :-% :_§.. DZ-Z [JtWzZ  []Other
Same-sign dilepton ;3 leptons ; 4 leptons ; 7 Iw Otz Owz
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CMS VVV observation

- Signal strength and cross-section measurements

— Observed: 5.70 (3.30 for WWW and 3.4¢ for WWZ)

Process Cross section (fb)

Treating Higgs boson contributions as signal
CMS 137 fo' (13 TeV 210 +150
. . ( ) VVV 10107550 139
| | e BDT total stat WWW 590“{?8 +%§8

. | ¢+ Sequential-cut +0.26 +0.21 — —
Combined i _._Tb_ 1.02 "553 T0.20 WWZ, 300£i§§ }-_;g
i i +0.45 +0.32 W2z 200—110 —20
WWW e ey 1.15 040 “0.30 777 <200
WWZ i o 0.86 0% +02 Treating Higgs boson contributions as background
: : VVV 3701140 +80
wzz | | —o 2.24 192178 W 190+110 780
| | WW ~100 70
77 | , Allowed <54 | WWZ 100 fgg J_rgg
WZZ 11017 5
0 1 2 3 4 5 6 777 <80

Signal strength p

| oimoWWW easurd | Prodotd

ATLAS 1.61 + 0.25 820 + 100 (stat.) 80 (syst.)fb 511 +18 (syst.) fb
CMS  1.15%323(stat.) 332 (syst.) 5901180 (stat.) 180 (syst.)fb 509 (+ ~10%) fb
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Summary

 Multi-boson production involving the Higgs boson covers vibrant
Higgs/DiHiggs and EWK physics programs

— Higgs couplings: HVV, Higgs self-couplings, HHVV
— Gauge couplings: triple- and quartic-gauge couplings
— Essential to probe the nature of the EWSB

- Measurements provide invaluable test of the SM and also a unique
window to BSM physics

« Looking forward to Run-3 and beyond: a long and exciting journey ahead
of us

'8/23/22 Lailin Xu
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Summary

ATL-PHYS-PUB-2022-009

Standard Model Production Cross Section Measurements

Status: February 2022

—
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Differential cross-sections arias: axiv:2207.08615
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ATLAS H+HH combination ..« conrromos

Combination assumption Obs. 95% CL Exp. 95% CL  Obs. value*!”
p p -lo
HH combination —-0.6 < k3 <6.6 -2.1<ky<7.8 Ky = 3.1%@
Single-H combination -40<ky; <103 -52<iky<1l5 K= 2.5’:%'3
HH+H combination 04 <k <6.3 -19<k3 <75 ka=3.0")
HH+H combination, «; floating -04<k1<63 -19<k1<76  k1=3.0"3
HH+H combination, «;, Ky, Kp, k7 floating —-1.3 <k, <6.1 21<k;<7.6 Ky = 2.3“:%'.})
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- Expected SM — 68% CL HH 1 B = HH + H K) only -
i ——. 95%CLHH - i HH + H x, only: HH + H k) generic
1.2 — Y% SMpredicton 6 [ 95%: Ky € [-1.9,7.5] |
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ATLAS WWW observation

[%2]
c
2
1 10°
10*
oT ot ei,ui ,ui,ui 3/
WWW signal 284+ 4.3 124419 82412  34.8+£5.2
WZ 81.14& 5.7 346£22 170£10 16.4+1.5
Charge-flip 31.14+ 7.3 19+ 5 - 1.7+ 04
v conversions 60.8+ 85 139+15 - 1.5£0.1
Non-prompt 170+ 4.0 145423 104+21 26.6 £2.9
Other 223+ 24 10010 584+ 6 8.0+£0.9
Total predicted | 241 =£11 873+22 41517 89.0+£54 5 .
o 1.
Data 242 885 418 79 o
@ 09
‘DU 0.8t

L ATLAS COWWW(u=1.61)
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- {s=13TeV, 139f0" E@WZ 3 Non-prompt
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ATLAS WWW

Rejects
non-prompt bkg
from
J/U, Y, v* + jets

Rejects Charge

Flip Electrons =

from Z - ee

Rejects non-prompt
lepton from b-decays
(tt, wt etc)

212v2j Signal Region

etet etpt pEp
No SFOS pairs, no 3 lepton
\eading lepton pT > 27 GeV
40 < m, < 400 GeV

m,, < 80GeV ||
100 GeV<m,,

> 2 jets,m; <160 GeV, |An;| <15 === Rejects WW VBS
— no b quark jet
- EIUSS sigmificance > 3

etetp or eFptput
No OSSF pairs
No 4t lepton
Leading lepton pT > 27 GeV

Sum of lepton charge =1 (++ — or —— +) _
Rejects non-prompt
lepton from b-decays

(tt, wt etc)

no b-jets

212j signal region

3l signal region
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ATLAS WWW

Boosted Decision Tree Variables

20 B4
im;; — my| EF™ significance x10/ER"™
pr(forward jet) pr(f2)
E™SS gionificance N (jets)

pr(J2)
minimum m(¥, j)
m(€2> ]1)
N (jets)
Pr (52)
m(41)]
N (leptons in jets)

m(gla ]1)

same flavor m,,
mep (000, ER)
m(£27 63)
Ap(lll, Er™)
minimum AR(/,¢)
pr(3) _
mr(ly, BT )

ET ™" significance
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