Higgs Rare and Exotic Decays at the LHC
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Introduction

|t has been almost 10 years since the discovery of 35,9137 67 (13 TV}
the nggS boson at the LHC’ gN/IS —— Observed =10 || u combined =10 §
: : reliminar - 90% | T
+ ATLAS and CMS have discovered (>50) all main ey P ]
production processes and decay channels, K 1 I g
ZZ - —et — e+ O
- Coupling to bosons and 3rd gen. fermions, o | i ] I ] N |
- Used in differential measurements (e.g. STXS). | 2 I — i
S | =) — I i
m . . E 031775 |3.18 5% i .
» Searches for decays to 2nd generation fermions and 0 05 115 225 0 1 2 3 0 1 2 5 45 0 1 2 3 4 5 050051152025
other rare decays already show impressive results, oo il il ik il 0
i
- Today will cover H—uu / #fy / cc in more detail. ATLAS Preliminary .
s=13TeV, 24.5 - 139 b 2
m,, =125.09 GeV, ly | <2.5 S
* Both experiments also have extensive programs of K : u 5
searches for BSM Higgs decays, i ' - 2
. . , H z
- Couplings to BSM can increase the decay rate to “ ———— | VBEH — inv )
final states otherwise suppressed in SM, - | combination.
. B; < |
- Constraint on Br(H—undetected) < 16% (95% CL) ;
from the Higgs combination measurement— lots of A i Pou = 70%
‘space' for new physics! ’ pSMTS1 ° | |
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/

Searches for rare Higgs decays
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A candidate H — pp event in CMS

CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run/Event/LS: 323940 / 44997009 / 65

JHEP 01 (2021) 148

Candidate H — pp event
from the VBF category,
m; = 2.19 TeV.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

Search for the H — pypu decay

 H — pu probes the Yukawa coupling for 2nd generation fermions,

Yukawa couplings

100 E A — olB
. : ; 5 t 1 -
- Origin of the Yukawa couplings ranging over 6 orders of . O charged leptons ©
: : 107 L A up quarks 1 s
magn|tUde IS unknown, o E  V down quarks b 1 ©
C : . N c T Vo
- Any deviations from the SM would be a clear sign of new physics, B 107 A O .
qv;
. . ) )
* H—pp is a small peak on top of a smoothly falling background =107 F o < E
dominated by Z/y*—ppu (S/B as low as 0.1%), A 0e L d :
* The difference in the sensitivity between ATLAS and CMS driven s L 4V :
mainly by the muon momentum resolution: - =
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~2X better mass resolution in CMS due to the stronger solenoid magnetic field
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https://arxiv.org/pdf/0905.3187.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/

H — pp Analysis Strategy

* A multivariate discriminant is trained to enhance the H — pp signal against the main SM background in each

category (DY in ggH/VBF, tt/ttZ in ttH, VV In VH):
- ggH: 12 (5) BDT categories in ATLAS (CMS),

- VBF: 4 BDT categories in ATLAS, DNN trained in CMS,

- VH : 3 (5) BDT categories in ATLAS (CMS),
- ttH: 1 (5) BDT categories in ATLAS (CMS),

* The myy, invariant mass is fitted with a parametric model in each
region to extract the signal yield,

- An exception is the VBF category in CMS where the DNN discriminant
is fitted with a MC-based model to extract the VBF signal.
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Bkg. composition Signal composition

ATLAS, y's = 13 TeV, 139 fb™, Houp.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

Evidence of the H — py Decay

The H — pu search is statistically limited
(relative stat. error in usic is 50% in ATLAS and 30% in CMS),

VBF and ggH channels are the most sensitive,

Local p-value

VBF not ‘smooth’
like others due to
the binned DNN fit.

Observed compatibility with B-only hypothesis is:
- 2.00 (1.70 expected) in ATLAS,

- 3.00 (2.50 expected) in CMS, «————— Evidence of the H — ppu decay!
Potential for 5.00 at the end or Run 3 with a combination?

— +0.13 +0.07
pu=1.17£0.58 (stat) £ 0.10 (spur.)” 3¢ (theory)™ .2 (exp.)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
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A candidate H — ffy event in ATLAS

Run: 339387
Event: 812083095
2017-10-28 09:47:43 CEST

ATLAS

EXPERIMENT

PLB 819 (2021) 136412

Candidate H — ffy
event from the VBF
enriched region with

Merged electrons a merged electron.

September 5, 2021 Miha Muskinja 8


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

Search for the H — #fy decay

—

Production of H — #y (f = e,y) either through loop processes

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

or lepton pair + FSR production,

—
Q

Branching Ratio

- Loop processes sensitive to coupling modifications
introduced by BSM extensions,

—
o
o

- Relative contribution of ##+FSR depends lepton mass,

Very low branching ratio— O(0.01%),

In addition, H — {fy can probe CP-violation in the Higgs
sector because of the three-body decay (JHEPOS (2013) 061).

_——

[ U

BF(H —> ZY) ~
Br(Z — ) ~

0.15%:
6.7% 1

Analyses generally split into low and high di-lepton mass:

- myg < 30 to 50 GeV dominated by H—y*y—{ty,

- mygaround 90 GeV dominated by H—Zy—#ty.

Loop-induced processes H+FSR
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https://link-springer-com.ezproxy.cern.ch/content/pdf/10.1007/JHEP05(2013)061.pdf
https://link-springer-com.ezproxy.cern.ch/content/pdf/10.1007/JHEP05(2013)061.pdf
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHWG?redirectedfrom=LHCPhysics.LHCHXSWG#Production_cross_sections_and_de

Evidence of the H — {fy Decay

- High mass: 2.20 (1.20 expected),

u = 1.5=%0.5(stat) = 0.2 (syst)

2 weights / GeV

i -- Bkg
Lowmass T8

— Bkg+H—vyy +Sig (u=1.5)
¢ data

s=13TeV, 139 fb™
- In(1+ Se, / Byy) Weighted sum

The H — Hly searches are statistically limited,

CMS set upper limits on the H — £y production with 36 fb-1:
- 3.9 X SM (2.0 X SM expected) for combined low + high mass.

u =2.0=x0.9(stat) £ 0. 4(syst)

—ngh mass ATLAS |
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The low mg mass search is more sensitive due to smaller SM backgrounds,
Observed compatibility with B-only hypothesis with full Run 2 ATLAS data:

- Low mass: 3.20 (2.10 expected), «—— First evidence of the H—y*y—{fy decay!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

A candidate H — cc event in ATLAS

Candidate ZH — pypucc event:
- 2-charm-tag
-m(uu) = 92 GeV
-m(H) = 123 GeV
N - A e |

/ /

ATLAS-CONF-2021-021

EXPERIMENT

Run: 303892
Event: 4866214607
2016-07-16 06:20:19 CEST
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021

Search for the H — cc decay

 Br(H — cc) = 130x Br(H — pp), but lower sensitivity due to the worse
efficiency, resolution, background separation, and triggering,

- Both ATLAS (full Run 2) and CMS (36 fb-1) have direct searches for
H — cc with the VH production mode,

* Analysis split based on the lepton multiplicity:
- O-lepton: Z(— vv) H(— cc), MET trigger,
- 1-lepton: W(— {v) H(— cc), lepton (and MET in ATLAS) trigger,
- 2-lepton: Z(— #®) H(— cc), lepton trigger,

» c-jet tagging and signal extraction is the central piece of the analysis.
NS SSSpS ATLAS ............ L CMS ................ CvsL, CvsB, m(cc) used in BDT
c-tag efficiency @ttbar N1 c-tag efficiency @ttbar *@giié,\},g - &SH | 'E';_z&i;a' RER
D 27% /8% / 1.5% for (c, b, light) N1 28%/14% /4% for (c, b, light) B L e o v, =: 5;% N
9 LZLI 1 O 10° Signal Region [ ] Z+udsg ) Il VH(H—cg), }.L=41 _.\:l')"
g3 7SRs .| B
16 SR: split into é Fit BDT to .. __
1-tag and 2-tag. < i -
; extract

Fit m(cc) to 0.2

extract the signal. : ; N
L E -1- e X ERREKEEE
MV 2 b-tag ?DeepCSV 04 1.0 0 0.2 0.4 0.6 0.8 1
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/

VH(— cc) Search Results

Upper limit on signal strength at 95% CL.:
- ATLAS: 26 x SM (31 X SM expected),

- CMS (36 fb-'): 70 x SM (37 x SM expected),

Signal strength:
- ATLAS: -9 + 10 (stat.) = 11 (syst.),

_ CMS (36 fb-1): 37 + 17 (stat.) £ 10 (syst.),

Similar size systematic uncertainty in usic between
ATLAS and CMS— could decrease for CMS with full Run 2,

CMS

Data stat. uncertainty match the lumi ratio of V(140 / 36),

kc Interpretation from ATLAS:
= |Kc‘ < 85 at 95% CL,

- More info in backup.

September 5, 2021
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-031
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021

Higgs decays to light quarks

* Couplings to light quarks (s, u, d) accessible via Higgs decays to
vector meson resonances in association with y or a massive Z boson:

- H—[dorp][yorZ]

- Limits on psic generally at 102 to 103 x SM,

 BSM physics (e.g. 2ZHDM) may enhance the Yukawa coupling to light
quarks and increase the signal strength to the level of the current limit.

September 5, 2021

Tiny in SM, but may be

greatly enhanced by BSM.
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-012/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-012/index.html

Searches for BSM Higgs decays
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Landscape of searches for BSM Higgs decays

* The general strategy is to look for decays of the Higgs boson to BSM particles or final states that are
otherwise forbidden in the SM,

» Searches with BSM decay products usually interpreted with the 2HDM+S Type-N' benchmark model,
- Two Higgs doublets + an EWK singlet, enabling the H — aa — XXYY decay topology,
» Constraint on Br(H—undetected) < 16% (95% CL) from the Higgs combination (see 1st page).
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/

Lepton Flavor Violating Higgs Decays
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ATLAS — Observed 400 =
« ATLAS 36 fb-: s=taTev.sezon’ cXpocted » 20 30 13
: PLB 801 (2020) 135148 200;— ¢ :g
- ] Y eM i ) ’ \ ]
Br (H—)lJT) : 0.28 A), : Full Run 2 100A —f
_ BI"(H—>€T)ZO.47%. et . ‘ 68+++
PLB 800 (2020) 135069 ' = 405 E
‘ ; - 204 TN I
. S : ;218% | ﬁH + W* i ++++ M Wé:
' B0
s '1'0'_2 - '1'0'_1 — 110 115 120 125 130 135 140 145 150 155 160

95% CL upper limit on B(H — | 1') in % m,, [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-58

An overview of H - aa — XXYY

* The phase-space covered from ma =1 GeV to ma = 60 GeV, F | Kbb '2|'|3:IpDeNI| %
* Limit on Br(H — undetected) < 16% from the Higgs combination, Ai R R 2
» Interpreted with 2HDM+S, limits depend on the model parameters, ? o ' ----- >

- Different final states dominate different mass ranges due to the Br dependence, % 33
* The strongest limits generally placed with leptonic final states, 4RSS 8j‘;}-‘-j5-;25-.;-;-_-;-(_)_-_;%;;

« Afew highlights given in the following slides.

CMS Preliminary 35.9 b (13 TeV)

’q? 10° I I T T T T I I 1 o < 103 = T T 1 i
S ATLAS Preliminary «© E 21127 i
T 10° March 2021 1 - L i
L i
~ Run 1: {s = 8 TeV o i
% 104= Run 2: Vs =13 TeV bc‘ c% reSOIVGd:
x_ F 2HDM+S Type-I ° 10 =
| S10°E S i
O . L WV4 s>« expected + 10 — B |
C 5 \ O 1 =
O 10 observed o = S
_ &\) = y
O Run120.3fb-1 H%aa%MM‘CT (@)) - "\.-J‘ O M S MW M W N W W W OEOE MmO m |
E— -1
X 19 107 =
ch Run 1 20.3 fb™' H—> aa— yyyy - a
1

107 =

» __ Run236.1fb" H—>aa— uuun - Observed exclusion 95% CL 3

10 3| ~———— Expected exclusion 95% CL .

. __ Run236.1fb" H— aa— bbbb 107 h > a3 — s s e =

10 — PLB 796 (2019) 131 PLB 800 (2019) 135087
Run 2 36.1 fb™ H— aa— bbbb ni h—aa = h—aa = ]

1073 ' 107" - JHEP 08 (2020) 139 JHEP 11 (2018) 018 =

— h — aa — uubb h — aa — bbtt —

Run 2 36.7 fb' H— aa— yygg B PLB 795 (2019) 398 PLB 785 (2018) 462 _

10—4 10—5 | | | | | | 1 | | | | | |
Run 2 139 fb"' H— aa— bbuu 1 2 3 4 5 6 7 8 91 0 20 30 40 50 60

Br(H — undet.) < 16%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://arxiv.org/pdf/1312.4992.pdf

Search for H — 4{ in ATLAS (July 2021) ATLAS-CONF-2021-034

» Search for final states with 44 via spin-0 or spin-1 resonances
(dark boson Zq, or s/a from 2HDM),

0 0
- Low Mass (LM): H - XX — 4£ (1 <mx< 15 GeV) /,<g 0
zero observed events, s/a SM Z
- High Mass (HM): H —» XX — 4£ (15 < mx < 60 GeV) % « |2 Sa—
20 observed events, AR
- ZX Analysis: H — ZX — 44 (15 < mx < 55 GeV) s/a <g Z4 /
O(1000) observed events, 0 ¢

 Model independent limits set on fiducial cross section in each channel,

* Model dependent limits set using the Zd and 2HDM benchmark models.

>102:| I I s ey B s I I B o L I I B B O o) 02l Y re b ettt
8 - |ATL,¢|\S Prclaliminlary | | =|EH*—>|Z4L 4: : % 18:— |ATLA|S Prelliminelry | | El Z+je|ts | - % :7%/ % o Expected ATLAS Preliminary _
o is = 13 TeV‘ 139 " L Heavy flavour - 8 160 i _ ﬁ im ﬁi ‘r I v, ez - o 018 :% / +20 fs=13TeV, 139 b -
S 10 ; mLM Signal Region m’i‘ : (155(;3:\, - o E _HM Signal Region = ‘z,\;i:t4| E é 0.16 5% / — Observed H o XX ] _:
2 = Uncertainty = ~ 14 ] = _/ . 4e 2e2u 4u 7]
[= 7 Quarkonia veto _ &2 N = EH->77-4 S 014 ¥ / | ]
) e Data (0 events) - - - m, =20 GeV ]| Q ' :/ _
L ERT ] — My =35GeV o 012 / i —
i C g5 Uncertainty ] i 0_1: nIS —
_ 8- e Data - o Z/ / E
10 E : : 008 / | =
E 6__ ] Z/ / N

102 4:— - o E% /
- g 0.04 y% / e el f\ i NG NS
2 ] 0.0 - %4 : ot . -
10—3 o B I BN RN A O: = |||||||||||||||||: | E/ % i | | | | E

| j . | | | | | | | | | | | | | | | | | | |
2 4 6 8 10 12 14 16 18 20 10 20 30 40 50 60 70 80 90 100 0 1 -~ - 5 L =X

(Mgyp) [GeV] (My.) [GeV] my [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-034/

Search for H — 4y in CMS (July 2021) CMS-HIG-21-003

» Search for final states with 4y via spin-0 resonances,

. . . . v
 SM background from yy + jets, y + jets, and multi-jet with fake photons, <
- Estimated in a data-driven way with ‘Event Mixing'— take the 9 0000 L Ty
measured dataset, but replace 3/4 photons from consecutive events, A > -
- . \\ ’y
 Train a BDT to separate between signal and background, 9 QY ¢ <
- Trained separately for each ma, -
» Signal extracted with a fully parametric fit to the may spectrum.

CMS Preliminary 132 b (13 TeV) CMS Preliminary _ 132 fb (13 TeV) CMS Preliminary 132 6™ (13 TeV)
§1O4I|IH|IH|IH|HIIIIllll+|lDla’I[o'51|HI|III %)4.5_I|_I|I_:,Iaal_I;Y;(YY IIIIIIII S Illlllll—f 4_II|I||||IIII||||||||||_
T (?D, “E'm, = 50 GeV * s E E 95% CL upper limits -

10 — m, = 50 GeV % asb B component § 3.5 e Observed —

> > o F REAKe E — E --- Median expecte E

" - = =20 ; 3 ] Z\S/I8°Z CL exppe;tedd ]

10 25 = ’l‘; E 95% CL expected E

| g 250 Strongest limits -

| £ ol forH = aa = 4y-

107 0c N -
- S 1.5 —
@ T4 | | | | | | | T -
S 12 i : Lo E
o .k - . S i ]
N 0.8_ " E © 0.5 v
S N B I B B A B ° | o e e O:'|""|""|""|"":
08 -06 -04 -02 0 02 04 _06_ 08 1 110 120 130 140 150 160 170 180 20 30 40 50 60

m,,,, (GeV) m, (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-003

Search for H — bbup in ATLAS (March 2021) ATLAS-CONF-2021-009

 SM background from DY + jets and ttbar reduced with BDTs, $4s0- ATLAS Preliminary -+ Daa
S telv f H b the t | h th 0400 (5=13TeV, 139 fb %Syiojt:tls
- eparately 10r eacn mas pecause tne topoiogy cnanges witn mass, %ggg EDYCRiSRindl iDYCR | VR -tCt)ther
: : . . . . . o = : B S — m,=50 GeV
» Kinematic likelihood fit constrains ma, to mzy to improve o(manz2y), 250 - M g (B=0.2%)
200 E- e 2
' ' ‘ot : = 2 J
» Fit the mapz, with a MC-based statistical model to extract the signal. 0= 4
2 S R AR AR AR AR ARAR RN RRRN= 505:
S 0.9 ATLAS Preliminary []tt+ DY E L L I o E | :
2 (gE Vs=13TeV, 139 1b" —m,=20GeV - Pt “~.. AR(bb — .
mES L« AR@a) a0 Fap
g os- I . = H \ 2 00 ?‘W
S ek BDT input - I~ S N R~ : Sonl
g.;é: AR(bb) :g u h «
oz | iy <Sonstrain me~ My
0.1F- | = = 08T T T T ' ' ' '
- L—IJJ ------ e "I | | . ' = I imi .
e T é-bg; Letd My resolution ~10x better than mee. 8 ,,| ATLAS Preliminary B
ARb b, :l; . (s=13 TeV, 139 fb — observed 95% CL upper limit -
T 0.6 o
R 1 1 — — expected 95% CL upper limit |
= 051" ATLAS Preliminary COfspy 1 £ 9225 ATLAS Preliminary ] E = expected limit (x 10) N
9 " {5=13TeV, 139 fb” —m,=20Gev | o 925 5_43Tev, 1390 tebvo 7 expected imit (« 20) _
E 0'4:_ SRincl ::::g g:x _: E 812; SRincl +58.5 <m,, <61.5 GeV ----m, =60 GeV E - ]
g 4 | _ 1 8 b E 3.00 local p-value -
2 | BDT INnput 12 od2p o — 1.70 global ]
021" AR(aa) - 01 E ]
- W = ] 0.08:— I =
- - § 0.06F - =
0.1 - 0.04f L L S
;- | —t._I_J,J = VU E 0.02;_. adi IIrII L ‘I_LI_‘—I- | _; I I I
% 1 2 3 4 5 6 07208 206 -04 02 0 02 04 06 08 1 55 30 35
ARooy BDT60  Poor AR(bb) separation
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-009/

Higgs Rare and Exotic Decays: Summary

o rd . . . > ' L oo i L Lg
Decays to heavy bosons and 3™ gen. fermions firmly established, EE 'E CMS Supplementary Wz 28
: : : o : » 1T
* With the evidence of H — uu experiments became sensitive to the 5 [ Mu=12538GeV 16
. q : &f>10"F p-value = 44% I ERs
BEH mechanism for 2nd gen. fermions, I SRS 12
i ‘ b .e” 10
 First evidence of H — £y for my < 30 GeV, 107 Y o
- High mg mass H — Zy at 20 sensitivity, 100k | 1 ..
- o oIm .“ |
o < -
Limit of u(VHec) < 26 X SM placed with the direct H — cc search, ol | .n.. @
» Searches for other rare couplings such as electrons, s-quarks, and > 1-5+ T A
light-quarks also performed and no significant deviations from SM found. ¢ 1?'l """" u” """" o j’*"' E
T S T RT
March , 02 1 particle mass (GeV)
ATLAS Prellmlnar —®— Observed :
=20 GeV. ot i'< Lmm Expected + Extensive searches for BSM decays performed,
lo
sy ; 4 2  Strong limits on LFV Higgs decays (H — ep/er/ur),
bb, uut
WW ¢ 3] e+ (Good coverage of H— (aa/ Za) — XXYY models,
ng ¢ § - Presented new results: ATLAS 4£, 2b2u and CMS 4y,
InV|S|bIe- ~ : :
WTT + + EZ; - Some final states remain uncovered,
P@gzzsggg%gfgz%ﬁ | T e.g. XX # YY or light jets final states (u, d, s, g),
u I:I_
JHEP 10 (2018) 031 g <C

e e I i 162 35T 1o  ° Many possible Long Live Particle scenarios left to explore.
95% CL Limit on BR(H —» aa —» XXYY)
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/fig_01.pdf




Innovative Background Modeling in H — up

S | | 3 BO00RE AT AS Simutation |+ Tompiate | 4
« Background modeling is difficult because it needs to be reliable at the = & 700y E-wTevison’ = —Bgpdt s
level of S/B (as low as 0.1% in some ggH categories), while the £ e N "2/””6=1'17(p=27°/°) BRI D
number of background events is O(10°), " 4000 - Or€ =F
30001 — @
: : : = ‘ el
 Both ATLAS and CMS pursued this crucial idea: 2000 T Eee, EL
1000 TEe=STee 3
o) 1.4_
5_ 1.2F
B(mpp) — kag X COI‘E(mW) X P0|ynom|a|(m“u) g 1
/ \ 2 1.005}
3 1
E, 0.995[
R LR ; 110 115 120 125 130 135 140 145 150 155 160
Non-analytical (binned) Drell— Yan _:Parameters uncorrelated across | 137 0 (1 ToW)
‘mass shape derived with MC simulation. : : categories. Additionally 1 to 4 > 80’“°CMS """" T
: . . [ Data 1S
Correlated across multiple categories. :DoF per category. 5o sathear — s ]2
; : o [ Mmy=12538CGev. ... Bkg. component {2
E | § > 60§ 1o 4+
ATLAS: Further convoluted with the Sl -:;O £
.detector resolution, 0 DoF in total. ol -
. CMS: Further combined with analytical 20
- functions, 9 DoF in total. o]
.............................................................................................................. |
o 400
é 200
This construction minimizes the needed DoF, hence maximizing the sensitivity! §_208
_40‘?10 115 120 125 130 135 140 145 150

m,, (GeV)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html

H — #y Analysis Strategy

1_||||||||||||||| |||||||||||||||||||| = [TT T T T T T T T T T LI B L

-g 0.95_ ATf?S Simulation —f "UE) 45OO§—H Illql-’I-LIAIS 1 ; [Z)ata(VBS) E
_ _ % 0.82— f_:yfjszy —:NL% 4000;— E:;ﬁ;ﬁl\gg’g D — ZZYYHJéts év
* Mostly a cut-based selection depending on lepton 2 75 coves 1 g ssoos EET et T .
- - S oent, .0 H g so00r e aoF 13
and photon kinematics, 3 . e | = e ] 17
_ o _ 2 i 18 20005 Score > 0.87 for ERS
- VBF events selected with additional jets, oot ‘S 0w  VBE selection 118
... Merged electron 22 10005 12
- VH and ttH events selected with additional lepton o1-1D efficiency 19 soopil e e
requirements in the CMS analysis only, °o"'o'o's"'o'i"o"1£s"bz"'d'zés"b'é'T'r?'J:sA'F"m 1 -08-0.6-04-02 0 (\)/ZBFO;DO;SSOB 1
core
 ATLAS developed a BDT to select VBF-enriched
: Number of signal events
events at hlgh M MAss, Analysis Channel  Category for my = 125GeV

goH VBF VH + ttH
up EB highRy 9.18 047 033
up  EB,lowRe 517 027 0.8

* A challenge at low my mass is poor separation between
the two leptons,

JHEP 11 (2018) 152

H — "y — upy

_ U EE 3.80 0.20 0.25

 ATLAS developed a special ID for ‘merged electrons’ Low mass Hp Dijet tag 045 039  0.01
with EM showers overlapped in the calorimeter, ee+puy Leptontag 0.08 0014  0.33

. : _ _ _ ee Dijet tag 034 047 0.02

* A parametric fit of the mgyy distribution performed in each ee Boosted 338 056  0.33
category to extract the signal, ce  Untaggedl 52 015 006

ee Untagged2 3.2  0.09 0.04

e Number of CategorieS: ee Untagged3 39 0.12 0.06

H— Zy — Uy ee Untagged4 2.8 0.08 0.04

: _ Dijet t 0.44 0.62 0.02

- Low mass: 9 (4) in ATLAS (CMS), ngh Mass Z‘Z ngst:é% 451 0.74 0.44
: _ : Uu Untagged1 7.6 0.22 0.097

- ngh mass: 6 (13) in ATLAS (CMS) 1 Untagged2 4.8 0.14 0.06

Uu Untagged3 4.1 0.12 0.06

CMS, 36 fb- uu Untagged4 3.5 0.11 0.06
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-42/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-007/index.html

VH(— cc) Kappa Framework Interpretation

Direct k. constraint
from VH(— cc)

. - Sprr T e e
Assume kx = 1.0 for other fermions 3 o ATLASPreliminary o™ 22533 _:
and bosons and no BSM, T 4 lo-laTev. 1ot — Oveplon(bs) E
' [ ’ 1-lepton (obs.
_ el 0 3_5;IKCI<8.5 at 95% CL _2_|egton Eobs.; E
Direct limit: |x¢| < 8.5 at 95% CL.
3_
251 Tt
Differential pt(H) measurements also et
give indirect constraints on ««, £
- 0.5
- Modifies the rates through the ) .
. O.I....I....I:...
production and decay loops, 80  -20 -10
] " * ©
- Most sensitive are H — ZZ* and Not sensitive to kc with psig > 35.
H — yy decay modes, I IR IR I R
- Indirect limits depends heavily on ZZ -
model assumptions, A ATLAS Preliminary E
- Generally comparable to the direct 151 — ™ s
constraints from VH(— cc). 10 e P MOTH B T
53— Moiem = S.MKg _f
: VHE®) 1+ B (k2-1) :
% s T Td0 A5 20 25 30
.|

ATLAS-CONF-2021-021

ATLAS-CONF-2021-021

-2A In L

Indirect k. constrain
through loop effects

llllll

Assume Br = Br(xc, xb)

7CMS 35.9 b (13 TeV) .
S T— K. expected; (-6.1 - 6.0) (95% CL) %

6__ T
. i, observed; (-4.9 - 4.8) (95% CL) CED

on ; ; S
- :: :: O

N} R e

3

2

O_ R | ‘|I“~+.. Lt ‘}.']: | | |

-15 -10 -5 0 ) 10 15
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-028/index.html

