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Searches for VBS WWy @ 13 TeV

Motivation for the SM measurement q,

» Search for process with:

ks from
K : n""l‘
- lnteractlon 4 }

The first 2—3 VBS tri-boson process |

» Signal processes: U vertex ) wi .
>»pp 2 f£Lv,0,jjyQCD = 0 (the EWK process) ‘ \ Ve
cross-section:0.001969+-3.871e-06pb d, A\
q;




Motivation for the Doubly Charged Higgs

First search through a new decay channel! & Model: Georgi-Machacek Model

> HIG-20-017: “The H5 states are fermiophobic and are assumed to decay

to vector boson pairs with a branching fraction of 100%”

] H* » HI + w*(high Branch ratio) D>

Physics Impact:

» Constrains triplet-based electroweak models.

> Implications for neutrino mass mechanisms and

Y
. Loop processes
future collider searches.
h/,, z Vg
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Drell-Yan palr Eur. Phys. J. C 72 (2012) 4.9fb-1, 7TeV
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oot
cMSs VBF: Hi* > wtw*  Eur. Phys.J.C 81 (2021) 137fb", 13TeV ‘ ‘ Scenario A
723 '
ATLAS VBF: Hgi - Wiw* Phys. Lett. B 860 (2025) 140fb-1, 13TeV z
139137
ATLAS Drell-Yan pair Eur. Phys.J C 83 (2023) 139fb-1, 13TeV
production: H* > 605

oot
3


https://arxiv.org/pdf/2104.04762
https://arxiv.org/pdf/2104.04762
https://arxiv.org/pdf/2104.04762
https://arxiv.org/pdf/2104.04762
https://arxiv.org/pdf/2104.04762
https://arxiv.org/pdf/2104.04762
https://arxiv.org/pdf/2104.04762
https://arxiv.org/abs/1207.2666
https://arxiv.org/abs/1207.2666
https://arxiv.org/abs/2104.04762
https://arxiv.org/abs/2104.04762
https://arxiv.org/abs/2407.10798
https://arxiv.org/abs/2407.10798
https://arxiv.org/abs/2211.07505?utm_source=chatgpt.com
https://arxiv.org/abs/2211.07505?utm_source=chatgpt.com

Georgi-Machacek Model

« 1985 Georgi-Machacek (GM) model — expands Higgs sector:
« Adds one real scalar triplet and one complex scalar
triplet to the Standard Model
« custodial SU(2), x SU(2), symmetry

10 physical Higgs, organized by custodial SU(2)

(" Custodial 5-plet (H_) — hobi
« Preserves tree-level: ustodial 5-plet (H,) — fermiophobic

. =M W2/ (M Z2 cos?0 W) = 1.
A++ $t =
¢ no fermion coupling
¢=( +>, x=|x | ¢

i = o H,

X0 —€_

~
> The quintuplet states are fermiophobic: no ( Custodial 3-plet (H,) (*Custodial singlets
fermion couplings.
» simple benchmark parameter scan:
» Change the parameters: M st Mo oo s ;
' y, (5M)
Js Mlcoeff 5+ 3 + 2 = 10 physical nggs bosons
Mas =%\ 2 + 4o,

3A505 - Micoeff x v},
2 4v

My = \l 12M2coef f x v, + 8A502 +
X
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Analysis Strategy (SM&BSM)

The number of jets >=2
Backgrou nds: The number of leptons ==2
> Z+jets, W+jets: fake lepton calculation. The number of photon >=1
» WZ, ZZ To 4L: di-boson and electron- T e ——
misidentified as photon. T <0.75
: :IZqu'_VYZ, YI?;S_ZZI: :IIZStdl;boson category. (M, — M| > 10 GeV
tty +jets: related to top.
v P Bjets (btagDeepFlavB>btag medium WP) ==0
> SSWW: fake photon estimation. o
— Zeppenfeld |r"_—z
i1 —mjz |
‘g = ‘gl, ‘gz

N T TSN T I I N | > Region O: SR region+CR region
0 1 2 2 2

tight leptons 2

(separated in BDT score distribution)

loose leptons 2 2
tight photons o o " . . . > Region 1 and Region 2: fake leptons estimation
fail IsoCharge >1 0 0 > Region 3, 4, and 5: fake photon evaluations (not
photons
fail 6;,;, photons 0 >1 0 used here)
> Region 6: satisfy pre-selections and fail the
fail both Isoch >1
and iy, photons selections for region 0~5.



Analysis Strategy---BDT (SM&BSM)
BT (G p
-Background :

MET Filters True "Regions 0 I
+ Including opposite-sign lepton charge samples
M;; > 100 GeV « Input Variables (features): prj;, pj1, Py2, s, P1.e1, Pre2, Me1, ez, Do1, Pez, MET, LT, my;, ARy,
|Anj;l, ARe, 18040, Py 1y, by, zepPenfeld, pr,
Pri > 30 GeV Details:
Training:Test = 2:1
-Signal and background training weights normalized to same total weight
Pr,2 > 30 GeV ‘Model:
XGBRegressor
&n_estimators=800, learning rate=0.1, max _depth=3, gamma=0.05) /

Work in progress Work in progress Work in progress Work in progress
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Signal extraction---SM

2D plot for signal in the region 0

Work in progress
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< 8 L
0.20
6_
10.15
al = other region N
-{0.10
2r 1 [Ho.o5
TR | . . CR = B
0 500 1000 1500 -0
M;[GeV]

Events/bin

I'\J

Data / MC

—

Work in progress
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Events/bin
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The signal region (SR) is defined as region 0 with two additional cuts:

> M > 500 GeV

» Counting experiment in three bins: BDT score > 0.4

Work in progress

138fb~' (13 TeV)

I

T l T l T
¢ Data
signal
- w .
N VBS it
. top
SR ey
B Nonprompt Photo
Nonprompt Lepto

Fitting data

\\\\\

1 .0
BDT Score



Signal extraction---Doubly Charged Higgs

B The same pre-selections as SM: a similar distribution in region 0.

B The same BDT model was used: generally used

Mtotal:
> Invariant mass of two leptons
> MET,

B Optimized further for every mass point: reconstruct M,,.,; > photon pt

Events/bin

C Work in progress

138fb-" (13 TeV)

s
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S0F -- BSM:My- =878GeV (200) ™= VBS Qa L ! ! ! | !
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Signal extraction---Doubly Charged Higgs

scenario a

Processes: ﬂ“mmmmmmm
pp — H5™jj, H5== - WTH3™, | Macoeff | 400 | S0 | 000 | 4000 | 5500 | 800 | 15000 | 3000 | 60000

H3* - W h,h - Zy,Z —» vu~ Mus,, | 290 | 384GeV | 535G | 878 | 10Te | 13TeV | 17TeV | 2Tev | 3.1TeV
. G V | Gev v
> In the GM_UFO model: produced directly. ; y .
Ge eV GeV

Br(Hft - 26.3% 98 5 93 4 | 94.0% | 87.1% 70% 50%
H + wt) %

Br 20. VEXY 186 1.45% 3.5% 4.3% 3.7% 4.0% 4.0%
(H*E - 5%
wtwT)

m 290GeV | 384GeV | 535GeV | 878GeV 1049Ge 1306GeV 1768Ge 3oooee

Mtotal - >400Ge >400Ge >400Ge >400Ge >
Vv Vv Vv Vv 400GeV
Mjj >500Ge >500Ge >500Ge >500Ge >500Ge >500Ge >500Ge >500Ge
Vv Vv Vv Vv Vv Vv Vv Vv
Anj; >0.5 >0.5 >0.5 >0.5 >0.5 >0.5 >0.5 >0.5
BDT [0.55,1] [0.55,1] [0.55,1] [0.2,1] [0.2,1] [0.2,1] [0.2,1] [0.2,1]

score



Signal extraction---Doubly Charged Hi
o 0.1 ¢
scenario b o
. s
Processes:. S F 1 ool
++:: ++ +g+ g+ + L
pp —» H*5jj,pp » H== -> W"H", H" -» W™y E oo |
1e-05 |
Mzcoeff 1e-OGGO 8IO 160 1.20 1;0 1.60 1.80 2;)0 220
(b) mg [GeV]
Myspp(GeV) > ) 7 > i pe es .

o > Model Modification: Enabling Hf — wty:

— —— > Br(H* - W*y)=0 in the original GM model.
BR(H5® — H3* + W¥) | 26.3% | 81.2% | 87.4% | 88.6% | 89.4% | 89.4% | > Br(H: - Wty) can be higher with some theoretical
BR(H5% » Wt + wi) 18.6% 9.6% corrections.

137 fb™ (13 TeV)
5 Ffw_°* T F rx 7 7 ¢ 7 & o )
o CMS — Observed 1
g B 68% expected
" Oy 8, =
Mtotal  >300GeV >300GeV >500GeV >500GeV >500GeV  >500GeV +T 107 HIG-20-017 E
Mijj >500GeV  >500GeV >100GeV >100GeV >100GeV >100GeV :?:;
Aﬂ” >0.5 >0.5 = = = - +xg
>
BDT [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] [0.4,1] 10°
score
I1000I — I2000' I I.‘I3000
my- [GeV]
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Search for HH- WWZZ @ Full run2 + early Run3(2022+2023)

Motivation for Di-Higgs
 Higgs sector in SM: with the measured value of the Higgs boson mass, all the
parameters are known

[ i : Hi Hi If-i i
e Stillma ny un knowns about the nggs field: iggs mass term iggs self-interaction term

* The origin of EWSB V(H) = _EmHHZ AvH? -, H

* The strength of the EW phase transition
* The Shape of the Higgs potential

* Although HH production allows for a direct test of the Higgs cubic coupling, such
events are extremely rare in the Standard Model

| 1T

3% |

—

Is SM V(H) consistent with nature?

51

25% 4.6%

| Stable alternative potential

,E‘-.T_f{

| 73%} 2.7% 0.39%

3.1% 1.7% 0.33% 0.069%

Unstable alternative potential (no

global minimum) 026/03‘ 0.10% | 10.028%| 0.012% 0.0005%

SIS ||

Meta-stable alternative potential ! H ‘Silver bullet” channels | I Analyzed in CMS

(different minimum)

Higgs field

Obs. (Exp.): 95 (54)

bbzz, 41

Obs. (Exp.): 33 (41)
yyT'r

Obs. (Exp.): 31 (26)

Multilepton

Obs. (Exp.): 22 (20)
bBW*W'

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)
bbr*t

Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp.): 7.5 (4.3)

Combined

Obs. (Exp.): 3.5 (2.5)

G Meeting frequency:
Standard Model prediction
=~ 32.78 fb @ 13 TeV
CMS Preliminary 138 fb' (13 TeV)
K}._Kt_KV_KZV_1 I
== Observed B 68% expected
------ Median expected ------ 95% expected
W*Wryy 7]

|

i iaal
1 10

95% CL limit on o(pp — HH) / o

reoil
100

Theory



Motivation for HH—> WW*ZZ*---New HH channel investigated in CMS!!
« Similar ATLAS multilepton (JHEP 08 (2024) 164):
« 10 HH decay modes (incl. WW, ZZ)

« categorised by N(leptons/taus/photons) rather than per-mode.
« Targeting multilepton and multijet final states: maximize the signal

« Challenging multiple objects analysis: leptons, jets, and MET

H

3 Ieptons|

P
'”‘
o::
"\ w /e
H

34%

25% 4.6%

7.3% 2.7% 0.39%

1.1% 0.33% 0.069%

0.26% 0.10% 0.028% 0.012% 0.0005%

e i A

2.04e-05 1.29e-04 2.04e-04 S
? :
RN 1 57¢-03 PRIk —0.0015
1.37e-05 8.67e-05 1.37e-04 RPN
B et i &
g2l 4.80e-05 | 3.03e-04 14.79e-04
| ‘ 0.0005

:
—— e e —

IR 9.01e-04 1.42e-03

ViV Ivaq q4aq
W+*W - decay 12


mailto:https://link.springer.com/article/10.1007/JHEP08(2024)164

Analysis strategy

3

TRIGGER
SELECTION

OBJECT
SELECTION

B

BDT 3L

4
CATEGORISAT!ONﬁ

BDT 4L

Count events in 5L
after preselection

FIT TO THE DATA
AND COMBINE

- Combine fully leptonic and semileptonic channels to benefit from the higher BR->j;

- Categorise events using simple cuts by applying a preselection aiming at the multi-boson phase space

« Keep the most sensitive categories and extract the signal using a dedicated BDT per category

« Cut-and-count to estimate signal and background yields

e limits on HH-WWZZ

« limits on pp-~WWZZ ( qq-»WWZZ + qq - HWW/HZZ + gg -» HH->WWZZ2)

any
my > 12 GeV

any

Il pairs my > 12 GeV

'--------‘

my € (25,100)GeV

main
TS (25,100)GeV

main

Er > 20 GeV

Er > 30 GeV

my € (80,100)GeV

.......... pt(l)>25/15/10*(10) GeV, Inl<2.5 (2.4), pr(jet)>25 GeV, Inl<2.4
10SSF

njet = 2 cat3
njet = 2 cat 4.1
njet = 2 cat 4.2

vivl llqq

qqqq Ul
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Analysis strategy---3¢ category

Exactly 3 leptons:
Ry, = 3 +

At least one opposite-sign same-flavor £¢ pair

3l on-shell category m,, € (80, 100) GeV
3l off-shell category m,, € (25, 80) GeV

‘ MET>20GeV |

At Ieast 2 non b-jets:
noB-iag -, o

E.I'

Work in progress

Work in progress

w HH
'Illfln.:'wwz‘

. WZTo3LNu -DYmZLmN_

= TTTo2L2Nu) = VH_HloNonbb :

Events

|u_....|...-|vy‘y...

HZZ-llqq

2023 (18.4 ')

T o L

Work in progress

m TTTo2l2Nuw)
ToarWplus |
TWminus
Others n

,,,,,
' s A

« 2 control regions for dominating backgrounds: Enriched in WZTo3LNu and Enriched in DYToJets
« A data-driven jet pt correction has been implemented in WZ CR for 3rd, 4th and 5th jet

14



Analysis strategy--- 4¢ category

At least one opposite-sign same-flavor #¢ pair -
pposite-sig ] [MET>30Gev] + net18 > 2
* 4.1 category my, € (25, 100) GeV J
S —

Exactly 4 leptons:

n, =4
lep
At least two opposite-sign same-flavor £# pair + At |933332_2§" b-jets:
. 4.2 categorym,, € (80, 100) GeV M 22
4.1
HZZ-liqq Work in progress gg low 4 1 Work in progress '
» ‘ T ‘2017, {tCR
£ 20 3 HHx400 1 2 [
. Z L% N . data i §15—_ ] :::;400—
. ) BAGKGRUUNDS_ 15 B other . S other ]
KA L Background mixture of ZZ, i - ] i ]
T ttZ, tt, WWZ and tW in 1.0} - 1 b
AN w similar contribution : .
H
V@ |
CRs are very close to the SR: - o 1SETTTT T
%1'05 ] W S ! | b Ii
 Inverted BDT score threshold (CRlow) g sl |T ] Bosk TR T
. . .. . = 100 200 300 400 500 600 m(H(4l)), GeV
4.2 Wzz-al ;) ° Inverted jet multiplicity requirement (CRno) m(H(4l)); GeV
1 Work in progress 16,CR 041 Work in progress
 tt and HCR g [T el I Y
5 | CR I‘E w400, £ ' =3 Hit000
z Lﬁ (5] o data — g | e data -
T ] w6
L Z £ i . other | - other
z q —’—‘\/\MVVV\N\/\< ot . : ] tf
Kx r L A 4-mm WV =
...... i vaq B
H .\‘ ZZ €+ | - H
AT 7 _>_WW2MW< e 1
w 0 0
015,| T T - 01.5_ LI L I L L LY LU LA B i B L
S 1ok ' . {1 =10 :
-%Dsi.l..\I..\....‘I\..JI'IH.: gohs:ll’llIllllllllllllllllllll_
~ 100 200 300 400 500 600 © 110 115 120 125 130 135 15

m(H(4l)), GeV m(H(4l)), GeV



Analysis strategy--- 5¢ category

HZZ-4i :'}
vield sample or group
0.0066 £ 0.0013  HH—2W2Z
0.0213 + 0.0005 WWZZ
0.0415 + 0.0005 VVH
- 0.0030 + 0.0010 HH other
. H 0.4589 + 0.0073 VH
Ky 0 0.0186 =+ 0.0031 H other
" 0.6037 + 0.0441 ZZ
______ e 0.2305 + 0.1514 VV other
H Y 1.4835 + 0.06890 WZZ
s 0.1671 £ 0.0101 VVV other
. 0.0000 + 0.0000 i
H. 0.0799 + 0.0294 HZ
0.1528 + 0.0926 t other
0.9184 + 0.9184 oY
0.0613 + 0.0143 other

Table 25: Signal and background yields with uncertainties after pre-selection for 5-lepton cate-
gory, summed across all data taking periods.

IMain backgrounds WZZ, ZZ and 1'..i'HI

+ At least two opposite-sign same-flavor £¢ pair + [MET>20Gev
+ my, € (80, 100) GeV I——|

Exactly 5 leptons:
".E-E‘p == 5

A simple counting experiment is performed in the 5¢ after the preselection



Signal contributions: HH

« Other HH contribution have been
evaluated using HHTo4V,
HHTo2Tau2V, HHTo4Tau and

« HHTo2B2Mu, HHTo2B2Tau were

considered but gave no

contribution

« Adding additional SR bin in 3¢
offshell to capture HHTo4W

contribution

events

3¢ on-shell category
- = 2022 (359 fh-")
.‘Ce J 5 ‘ ] J : ] : - I ' : H}“ -‘-'J‘N\‘:W
3 WWZZ -
- HH - 2122 4
" ] HH 22w ]
0.003}- ez
i = HH o 2b2c| |
0.002} ]
B } ’ " Lt
0.001f- ‘:E’:t:[i:’_'_,—#‘ t R
: | >~" L %'r—‘v | —y i\ :
% v ' =
O T ] S O
0.0 0.2 0.4 0.6 0.8 1.0
Work in progress . 4 1. 5000EE; ¢
| S0 P | I ) '[ L £t ] | DG BB ) [ { I |
5_.
41~
HHTo4W
3l 1 HHTo2W2Z
[ HHTo2Tau2Z
ol [ HHTo2Tau2w
HHTo4Tau
1 i i
£ |
O it b it s binal isi
00 02 04 06 08 10

is sianal scare

3¢ off-shell category , .. .. .
‘(2 - T I T T L I T 4
s - 3 HH - WWWW
& 0.0201 1:{_::_—. wwzz |
i Ly 2127
] [J HH $ 212W
0.015f O HH b zzzz
E.4
=ty %
‘ ——————
0-010» ;_T—J l
- :— #
|
0.005|- .
i —— T
0.00Q"5 i — '
0080 02 o024 06 08 1.0
| Work in progress 4 5. 5000EE; ¢
[7)} 6_7 L ] L L 'I L I | R SR | ] | S ER )
E '
(O]
>
(] 5
HHTo4W
4r [ HHTo2W2Z
[ HHTo2Tau2Z
3r [ HHTo2Tau2w
; HHTo4Tau
2 : | £33 HHTo2B2Z 4i
- " '__. :
1 I .
80 02 04 06 08 10

is sianal score
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Signal contributions: HH+HVV+WWZZ

Goal: measure pp - WWZZ including all main contributions.

— AW | (WwWzz| - | e
pp > WWZZ = { gg > HH —>WW*ZZ*( +| qqoHW |+ ‘ qq > WWZzZ 1 o -
| —— ‘ y i N l v 7z

g

2.4
= . m—— — [

(3 @ [ — — &8 ——— ( ® i)
gluon-induced g' quark-induced quark-induced
HH is dominated by ’; HVV is dominated by | WW?ZZ is dominated by
gluon-induced 1 quark-induced | quark-induced
production ) ‘ production | production
&= ~

B

L 1

. e ———— e e —p et -

R S T S—

| 48 . : : J

| | z\x Simulation: incoherent sum |
> e SR

\ | ggHH + qu\{V + ngwzz \ \




Slgnal contributions: SMP-WWZ2ZZ & HVV

Other possible pp->WWZZ contributions have been fooT T S(wwzzv(“wzz) QI Torar-~eanaanaasiens
evaluated using SMP samples WWZZ, HZZ, and HWW i =i-J :::E;vzwx” =
« The contribution is compared to the HH one in the signal ooz | - 0:004; e a f
region 0'01;* L‘H j o.ooz;—‘—_._l ;
- Significant contribution from HVV 5oz o1 o5 2?10 T T
« qq->WWZZ contribution is negligible in the SR N gy g - 'DH::Z;:;_C
« 5| category very sensitive to pp->WWZZ! | = Z%Z : swf—_ 'f' :’ZW;VF ;
« Added limit on pp->WW?ZZ, including HVV and 4V | : N f
15 2

= 0.6} =

roduction without HH o 5_5 o4t St
p Work in progress SRse (13 TeV) Work in progress 5981 (13 TeV) ;:_ — 02} |—i —
5 0.200 = a5 | T e ! N I S T PP PO == rararm rwrarm mrurern
5 ? 2 = signal %0 oz 04 08 08 10 %0 o0z 04 06 08 10
& 0.175 e ) is signal score is signal score
0190F MP -WW2Z
0.125| ] 5= Process 5
0.100 HH — 2W2Z 0.0065 + 0.0007
HH other 0.0030 = 0.0005
- WWZZ 0.0211 + 0.0002
VVH 0.0413  0.0002
0.000 -
° ®° 80 e M.[éi(\)/] e 0 50 100 150 200 19

M. [GeV]



Summary

Same-sigh WWy
< SM Part:
A first 2 -3 SM VBS measurement @full run2 is presented here.

< Performing a counting experiment in BDT score > 0.4 bins to extract the significance

+» BSM Part:

A first H5**> H3*W* measurement is presented here.
< Consider two scenarios for H3* decay.

HH- WWZZ

<» New analysis for HH non-resonant production in WWZZ decay mode developed
< Consider full Run2 + early Run3 (200fb-")
<+ Consider the 37, 4{, and 5¢ categories.
<+ Combined HH, SMP-WWZZ, HVV in signal.
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BDTs for signal extraction (HHWWZZ)
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