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%k The associated VH production is the third majority of the
VH production

SM Higgs production in proton-proton collisions.

%k The production provides a direct measurement of HWW
and HZZ coupling for understanding the electroweak DY-like process
symmetry breaking.

% The measurement also gives the potential BSM physics
such as excess from heavy vector bosons or unusual VH
kinematics due to anomalous HVV couplings.

* This talk summarizes the measurements of the VH
production at bb ,yy, WW, ZZ, tt Higgs decay channels

under simplified template cross section framework.

* The anomalous HVV coupling inside the VH production is

discussed.
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%k The VH production with the V decaying leptonically,

= V(leptons)H
which is VH sensitive mode, is split into exclusive STXS Stage 0 bins VH
regions of phase space (STXS bins) by particle level. L qq= WH
B Stage 0 : production mode l | qq— ZzH
B Stage 1.2 : production mode + ptV split —»| gg—ZH
%k The hadronic VH production is put to qgH STXS bins. STXS Stage 1.2 bins
%k The granularity of the STXS bins is driven by analysis VH | = V(leptons)H
sensitivity. \F; o o —
%k Events are categorized to maximize the sensitivity of 0 ' l '
the targeted STXS bins. 17550 I I I
* BSM effect, i.e. high prV region, can be decoupled. | 550 | ot f{ et | || odet ff > v | [ oet ] > 1o
% Higgs decay channel independence framework so 40(;0 ...............................................................
that the combination and result reinterpretation ot / l \
become easier. o oYM Oobs
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CMS-PAS-HIG-20-001

59.8 fb™ (13 TeV)

% Three decay channels for the weak boson g 19 oms R ——
S 10°F preliminary Eamd %;V’LC
. - +udsg +
are considered. | taepton @ z:c  EEZ+udsg
1070 50 (V)<400 GeV L Bl VV+LF
I I Single top [ ZHob |
— 0O-lepton (Z—wv), 1-lepton (W—=ev/pv), - VD 55 S48 uncerainy
2-lepton (Z—ee/pp)
%k Simultaneous analysis for two H—bb
topologies : N
L
¥ Resolved : Two resolved b-jets £
. . . . I0.2I | IO.4I | I0.6I | I0.8I II 1
B Boosted : A single wide-radius jet DNN score
— if ptV > 250 GeV VH | = V(leptons)H
- : : [ |
%k Signal is extracted by the dedicated S P e S
machine learning output scores. 0 | | |
. . 75 | | |
3%k STXS bins can achieve up to ptV > 400 GeV | |
150

| O-jet I::I > 1-jet || O-jet ||—~|m > et | || 0-jet _.| > Lojet I
250 — 2

which is BSM sensitive.
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-001/index.html

%k Resolved and boosted topologies are combined together for prV > 250 GeV bins.
3k The preliminary results of the signal strength reveal that the ZH process less than expected.

%k No signal is measured in lower p1V regions (ptV < 250 GeV).

CMS Preliminary 138 fb' (13 TeV)
138 fb'1 (13 TeV) § : | | | | | | | | T T T | T T T :
: B = = Expected 5 1Th. Unc. ® Observed = Total unc. = Stat unc. N
|_Q - LJ ]
CM,S, e (Observed 'CT: 102 & ZH — li(vv) bb WH — Iv bb _
Preliminary 1 S E
— +10 (stat @ syst) & i I ]
X
5 10 S = cooo ) 2 g ' E
e +10 (SYSt) k) - | ... === — =
1 0 b l —4—
o 1= | Tt =
! X = =
ZH ce- 0.37 +0.16 = 0.14 © - o o T
(% : 1 1 1 | 1 1 1 | 1 1 1 | 1 1 { :
2 ]
*g . - l -—*—:_*_' -
WH - 0.97 + 0.23 = 0.22 s 4 ' =t
: s pz %0 750 1,2 Bog e s ~40p 7505 o 250 A sq0
| T 150 50 o 50 g 00 Ge Gey ?250(; 00 ¢ 0 G, %
P SR T N AN TR T ST SR N AN SRR SR TR AN SR ST SR T NN ST TR TR SO S T S ST SR N S S S’
-1 0 1 2 3 4 5 6

Best-fit
: No significant BSM effect is observed in high pt region.
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% Analysis targets :
® VH leptonic : Z—Il/W—Iv and H—2I2v/H—Ivqq
® VH hadronic : V—qq (two resolved jets) and H—212v
3%k Main backgrounds :
m WZ, ZZ, Zy/Zy* (VH leptonic)
B WW, Top, tT (VH hadronic)
* Dedicated leptons/dijet selections for event
categorization and background reduction.
% BDT output score or my proxies are considered for
signal extraction.
%k The STXS stagel.2 bins are reduced to 4 bins for the

leptonic VH with a boundary of ptV = 150 GeV.

150

250
400

Events / Bin width

Data/Expected

Eur. Phys. J. C 83 (2023) 667

CMS 138 fb™”" (13 TeV)
400 —+— Data ! SYSt-I | =
C [ Higgs boson wz WH3I OSSF -
350 W zz zr =

o F . VW
nprompt -

300 :_ ww No

BDT output

= V(leptons)H

0-jet > 1-jet
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http://dx.doi.org/10.1140/epjc/s10052-023-11632-6

% The WH and ZH processes at H=WW are made as the evidence from the signal

strength modifier results.

%k The results are dominated by stat. uncertainties, but overall compatible to the SM

predictions.

CMS

138 fb™! (13 TeV)

CMS

138 fb~! (13 TeV)

ZH(Z - leptons); p% > 150 GeV

Sampsas 0losm= 01753

I ; = +0.03
i ZH(Z - leptons); pf <150 GeV - ! Lesspess, 0=0.10%05 pb
' 2.0+£0.7 i —0.8+04
HzH - : ¢ WH(W - leptons); p¥> 150 GeV - i —cssagsssss 0=0.834pb
1 |
5 - +0.04
= WH(W - leptons); p¥ <150 GeV A A~ 0=0.06%504 Pb
i 1, _ 12
= VH(V = jj); 60 <m;;<120 GeV A —— syt 0= 15005 PP
1 2.2+0.6 ) — 0.11
HwH 7 : + qgH; mj;> 350 GeV; pY >200 GeV 1 S5 - 0.17%5:16 PP
: ol G = +0.011
: qaH; mj > 700 GeV; pH <200 GeV - 4= 0=0.023%555 pb
' i
1 v p — 0.10
! qqH; 350 <mj <700 GeV; p <200 GeV %0—0-04%.10 pb
| 0.71+928 i oy qs2a
MvBF - _‘_-I —-0.25 ggH; p_||-_| > 300 GeV A 4 | o/osy= —2.175%
| ' _ +0.10
I H—WW ggH; 200 < p" <300 GeV 1 : —sgass, 0=022%570 pb
| . :
i Combined p=0.95+3-39 ggH; =2 - s 0= 15757 pb H:WW |
d ' S Total unc.
+0.11 |
HggH _‘_: 0.927¢10 4 Observed = 10 (Stat.®Syst.) goH: 1J; 60 < pfl < 200 GeV - | 6=0.5*34 pb 27, Stat. unc.
i + ! Theo. unc.
! x 1o () ggH; 1J; pYl <60 GeV 1 | - 0=2.6235pb ggH
I —-—- Standard model C BT : agH
T T T T T T ggH; 0J 1 +| 0=4.237 pb e VH
|
0.5 1.0 1.5 2.0 2.5 3.0 —-—- Standard model
0/Osm -4 -2 0 2 4 6 8 10
0/0sm

Obs. significance for WH (ZH) = 3.61 (3.73) ¢
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Eur. Phys. J. C 83 (2023) 562

%k Consider the tnTh, €Th, UTn final states of the H—= 1T

decay and W/Z decaying to e/y. % Observable : My, pTV

* Main backgrounds are composed of W(V)Z(TT) . ooy o sTxS stage 1.2 is chosen due to

and ZZ—4l and jet misidentified to T». limited sensitivity

* H—-WW is treated as an irreducible background.

4 Observed [ VV [det — 1 VH = V(leptons)H
EOthers -H — n(u_o 93) |:|Bkg unc. 138 fo (13 TeV)
: H ' ' ' ' I
5 10° ‘?CMS ZH
B = : pv
= = BV <75 GeV : 75<p’ <150 GeV : 5V 150 GeV T
210° ¢ : ' T
S = : 0
L - :
10 E
0 75
1 zﬂﬂ = 150
101 ;— : L. , N I S | | —;.
— i 250
400
00
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http://dx.doi.org/10.1140/epjc/s10052-023-11452-8

* Two methods (CB and NN) are applied to the ggH/qgH

analysis but do not affect to the VH analysis since both u Observed: CB-analysis
A Observed: NN-analysis
productions has less correlation. — 1o

Uncertainty on SM prediction
%k Agree with the SM prediction.

138 b (13 TeV)

CMS 138fb_1 (13TeV) 11II| ||||I1'II| ||||I1'II| ||||mll ||||I1'II| ||||I11I| T 11|
" 5.48 +2.32-2.0
e Observed = 1o tot + 1o stat
ZH:p¥>150
5.69 +2.58-2.11
tot stat syst theo bbb =
CB I-OH 0.93 *012 +006 +007 +007 +004 | RNt [
Mincl : -0.12 -0.06 -0.07 -0.07 -0.03 * 238 +106'962
NN aal 082707 1006 1006 ~004 - 003
‘ ZH:p¥<150
| 23.7 +10.8-9.68
T HH 0.97 3% “3%% "812 "5i "5 -
ggH | 4020 1008 +044 +040 +005 | NN ] e
AN T 0.67 1320 +998 +a1¢ 1210 1008 8.73 +4.48-4.13
| A
1 R . . . . WH: p" > 150
" CB HEe= 0.68 *0%5 “016 T01s ~o08 000 T 8.73 +4.54-4.15
H | =i
N = 081177 318 102 12 108 -
| A 16.2 +19.4-18.6
CB C Heeed 1807088 0% 05 10 o0
Hum | 047 +0.37 +0.26 +0.11 +0.08 WH:p¥<150
NN : F—e—H 1-79j0:42 t0:36 t0:21 to:o7 to:o7 15.9 +19.5-18.7
} —l-
i BRI S R BN R B RN BN B M T BRI ARRTT ERRTT ARRT IR
0 1 2 3 4 o 32101234 1 10 10° 10° 10 10° 10°
Parameter value
Ratio to SM oB (fb)
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* Two isolated photons in H—yy provide clear signature with VH | = V(leptons)H

| ]

p¥ qq’ — WH qq — ZH gg — ZH
| |
0 1 1

fully reconstructed final states and narrow peak in diphoton

mass spectrum.

75 | i
% Events are mainly categorized according to the decay modes ;,

0-jet HH > 1-jet 0-jet HH > 1-jet
of the W/Z boson (— I, Iv, v, gq) and prV. 250
400 ..........................................
* ZH process is not split at STXS stage 1.2 from stage 0. >
p JHEP 07 (2021) 027
CMS 137 tb™' (13 TeV)
> SARLALELE BLALEL L LA LA B B UL B
8 180 - H— vy, m =125.38 GeV All VH categories CMS 0 Observed — *1o (stat @ syst)
~ ek S/(S+B) weighted 1
_'g - + Data ] H— vy, 137 b (13 TeV) [1 +1o (stat)
q>" 1901 + — S+B fit = my = 125.38 GeV, p_ = 50% B
g 120, VH ... B component _; — Th. Exp.  Stat
2 oo M-t E Mo fo3 T -
2 oE [ ]+20 E _
Z wf E e . roats  on o Anm 9%
m - ] =
(B 40— - M - _ - 10.36 10.07 10.05 10.35
g C ] VH ol = ol 1 '34—0.33 -0.06 -0.04 -0.32
n 20 — L
:I 11 1 I | I I I | I I | I | I I | I | I I | I | I | I | I I I | I I
° Hop o 13552 Dl oo oz
50 17T T T 17 T 17T T 17T T 17T 1T 17T T T 17 17T
gg [ [ [ ! B Co:‘nponerl]t SUbtrIacted u o =17% *E* 1 12_\\_0.09 1+0.06 +0.03 +0.07
SM *1=-0.09 -0.06 -0.03 -0.06
20 * T R T R PR R SR SR [ SR TN S SO R SR ST S R S T S ST SR R SR S S
10 + m + | 0.5 1 15 2 2.5 3 3.5
o * TR ' Rl e Parameter value
-20 . :
TR T R T R T R T R o R T R o R T Obs. significance = 4.7 ¢ —»Close to discovery

m,., (GeV)

9/16
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http://dx.doi.org/10.1007/JHEP07(2021)027

%k Two STXS stages, stage 0 and reduced stage 1.2 (fine bins), are measured.

%k Dominated by stat. uncertainty and no significant deviation with respect to the SM predictions.

Stage 0 Reduced Stage 1.2
MS 137 b (13 TeV

N —

[ 1O

—
-1 o) ]
CMS 137 fb (1 3 TeV) ST o Observed |
s F 3 Q = e ; | +1o (stat @ syst) =
— B o Observed b a [ o 3_ 147 7
N [ 102 ] 5 10EF T erigeen W 1o (syst)
9 = 860.00'7 |
102 J I +1b (stat @ syst) — El o | 35 . 3
» = 3 = 2.6|,og o062 1312 : 0.97°% 512 — SM prediction 177
Ko = 1 — 344 e 1.2 ol o
o r . +1b (SySt) n I s B |1 s 24 0150 07155, ol 0.7194 =
© I . 1 | 4 il N ™ W IR P =
Unicertainty in SM pred. = 016, ! PP L o T 0o 02 3
10 3 3 7*1-2 = _ H— YY, IyHI <25 0.10ﬁ:]2 | ! 0'121““’9 |- — e 0.1 o —
- 14 = I N 1 oos ]
= o7 10" == STXS stage 1.2: minimal l | T 0 0% |
B 1 0+05 04 1357 7 = o | | = I
B €04 0. 71041 1104 T = m,=125.38GeV, p_ & 70p | -
1 H—yy, IyHI <25 1036 ] - SM i ]
E 3 -2 |
E  STXSstage 0 3 10 = - —_ -
- ] 25F ' 10
L m,=12538GeV, p_ 4 35% i = E | E
] M n 2E- | 48
107 ' — == 3
0E = e 15 : { | - | 46
= = ®) 1 e | e RS RN | R e = A — - Gk - SR T . S —4
2.5 —10 = El ' 1 | | =
— —] E 1 =
o 1 5 E - 6 0 E\ NANNNNNN NANNNNNNNN NNNNNNNNN NONNNNNNYNN N NN\ NP NNNNNNN ANANAN \E 0
-— g : E IQ_»— :\:Q_p— :\:Q_p— :\:Q_p— IQ_!— IQ_»— Io_l— IQ_»— 8 8 8 fo_,_ fQ,_ fo-,_ fo-,_ _gc) s u'\) 8 8 % 8 8 8 8 8 ;E
= - o 2 o 2 o =
*C_U' 0.5 —2 5> £ 3 E < 3 g <© T FI-T - Q_ _g’ 9__ _? > :g_ " >H > N o\ N N N
= - - — ~— - = = - = Qo
T of =[0 eI 22%qddvvsEegE T oe v = vV vV vV I
ESANNNNNNNNNN ANANAN ANNANNNNANANAN NI N = 5 2 5 < Tt 88 & E, 2 © § c T Q2 T 2 8§ 8 *
ggH qqH WHlep ZHlep ttH tH =2 =23g5=£L 29 kS = L L
SAE TR ARRI
5 5 = > > Q
o O >

Observed significance for WH lep (ZH lep)= 3.2 (2.2) o High energy scale has
no significant excess
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VH | = V(leptons)H

%k Leptonic and hadronic decays of the weak
| ]
boson are considered. py  |ad —WH qq — ZH gg — ZH

* The sensitivity is strongly suppressed due to | |
limited statistics.

%k STXS stage 1.2 bins are merged down to only
two bins. o

Eur. Phys. J. C 81 (2021) 488

CMS 137 fb~! (13 TeV)
a
C M S 137 fb-1 (1 3 TeV) = i + Observed (stat@syst) H-2ZZ
% ot EBM prediction my=125.38 GeV
« Observed H—ZZ—4l L A STXS merged Stage 1.2 - |yu| <2.5
= 1o (stat @ syst) m=12538GeV | & [ = p« |
[ Bl (Stat) + V| 7841 T e 563
: 107 = 53735 4172 433
i E 057 == 2748 T 12:9) 1523
MttH,tH - * . )

1
1
1
T
1
1
1
1
1
1
T e -
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S 3F
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i e ¥ E
Myer | °* }
1 -—
. O 1E- A‘ l
’ 5 K 1 1 ¢
!.,L i oo - — o1
X I
ggH.,bbH . -~ - = = = = = = o o =+ I E & = ol = 32I=
: ®©® © © oo © © © © n © w o o © ;n o o omn ¥
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http://dx.doi.org/10.1140/epjc/s10052-021-09200-x

Nature 607 (2022) 60-68

' ' ' It ' 138 fb™ (13 TeV)
% The combination includes sensitive Higgs CMS
® Observed +1 SD (stat)
decay channels, bb ,yy, WW, ZZ, TT (Included — .1 SD (stat @ syst) [l =1 SD (sys0)
. — +2 SDs (stat @ syst)
H—bb results are employed from the previous - 5 Stat Syst
"ot ‘E‘ 0.97'0g, =004 oo
results Phys. Lett. B 780 (2018) 501). i '
. - - 1 & 0.80-01 000 008
%k Dominated by statistical uncertainties. ver ; o e
%k The agreement with the SM predictions for the | "wx [ 14405 =021 g
VH production. ", e 12902 Loz 009
Yin ——— 0.94%5 =015 7
This is not the end story of the :
MtH %6'05;:42 i1:99 i1:38
VH associated production. 0 o T Is o 5 3 35 4 4=

Parameter value
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http://dx.doi.org/10.1016/j.physletb.2018.02.050
https://www.nature.com/articles/s41586-022-04892-x

Phys. Rev. D 102, 056022 (2020)

VH production

q H

lllllllllllllllllllllllll
lllllllllllllllllllllllllllllllllllllllllllllll
0 0

= VV 2 VV,.2 i :
‘K gy1 T K, g (1 (1) 7 :
A(HVV) ~ \'AY +i 1 \(/jl\w)zz VZ} m%’l":VleVZ "““vaw )f 2)#1/ VV wg) (2),uv E
- O SO
l Form factor with BSM scale CP-Even CP-0Odd
\ /
:.“-V.[;..........................Z. ............................ ‘: AC
_____ e gy e o W There are three kinds of HVV anomalous coupling involving
2c0520y =
in form factors, loop level CP-Even and CP-Odd with three
. + Z H
’..V.V. ...................................................... independent pal’ameterS /\1, a2, a3.
SM CP-Even
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.056022

llllllllllllllllllllllll

A(HVYV) ~ [YV mneinels + adV f frem

SM CP-Even CP-Odd
«— Admixture .

Phys.Rev.Lett. 125 (2020) 6,061801

3k Higgs boson owns quantum numbers of Jop = 0++

_ _ CMS Supplementar 137 fb' (13 TeV
2k Leave room for a small CP-Odd admixture which 1 —— |p'p' — Lo B |(| — ) 3
. . . £ 1o+ > o0
gives CP violation S | eerwcL teH (H = vy) _
2k Measure “effective cross-section fraction” s -
i — Observed |
oo e as) - Eweced /S
= sgn(— 5l A
as g
a1]? + |as|? ai ey
® Cancel the systematic uncertainties
. . % C ,/'/
® Independent of the coupling convention under B T 1
o a--- e | IR T R R
different theoretical framework O0 0.2 0.4 0.6 0.8
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801

%k Based on the strategy of the VH (H—Z2) analysis, extra discriminants built by kinematics or matrix
elements are applied to separate events like SM and CP-Odd.
%k The CP effect (faz) are measured by simultaneously scaling the HVV coupling in the H—=+ZZ decay,

VBF and VH production.

%k The results are compatible to the SM prediction although they aren’t purely from the VH production.

Phys. Rev. D 104 (2021) 052004

. CMS 137 b (13 TeV) CMS 137 b (13 TeV)
AN N Y N N S Y N I E E R N N B [T L L L
- HVV, H—>4l, VH-leptonic, D, >0.7 1 HVV,H-> 4¢ — Observed. fix others
- . 107
: - + data 0 | -~~~ Expected, fix others
3__ | 1 2zizy* — Observed, float others
C B i
Ke) i i B Z+X \. ~~~ Expected, float others
~ L i
2 oF e
C L i
g) i Total VBF+VH
L ] — {1 SM
| —— 4 =T feet
1 — L =1
] S fA1= \\l
,. ] — A= SR | ekl |
() PR PP RPN AN R | | NI BNRETN SRR EVRTAE ST
400 0.2 0.4 0.6 0.8

-1-0.8-0.6-0.4-0.2 -0.02 O 0.02

fa3
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http://dx.doi.org/10.1103/PhysRevD.104.052004

%k The signal strength and cross section measurements of the VH associated
production at the CMS experiment in LHC Run Il period is presented.

%k The analyses are based on the simplified template cross section framework (STXS).

%k The results are still dominated by statistical uncertainty but compatible to the
standard model prediction.

%k Leave room for the BSM effect hidden in VH production as the anomalous HVV

coupling discussed in this talk.
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