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Progress over a decade in measuring...

Couplings
to particles

Spin/parity

Lifetime Self-
or width couplings

...of the Higgs boson
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Common ways to produce
a SM Higgs in pp collisions

99 — H (87%)  can probe fermionic Can probe bosonic
couplings of the Higgs couplings of the Higgs
B e.g., Htt, Hbb e.g., HZZ, HWW
ttH (1%)

WH and ZH (4%)




SM Higgs decays

b, T, u

H — fermions

(primarily heavier
qguarks and leptons)

By far most dominant decay mode is
H — bb (58.2%)
- Other H — fermions scale « m]%

— Can also measure decay to
77 (6.3%) and 111/ ( )

Cleanest decay modes are
77 (2.6%), yv (0.23%),
and WW (21.4%).

Best mass resolution from yy and ZZ.



What do we know about
Higgs properties @ CMS today?



Mass & spin

Mass Spin
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Measure from resonance line shape: Extensive list of tests of spin-1 and -2 hypotheses using

= 1-2% resolution in 4¢ and yy decays ZZ,WW and yy decays [link]
- Exploit angular correlations
44 4+ yy Run 1 + Run 2 2016 data [link]:
my = 125.38 + 0.14 GeV The Higgs boson is consistent with spin 0.
- Looser constraints on different spin-0 hypotheses
- Spin-1 excluded at >99.999% CL

- Spin-2 excluded at >99% CL (99.87% for min. graviton)
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https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1103/PhysRevD.92.012004

Anomalous spin-0 couplings: HVV

_ 2 1 g2 HVV amplitude
AHVV)~ |aq — e'Pm (qV1A2 172) - | mieri€r,  SM-like a; term
. + other BSM CP-even
+ |ay| et®az f;;(,l)f*(z)'“" + |ag| et®as f,jﬁ”f*@)w or -odd contributions
CMS 138 fb™' (13 TeV)
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https://arxiv.org/abs/2205.05120
https://doi.org/10.1103/PhysRevD.104.052004

A(Hgg) ~

Can apply EFT treatmentin gg - H

Anomalous spin-0 couplings: Hgg/Htt

99¢ (1)f*(2) [T aggf*(l)f*(Z) Uy

when my < 2m;

— Can be translated to Htt couplings
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CMS Supplementary 138 fo™ (13 TeV)
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m re .~
A(Htt) = _7tl/)t(’€t + IKys)Pe

With discovery of ttH associated
production [link], one can probe Htt
couplings directly

CMS Supplementary 138 b (13 TeV)
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https://doi.org/10.1103/PhysRevLett.120.231801
https://arxiv.org/abs/2205.05120

Anomalous spin-0 couplings: Hgg/Htt

* * * mg —
A(Hgg) ~ ggf (1)f @ 4 aggf (1)f (2).v A(Htt) = _7t1/)t(’€t + IKys)Pe

Can apply EFT treatmentin gg - H See also multilepton ttH + tH
when my < 2m; combination [link] with 4¢ and yy:
- Can be translated to Htt couplings |fc “| < 0.73 @ 95% CL
CMS Supplementary 138 fo™ (13 TeV) CMS 138 fb™' (13 TeV)
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https://arxiv.org/abs/2208.02686
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Higgs couplings to other particles

Measurements performed using a combination of multiple Higgs decays

SM couplings

CMS 138 fo-1 (13 TeV)
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Couplings can be represented in different ways
- 0(10%) precision in most

- Also notable from VH, H — cc analysis (link):

1.1 < |k.| < 5.5 @ 95%CL
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Ratios of couplings to SM
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Limitations still statistical
- Uncertainties ~1/+/N.
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http://arxiv.org/abs/2205.05550
https://www.nature.com/articles/s41586-022-04892-x

Constraints on production and visible decays
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- Measurements so far consistent with the SM

— Gluon fusion within ~5%, VBF within ~10%

= Consistent excess in tH, but large uncertainty due to small xsec and ttH contamination
- Precision in ZZ, WW, yy, and Tt decays ~10%
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https://www.nature.com/articles/s41586-022-04892-x

H — invisible limits

?.9 fb' (7 TeV), 19.7 b (8 TeV), 140 fb" (13 TeV)
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https://arxiv.org/abs/2303.01214

H — invisible limits
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https://arxiv.org/abs/2303.01214
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Beyond couplings: Fiducial differential xsecs
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https://cds.cern.ch/record/2858768
https://doi.org/10.1103/PhysRevLett.128.081805
https://arxiv.org/abs/2208.12279
https://doi.org/10.1007/JHEP03(2021)003
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https://cds.cern.ch/record/2858768
https://doi.org/10.1103/PhysRevLett.128.081805
https://arxiv.org/abs/2208.12279
https://doi.org/10.1007/JHEP03(2021)003

Events / 2 GeV

Higgs boson width/lifetime

CMS 137 b (13 TeV) CMS 19.7 67 (8 TeV) + 5.1 b (7 TeV)
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- Mass resolution: ~
- 44 vertex resolution: ~ 50 um

and Ty too small to be measured directly
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https://doi.org/10.1007/JHEP11(2017)047
https://doi.org/10.1103/PhysRevD.92.072010

Off-shell Higgs boson production

CMS simulation 13 TeV

InH->VV(V=ZW)my <myzg<2my:
= Either H is on-shell and one V is off-shell,
or H is off-shell and both V's are on-shell

- Both Vs going on-shell allows ~10% of
events in the SM to produce an off-shell
Higgs boson [link]

Possible to measure two off-shell
production mechanisms:

_ 'ulc;ff—shell (gg)
- pSftshell (fw H 4 2 jets)

- Can also measure overall y°ff—shell
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https://doi.org/10.1007/JHEP08(2012)116
https://doi.org/10.1038/s41567-022-01682-0

Off-shell Higgs boson production

InH->VV(V=ZW)my <myzg<2my:
= Either H is on-shell and one V is off-shell,
or H is off-shell and both V's are on-shell

- Both Vs going on-shell allows ~10% of
events in the SM to produce an off-shell
Higgs boson [link]

Possible to measure two off-shell
production mechanisms:

_ 'ulc;ff—shell (gg)
- pSftshell (fw H 4 2 jets)

- Can also measure overall y°ff—shell

1

CMS simulation 13 TeV
10*
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I
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Challenging measurement in multiple ways:

1,000

L

2,000

—> Sizeable, negative interference with continuum

Z /7 background
- ~Twice the size of the Higgs signal

- Necessary in the SM to ensure unitarity
18


https://doi.org/10.1007/JHEP08(2012)116
https://doi.org/10.1038/s41567-022-01682-0

Off-shell Higgs boson production

MCFM+HNNLO 13 TeV

InH->VV(V=ZW)my <myzg<2my:

= Either H is on-shell and one V is off-shell,

or H is off-shell and both Vs are on-shell

- Both Vs going on-shell allows ~10% of
events in the SM to produce an off-shell
Higgs boson [link]

Possible to measure two off-shell
production mechanisms:

‘uFff—Shell (gg)
- pSftshell (fw H 4 2 jets)
- Can also measure overall y°ff—shell
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Challenging measurement in multiple ways:
—> Large perturbative corrections in gluon fusion
- Requires consistent simulation and corrections


https://doi.org/10.1007/JHEP08(2012)116
https://doi.org/10.1007/978-3-030-25474-2

Off-shell Higgs boson production

CMS Simulation Preliminary 13 TeV

Link 10°F EW ZZ(— 4¢)+qq production ({ = ¢, 1)
InH->VV(V=ZW)my <myzg<2my: :
= Either H is on-shell and one V is off-shell,
or H is off-shell and both V's are on-shell =~

3
- Both Vs going on-shell allows ~10% of =
events in the SM to produce an off-shell :
Higgs boson [link] =

S~ 1

S B -
Possible to measure two off-shell 10768, — POWHEGHJHUGen =
production mechanisms: 107k o 777 JHUGen/MCFM (LO QCD) ]
_ 'uI(:)'ff—she]] (gg) 10—8:_ —— SM H signal (JH|?) —— Total SM (|H + C|?)
_ 'u](}ff—shell (EW H+ 2 jets) 10!)5 s SM wentin. (|C]%) —— Total PS (|PS + CJ?)
- Can also measure overall ‘uoff—shell 100 200 300 500 1000 2000 3000

my (GeV)

Challenging measurement in multiple ways:

- Simulated event generation computationally
very intensive

- Challenging integration of perturbative

corrections
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https://doi.org/10.1007/JHEP08(2012)116
https://cds.cern.ch/record/2826782

Higgs boson width from off-shell

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

2 2
gprodgdec 2
o= > RV 5= - dm
(m? —mg)? + mulg
I, \\
/ \
U \
I, \\
On-shell / %\ Off-shell
I, \\
Il, \\\
/ \
9 R
2 2 2 2
gprodgdec gprodgdec
o & Uprod o~ > 5y - AM® o Lproq Ty
Iy (m _mH) 1 J
1
off—shell
:uprod
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 I'y
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https://doi.org/10.1103/PhysRevD.88.054024

Higgs boson width from off-shell

Using the off-shell method, we measure

[y = 3.2%%22 MeV, or
7.7%x 10723 s < 7, < 1.3 x 10721 s

and find evidence for off-shell Higgs prod. in H —» ZZ.
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Higgs boson width from off-shell

Using the off-shell method, we measure CMS <140 fb™" (13 TeV)
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https://doi.org/10.1038/s41567-022-01682-0

Higgs self-couplings: Di-Higgs final states
SM Higgs potential:
V(g) = 1/2 ui2ptep + 1/4 A(p19)°

—> After gauge rotations and using the vacuum expectation v:

V(H) =V, + Av2H? + AvH3 + 1/4H*
Irn(4)

Re(4) - Allows triple and quartic Higgs couplings
—> Di-Higgs final state @ LHC

Left diagram sensitive to the triple-Higgs coupling through A
- Both sensitive to different powers of Htt & Hbb couplings
- Different ways new physics could change this interaction



Higgs self-couplings: Di-Higgs final states

Di-Higgs measurements done using
events with a larger multiplicity of
particles and/or jets

Different final states either dirtier but
with larger Higgs decay probability
(e.g., HH — 4b), or cleaner in bkgs.
with smaller decay rates (HH — bbyy).

Uncertainties statistically dominated,
but some channels will only barely
reach an observation threshold by the
end of HL-LHC.

WW yy
Expected: 52
Observed: 97

bb WW
Expected: 18
Observed: 14

bbZZ &
Expected: 40
Observed: 32

Multilepton &

Expected: 19
Observed: 21

bb yy «
Expected: 5.5
Observed: 8.4

bb 1t %
Expected: 5.2

Observed: 3.3

bb bb &
Expected: 4.2
Observed: 7.2

Comb. of &
Expected: 2.5
Observed: 3.4
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Higgs self-couplings: Di-Higgs final states

Di-Higgs measurements done using
events with a larger multiplicity of
particles and/or jets

Different final states either dirtier but
with larger Higgs decay probability
(e.g., HH — 4b), or cleaner in bkgs.
with smaller decay rates (HH — bbyy).

Uncertainties statistically dominated,
but some channels will only barely
reach an observation threshold by the
end of HL-LHC.

Interaction rate is tiny, so we can
only place limits.
> Take HH - 4b: = — — = &>
Max. ~1450 events /
1016 pp interactions
—> Rates enhances in BSM cases
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Higgs self- couplmgs D|-H|ggs in VHH

HVV (x2)

W/Z
. H
\
4 HHH (x) HVV H 4
2017 (13 TeV)
' | ' |
c
) CMS
"g 0.3 Simulation Preliminary —
= WHH x, =20, x,-enhanced
= | ~ f
G>J —— WHHx,=0, «x,-enhanced
Waol WHH x,=20, x,,-enhanced -
— — WHH«x,=0, «,,~enhanced i—J
i | i
I__l
0.1- I
|
I——l
- ] i
—
0 1 2 3

W/Z v W/Z

Link

Can have proportions of

HHH (x) HVV, HVV (x2), and HHVV diagrams
different from the SM

- Differences reflect on kinematic quantities
— Can be utilized to constraint new physics
contributions

s
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https://cds.cern.ch/record/2853338

95% CL limit on o(pp — VHH) (fb)

Higgs self-couplings: Di-Higgs in VHH

...... 95% expected

10° £
F 10°

10% £

10

95% CL limit on o(pp — VHH) (fb)

10° &

CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 b (13 TeV) CMS Preliminary 138 b (13 TeV)

L o e o B A | L B e e e o e LA B e e e e A Am LA L 0 B L B e B L B

e Kl =1 Observed  ~=0°° Median expected I Ky = K;\ =1 Observed =" Median expected | Ky= K\,'\,r= 1 Observed === Median expected
10°* E - 68% expected 10° - 68% expected - - 68% expected

E Theory prediction : Theory prediction 1 Theory prediction

...... 95% expected s====+ 95% expected

95% CL limit on o(pp — VHH) (fb)

v e b b L b b b b by T T T S S B S S
-10 -30 =20 -10

Link

Results obtained by keeping the parameters not shown fixed to SM
- Complementary to HH final state results
- Independent of k; and modelling of loops
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CMS prospects @ HL-LHC

30
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Anomalous spin-0 HVV & Hgg couplings

CMS Supplementary Projection, 3 ab™' (14 TeV) CMS Supplementary Projection, 3 ab™' (14 TeV)
_I T 1 T T T T L I T L I 17T T ] L L T T T T 7T I 1 T T I L l_ _I _I T 1 T T T T L I T L I 17T T ] L L T T T T 7T I 1 T T I L l_
20 -] c 20 —]
18 = Interpretation with SU(2)xU(1) symmetry, 1t 3 :] 18 - MELA method, 1t 3
: : ~ E
16 e Expected 3 | L N Expected 3
14 | — 14 | —
12 = _ 12 =
10F 1 Link 4 f E
8 — 8 —
6F , = 6F =
g sswer af_eswer oS
zz_ﬁfog______,_______:: . zz_ﬂ%g _____ ,_L_______::
O Co a1 i B R B ‘I“I"I o b by |#><10 O Cooo oo L v b by |‘\|."| P T B R T A R A A B S N A
<40 30 -20 -10 0 10 20 30 40 -02 -015 01 -0.05 0 005 01 015 0.2
gH
faS fg;g

Projections obtained from 77 channel alone
- Could expect even further improvements after
combination with other decay modes
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Anomalous spin-0 HVV & Hgg couplings

CMS Supplementary Projection, 3 ab™ (14 TeV)

CMS Supplementary
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-007/index.html

Ke

nggs couplings

Improve sensitivity by X ~3

- Not X ~4.7 expected from
lumi. increase alone

- Expect systematics to begin to
dominate in almost all couplings
- Huu reaches <10% @ HL-LHC

Note also that sensitivity to
Yukawa charm coupling also
reaches O(2) @ HL-LHC:

3000 fb (14 Tev)

A CMS Phase 2 Pro;ect.lon Prehmmary
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https://www.nature.com/articles/s41586-022-04892-x
http://arxiv.org/abs/2205.05550

Ratio to NNLOPS
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Differential xsec measurements are

Differential cross sections

statistically dominated
- Expect to improve stat. scatter
by factor ~4.7
— Can reach higher in p{f, N;, or
other observables
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https://cds.cern.ch/record/2647699/

Estimated from 4 alone,

but expect ~v/2 better in stat.

component of unc. when
combined with ZZ — 2£2v

Higgs width

Link
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Higgs width

Run 2 measurements stat.-driven

- Upper bound sees more noticeable
effect from systematic uncs. @ HL-LHC
- Lower bound catches up to upper bound

From latest Run 2 analysis:

95% CL

68% CL
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Di-Higgs couplings

CMS

bb bb
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https://www.nature.com/articles/s41586-022-04892-x

Many exciting results from CMS to understand Higgs boson
properties.

Excellent progress in exploiting kinematic information, more
progress in the horizon.

Sadly, no new physics yet ®, but we have just started looking ©.

Entering precision era in Higgs properties as we proceed toward
Run 3 & HL-LHC.

Stay tuned for more exciting results in the future!
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(Less) common ways to produce
a SM Higgs in pp collisions

=
\l

N _ A
o

tH and tHW : Allows to resolve relative
phase of Htt and HWW couplings

W

gg — ZH: Allows to resolve relative
phase of Htt and HZZ couplings
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Mass

Measure mass from the resonance line shape:
—> Doable from the 4¢ and yy final states to excellent precision (1-2% resolution)

Best measurement to date from CMS alone using 4¢ + yy Run 1 + Run 2 2016 data [link]:
my = 125.38 + 0.11 (stat.) £+ 0.08 (syst.) GeV

Events / GeV

CMS 35.9 fb" (13 TeV) CMS 35.9 o' (13 TeV)
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Spin from diboson decays

gg production

The Higgs boson is consistent with spin 0.
— Looser constraints on different spin-0 hypotheses

Spin-1 models excluded at >99.999% CL from CMS using

ZZ + WW decays

.l:+..Q+

=}
=

od production

Spin-2 models excluded at >99% CL from CMS using
ZZ + WW decays, or at 99.87% for minimal gravitons
using ZZ + WW + yy decays

44
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1 Extensive list of tests of spin-1

and -2 hypotheses from CMS
using ZZ,WW and yy decays
[link]

- Exploit angular correlations

g(q)
-



https://doi.org/10.1103/PhysRevD.92.012004

Anomalous spin-0 couplings: Hgg/Htt

~ 0~

AHgg) ~ af ) frOm 4 ad gV @m

Can apply EFT treatmentin gg - H

when my < 2m;
- Can be translated to Htt couplings

gg|2 a99
> f £991 = o S n(i) and
Jas™ = (g o] B o

‘| = [1 +2.38 (Vg% = 1)]_1.

the two fractions are related as |fCI}'f

m re .~
A(Htt) = _71:1/)1:(’% + IKys)Pe

With discovery of ttH associated
production [link], one can probe Htt
couplings directly

K¢ Kt

Htt K
S U n( )
CP = 24172 28 e, )

a3


https://doi.org/10.1103/PhysRevLett.120.231801

Anomalous HVV couplings from on-shell 4¢

Parameter Scenario Observed Expected
Approach 1 best fit  0.00004 0.00000
fo=fa1= if =0 68% CL  [—0.00007,0.00044] (—0.00081, 0.00081]
95% CL  [—0.00055,0.00168] (—0.00412,0.00412]
Approach 1 best fit ~ —0.00805 0.00000
fa3 float fio,fa1, ff? 68% CL  [—0.02656,0.00034] [—0.00086, 0.00086]
95% CL  [—0.07191,0.00990] [—0.00423,0.00422]
Approach 2 best fit  0.00005 0.0000
float fi5,fa1 68% CL  [—0.00010,0.00061] (—0.0012,0.0012]
95% CL  [—0.00072,0.00218] (—0.0057,0.0057]
( Approach 1 best fit  0.00020 0.0000
Fus =far =foT =0 68% CL  [—0.00010,0.00109] [—0.0012,0.0014]
95% CL  [-0.00078,0.00368] (—0.0075,0.0073]
Approach 1 best fit  —0.24679 0.0000
% float f,5, farfar 68% CL [u [%3.100(?0768, 8:(1)33:;]] [—0.0017,0.0014]
. [—0.66842, —0.08754]
95%CL | [~0.00091, 0.00309] (—0.0082,0.0073]
Approach 2 best fit ~ —0.00002 0.0000
float fo3,fa; 68% CL  [—0.00178,0.00103] [—0.0060, 0.0033]
\ 95% CL  [—0.00694, 0.00536] [—0.0206,0.0131]
( Approach 1 best fit  0.00004 0.00000
fia=f= ,Z\]T =0 68% CL  [—0.00002,0.00022] [—0.00016, 0.00026|
95% CL  [—0.00014, 0.00060] (—0.00069, 0.00110]
Approach 1 best fit  0.18629 0.00000
fai float fua, fuarf 68% CL [U[gggggf ggggg -0.00017,0.00036]
95% CL  [—0.00523,0.35567 (—0.00076,0.00134]
Approach 2 best fit  (0.00012 0.0000
float fi3,f1n 68% CL  [-0.00021,0.00141] (—0.0013, 0.0030]
95% CL  [—0.00184,0.00443] [—0.0056, 0.0102]
Approach 1 best fit  —0.00001 0.0000
Fu3 =faz =fa1 =0 68% CL  [—0.00099,0.00057] [—0.0026,0.0020]
95% CL  [-0.00387,0.00301] [—0.0096, 0.0082]
f;’ Approach 1 best fit —0.02884 0.0000
float £z, fus,faq 68% CL [u[(ig?gg% 8883;;] —0.0027, 0.0026)]
95% CL  [—0.29091,0.03034] (—0.0099, 0.0096]

= Results from [link]

- Approach 1 fixes or unconstrains
couplings without assuming any
relationship between each other.

—> Approach 2 assumes A; and Afy
couplings are determined by the
combination of a; and a, couplings
according to SMEFT relations.


https://doi.org/10.1103/PhysRevD.104.052004

Anomalous spin-0 couplings: Htt

Py

Same amplitude/Lagrangian formalism as in Htt couplings
to determine CP-violation in H — 17 decays
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A(HTT) = _7T¢T(Kr + ”c‘rVS)lpT
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https://doi.org/10.1007/JHEP06(2022)012

Beyond couplings: STXS (1.2)

Split production modes finer in specific final states, p{f, or m;;
Measure the cross section for each ‘production bin’
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https://doi.org/10.1140/epjc/s10052-021-09200-x
https://cds.cern.ch/record/2812784
https://cds.cern.ch/record/2807752
https://doi.org/10.1007/JHEP07(2021)027
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Beyond couplings: STXS (1.2
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https://doi.org/10.1140/epjc/s10052-021-09200-x
https://doi.org/10.1007/JHEP07(2021)027

Beyond couplings: Fiducial differential xsecs

- Another way to go beyond simple coupling constants is to measure the aggregate
Higgs boson production xsec in bins of p7, vy or other kinematic variables within a
fiducial selection volume.

—> Example fiducial volume from CMS 4 analysis (also in next slide):

Requirements for the H — 4/ fiducial phase space
Lepton kinematics and isolation

Leading lepton py pr > 20GeV
Next-to-leading lepton pr pr > 10GeV
Additional electrons (muons) pr pr > 7(5) GeV
Pseudorapidity of electrons (muons) 7| <25(2.4)
Sum of scalar py of all stable particles within AR < 0.3 from lepton < 0.35p¢
Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z; candidate 40 <mz <120GeV
Inv. mass of the Z, candidate 12 <mz, <120GeV
Distance between selected four leptons AR(4;,¢;) > 0.02 forany i # j
Inv. mass of any opposite sign lepton pair My p- > 4GeV
Inv. mass of the selected four leptons 105 < my, < 140GeV

- Higgs boson production outside of the fiducial volume is ‘background’.
- Measure true cross section after unfolding, and efficiency and acceptance corrections.



Fiducial volume in CMS 4.¢

Requirements for the H — 4/ fiducial phase space

Lepton kinematics and isolation

Leading lepton py pr > 20GeV
Next-to-leading lepton pr pr > 10GeV
Additional electrons (muons) pt pr > 7(5) GeV
Pseudorapidity of electrons (muons) 7| <2.5(2.4)
Sum of scalar pr of all stable particles within AR < 0.3 from lepton < 0.35p7
Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z, candidate 40 < my < 120 GeV
Inv. mass of the Z, candidate 12 <mz, <120 GeV
Distance between selected four leptons AR({;, 4;) > 0.02 for any i # j
Inv. mass of any opposite sign lepton pair My > 4GeV

Inv. mass of the selected four leptons 105 < my, < 140 GeV
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Fiducial volume and obs. in CMS yy

Phase Space Region Observable Bin boundaries
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Fiducial volume and obs. in CMS WW

Observable

Condition

Lepton origin

Lepton flavors; lepton charge
Leading lepton pr

Trailing lepton pr

17| of leptons

Dilepton mass
pt of the dilepton system

Transverse mass using trailing lepton
Higgs boson transverse mass

Jet counting: All jets clustered with the anti-kt algo. with pt > 30 GeV

Direct decay of H - WTW™
ey(not from tdecay); opposite

pll > 25GeV
p2 > 13Gev

7| < 2.5
m' > 12 GeV
pi > 30GeV
m2 > 30 GeV
mt > 60 GeV



Fiducial volume in CMS 11

Fiducial region definition:

- Leptons include FSR within AR < 0.1

> utp:ph > 20 GeV, |n#| < 2.1, p;* > 30 GeV, |n™| < 2.3, mb < 50 GeV

> ety pé > 25 GeV, |n#| < 2.1, p;* > 30 GeV, |n™| < 2.3, mb < 50 GeV

> ep: pir2) > 24 (15) Gev, |n?| < 2.4, m¥ < 60 GeV, pISS < 60 GeV

=2 Ty Th: p;h > 40 GeV, |n*h| < 2.1, should have at least one jet with p; > 30 GeV
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Anomalous spin-0 HVV couplings & off-shell

MS <140 fb ' (13 TeV)
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- Measurement [link] relatively stable if anomalous
HVV couplings considered

—> Can use off-shell to further constrain these couplings
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https://doi.org/10.1038/s41567-022-01682-0

Anomalous spin-0 HVV couplings & off-shell

. Observed Expected
Parameter Condition _
Bestfit 68%CL  95%CL 68%CL  95%CL
SM-like 3.2 [1.5,5.6] [0.5,8.5] [0.6,8.1] [0.03,11.3]
fao (U) 3.4 [1.6,5.7] [0.6,8.4] [0.5,8.0] [0.02,11.3]
I'y (I\/IeV) - : : ;
fas (U) 2.7 [1.3,4.8] [0.5,7.3] [0.5,8.0] [0.02,11.3]
foq (U) 2.7 [1.3,4.8] [0.5,7.3] [0.6,8.1] [0.02,11.3]
o (x109) Ty =TEM 79 6.6,225] [-32,514] [-78,70] [-359,311]
az Ty (u) 72 2.7,216] [-38,503] [-82,73] [-413,364]
o (x109) Ty=TpM 22 —6.4,32] [-46,107] [-55,55] [-198,198]
as Ty (u) 2.4 —6.2,33] [-46,110] [-58,58] [-225,225]
s Ty=TpM 29 [-062,17] [-11,46] [-11,20] [-47,68]
fA‘I (><10 ) - ;
Iy (u) 31 [-0.56,18] [-10,47] [-11,21] [-48,75]

Width and anomalous HVV coupling constraints using off-shell information [link]
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