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Abstract: The first observation of WWY production with leptonic final states in proton-proton collisions at a center-of-mass energy of 13 TeV is presented. A data set corresponding to an integrated luminosity of 138 fb 1

collected by the CMS experiment at the LHC in 2016-2018 is used. Events are selected by requiring exactly two leptons (one electron and one muon) of opposite charge, moderate missing transverse momentum, and a

photon. The measured fiducial cross section for WWY is 0 = 6.0 + 1.7 fb, in good agreement with the next-to-leading order QCD prediction. The analysis is also extended to search for the associated production of a Higgs
e E : l , E : boson and a photon where the Higgs boson decays to W W™, which is sensitive to the Higgs coupling to light quarks (the c, s, u, and d quarks), and limits on these couplings are reported at 95% confidence level

Links: CDS record (PDF) ; Physics Briefing ; CADI line (restricted) ;

g WWYy signal significance -

g WWYy fiducial cross section
* Hy production search
'CMLS%' CMS Experiment at CERN &

® (y signal and background
-F book
® Selection and results Facebook & spon-o

o] Hv CrosSss SQCtion U pper Iim its and the CMS reports the first observation of the simultaneous production of two W

bosons and a photon! %2 What a way to celebrate the 40th anniversary of the W

Interpreted Yukawa couplings results boson discovery

Read more here = https://cms.cern/news/new-tri-boson-process-discovery

CERN #CERN #CMSExperiment #physics

A NEWITRI=BOSONPROCESS

DISCOVERY



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-006/index.html

e Large cross section compared with the [ e s R o i E
full massive multiboson processes

e |nclude the multiboson Platform to measure the anomalous coupling
couplings (0GC and TGC)

* Include the Higgs gauge couplings

Platform to search the Higgs to light

quark Yukawa couplings

See talk: WZy observation at ATLAS from Prof. Ai



https://indico-tdli.sjtu.edu.cn/event/1616/timetable/?view=standard_inline_minutes
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Introduction — WWy b

Lumi fb-
/s TeV

19.3/ 8

138/ 13

CMS:
ATLAS e Cross section limit of WVy (£vijjy)
e Limits on dim-8 and dim-6 operators
Journal Js TeV
ATLAS:
EPJC 77.646 5,55/  * Cross section limit of WWYy (epvvy) and WVy (2vjjy)
(2017) . (;%W = 1.5 £ 0.9(stat.) £ 0.5(syst.) fb (Njets=0)

— 138/ 13  Observed (expected) 1.4 o (1.6 o)
e Limits on dim-8 operators

Full Run2 13 TeV data
t  ,F - .
e U u" 1,y tinal states:

 Easy to generate the signal sample
* (Clean signal signature
 Fewer kinds of backgrounds



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032008
https://link.springer.com/article/10.1140/epjc/s10052-017-5180-3
https://cds.cern.ch/record/2853299?ln=en

Signal production

ety E{™SS | process: pp > e Ve i vy Y [QCD] MVA e ID(=80%)
Pr'>10 GeV MVA 1 1D (290%)

z80°/o

anti-kt
AK4CHS
98%-99%

PF

e Signal is produced by MadGraph at NLO in QCD accuracy showering by

Pythia8 with NNLO PDF
g FSR (final state radiation) photons are included

@ No EW or much higher QCD corrections

 MVA-based identifications are used for physics object reconstruction

g |mprove efficiency and sensitivity
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Background estimation
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e Nonprompt £ from jet
o 7y process e Diboson * Nonprompt y from jet

\ AVAVAVAVAVAVAV

— .
W/Z quark 9_),)-—.‘_3 -% /’JEL
q A g—g iﬁ
Z N
N\NNNNNL\, I I
Estimated by data-
Estimated by normalizing MC to data driven method

W or Z decays to e//T where
 Top decaystob quarkand W ¢ Zto 1T+ and Tto e/u

o | one or two £ are not detected * Jets misidentified
* Suppressed by rejecting e Suppressed by requirements

o - - and y from showerin as 2 ory
events containing b-jets of p&t, m,,, and EMSS Y g

e ¢ misidentified as y
* Other backgrounds with ignorable contributions are Wy+jets, tZq, etc

* All background simulation samples are generated at NLO (NNLO
normalization factor considered if it exists)
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Two leptons with pt/e> 20 (25)
GeV, |n| < 2.4 (2.5)

Pass HLT (pe) paths

Baseline
selection

O OW

Ermiss(PF) > 20 GeV and mtWW >

10 GeV
E. pr> 20 GeV in the barrel or SSWWy CR
endcap

Nonprompt £ enriched region
e \alidate the nonprompt £ background - N. > 0
* Constrain the nonprompt £ background by J

correlating the same systematic uncertainty
in the SR

Top and nonprompt y enriched region
e Validate the nonprompt y background
e Constrain the top background by floating top background

normalization

* Constrain the nonprompt y background by correlating the
same systematic uncertainty in the SR

m,> 10 GeV and pttt > 15 GeV same-sign ¢ pair

Selection

Basic
selection

Yes

Topy CR

opposite-sign ¢ pair

No
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Systematic uncertainties

Theoretical uncertainty « Correlated between years, categories,
. : . . and regions

* Factorization and renormalization . Apply for processes of the signal,

e Parton shower relevant top, and Vy productions

+ PDF v

Dominant in total syst. uncertainties (0.21)
_ Around 13% impact on the cross section
Experimental uncertainty

e Simulation and data-driven statistics _ ,
_ * Correlated between different categories
1. Correction and measurement and regions but correlated or

e Luminosity, pileup, L1prefiring uncorrelated between years.

* Apply for all simulation processes
* Energy corrections for jet and MET

* Correlated between different categories
and regions but uncorrelated between

: years
2. Background modelling e Apply for corresponding data-driven

* Nonprompt £/y uncertainty process

e Efficiencies



Results — WWYy significance >

e Maximum likelihood fit for signal extraction * Simultaneous fit with control regions

= N . .  POI of the signal and normalization of
* (5 0) = HPOiSSO”(”jW -5(0)+b(0))-p(0) the relevant top are float

J
i -1 e ]
. CMS preliminary et (stey) CMS Preliminary 138 o (13 TeV) mTWW: 10, 40, 70, 110, oo)
S - VV [36.7+1.3] ¢ Data[1318:36] 1 5 220 VV [36.2+1.2] ¢ Data [1292:36] = - ) ) ) )
I B tW [130.3+5.5] o 4 =2 = E
= 1000 7 Prediction [1198+23 | — 2 200t tW [128.0+5.5] 217 Predict =
(o N QCD Zy [163.3+6.5] 7~ 1 e - QCD Zy [162.1:6.5] rediction [1182+20 ] . .
L%J - = tly [156.1:8.3] WWy [190.5:0.7] i L%’ 180E" i, 1153.1:8.2] WWy [188.5:0.7] E My Ly- [2 O ; 1 5 O ; 2 5 O y OO)
800 tt [5.6=2.3] . — 160 tt [5.6:2.3 —
- QCD Wy [10.1:6.8] - Nonprompt y [383.2+8.5] - 140 - ] Q([JD W []1 01268 - Nonprompt y [377.7+8.4] E
[ t2q [0.2:0.0] Nonprompt / [121.9+16.5] | = B 2 [0.1:0.0] Nonprompt /[120.5:11.8] 2
600 — 120 =
- - . 100 .y
400 - Y. 97 Pre-flt ] “ /i/ Pre_flt E
B :///3///, ] - _E To pv C R mTWW: [1 O y OO)
200 e - 3 E
s — S SR : -
5 B =
d ¢ i o4 3
& 1 . [ ] é » /g”§””,/,/,é§,/f/; ; } + /;;Af;; DGL-J .
< | B 2 B LYY
) 0.5 — .
100 200 300 400 500 600 oG 50 100 150 200 250 SSWWy CR mtWW: [1 0, 40, 70, 110, OO)
Iy ms
ww

Reasonable agreement between data and
predictions =& Good background estimation
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Data/Pred.
o

T T

CMS J 138 fb'' (13 TeV)
— Z; Stat @ Syst . Vy [72.0£6.4] WWy [121.5522.9] _
—e— Data [414+27] VV [15.1=1.4] Nonprompt [ [45.7+4.0] _

7 Pred. [420+20] . Top [56.6:6.5] Nonprompt y [109.19.0]

B 20<m,, <150

150<m,, <250 m,;, >250

\_§
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Fiducial region definition

Events /bin

w
o
o

200

100

—
o

Data/Pred.
o
13 TN

CMS 1= 138 fb™ (13 TeV)
Zf Stat @ Syst . Vy [94.7+9.3] WWy [132.5+27.2]
—e— Data [916+37] VV [21.6+2.4] Nonprompt [ [77.2+6.5]

;;; Pred. [89829] . Top [270.9+25.8]

20<m, <150

150<m,, <250

///j///:

//////

Nonprompt y [300.8+24.3]

70.40 J0. 20 70~y 707 10-o, 104 0 40. >0 70\7707 10-, 70. 40 40. 20 70~7707 70.,,

O OWw

>

o> 25 (20) GeV, Inl <2.4 (2.5)

Mee> 10 GeV and p > 15 GeV

ptY> 20 GeV in the barrel or endcap

AR(y/E,£) > 0.5

mMW [GeV]

e Observed (Expected) significance is 5.6
(4.7) s.d.

The first observation of
WMWYy process

Cross section is measured in the fiducial region
Theoretical cross section from MadGraph at NLO  Within uncertainties,

QCD accuracy is:
e 04, = 4.61 £0.34 (scale) = 0.05 (PDF) tb

Measured results are:
o U.omp = 1.31 £0.17 (stat) = 0.16 (syst) £ 0.13 (theo)
e 05y = 6.0 £0.8(stat) = 0.7 (syst) = 0.6 (theo) tb
Main uncertainties due to parton shower
modelling calculations

measurements agree
with the SM predictions

10




- CMS,
H(-WW)y — Kaequark review
35.9-137 fb' (13 TeV)
> £ CMS Supplementary z ¥ ! ; W _
% M, = 125.38 GeV "W*" : \ ...... —_— - * Possible to measure or
&> 107 p-value = 44% E | . constrain all light quarks
“a b . q 7 Yukawa couplings
10” 2_ C . :C ¥ ' TL’epz‘ons and neutrinos Quarks _§ / %
: i 3
L e |w]z : Higgs couplings with light fermions: ne>ft milestone @ LHC
e —— Several channels to measure ¢c-H coupling
w i -
R S SO H _________________ b b * VH(cc): the most sensitive channel
5 0'551"6-1 | . ) * ggH(cc): the boosted region explored in CMS
particle mass (GeV)
» H-s Yukawa coupling measurement H-c coupling results Exp. (Obs.) results
is by H—dy measurement [1] ATLAS VH(cc) (Z— 128, Z—vv, W= Rv) Ko| < 8.5 (12.4)
» |f translate the results [2] to k , the [EPJC 82 (2022) 717]
~ 4 CMS VH(cc) (Z— 28, Z—2vv, WLV
[1] https://doi.org/10.1007/JHEP07(2018)127 CMS ggH(cc) [arXiv:2211.14181] b <47 (39) i

[2] https://doi.org/10.1103/PhysRevD.101.115005



https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
https://arxiv.org/abs/2205.05550
https://arxiv.org/abs/2211.14181
https://doi.org/10.1007/JHEP07(2018)127
https://doi.org/10.1103/PhysRevD.101.115005
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H(—WW)y signal and background |

Forg =u,d,s
1. MadGraph
 Model “Higgs effective Lagrangian™

e Current-quark masses in MS
scheme from PDG are used

e Process: gqg — Hy
2. JHU generator

« H> W"W™ = ey 0,

At NLO and considering the
quark mass running effect

Forg = c
1. MadGraph
 Model: loop_sm UFO modified to

have ymc in MS scheme

* Closely following theory
studies for bbH (1409.5301)

e Process: gg — Hy [QCD]
2. JHU generator

H—- W"'W™ = e u™ 0,

 Main background from gluon-initiated Hy doesn’t exist due

to Furry’s theorem [1]

 Backgrounds in Hy are sum of signal and backgrounds in the

WWYy measurement

* ggH, bbH are checked and can be neglected

[1] https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125

12


https://pdg.lbl.gov/2019/tables/rpp2019-sum-quarks.pdf
https://arxiv.org/pdf/1409.5301.pdf
https://journals.aps.org/pr/abstract/10.1103/PhysRev.51.125

H(—WW)y selection
WWy Nj=0 -
- +
N> 1 vy W= 7.
1.1n the Higgs boson rest frame, the Higgs (spin 0)
to two opposite-sign W bosons, traveling in
opposite direction and with opposite relative spin
orientation
-_|: N;=0 2.The weak decay of the oppositely charged W
bosons with opposite spin orientation results In
two leptons that tend to travel in the same
Ni=1 direction
* Maximum likelihood function for signal extraction e = so= W0 6eY M)

------ gg_)ww

— qg/gg — tt
------ gb —> Wt
Y1z >

e WWy normalization is float

g
o
)

normalized to unity
o
|

o Fit for uﬁ,dJ,sE,cE — Hy separately

S
=)
o

e Simultaneous fit of all regions (Hy SR, WWYy CR, Topy CR, and SSWWy CR) o
e Hy SR: 2D binning, [10, 40, 70, 110, ) in mm™W and [0.5,1.0,1.5,00) in ARg "™}
« WWy CR 1D binning, [10, 40, 70, 110, ©°) in mtWW A

0

[1] https://cds.cern.ch/record/1261372/files/CERN-THESIS-2010-061.pdf



https://cds.cern.ch/record/1261372/files/CERN-THESIS-2010-061.pdf
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H(—WW)y interpreted results .

Cross section limits

Process Oup Pb exp.(obs.)
uu > H+vy — euy 0.067 (0.085)

dd > H+y —euy  0.058(0.072)
ss > H4+v = euy 0.049 (0.068)
cc > H+v —euy 0.067 (0.087)

Flat direction: assuming all other SM k scale as
KH, which Is constrained as a function of kqto give
a signal strength of 1 for all other Higgs
production decay processes [1]

1 — BrSM \/ (1 — BrslvI + 4Br561]\/1 5 Yukawa couplings limits exp.(obs.)
o Kfi R x,| <13000 (16000)
) 2 . k4| <14000 (17000)
K
» Hy rate can be scaled with « x H x,| <1300 (1700)
(1 = Bro)heg + Bra)'s k.| <110(200)

[1] https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.073013 14



https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.073013

The first observation of WWYy production with obs. (exp.)
5.6 (4.7)0

Inclusive cross section in e~v, u v,y final states and

WWYy signal fiducial region
The cross section upper limits for Hy production

Yukawa coupling of K¢, Ks, Ku, and Kqg interpreted results

Z/’Y W

15
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H(—WW)y interpretation =

HL-LHC projection 3000 b~ =
= oo Our results reach the HL-LHG exclusive level

[ direct search (95% CL)

- :11”(‘[f e | Process 0up Pb exp.(obs.) Yukawa couplings limits exp.(obs.)
width (oIf-shell, 68% CL

- uad > H+v —euy 0067 (0.085)  |x,| <13000 (16000)
i exclisive (% c1) dd > H+vy —euy  0058(0.072)  |xy| <14000 (17000)
ss >H+v —euy  0.049 (0.068) |x.| <1300 (1700)

cc >H+v —>euy  0.067 (0.087) k.| <110(200)

—— — — — -

1.4 x 10°

Branching ratio used in the interpretation results

™ Br(H - um) = 10
Br(H — dd) = 1078;
Br(H — ss) = 0.000246;
Br(H — cc) = 0.029.

[1] https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHEL HCWorkshop/report. pdf 17



https://twiki.cern.ch/twiki/pub/LHCPhysics/HLHELHCWorkshop/report.pdf
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Hy Assumption explanation

An assumption that as k(u/d/c/s) is varied, all other SM kappas are

universally rescaled in such a way that all other SM prod x decay
processes retain their SM value

The effect of an enhanced Higgs Yukawa coupling k_g to a light quark (u,
d, c, s) can be compensated by a related increase of the Higgs couplings
to gauge bosons and third-generation fermions, leading to a “flat

direction” in the fit along which the Higgs signal strengths remain
unchanged
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Hy Assumption explanation

1. Regarding the H->ssbar branching fraction, given the model assumptions, the
enhancement is by a factor around 4000

2. kappa_s dependence for ggH has not been computed, estimate roughly under
Mp=4GeV mc=1GeV and ms=0.1GeV

sigma/sigma_SM(ggH) = 1.04*kt2 + 0.002*kb2 -0.038*kt*kb

¢ K2ijtem for b and c: 0.002/0.00002=100=5x(mp/mc)?
* Ktitem for b and c: 0.038/0.005=2x(mp/mMc

For ks = 1300 (-1300)

-0.005/(2xmc/ms)*kt*ks + 8:8004"kb ke + 0.00002/(5xmc/Mmsxme/ms) * ks2 =~ -0.26 (0.39 )
sigma/sigma_SM(ggH) = 1.04 + 0.002 - 0.038 + (-0.26) or (0.39) = 0.75 (1.39)

[1] https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG2KAPPA?redirectedfrom=LHCPhysics.LHCHXSWG2KAPPA#1 gluon gluon Fusion Process 20



https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG2KAPPA?redirectedfrom=LHCPhysics.LHCHXSWG2KAPPA#1_gluon_gluon_Fusion_Process

Hy Assumption explanation

Samples:

bbHToWWTo2
bbHToWWTo2

GluGluHTOWWTo2

ccToHyTo2L2Nuy Private Samples

L 2Nu_M125_TuneCP5_13TeV_powheg2_JHUGenV714_pythia8

Cross-section: 4.724 e-04 X

 The contribution in Signal and Hy Region

350

300

Events/bin

250
200
150
100

50

W

Data/Pred.

* ggH/bbH yields are small (about 0.2), can be ignored.

CMS 138 fb” (13 TeV)
: W(517:28] ' ¢ Data[0:0] =
N QCD Zy [20.4+1.9] //// / Pred. ® stat. [471:8 ] .
- Bty [46.0:3.5) - WWy [111.1:0.8] E
C [ QCD Wy [6.6+1.9) .
" B 124 [0.0:0.0] B Nonprompt v [168.5:5.1] 1
E I ggH [0.5+0.1] I Nonprompt 1[47.0:3.3]
o bbH [0.2+0.2] VV [18.9:0.9] =
3 WWy Signal Region =

il

59.7 fb™ (13 TeV)

Events/bin

3

--------------------------------------------

B tt; (16.0:2.4] ¢ Data [0+0]
0 QCD Wy [1.2+1.2]) 7777 Pred. ® stat. [320+6 ]

I WWy [49.40.5) B Nonprompt v [77.0+3.2)

[ ] Hy(s) [28.8+1.6] I Nonprompt [ [23.4+2.2)
[ ] Hy(u) [37.0+1.6) VV [8.0+0.7]

Hy (d) [32.8+1.2) tW [25.322.0)
] Hy(c) [11.0£0.6) QCD Zy [9.7+1.5]

k,, = 20000
kd = 20000

llllll]lllllllllll]lllIlllllll]

L 2Nu_M-125_4FS_yb2_TuneCP5_PSweights_13TeV_amcatnlo_pythia8 Cross-section:0.4027 (NanoAOD v7)
| 2Nu_M-125_4FS_ybyt_TuneCP5_PSweights_13TeV_amcatnlo_pythia8

Cross-section:0.9913

takes from Link with MH 125 GeV
|I=eorp

59.7 b (13 TeV)

Events/bin

Hy (c) [0.00110+0.00006]

Hy Signal Region
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B Nonprompt y [77.0+3.2]
I Nonprompt [ [23.42.2)

VV [8.0+0.7)
tW [25.3+2.0]
QCD Zy [9.7+1.5]

Hy Signal Region
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Hy sensitive yields are about 10~100
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