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Theory motivation B4l us

P Higgs to invisible
» Branching fraction (%) in the SM ~ 0(0.1%)

/’///

I g

» Detectors resolution and available statistics at the LHC insufficient to probe it

P BSM scenarios predicts higher 93
» Portals models: mediators between SM and DM candidates

» Dark photon, scalar mediators, Higgs portal, ...

P Focus of this talk:
» Searches in CMS

» Upper limits on SM 9

» Higgs portal interpretations
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Main search channels =

» Vector Boson Fusion (VBF)
» Primary sensitivity, background suppression with two tagging jets
» Higgs-Strahlung (VH or Mono-V)
» Second leading channel, clean selection from vector boson identification
P top associated production (ttH)
» Small cross-section, statistically limited
P gluon-gluon fusion (ggH or Monojet)

» Large cross-section, but large QCD background

LHC DM workshop 2024



Overview of past CMS results
Run 1 Run 2
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VBF channel =

P> Online selections
» MET triggers (MTR) as the primary category
» VBF trigger (VTR) selections as additional category
P Offline selections:

CMS Taken from here 59 8 fb™ (13 TeV)
> F _ .
> MET > 200 GeV § 1CEMTRSR O e o tarony | E
_ ~ Si— W(i)+jets (VBF) Z(ll+jets (strong) _i
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107
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_5 115: —4- B-only fit - S+B fit \\ Bkg. uncertainty — Fitted (S+B)/B N
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VH channel

A
» Z — gq merged
» Z — qq resolved

» /- f

» Balance between MET and p,(£7)
» / — gq merged:

» V-tagging with ML
» Z — gq resolved:

» Complementary to Z — gg “merged” and ttH

P Final discriminant:

» MET
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ttH channel =

P N. reconstructed top » ttH (hadronic)

P N. reconstructed W » Challenging background
P B-tag and jet multiplicity » Optimised to balance event quality and signal purity
» Orthogonality with other channels

» MET » ttH (leptonic)

» Re-interpretation from SUSY searches (1L and 2L)

CMS ttH categories SR B(H-inv) = 0.07 138 fb~! (13 TeV)
mm tt, single top tEX I Total bkg. (S+B fit) unc. == VH - = tfH —— Total bkg. (S+B fit)
. 10 Z(wv) + jets QCD multijet - = VBF == ggH —— Total bkg. (CR only) ¢ Dat
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Experimental techniques =

Control regions (CR)

P Used for precise prediction of background processes in SR
» Real MET contributions (Z — vv)
» Fake MET due to lost leptons

» Constrain systematic uncertainties
» Transfer factors

» Data-driven estimations

T mnsfer faCW’S Data-driven

.

Single lepton CR

Dilepton CR
.
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Experimental techniques b

P Used for precise prediction of background processes in SR
» Real MET contributions (Z — vv)
» Fake MET due to lost leptons

P Constrain systematic uncertainties Jet,
» Transfer factors

» Data-driven estimations jet,

» Equivalent to MET in Signal Region MET
» Good proxy of MET in Control Regions

» Defined as MET + lepton/ Pr

ule

ule
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Experimental techniques =

Taken from here [/
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Experimental techniques b

P Total or partial cancellations, thanks to transfer factors and control region

» Cancel only when the same source is present in two control regions

P Statistical precision

» ~30% in VBF cat.

» Dominant source in ttH

P Photon identification

» Up to ~ 10 % due to limited statistics
P Jet energy scale/resolution

» partially cancel, up to ~ 10 %
» Top/V/b-tagging

» mostly in the ttH cat. ~5—-20%
p» Theory ~ 10 —-20%

LHC DM workshop 2024 BRGNS



Combination of Run1 + Run?2 >

List of all results

Taken from here

o . Analysis tag Production mode Integrated luminosity (fb~!)
P Statistically dominated: e et ] & 8TV 13TeV (Run2)
(CVBE Ty 19.2[91] 140 [30][36]
. . . . Y. TZ(LOH  49[91] 19.7[91] 140 [30][34
» Combination with previous results significantly | ZEbB))H B 18.9{91} Lo ROl
: .o VH-tagged  y g — 19.7[92] 140 [30][this paper]
Improves expected limits Boosted VH — — 138 [35]
{fH-tagged ttH (hadronic) — — 138 [this paper]
» Additional categories improve the sensitivity tH (leptonic) — — = 198131, %21
ggH-tagged ggH — 19.7[92] 140 [30][35]

Taken from here 19.7 b1 (8 TeV) + 140 fb™' (13 TeV)
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Combination of Run1 + Run2 > |

List of all results

Taken from here

o . Analysis tag Production mode Integrated luminosity (fb~!)

P Statistically dominated: 7TV 8TeV  13TeV (Run2)
VBF-tagged VBF — 19.2[91] 140 [30][36]
. . . . . - p- Z(40)H 49[91] 19.7[91] 140 [30][34
» Combination with previous results significantly R O Ty RO

VH-tagged e 19.7[92] 140 [30][this paper]

Improves expected limits _ 138 [35]
. . . . e e . @ ttH-tagged — 138 [this paper]
» Additional categories improve the sensitivity ‘ — 138 [31, 32]
ggH-tagged ggH — 19.7[92] 140 [30][35]

» ttH (hadronic) and VH (resolved)

» similar sensitivity

Taken from here 138 fb™' (13 TeV)

T °f | | ]
5 sl CMS 95% CL upper limits
S . B —®— Observed ]

\ — —
% 16—  ~©- Median expected —

S - - 68% expected ]

Il — —

= 14r \j 95% expected —
c - .
12 —]
t - 0.43 (0.52) -

I 1= 0.74 (0.53) ]
m N -
0.8 0.54 (0.39) —

0.6 ]

0.4

0.2

tiH+VH
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Combination of Run1 + Run2 > |

P Statistically dominated:

» Combination with previous results significantly

Improves expected limits

» Additional categories improve the sensitivity

» ttH (hadronic) and VH (resolved)
» similar sensitivity

P Mono-V (VH boosted) and Monojet (ggH)

» Combination improves by ~ 20%

LHC DM workshop 2024  EEEEINEZ0AINNET

List of all results

Taken from here

Analysis tag Production mode Integrated luminosity (fb~!)
7TeVv. = 8TeV 13 TeV (Run 2)
VBF-tagged VBF — 19.2[91] 140 [30][36]
Z(£0)H 49[91] 19.7[91] 140 [30][34]
) Z(bb)H — 189[91] —
VH-tagged 011> 19.7[92] 140 [30][this paper]
BSt,ed'V 3 — 138 [35]
- “ttH (hadronic) ~ — — 138 [this paper]
ttH-tagged 411 (leptonic) ~ — — 138 [31, 32]
ggH-tagged(" g £ DA 19.7[92] 140 [30][35]

fakenfromhere 137 fh~1, 2016-2018 (13 TeV)
T T T T T T ' ' | ‘ ‘ ‘ ‘ l ‘ ‘ ‘
- 95% CL upper limits CMS
i 95% expected
Bl 68% expected

--o- Median expected
—— Observed

=20.0-

| | | | |
Combined
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Combination of Run1 + Run2 > |

List of all results

Taken from here

o . Analysis tag Production mode Integrated luminosity (fb~!)
P Statistically dominated: ias 7TV 8TeV  13TeV (Run2)
VBF-tagged-* VBF — 19.2[91] 140 [30][36]
. . : . - g * ~ Z(£0)H 491[91] 19.7[91] 140 [30][34
» Combination with previous results significantly —— ZEbg))H PP ey R
: .o VH-tagged J v — 19.7[92] 140 [30][this paper]
Improves expected limits Boosted VH ~ —  — 138 [35]
‘7; rn tagged ttH (hadronic) ~ — — 138 [this paper]
» Additional categories improve the sensitivity gmggiansd’ tiH (leptonic)  —  — 138 [31, 32]
. ggH-tagged ¥ ggH — 19.7 [92] 140 [30][35]

» ttH (hadronic) and VH (resolved)

Taken from here

?_9 fo' (7 TeV), 19.7 b (8 TeV), 140 b (13 TeV)

» similar sensitivity - | | | | -
0ob CMS 95% CL upper limits 1
P Mono-V (VH boosted) and Monojet (ggH) - % Observed -
2 0.8~ ~©- Median expected -
» Combination improves by ~ 20% oaF B 5% expocted E
' \j%% expected .
. - 0.49 (0.32]
P VBF channels lead the sensitivity 0.6 0.25 (0.30) =
: : : 0.5 E
» Combination improves by ~ 20% - —
0'45_ 0.24 (0.18)
0.3
- 0.18 (0.10 =
02F0.15 (0.08) o B
0.1F =
oE | | | .

Combined
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CMS,/

Combination of Run1 + Run2 =

7\
< W

List of all results

Taken from here

L . Analysis tag Production mode Integrated luminosity (fb~!)
P Statistically dominated: 7TV 8TV 13TeV Run2)
| VBF — 19.2[91] 140 [30][36]
» Combination with previous results significantly o B B
: .o VHAagged vy — 19.7[92] 140 [30][this paper]
Improves expected limits Boosted VH ~ —  — 138 [35]
o . . o {fH-tagged t'EH (hadror}ic) — — 138 [this paper]
» Additional categories improve the sensitivity tH (leptonic) - — — 138 [31, 32]
ggH-tagged ggH — 19.7[92] 140 [30][35]
» ttH (hadronic) and VH (resolved)
. . L I Taken from here
> similar sensitivity Category Observed Median expected
: 2012-2016 0.33 0.21
P Mono-V (VH boosted) and Monojet (ggH)
VTR 2017 0.57 0.45
» Combination improves by ~ 20% VTR 2018 0.44 0.34
VTR 2017+2018 0.40 0.28
» VBF channels lead the sensitivity " MTR 2017 0.5 0.19
o # MTR 2018 0.24 15
» Combination improves by ~ 20% MTR 201742018 0.17 @
» VTR improves by ~ 5 —10% wrt MTR-only all 2017 0.24
all 2018 0.25
all 2017+2018 0.18
20122018 0.18
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Combination of Run1 + Run2 =

\
T

==

Sensitivity per channel List of all results
Taken from here
.. ] Analysis tag Production mode Integrated luminosity (fb~!)
P Statistically dominated: 7TV 8TeV  13TeV (Run?2)
VBF-tagged VBF — 19.2[91] 140 [30][36]
» Combination with previous results significantly o PP o RO
. . VH-tagged b _ 19.7[92] 140 [30][this paper]
Improves expected limits Boosted VH ~ —  — 138 [35]
o ] ] o {FH-tagged ttH (hadronic) — — 138 [this paper]
» Additional categories improve the sensitivity ttH (leptonic) ~ —  — 138 [31, 32]
ggH-tagged ggH — 19.7 [92] 140 [30][35]

» ttH (hadronic) and VH (resolved)
» similar sensitivity

» Mono-V (VH boosted) and Monojet (ggH) L 13

4.9 (7 TeV), 19.7 b (8 TeV), 140 fb' (13 TeV)

0.3

SM

» Combination improves by ~ 20% i
0.25

» VBF channels lead the sensitivity

1.1

» Combination improves by ~ 20%

» VTR improves by ~ 5 —10% wrt MTR-only

0.15

B Upper limit orf B(H — inv) < 0.15 (0.08) }

Final result: o A ——————_—T— S —————— -

95% CL upper limit on ¢ x BR(H — inv)/c

0.8

B Scan for Ky, and ===

0.8 0.9 1 1.1 1.2 1.3 0.05

Taken from here Ky
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Dark matter interpretations

49 1fb" (7 TeV), 19.7 fb' (8 TeV), 140 b (13 TeV)

» Stable dark matter candidates couple to Higgs

My
» Assume myp,, < —

» EFT approach for DM-nucleon interaction
» Upper limits on elastic scattering o

P Orthogonal phase-space wrt direct detection
experiments

» Strongest constraints for masses < 10 GeV

Andrea Malara
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Taken from here
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Dark matter interpretations >

» Stable dark matter candidates couple to Higgs

My
» Assume myp,, < —

» EFT approach for DM-nucleon interaction

» Upper limits on elastic scattering o

Taken from here 137 fb~', 2016-2018 (13 TeV)

P Orthogonal phase-space wrt direct detection

experiments

—_
o
o

» Strongest constraints for masses < 10 GeV

—h
<
|
|

P Exclusion limits on the couplings and masses

P Considered only for mono+X searches

95% CL upper limit on the coupling gy

-©- Median expected Axial mediator -
—e— Observed 0q=0.25
Bl 68% expected MpM = Mmed / 3 |
95% expected
10—2 L L L L | L L L L | L L L L | L L L L | L L L L
0 500 1000 1500 2000 2500
Mmed (GGV)
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Summary and Outlook

P Wide spectrum of searches for Higgs to invisible

Taken from here

» Complementary phase-space, production modes and final states investigated

3.9 fb™ (7 TeV), 19.7 b (8 TeV), 140 fb' (13 TeV

?%0_9;_ c&nzld | 95c|>/o CL uppclar Iimits_i

» Constraints on SM Higgs boson properties: A e ;
g 025 (0.30 249 ©32)

> Upper limit on B(H — inv) < 0.15 (0.08) gl

P Reinterpretation for DM candidates: g

ttH-tag

Combined
VBF-tag
VH-tag
ggH-tag

» Orthogonal sensitivity wrt to direct detection experiments

» Powerful constraints at low masses

4.9 (7 TeV), 19.7 fb" (8 TeV), 140 fb™ (13 TeV)

(q_\ 10—33 - -
g 10 . CIMS | Higgs pclrtal models
\-:C; :— e, 90% CL limits ~ — - Majorana fermion DM _:
§ 10 - u..,"_ B(H —inv) <0.14 o B
U)g 107% :— """""""" = = - Vector DMYV™ —:
P Stay tune for more results: S e, ]
= kS Vector DM .
108 et =
> ... NEW Run3 data 10*“5:: ____________ —:
10 F e .
> s n eW tech n iq ues 107 :_ Direct-detection _:
105 ENO|N ::
» ... reduction of systematics | |
10 10 1 10 10 10
mpy, (GeV)
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Summary and Outlook

P Wide spectrum of searches for Higgs to invisible

Taken from here

» Complementary phase-space, production modes and final states investigated

3.9 fb™ (7 TeV), 19.7 b (8 TeV), 140 fb' (13 TeV

?%0_9;_ c&nzld | 95c|>/o CL uppclar Iimits_i

» Constraints on SM Higgs boson properties: A e ;
g 025 (0.30 249 ©32)

> Upper limit on B(H — inv) < 0.15 (0.08) gl

P Reinterpretation for DM candidates: g

ttH-tag

Combined
VBF-tag
VH-tag
ggH-tag

» Orthogonal sensitivity wrt to direct detection experiments

» Powerful constraints at low masses

4.9 (7 TeV), 19.7 fb" (8 TeV), 140 fb™ (13 TeV)

— 10-33_ —

g 107 Z' CIMS | Higgs pclrtal models ]

\-:C; :— "o, 90% CL limits - - - Majorana fermion DM _:

§ 109 - ~..,": B(H —inv) <0.14 o B

U)g 107% :— """""""" = = - Vector DMYV™ —:

P Stay tune for more results: > LE oz, ]
10‘43: i 'a """ - -

> ... NEW Run3 data 10*“5:: ____________ ::
- _ et ]

> s neW techniques 10-49:: Direct-detection ::
105 ENO|N ::

. . s ]

» ... reduction of systematics e
0 107 1 10 10° 10

mpy, (GeV)

Thank you for your attention!
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