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The Higgs boson exists and then...

o The Higgs boson exists

and it’s discovered in 2012
— scrutinize its properties

and the Higgs sector
nature.

@ Recent search set a 95% CL
upper limit of 21% on the
branching ratio for H boson
decays via undetected modes.

= Exotic decays of the
Higgs boson remain a
high priority.

v

e Even with its excellent successes in providing experimental
predictions, the SM leaves some phenomena unexplained.

o hierarchy problem, baryon asymmetry, Dark Matter/energy etc...
e Many Beyond Standard Model (BSM) theories predict
the Higgs as mediator between SM particles and dark

matter A )
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.012002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.82.055026
https://doi.org/10.1016/j.physletb.2012.01.062
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.201802

Higgs to invisible search at the LHC

o Invisible Higgs carries off momentum, characterised by
large missing transverse momentum in the events

o Four different channels for the y 7
Higgs to invisible search . 2
i A
@ Very unlikely process in . <x (
Standard Model; branching ratio , J

B —iny ~ 1.05 x 1073 from
H— Z7Z* — 4v

VBF
g X q y
o Can be significantly enhanced in 1:]>H< >Wf bt
various BSM scenarios, including g ¢ 7 ‘Y'fc
Higgs coupling to dark matter

("Higgs portal”).

ggF VH X
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Vector Boson Fusion: VBF

ATLAS

EXPERIMENT

e The most sensitive
mode for invisible
decays of a Higgs
boson at hadron
colliders

@ Three mains
backgrounds: Z

strong, Z : X e
electroweak and y >
di-boson production.

Jet 2: pr =301 GeV.
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https://arxiv.org/pdf/2202.07953.pdf

Previous Higgs to invisible search in ATLAS and CMS
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» Phys. Rev. Lett. 122, 231801
» Phys.Lett.B 793 (2019) 520-551

[ ATLAS (Run2) | CMsS I
‘ Channel | Observed | Expected | Observed | Expected |
VBF 0.37 0.28 0.33 0.25
ZH 0.67 0.39 0.40 0.42
VH 0.83 0.58 0.32 0.38

Combined 0.38 0.21 0.26 0.20

@ The most recent search on Higgs to invisible will be discussed in
the rest of the talk.
e By focusing on the more sensitive channel: VBF.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231801
https://doi.org/10.1016/j.physletb.2019.04.025

VBF search in ATLAS: Analysis strategy

Event selecti .
VEIIL SELECTt101 Signal region bins for the search of VBF invisible Higgs boson decays

e Two jets with - e

pr(j1/jz2) > 80/50 GeV. ’ =]z
e Small add. jet activity: |~ “l Bl
pT(jg) < 25 GeV. | oot - o —

o Jets in opposite 2

hemispheres. col - l

i

A?’]jj > 3.8. |
mj; > 0.8 TeV

Veto on e and p

A 3D mjq, A¢jj and
Njets binning used.

Bkg estimates Systematics uncertainties
o The V-+jets ( 95% e Lepton and JER (32% and 40% )
bkgs) estimates by o theoretical uncertainties on V+Jets

data-driven technique. bkg ~ 28%.
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https://arxiv.org/pdf/2202.07953.pdf

VBF search in ATLAS: Results

E 4 T T T T T T
@ 1OF ATLAS Post background-only fit
> Vs =13 TeV, 139 fb™* ~e-Data
= VBF B, search \ N Uncertainty
g 10° E I strong W
w H IEWW
X 1M strong z
EW Z
10°
. ‘ I Other
. [ e-fakes
‘ I p-fakes
=
10 * * ' 3 Multijet
s I il
15 H 3
o i ]
T 1 A °!
o
0.5 [ ~®= Data/Post-fit NN L — Pre-/Post-fit
W,, CR W, CR Z,CR SR
Total bkg. 14990 +2990 1880 +510 6210+ 1260 9150 + 1890 4560 +760 2110 +390 2030 + 110
H (VBF) 886 + 81 39+13
H (ggF) 106 + 41 Predicted signal for By, = 15% 1.0+ ::g
H (VH) 09+0.2 -
Data 16490 2051 6361 9294 4563 2110 2033
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https://arxiv.org/pdf/2202.07953.pdf

VBF search in CMS: Analysis strategy

Event selection

e Two complementary trigger strategies:

o missing momentum triggered region (MTR)
o VBEF jets triggered region (VTR).

VBF SR selection (Full table available in the backup)
Observable MTR VTR
Choice of pair Leading-pT jets Leading-m;; jets
Leading (subleading) jet | pr > 80(40)GeV, [n] < 4.7 | pr > 140(70)GeV, [n] < 4.7
piniss > 250 GeV. 160 < pipiss < 250 GeV.
min(Ag(piiss, piet)) > 0.5 >0.8
[Ad;;] < 1.5 GeV 1.8 GeV
mj; < 200 GeV 900 GeV

Bkg estimation Systematics uncertainties
o V+jets bkg, estimated by o Jet energy scale and resolution
independent CRs. (up to 35%) , Theory
e Data driven method used for uncertainty taken from
the mutiljet backgrounds. another ref.
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https://arxiv.org/pdf/2201.11585.pdf

VBF search in CMS: Results

cMs 101 fo" (13 TeV)

CMS 96.4 fb"' (13 TeV)
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e
“F cms — Observed

. . . « 0~ F g YLE e Median expected
o No significant deviations from Eea%expef.ed'
. 95% expected
the SM expectations are g
observed.

o Combination of 2017 and 2018
results yields an observed

(expected) upper limit of
B(H — inv) < 0.18(0.12).

sm

RARRIRERaNEsazsnanc

o © o9 9o 9o o o
o w0 N

95% CL upper limit on & x B(H — inv)/o,

2012-2016 2017 2018 Combination
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https://arxiv.org/pdf/2201.11585.pdf

VBF search in ATLAS: Interpretation

T f ATLAS
. o S, E Bf,"i_”,’"“v_”“ <0.24 =7Tev, 471"
o Interpretation in the 210% Allmits at 90% CL  15=8TeV. 2031,

Higgs portals
## Scalar wiMP

context of Higgs-portal :
models of DM interactions ©°

== Fermion WiIMP
5 Other experiments
—stable DM particle LGl
couples to the SM Higgs " Pandax
=+ Xenon1T
bqson' c 00
o Higgs boson as mediator Mae [GeV]

between a DM particle
and an atomic nucleus.

o If mpy < LQH, then T';,, can
be translated within and
EFT approach into a
spin-independent
DM-nucleon elastic
scattering cross section.

19.7 b (8 TeV) + 140 b (13 TeV)
T T

90% CL Limits
B(H —inv)<0.16 3

(cm?)

Higgs portal models_]

DM-nucleon

st

S5 Fermion DM
Scalar DM

I

Direct DM Detection -

1 10 10° 10°
My (GeV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.231801
https://arxiv.org/pdf/2201.11585.pdf

More interpretation:

Inputs from European Strategy Higgs PPG, arXiv:1905.03764 and Briefing Book, arXiv:1910.11775

— E T T T3 - XENON1T
€ F I 7 Farreom e
L 102 — - DarkSide-50
= E 3 eacrer o ostaor
o E J — HL-LHC: BR<2.6%
% 1 0743 L _ Higgs PPG, arXv:1005.03764
=] E 3 — HL-LHC+LHeC: BR<2.3%
c £ 3 Higgs PPG, arXiv:1905.03764
k=] 104 L _| —cEPC FeCeee,,,, ILC,,, BR<OS%
] E 3 Higgs PPG, arXiv:1905.03764
=) E ] — FCC-ee/eh/hh: BR<0.025%
wl T tiossrro, ancvisos oores
1007 E
10k .
1077 = E
1074 =
a9 [ _
107" E-figgs Portal model E
F H — inv, Scalar (full line) and Majorana (dotted line) DM 3
1075 | Collider limits at 95% CL, direct detection limits at 90% CL -
L L ! 3

10 10° 10°
m, [GeV]

@ The authors propose to extend the results to DM masses below
the GeV since the translation between collider parameters of the
theory and DM-nucleon cross-section are still valid in all regimes
of momentum transfer
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https://snowmass21.org/_media/energy/snowmass2021_bsm_report_v1.pdf

Our interpretation study proposal:

As shown in the slide 10 and 11, Higgs portal Vector DM (VDM)
line has been removed in all ATLAS and CMS publication since
Run 1.

e This is motivated by some objection on the EFT approach.

In our study we propose to reconsider the VDM interpretation.
UV radiative Higgs portal model also considered in this work.

We also do the extension to the low mass regime (below 1
GeV).

v
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https://arxiv.org/pdf/2107.01252.pdf

Effective Field Theory approach

1 1 5 A
Ly = gmVuVF + D (VY + I‘ZVHTHV“V“.
Paper: Phys.Lett.B 709 (2012)

Only 2 parameters:

HVV coupling Agyy
Vector mass my,

Derive Higgs invisible decay width Iy, and spin-independent XS - owivp-N

NE 0% i N " atias 3
2 3 s ]
i v By gm g O
Fmv(H — VV) )\HVVriH : %
127rmv g i
g {s=7TeV, 454.71%"
S (V-N) gy = X3 Uil Esur 18
avv L . —
e 16mmiy (my +my)? g Vi et desy e J O
e No xy, assumption: BR_<0.22at90%CL 7| (1
m2 m f =107 =1 DAMA/LIBRA (99.7% CL) mussocLn ] \g
10 iggs portal model: ]
o> (V-N)ppr = 320 NTine 55— 7 . o S
v /8 VHM H 10 i )L(Ei‘eu"m s e e Vector WINP
107k I -
1 10 102 10°

WIMP mass [GeV]
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Diallo Boye, Ketev

Objection on EFT, 1st UV model

Invisible Higgs decay width vs. dark matter direct detection cross
section in Higgs portal dark matter models

Seungwon Back, P, Ko, Wan-Il Park

Arguments:

EFT Lagrangian has mV entered
arbitrarily.
need a UV model:
V belongs to a U(1)' gauge group
Need a dark Higgs sector with
spontaneous symmetry breaking to
generate my
2 additional parameters: mass of the
new scalar (my), its mixing angle («)
with the SM Higgs.

samagan Snowmass Community Sui

1 2
Lypm = =5 ViV + Dy @' DI — A (®10 — '%")2

2

+ Vot VH
—Aou(®T®— 2)(H'H— —5),

Full model decay width:

2 .3 2 4 2
gx m m m m
H o 3X TH(q_y ¥+12 Vy(1-4 ;/)1/2/

mvo 32 m%/ my; m%_l my;

Full model cross section:
SYV-N) = cos*(0)m3 F(my, mj,v) x e>(V-N)gpr,

2
m
~ cos*(0)(1 — m—fz{) x 0 (V-N)grr,
2
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1st UV mode

€1o-3°:_ ——— — T — .
S B <011 \5=13TeV, 139 fb"

§ All limits at 90% CL Higgs Portal WIMP:
© ——— Scalar

2 Majorana

d 103 Vectorg

=

=

©

scenarios for vector DM in 1st UV model:
- = = m2= 65 GeV m2=70 GeV

Y Y Y Y

10°% m2= 100 GeV m2= 200 GeV
; | | m2= 500 GeV' m2‘: 1000 GeV'
107 1 10 10°
Muwe [GeV]

Scenario:
With different my and «, full model limit

Small mixing angle oo = 0.2 can be very different in many order of

Scan through my in [65,1000]GeV magnitudes compared to EFT one.
Drop the region of [0,m;/2] since ' EFT results recovered if: cos(a) ~ 1 and
does not count for H— HyH, my >>m

e Two more UV modes are also proposed and available in backup
for discussion.
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Our proposal adopted by ATLAS

25
8, 107 B,, <0.127 ATLAS 3
5 Al limits at 90% CL / Vs =13 TeV, 139 fb E
[7} - 4
° e 3
2 107 - 3
£ .’,,v"’ Higgs Portal WIMP: Other experiments: _]
s .-+, = 0.01GeV 44445 Scalar DarkSide-50 =
= | W Majorana == PandaX-4T
© a9 Sl S Vectorger == Cresstll
10 BT #744: Vedtoryy complete model 4
. -
10745 E T O R R ‘
i e - —nucleus scattering
51 = coherent elastic neutrino-nuc
10° =
—= i, = 100GeV
| Ll Ll Ll Ll

107 1 10 10? 10° 10
Myme [GeV]

@ Our proposal has been adopted by ATLAS in its latest results on
the Higgs to invisible search.;
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https://arxiv.org/pdf/2202.07953.pdf

More General models

Dark Sector m Dark Sector states as "New
Physics” beyond the SM

Standard Model of particle physics
/ (also known as "baryons”) SM Dark Sector

Mediator
Dark Matter Standard Model
of Cosmology

Dark Encrgy

Need new force / interaction

to connect SM to Dark Sector — portals.
Weak couplings through kinetic mixing,
Higgs or mass mixings

Dark Matter could just be one example of Dark Sector State
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Conclusion

The Higgs to invisible search at the LHC is presented:

e Previous search results are reminded
o The most recent searches by ATLAS and CMS are reviewed.

@ In their interpretation results ATLAS and CMS removed the EFT
VDM line.

@ We showed that the EFT approach is still viable and we propose

to reconsider it.

We also do the extension to the low mass regime (below 1 GeV).

Our proposal has been adopted by ATLAS in its latest results on
the Higgs to invisible search.;
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https://arxiv.org/pdf/2202.07953.pdf

BACKUP

BACKUP
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V+jets Background Modelling: Slide from Ben

>
Control Signal E ATLAS Pr‘elimihary;pm ‘ &unu‘mmf 8 ATLAS Prefiminary e osa | \urcorar |
T W, E 1TV 100" Wy, Bzees{ 8 0 lg-@Tev.ien’ Ewews  Suow
; ; e ER - Zaoa  zewx 3
Wer W ’R : zew  Mow 3 3 Wrice  Mow ]
w Wty Wby H Hi,, =019 13 o =013 ]
found lepton lost lepton a 1 4. ]
] 1 ST — ]
Zcr Zsr ]
7 7t Z—w : 3 10% E
Zsw/Zc .
Lemew] ™ ! | .
o @
o 12 S Z 12
= 1 MEAAINEAA S SIS N\
- 5 o0 ey AN\ S as S B\ T\
o
Besstimate = dcasa ’gé 1000 1500 2000 2500 3000 3500 4000 4500 5000 a 1000 1500 2000 2500 3000 3500 4000 4500 5000
Byc m, (Gev] m, [Gev]

@ Partially data-driven technique: transfer factors from one (W), two (Z) lepton control regions.
@ Collaborated with Sherpa authors to enhance high mj; phase space in NLO V+jets MC.
o Signal region MC (Bgf) rescaled by control region data/MC ratio (N$,/BGR).

data

@ Procedure done for each bin; separate transfer factors for W and Z processes.
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2nd UV model, Reanalyse EFT

Dhue | e+t R 805 (9090

Phys.Lett.B 805 (2020)

The Higgs- pollal for vector Dark Matter and the Effective
ield Theory approach: a reappraisal

S — L= %g”Mv(szS(o) — Hsin(0))V, V¥ + g 2(H%sin®(0)

—2HHjsin(6)cos(0)) + Hzcosz(G)V,,V”,

Decay width and cross section:

Same approach as 1st UV model  sin?(9) mH

H
(Tinua) = 57— VH/

Introduce a dark Higgs sector ¢ 27 m}

reproduce the masse of the vector

S , BR(H Vv l'""
through SSB. SIV-N) = 32c0s2(6 )HVN '”» ( ? )
2 additional parameters: mass of the Pvi
new scalar (my), its mixing angle () (lz 1! —)? ”;;” 1721,
with the SM Higgs. m3 - my

Corrected factor 32 is used instead of 8.
(Verified with theorists.)
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2nd UV model

T 10 E UL g T [
KA :: By <011 Vs =13 TeV, 139 b ::
§ 10 = Alllimits at 90% CL Higgs Portal WIMP: ]
3 E Scalar 3
2 £ Majorana 3
% 10 E Vectorg, =
6§ E =
o4
104 E 3
E scenarios for vector DM in 2nd UV model: —
= = = m2=65GeV m2=70GeV _
1075 - = = m2=100 GeV m2= 200 GeV —
) [ ma=S008eV - - - m2= 1000 Ge =
107" 1 10 102
Mune [GeV]
Small mixing angle EFT result recovered if sin(9) << 1 and
scan through the additional scalar mass my >> my
[65,1000]GeV EFT approach could represent a viable
similarly to 1st UV model, consider only limit of the renormalizable model in large
[65,1000]GeV for my region of its parameter space.
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Additional fermions UV model

L D —%V,,,,V’“’ + (D,,‘i))t (D"®) — V(@) + A\p |H[>|®| v
v AT
L D —=m € (YraX1s + V2aX2p) — Mo MN2 H-o-o-
Fermion terms ab r ka
= Yy € (VraHyny + Yo Hy ~
Vv

% Available model constraints:
¢ Phase space we used: °o  mV<mH/2
o mf>mH/2
> the simplified case: o 0<g,y<4wandO<g’<40
B <<l
m  charged fermions & 2 heavier neutral o a
states’ masses >> the lightest neutral state * Requ"e an uncertainty 1(0'1)% an r|nv

mass ==> decouple.
Ranges and steps of scanned variables

> Model has no direct relation between @°', and
I’ , = explore the minimal parameter space: mV, Variable  1st bin last bin Step
mf, g,y
= Vector mass, fermion mass, U(1)’ coupling, Yukawa
coupling of the added fermion to the SM Higgs mV 1 62 1
mf 64 499 5
¢ We need to find (mV, mf, g, y) satisfying BR, = 11%
(current limit) ATLAS-CONF-2020-008 g 0 12 0.1(0.01)
>  use the entire scanned phase space for ) )
(mf.g.y)
y 0 12 0.1(0.01)
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Additional fermions UV model

Upper limit on owpmp_n from different scans

ot T T T T T T
aF E=13Tev, 130107 7
F - 4
ol 3
0ok 4
ool [Juvemogers  J
o — EFT k|
10 E
° g,y step 0.1; I¥, precision = 0.1% 1
09 |

, , \ , , ,

W
rm

.. H
and precision of I';
P inv
10 T T T T T T o 10 T T T T
. T 10 T T
v s =13Tev, 139 " s =13Tev, 139 16"
10 e Bl -
0 E K
10 o o
ok [Juvmosers [Juvmosers
10 —EFT E —EFT =
10" E . =
vrE g,y step 0.01; ¥, precision = 0.1% 3 0 g,y step 0.01; T, precision = 1% .
0 4 ol -
10 I R w0 ey

scan, and vice versa.

T T T T T

Vs=13TeV, 139 0"

[ Juv-model-3
—EFT

Green: coarse scan with a step of 0.1 for g, y. Uncertainty 0.1% on [y,

Yellow: fine scan with a step of 0.01 for g, y. Uncertainty 1% on [,

Diallo B

24 / 28



Proposal

ZE 10% T T T T — Ty
102 B, <0.11 .
2 E inv = s =13 TeV, 139 fb”'
S E  Alllimits at 90% CL
] £
E E
E 10_33 E 3 Higgs Portal WIMP: Other experiments:
| Scalar DarkSide-50
§ E S N Majorana PandaX-4T
S E e Vectorg e =11m: Cresst-l
100 E I Vedtor,y complete model
E Sme, Vectoraiative model
104 E
10°E
£ ™, = 100 GeV.
Ll Ll Ll Ll i
- 3
107 1 10 107 10 10*
Mywe [GeV]

Re-introduce the EFT with the updated
form factor uncertainty,

Include the UV lines/bands for the 1st,
3rd models

Diallo Boye, Kete

ssamagan Snowmass Community Suiy

include the sub-GeV range for the WIMP
masse.

Add the neutrino floor (limit for direct
detection :experiments)
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Full SR selection

Table 2: Summary of the kinematic selections used to define the SR for both the MTR and the
VTR categories.

Observable MTR VIR

Choice of pair leading-pr jets leading-m; jets
Leading (subleading) jet pr > 80(40) GeV, |y| <47 pr >140(70)GeV, |y| < 47
prss ) >250 GeV 160 < pT™° < 250 GeV
min(Ap(pis, 7)) >05 >18

[Agp;| <15 <18

m; . A >200 GeV >900 GeV

[P — calo pii=| /ps <05

Leading/subleading jets || < 2.5 NHEF < 0.8, CHEF > 0.1

HF noise jet candidates 0 (using the requirements from Table 1)

Ty, candidates N;, = 0with pr > 20GeV, || <23

b quark jet Njer = 0 with pp > 20 GeV, DeepCSV Medium
itz <0

| Az >1

Electrons (muons) N, = 0with py > 10GeV, || <2.5(24)
Photons N, = 0 with py > 15GeV, || < 25
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Full SR selection

Table 6: The 95% CL upper limits on (0 /o) B(H — inv), assuming an SM Higgs boson
with a mass of 125.38 GeV. The observed and median expected results are shown, along with
the 68% and 95% interquartile ranges for each category and for the combinations.

Category Observed Median expected 65% expected 95% expected
2012-2016 0.33 0.21 [0.15, 0.29] [0.11, 0.39]
VTR 2017 0.57 0.45 [0.32, 0.66] [0.24, 0.94]
VTR 2018 0.44 0.34 [0.24, 0.49] [0.18, 0.69]
VTR 2017+2018 0.40 0.28 [0.20, 0.40] [0.15, 0.56]
MTR 2017 0.25 0.19 [0.14, 0.28] [0.10, 0.40]
MTR 2018 0.24 0.15 [0.11, 0.22] [0.08,0.31]
MTR 2017+2018  0.17 0.13 [0.09, 0.18] [0.07,0.25]
all 2017 0.24 0.18 [0.13, 0.26] [0.09,0.37]
all 2018 0.25 0.15 [0.10, 0.21] [0.08, 0.29]
all 2017+2018 0.18 0.12 [0.08, 0.17] [0.06, 0.23]

2012-2018 0.18 0.10 [0.07, 0.14] [0.05, 0.20]
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Limit results ATLAS

-
(3]

o¥BF x B, , [pb]

0.5—

T

ATLAS ]
fs =13 TeV, 139 o™
Limits at 95% CL 4
VBF with SM Higgs couplings_|

—— Observed
----- Expected 7
Expected +10 -
Expected +2 o —
ofBF with B, = 0.15 u

i .
% m,, [GeV]

Figure 14: Upper limit on cross section times branching ratio to invisible particles for a scalar mediator as a function
of its mass. For comparison the VBF cross section at NLO in QCD, i.e. without the electroweak corrections, for a
particle with SM Higgs boson couplings, multiplied by a Bj,, value of 15%, is overlaid.
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