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Higgs and ZZ

EPJC 81(2021)200, arXiv:2103.04956

« Study of SM ZZ production, and Higgs decay to ZZ
— ~98% of Run2 data

« SM cross section measured with 3% precision
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Low mass-resolution channels

JHEP 03(2929)034, HIG-19-010, PRL 121(2018)121801

CMS Preliminary 137 o™ (13 TeV) 772167 (13 TeV)
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Couplings: individual channels

EPJC 75(2015)212, arXiv:1507.04548, arXiv:1606.02266
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Rare decays: H—uu, cc

JHEP 01(2021)148, JHEP 03(2020)131, CMS-HIG-21-008

137 fo™ (13 TeV)
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Search for SM H—pupu

JHEP 01(2021)148

137 b (13 TeV)
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Search for rare decays

PLB 797(2019)134811, arXiv:2103.10322, EPJC 79(2019)94, PLB 793(2019)520, CMS-HIG-20-008
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Combined Higgs measurements

« A wide range of production and decay modes are accessible

« Important to establish unambiguous observation (>5c significance)
of these processes on the way to precision tests of the couplings

* Uncertainties on theoretical predictions also important (in some
cases, already comparable to experimental uncertainties)

T I T LENRLE B I:I J ¢ T I | T DR ]
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t{tH production: Invisible decays

PLB 793(2019)520
ttH—invisible

« Search for invisible decays in VBF

« Select large MET and 2-jet events
with large An(jj)

» Fit to dijet invariant mass I
distributions Fof cms | o | W] I
P Pred. from [ wivsies aco [ zivvsets ewy _ S
« Combination of ggH, V(jj)H, and & *™"" Rwwe Ewe |2
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107
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Higgs and the SM

* SM is a successful theory

* Nothing prevents the SM to survive up to the Planck scale.
However, it is unnatural.

* Virtual particles in quantum loops contribute to the Higgs
mechanism
—contributions grow with A (upper scale validity of the SM)
—Higgs mass depends quadratically on A: m? = my? + g2A?

* Miraculous cancellations are needed to keep my<1TeV

* |s there a symmetry that protects the Higgs mass from
receiving large corrections? Classicl

SM
| I |
: : , ~\l
® - X i
: l G |foR/;\‘2
| | |
| I |
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Higgs and the SM (cont.)

« SUSY postulates a new symmetry between fermions and bosons

— Loops of particles and their SUSY partners have the ability to cancel the quadratic
divergences in the Higgs field self-couplings, solving the naturalness problem

— SUSY foresees unification of couplings at large energy scales ~10"° GeV
— Provides DM candidates (LSP)

* It suggests many options, but the LHC may not be able to find it

 # of experimental scenarios is large
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Higgs and BSM

ATLAS-CONF-2015-044, CMS-HIG-15-002

* Is there BSM physics hidden in the "Higgs sector’? gy ateqy: parametrize
g9 '

deviations wrt SM in

TOBVOO0) YAAYAY .
: production and decay
bt ¥ A = A L Wht = loops are sensitive to
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H Kw Iiz‘é -.-
Experimental approach K| =
* Measure H(125) properties il =
K -
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Looking for new particles

JHEP08(2016)045

® I . I I g_""l""l""I""I""l""I""l""l""l""_
Constrain BRgg), in a scenario with 8 e e
free parameters o 8F LHC Run ;
7F -

*orm=lwwtl zzH ppt... Hlgsm B Ry
* Likelihood scan vs BRggy, s B -

» Assuming couplings bound by SM
expectations (k,<1)
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Constraining Higgs width

PLB 736(2014)64

obs.(exp.) @95%CL.:

* couplings and width are sensitive probes to <5.4(8.0) M
BSM I,<22(33)MeV
- indirectly constrained in coupling fits CMS 19.7 1" (8 TeV) + 5.1 fb” (7 TeV)
« off-peak to on-peak ratio proportional to T E oF . paa
» constrain Higgs boson width by using off- o | Eggi\;;zz
shell production/decay a | B Z+X
« measure ratio of goff-peak g gon-peak g 40

SO
on—peak| gggHgHZZ off—peak gz g2 30
Oeg—+H-7Z & v UggsH7Z & SggHSHZZ

20

. Caola, K. Melnikov PRD88(2013)054024
J. Campbell et al. arXiv:1311.3589
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Couplings: decays

ATLAS-CONF-2015-044, CMS-HIG-15-002, JHEP08(2016)045, CMS-HIG-22-001

BSM physics in the loop

Vector and fermion couplings

-1
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=Results in agreement with SM (ky=kg=1) within 1c
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Consistency with SM

arXiv:1809.10733, JHEP 01(2021)148
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Consistency with SM

CMS HIG-19-005

35.9-137 fo™' (13 TeV) 35.9-137 fb™ (13 TeV)
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High mass: H-WW/ZZ

JHEP 10(2015)144, HIG-16-033, HIG-16-034, arXiv:1912.01594

» Search for a heavy Higgs boson

, CMS 35.9 fb" (13 TeV)
— H—ZZ—4¢, 202v, 2(qq 107 _ 2 f é
, , : SM fVBF 95% §CL upper Ii:nits E
- H-WW-—-2£02v, 2{qq F | Chaerusi
.. L e Median expected
» Optimized separately for VBF and gluon 10 B gy g expected
. . [ 95% expected
fusion production processes . x—»wv;

—

« Combined upper limits at 95% CL on
the product of o x BR exclude a heavy
Higgs boson with SM-like couplings and
decays up to 1870 GeV

» Search interpreted in BSM scenario
(heavy Higgs, heavy EWK singlet state)

— evolution of signal strength of the singlet state
with modified couplings/width wrt SM.

— assume new scalar does not decay to any new 500 1000 1500 2000 2500 3000
particle m, [GeV]

—
e

Limit 95% CL on o, _ . [Pb]

—
s
w
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Heavy Higgs: dibosons

arXiv:1804:01939, JHEP03(2018)174, arXiv:1804.01126

» CMS 35.9fb" (13 TeV) CMS 35917 (13 TeV)
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ttbar+Higgs

« {tbar produced in association
with Higgs boson

I I ] IIIII Illlllllll[lll]]llllll Ill g
31025— M(H)= 125 Gth§
= s
il ] 0ocp sl = i
o~ B HN~L =
§ pP -g
L. : M—-—-—"‘_
— O
£ P W
i -1 1 | wH (O qop+NOED L —
— p—#

TTTTTT

Cross section for ttH at the LHC: 107" :
0.13 pb (8 TeV) i
0.61 pb (14 TeV) / g .

1025 o
ttH ~1% of total Higgs cross section 6 7 8 9 10 11 12 13 14 15

s [TeV]
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__ Higgs+Top: tH, ttH

- Higgs (H) bosons production in association a Y
with one (tH) or two (ttH) top quarks in final
states with electrons, muons, tau

« Study HH-WW/r7/ZZ decays |
* Model-independent, signature-based q g o) ———
-1
z = 21SS + Tr,, p(ttH, tH)={1 3 . _ +0.26 [ +0.19 +0.17
8 ,of 4 Dam | KMisd pors  [Jrips |  Combined | k=082 {50 [ g (stat) 7 (syst) | CMS 137 fo”' (13 TeV)
LLI : DRare -ZZ -WZ : 37 T I T T ‘ L T T T 7T I L ‘ L ]
- Etww) [tz I L om - pp — tH + ttH ]
605 B Total unc. ] 2Iss + OTh w=1015 2.5 H- ww/zz/tt 7
50 = 3l + 07, w=15370%9 C ]
405_ Bkg. tHq fH 2lss + tr, | p=-0627"% 27 7
g node node | node g 11+ 21, p=0.36 _";f‘: 1.5 e el g
305— _ 2los + Tr, | =049 0% 17 :"' E
20;— 3+ 17, w=152""" é '} ;
10 2l + 21, 1 =0.00 0 0.5+ e .- - -
C Observed
0 4l + 0, n=1.28 '11;52 O —eswcL region =
c 1= _ Ol + 27, w=22220 T ---95% CL region
2 E E 1220 -0.5( @ Best fit #SM expected
gl 0.51 l + 4 = 1l + 1t w=180 2% -
o5 E ] | J. | e . a
L%‘g OEI l +T T T ++ |E Liviiliiaa ool _1\||5||||(‘)\|||é|l\11|0||||1‘51||
.|g -05: l l E -3 -2 - B i
S o546 ¢ 10 12 12 Best fit p(tiH) tH

Bin number
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Extending searches

* Minimal Supersymmetric SM (MSSM)

— Neutral Higgs: ¢—tt/bb/pup
— Charged Higgs

* Next-to-MSSM

— Light pseudoscalar: h—aa
—Non-SM decays: h—2a—41t/4p
—Heavy Higgs: H—hyy5h455 or A—>Zh 55

* FCNC: t—cH
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Higgs sector in the MSSM

Higgs sector in SUSY contains two scalar doublets:

« 5 physical Higgs bosons
— 3 neutral: CP-even ¢=h,H CP-odd A b

g oo ——— D
—2 charged H*
 SM-like Higgs boson:h 7 e [
g TTTTON

Neutral Higgs ¢ decay modes:
* BR(¢p—bbar)~90%

* BR(¢p—17)~10% :]> .....
* BR(¢ )

—un)~0.1%

Two main production modes:
o gg_)H
* bbH
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Neutral MSSM Higgs

JHEP 10(2014)212, arXiv:1803.06553, PRL 125(2020)051801

« Enhanced couplings of MSSM Higgs to
down-type fermions (large tanf3)

=increased BR to t leptons and b-quarks

my = \/mT(prpT ) +mk(pr, pT) + mi (pr, PT™),

» Search for neutral MSSM Higgs boson

« 5 final states used: ur,, €1y, T1TH, €U, LU
— Reconstruct tau-pair invariant mass

— Split in b-tag/no b-tag categories to enhance
sensitivity

« Main backgrounds: Z—tt, QCD/W+jets,

DY, ttbar, dibosons

Events / GeV

Obs. / exp.

9

h/H[A

ATLAS (s= 13 TeV, 139 fb5'
TiepThaq 0 129 ¢ Data
[ Top quarks
acexs A/H (1000100, tanp=12 ([ill Jet— 7 fake
s AIH (1500100, tan =25 [ Z/y*— 17
I Multijet
zly*i
[]Others
2 Uncertainty

socoxs A/H (400), tan =6

T T
1.1
OQE////////» e x‘W/ /%
’ PR SRT | L

50 60 100 200 300 400 1000 1500
m?' [GeV]
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Neutral MSSM Higgs: ¢—1t

CMS-HIG-21-001
* Direct search: inclusive and b-tagged
* 7 in both leptonic and hadronic decays

138 fb_1 (13 TeV) ut,+et,, No B-tag, Tight-mT, p;_'z 200 GeV 138 fb'1 (1 3 TeV)
—~ 04 A [P T LR . SR RN CRNT . R I AL (S S0 I AU C R LB T
-8‘ : CMS m, = 160 GeV > 2 I CMS —&— Observed -
S i [LJ68% CL © | Proliminary [ v ;
%; b Preliminary []95% CL G 40 0 vet—r, ]
B ~ L J
i : L ‘:] tt i}
i (2}
£ o3 + Best fit "E [ others
m q>-) 3001 Bkg. unc. i
% 0.25 L I — g9 @ 5.8 pb (m =100 GeV) ]
= V' 200 -
O o I
! 100} ]
0.15 I
0.1F .
[ o
x
[ (AN
0.05 =
L 2}
o)
O PRI ST S NN SR SN SN T AN SN SN TN SR NT ST AN B NS SO ST N S
0 50 100 150 200 250 300
o(99¢)-B(¢—r) (pb) m,, (GeV)

Model-independent limits by

separating production modes Some fluctuation over bkg expectations
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Neutral MSSM Higgs: ¢—uu

arXiv:1508.01437, JHEP07(2019)117

« Search for a up mass resonance 5 10°) Ay, q0 Mo o
L T =
* Good mass resolution 105, DG e v
—full and clean reconstructed final state 102 -»».,%%ﬁ Diboson [ Job (1000
- 10 Ty r——
* Split in b-tagged and non b-tagged : /Ilk [

. L 10—1 ol B e e e B
categories t(_) be sensitive to gg—¢ and g2 TR T
bbd production modes S OQM‘?‘W{'H il

a 2 | Tholl e FTh 00,
« Main backgrounds: Z(bbar), ttbar WW 200”400”500 600 ‘°°°12°°[‘(;‘:3]
g - ATLAS . —dbsewéd % 105 ?‘Tﬁgiev‘ :;6' 1' ﬂ;1 ]r’ "Z;-jexts:(L'F)l—i—iDa;ta' -
2 _h7H7A < 102 STJJﬁZﬁlﬁi&éﬁ ------ Expected | @ 4gef S, S
t % i _ f ;G 103 _..b_veto Single top DQQF (480)
g é" £e0 102 ”""“'-.b.m Diboson  [_]ggF (1000)
10/ 10 -~ ﬁ"“*“;*m
g 1 ——
10™ ?
22t T T T
200 400 600 800 1000 a 0.8f Pt

m, [GeV] 200 400 600 "800 1000 11200 1400
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Charged Higgs

* [f found, a clear indication of BSM
« Study non-SM Higgs in two mass
regimes:
° mH<mtop
—Mostly produced in top quark decays
—Large tanp: HE*=>1ttv
—Small tanp (<1): H*=cs
° mH>mtop
—Produced in gluon-gluon fusion
—Main decays: H*—=+tb, H*—=>t"v

* Main backgrounds: ttbar, W+jets
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Charged Higgs (cont.)

iy

* Different strategies for low- and high-mass searches
* tau+lepton, lep+jets, and ey final states

 b-tagged jet categorization
* limited by statistics at high-mass |

o' ", ---e--- H" prod. xsec, tanp=5
I "8,

----- H' prod. xsec, tanB=30

Cross section [pb]

) I T R N FEETY FRTTE FTTEE Ferrs ST S
il 200 250 300 350 400 450 500 550 600
H* mass [GeV]

mH<mtop
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Charged Higgs and top quark decays

JHEP 07(2012)143, arXiv:1508.07774, HIG-16-031

m,. =100 GeV/c?

-
T

 Look for charged Higgs in four final states: MSSM

— Tau+lepton (electron or muon)

— Dilepton (tau decays leptonically)
—lepton+jets

—Fully hadronic: tau+jets

Branching Ratio
o o o
- o ]
| 3 | LT T 1

tan B
T,Hjets t,+lepton (e/p)
7+ — hadrons 7+ — hadrons — £ iy
HY . HY .
£ 90000000000 Vy £ 2000 : Uy
Mw—g—b\ ngup———\
UWM QI o Q220000090 29’1_‘_/
g \.\"_x\‘( g <
q i
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Looking at tau decays

CMS-HIG-12-052, arXiv:1903.04560
Low H* mass:

» Use R variable in the limit extraction: binned maximume-likelihood fit
» Tau fake component is data-driven, includes uncertainties

CMS 35.9 o' (13 TeV)
Q _lllllllllllllllllllll||l||l|lllllllllllllllllllll
L — - T +jets, R inclusive
C 5 h T .
SM BSM > 10°E ¢ pata - H* (200 GeV, o =50 pb)
— =[] Jets misid. as v, [ tt
o - [ W+jets [ single t
~ 10k Iz I Diboson
= a — H* - b2 C 13388 Bkg. stat. 7/ Bkg. stat@syst.  .....
v pv pg r V. e pv & p‘ + T % i
- * ol v 3 WY, Vil 220 Y
i — —> > o m 10 e 2 o
Ov' v g, p‘ V. v ,. T AAGAA
VS 10°F
- XX APXX.
. + -p — " -t B
p { p 2 a Py ) p 10
Ne - a3 L *V, Ve - =) z 1 -
—t i i %
s - \r > nt | l r 1
o Py O Py |
d) 1.5F - Bkg. stat.®syst. unc.
é - [ IBkg. stat. unc
1:.. .............................................................................................. g
s
© d
e 0.5

0 0710203040506070809 1
RT
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Charged Higgs: H*—1v

arXiv:1903.04560

MSSM, high tanf3 b
* Final states: t+jets, t+4, Ot+«

« 306 categories: incl. #jets, polarization R=p(tk)/p(tau)
* Cross section limits: 80-3000GeV

CMS 35.91" (13 TeV)
CMS . 1 -E Z'I';lIRI|o‘75“""'|'I""I |||||
- . o) +ets, =
Bl — T — T ??'?.fPW“STeV) o 609.'\!'.&‘.’ T e e |3.'5.’.9.f|b. .(.1.3| .T.‘?Y) - = Nata: 0 e H* (200 GeV, o = 50pb)
-8_ 10 J = C 2 104 [ H* (2 TeV, 6 =1pb)[_] Jets misid. as 1, —
: ; "g L o6 GC-) = tStlnglet E ‘ZA;ylets :
+|>P 50~ MSSM m{o* Lﬁ 10° | piboson XX Post-fit unc. =
[ B L S e R e e E
i 1 E 40:
"ﬂ: E H - 1 C 107 E
EJ/ | All final states combined - ~
o 30 10
O F 95% CL upper limits - i
E L 95% CL upper limits
E + :\)n::?ar:eeipected 20 I % O e il 1
1072 - EEGE% xpocts : et
E 1 0—_ [ 68% expected : 10—1
. : 422 mISM . 12543 GeV E 2 1sb = ElPoctan + l
1 O :_ | | | _l | ] | Ll | | | | ! | | o | |V | I | e 16 % w%++% H
00 s o 1500 3000 100 150 200 250 300 350 Ar}c])o 450e 5;)0 g ost H £
m,. (GeV) L 0 {56500 300 406" 500 600

m; (GeV)
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Charged Higgs: H*—tb

arXiv:1908.09206, arXiv:2102.10076

MSSM, low tanf 9.Q0Q0QQ0 ——= t
 Final states: 1¢£ and 2¢ Y

- Categories (incl. #jets, #bjets) ~ p------

S

« Discriminant vs ttbar (BDT and DNN) Y
« Mass range: 200-3000 GeV J9QQQQQQ0)—*> b
-1
35.9fb™ (13 TeV CMS 35.9fb"" (13 TeV) )
c 1OBQI|VI‘S"'|'"'|'"'I'"‘l""l""l"("l"') i) I 7 3 T ' ] 60CMS 35.9 fb™ (13 TeV)
f Single electron Background-only fit 2 H —tb - = 50 G~ e TPTTTTITTTTTTTT
f2] 107 5j/=3b ¢ Data ] V+ets,VV ’_§ Single and dilepton 7 8 40+ H* —tb ii;\gle and dilepton
S . B o ey I D (b) 110 - 30f MSSM M, "Goiscenaro -
Lﬁ 10 B ttc(c) [ tt+LF 5 o 3 95% CL upper limits
E e H* 500 GeV (0,0 x B =10 pb) L 95% CL upper limits 7 20 —— Excluded b
10 W Post-fit unc. fI) —e— Observed 1T e Median expected
2 oI ----- Median expected 7 B [ 68% expected |
10 1 I 68% expected _ 10 . [ 95% expected -
\ E []95% expected 3 777 mpssM . 125 + 3 GeV -
10 C ] 6 % ]
C ] sl
102 . ] ar 1
3+ ]
10 10 E 5
15 C ]
g 14 i i
g 1.2F
= 1E -2 |
1] 3 107°E
8 08; E | 05IIIIIIIIIlIIIIlIIII|IIII|IIII|IIII|IIII
0.6F, , . . . . . . ' — . ; 200 300 400 500 600 700 800 900 1000
201 005 0 005 01 015 02 025 00 200 400 1000 000 9009

m,. (GeV)
BDT discriminator m,; (GeV)
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Charged Higgs: H*—tb (cont.)

CMS-HIG-21-010
« Search for a H* decaying to a heavy
neutral Higgs boson Hand a W

« data consistent with SM expectations

o Set limits:

— H¥ in the mass range 300-700GeV,
assuming my=200 GeV

— Cross-section limit from 0.08pb@300GeV
to 0.013pb @700GeV

CMS Preliminary 138 10" (13 TeV) o CMS Proliminay 138 1" (13 TeV) CMS Preliminary 138 b (13 TeV)
..g 108 backglround.on:ym E T T g +Data > E background-onlyﬂt IJTI final states I :a 1Z| LN L L I L L) L \ |.| TT T
q>, : : — H" (500 GeV) [ E 4 Data ] o - my=200GeV 95% CL upper limits
D 107 : : [ Misidentified ,, (O] = H. (?00 (?’:V) i e -e- Observed -
. H [ ] tt ~ [ Misidentified <, —~ L Median expected -
- E : [ Single t @ 1 mtE+x = |5 p
1 H H = E{Iec)t(roweak c D Electroweak 7 +P I 68% expected
. Emes o T ] []95% expected
10 (] [ single t T
. V 10! N\ Post-fitunc. | T
10 -
H
10° =
o2 102 i B
10
10° e
1 N
E 2|
3’ 12— 016 _s‘)) 1.50 Post-fitunc. ] m
[a] E #
3 1?“_.— """" it B R % ? 1]' OI i i
8 08:— E ‘:|p _: "('u' 05:_‘ +T E |||||||| Lo b b b b Luaay
R B e R e B I = o - 300 350 400 450 500 550 600 650 700
o O w; 2] P; : o O UJS UJ: ;;; NE o o o ") E; ‘;: 100 200 300 400 500 600 700 800 9001000 eV)
§ 58 8% Y §Fyy oy Ty g m; (GeV)
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Doubly charged Higgs

HIG-16-036, arXiv:1710.09748

* Model =
— SM extended with scalar triplet (®*, / '
(I)+, cI)o) q,::t L\ e:i: o+ f;'
. . . o ]
— Triplet responsible for neutrino
masses e o b
— Search for doubly- and singly- i
charged &
— DY pair production is most common
12.9f0" (13 TeV)
— SS lepton pair of any flavor G tiniey 2 sy 3 T
combination 1000~ o R E
. 100% @** — e*u= 1%] ]
« Search with =3 leptons of any e g 10 .
m ]
fI aVO r e 102 Eeekd .
100% ®=* — pt* 3
— Search for excess of eventsinone = (oo R e ]
or more flavor combinations of SS I — | INSGEEE 00—
lepton pairs S Aloes
 Dilepton invariant mass as e 10°
R . . Benchmark 4 15
discriminant g s _
0 100 200 300 400 500 600 700 800 900 1000 ; 0.50 200 400 600 800 1000 1200 1400 16

™ Mass (GeV) 8 m,.. (GeV)
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non-SM Higgs decay. h—aa—4X

« Standard search for light (pseudo)- scalar f
Higgs with m,<m,/2 ) <f
— generic prediction of BSM theories h

(extended Higgs sector, NMSSM, etc) N Y
— Final states go to fermions (b, 7, u, ...) N < )
— BR depends on boson mass, model i

parameters

0.001¢ —

— dd
T
10-4 "I’|! N

1 2 3 10 20 50
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non-SM Higgs decay: h—aa—4p

PLB796(2019)131

10

* Explore non-SM decays of a Higgs boson (h)
—Higgs boson (h) can be SM or not
— include production of two new light boson (a%)

« Search for generic Higgs decays: h—2a+X—4u+X
— Require two dimuon pairs with consistent masses
— Signal region: 9 event (~8*2 bkq)
— Limits on production rates, benchmark models

My, [GeV]

3

-h
o

3

Events / (0.025 GeV x 0.025 GeV)

3
&

1 2 3 4 5 6 7 8 9
My, [GeV]
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NMSSM and Dark SUSY Limits

PLB 726(2013)564, arXiv:1506.00424

CMS 35.9 b (13 TeV)

[ . S £ I
Search for generic Higgs decay: h—2a+X—4u+X 10~ Iz e 1
Results interpreted in NMSSM and dark SUSY g \?55“7?::“ N
. i 210 S,
« Dark SUSY: h decay to pair of neutralinos (n,): LSP £ ]
_g v-Call A" \\?E\;E\X:ﬁ\i\
g 10°7 E13(;HARM e /\T’L/\&.“ \*\t;\‘; |
v SLSND (long-lived) .
L o pp—h—2n,—2y +2n —4p+X
n{=>Npyp decays 10l _
1 DD y Dark SUSY
I% invisible 0.1 1 10 100
myD[GeV]
CMS 35.9fb™ (13 TeV)

klI|IIII|I\II‘IIIIJII\I'IIIIIIIII'L
3~ NMSSM 95% CL upper limits: ]

« NMSSM: Extend MSSM by adding a complex singlet
field (1 CP-even+1 CP-odd boson)

* NMSSM: h1,2—>231; a1—>2u
« Compare to SM Higgs cross section

¥ m, = 3.55 GeV

N

8}
7T
|

2 mg = 0.25 GeV
[ Reference model:
2F — o(pp —h —2a)) = 0.003 x o, .

B(a,—21)=7.7%
NMSSM

|

(pp — h— 2a)) B*(a— 2 ) [fb]

0.5 -

r—— — ]

O

_III[IIII|I\II‘IIII]II\I'IIII'IIII'I_
g 90 100 110 120 130 140 150
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non-SM Higgs decay: H,-—2h(a)—4r

JHEPO01(2016)079, PLB 800(2019)135087

» Search for very light Higgs in NMSSM g -
—H(125)—light pseudoscalar (¢) bosons f
— One ¢ decays to a t pair, the other to t/u pair H(125) -7 T
. R «
« Reconstruct u-track invar. mass (m;,m,) )
) T
— SS dimuon sample (removes DY) 1 i
— bin in 2-dim distribution, fit signal and bkg g "
=
— QCD bkg from control region 35.9 fbo! (13 TeV)
' . 359fb (13TeV) s T T T T T T T T T T
% —O—IObserve:i —IBKQ CMS E bw 95% CL upper limits CMS
; oM, =4GeV ... m, =7 GeV ] 5 0.6F Observed ]
§ 1 m, =15 GeV | I Expected
= 3 I 68% expected
g 5 : [ 95% expected
SRUSI S R Excluded by ATLAS-CMS
. : 0.4 combined coupling analysis 7
0tE | 3
: ----- 1 N 1 N | U BUUUUrUUR B : 02
%’ 1.5_ el l R l !
D 1.0 L
° sl - ool—L—— R —
0 2 4 8 8 10 12 B 10 15
mp,trk [GeV] m [G eV]
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Summary for Higgs exotic decays

CMS Preliminary

35.9 fb' (13 TeV)

I T T

[ LI

2HDM+S type Il
= 102 tanp = 2.0
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1 T TTTH

—
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[ TTTTm
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= Expected exclusion 95% CL

/ \\ [ ] Observed exclusion 95% CL

—
=
N

h — aa — bbrtr h —aa — putr
\ PLB 785 (2018) 462 JHEP 11 (2018) 018

103 & h —aa — uubb h —aa — 1ttt —

= arXiv:1812.06359 HIG-18-006 =

- h —aa — puuu _

- arXiv:1812.00380 -
10-4 | | | | | | |- | | | | | |
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Low mass Higgs: a(—tt)bb

arXiv:1511.03610, JHEP05(2019)210

19.7 fb” (8 TeV)
bkl LARA) RARLS RALE) RAL

. . G [CMS T, 1 &
» Low mass Higgs in the NMSSM - i 13
. c [ - Observed c
* Low mass pseudo-scalar (a;—11) in § & O - z
association with bbar: a;bb—1tt bb of Msewsss: 1] +
. [ (] aco mutijet |
 Similar strategy to H—1t |- Wi sy
- Search for a; masses below Zmass 2
- No evidence for signal op sttt
o m,, [GeV]
» Set limits: oxB~9-39 pb R AT
8 _[CMms 1 &
E -===- A->tr (M=35 GeV) E
§ " —$- Observed §
w w

Ozox

[«

- Electroweak

[] acp muttijet I

[ Bkg. uncertainty
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Low mass Higgs: a(—tt)bb

arXiv:1511.03610, JHEP05(2019)210
* Low mass Higgs in the NMSSM

* Low mass pseudo-scalar (a;—1t) in
association with bbar: a;,bb—1tt bb

 Similar strategy to H—1tt
« Search for a, masses below Z mass
* No evidence for signal

VLQ mg = 300 GeV

CMS 35.9 fb' (13 TeV)

L L - —~ > — ] l I [ T l T l [ [ T™TT ] T™TT ] Ty ] TTT
¢ Set IImItS. GXB 20-0-3 pb ) C 2HDM, 6B = 800 pb ut: 1b tag ]
g 1000— —m, =40 GeV . gbserved —]
N i ]
,CMS_ 35.9 b (13 TeV) . | SSng=siee — ;
10 E T | T T T T T T T T T | T T T T | ‘(Q 800'— W+jet$ ]
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B — > - iboson i
C (E)bserved | | W e00— @ QCD multijet  —
102 - Expected B S r Post-fit unc. i
3 I 10, ey €XPECtED C ]
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I Lol ol L1
S
o
o
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Low mass dilepton resonance

arXiv:2111.01299
« Search for low-mass dilepton . Z
resonances in Higgs decays in the four- ”
lepton final state ; o w0
h === Z h====- *~-——-
« Decay through a pair of BSM particles, % Z . e
or one is a Z boson
« Set limits f o
__ cms 137 fb' (13 TeV)
— model-independent Higgs BRs. S | o owm
— dark photon and ALP production s ®f — Pt
CMS 137 o™ (13 TeV) % 20 = iR me s ce «Joomies =02
_____ i Lﬁ 2p channel
T | . Expected exclusion 151
310_3 i = ——— Observed exclusion
o G e 10
2 el o ——H=>2ZZ, —>4|,“€ =0.0 :
i e S . ... o0 ..... A .. 5:
2 e |
2’:10-4 Bl o 4
N o R TSR S35
:L gzgé— i
K ~ 154E | 1# IL | |
N4 R L U VA T s
10 5 10 15 20 25 30 35 00 5 10 15 20 25 30 35
m, [GeV] mg, [GeV]
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Heavy Higgs: H—ttbar

« MSSM, low tanp, m(H)>2 x m(top) 9 t
e Search for A/lH—ttbar o

arXiv:1908.01115

t e
« Strong interference with SM ttbar
: : g t
» (+jets and « final states
_ _ _ 5 CMS 35.9 fb~! (13 TeV)
« Kinematic reconstruction '95% CL exclusion-
Q[ ]
— m(ttbar) and cosf* (lepton angle in ttbar frame)  § | Observed SalaBxpeciou
ab Expected 68% expected
R CMS__p+jets channel B i i i i i _35.9fb7! (13 Tev)
% N F ! 0 < |cos6, | < 0.4 0.4 < |cos 6, | < 0.6 | 0.6 < |cos 6, | < 0.75 0.75 < |cos 6, | < 0.9 o*Ag <€:ts:h|<1 35_ N
N ' = oco mutie | 2
) Post-fit unc. 1 2 :_ N
g(l):z_ ) ) ) ‘ .-‘N- { ) ! ) ) < ; . L*. A(;;V, 5,lg=1)lx2 1 ; ‘_;
500 750 1000 500 750 1000 500 750 1000 500 750 1000 500 75(;77&1[0(03(;\/] 400" ‘46(')‘ "5(')0" ‘Sé(')' “660‘ - “Géd‘ "700
Ma [GeV]
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arXiv:1910.11634

Events / 20 GeV

A_)Zh 1 25—)MTT

-t
(&)}

: : : h
What if A is too light to decay to ttbar? y
MSSM: B(A—Zh)=1, low tanp, m,~200-350GeV
Reconstruct m, with h,,5 constraint
Cross section limits
CMS 35.9 fb' (13 TeV)
30 ;T 7
[ ——— Observed E y
25 [ h125 Gev) = CMS 35.9 fb™ (13 TeV)
) zz-a - 35— ——
B other : - .
20 el ‘I:e:ucible _: 30 :_ gs_zogg's:%)eeé limits
Uncertainty ] " Median expected
15 A—Zh,m, =300 GeV, cB=20fb - ' B 68% expected
. 25 = 95% expected
20 -

Obs./Bkg.

Il|l|ll|l|l||IIIIIIIIIIIIII

10

...................... [

o(gg—A) B (A—Zh—lk) (fb)

0 . . . . . . . . . 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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m: _ (GeV)
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Higgs self-coupling

35.9-137 fb”' (13 TeV)

« Self-coupling measurements

>> _"I R ot [ tT T »
=8 cms W2
* Improve measurements = | m,-12538Gev o
. . ] ELL|>1O_1§_ p-value = 44% 3
* Include missing pieces: s
_ w ]
. . . 2| 5 -
— H couplings to light fermions Rl oy
— HHVV (c,y) and self-couplings ool ¥ Wacloxbosons ]
] g,x' ¢ 3" generation fermions
- ¢ Muons ]
104 0 mmme SM Higgs boson
........................ F o 2 A5
Av A »
- .. g 1;—.% .............. f'# ................. .B--.t--
o _ 10 1 10 10
H trilinear coupling Particle mass (GeV)

A = m?; /2v%, where v = Higgs boson v.e.v

Use coupling modifiers:

kx = X Asm; k2o = cav/Cop(sm)
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di-Higgs searches

non-resonant production

Only SM
---h
 Destructive interference in SM o
« Could be altered in BSM % sl
* If constructive, it could be large enhancement @ .
* In SM, only 6=31fb at 13 TeV £ o g
 Study different final states ".\\
*h
- BR Mass scale
bbbb  34% } t duct
| bbtrt  7.3% [ High resonant production
X2Mh>7 poww  27% New Physics
| bbyy  0.26% Low _+h
7/
Xeo:
\\
‘h
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HH: non-resonant production

« Higgs pair production @13 TeV
— ggF 6=311b
— VBF 6=1.7 fb

« Test non-resonant BSM models with anomalous couplings

1

ggF Process

BR HH—xxyy
(my =125 GeV)

107

10%

107

vy 10.26%| 0.1% '
e | !

A 4
T bb WW 99 W™ ZZ oYY

_ rarer
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What is new In HH searches

CMS-HIG-20-010, CMS-B2G-21-001

* Results are better (x2-3) than 2016 results alone after
scaling for luminosity

Extensive use of ML tools Boosted topologies
. CMS Preliminary 59.7 fb! (13 TeV) 138 °'(13 TeV)
,2 10 bb ., Prefit qgHH SM x 150.0 —— Prefit ggHH SM x 5.0 g CM S
2 fres  ERoe o <
I Others ¢ Data W

[ ] Stat+Syst post-fit unc.

Data;‘pred.

oy f:,m,.o,e LJ

0.970
0.991

| DNN j regressed mass [GeV]

Regressed mass of one AKS8 jet
DNN score for resolved ggHH(bbtt) category i agggHH(4b) boosted categcJ)ry
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1)
2)

3)
4)

5)

Advanced Analysis Techniques

arXiv:1902.00134
Use advanced analysis techniques to improve sensitivity

Select HH events in different categories: ut,bb, et,bb, and t,7,,bb

Train classifier consisting of an ensemble of deep neural networks (DNN) on half
of MC data to classify signal and background events using final-state features

Apply classifier to other half of MC data

Treat the classifier prediction as a summary statistic of the data and infer the
signal strength via a combined hypothesis test for each decay-channel category

52 pre-processed features are used to define each event

CMS Phase — 2 Simul Preliminary 3000 b~ {14 TeV)
02! a9

0 HE G
Hryezangege

- W [—
1
10 W SM_Higgs mr (muon, MET) [GeV] U tau pr [GeV]
-2 @ ®

10° : [
2 .\ +lets

- DY

grnnnng

-y
-
-
-
-
—
-
—ci
=2,

(HH ron Ruscnant)

2
3
@
&
@
)
@
=

" @
S35 Phase = 2 Simulation Preliminary 3000 fb™" {14 TeV) CMS Phase - 2 Simulation Prel liminary 3000 b~ (14 TeV)
g - g+
e =T 0.008 - = (‘"
. - e
5 = v
& o.004 - -
10-¢ & - =:
| z0.004 - E:q' - o
0.0 0.2 0.4 06 0.8 1.0 s =- —
Class prediction Zs 000 = -
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HH: results
ATLAS-CONF-2021-052, CMS-HIG-22-001

 Both resonant and non-resonant searches
« Background estimate and signal extraction

CMS
K =K =1 —e— Observed ~ ----- Median expected
T T T T T T Ry iRyl B9 68% expected
Observed limit (95%CL) | | 95% expected
Expected limit (95% CL) - -
Comb. exp. limit +10 i bb 2Z
Comb. exp. limit +20 j el
Theory prediction | —

SM prediction Multilepton
Expected 19.4

Observed 21.3

138 fb”' (13 TeV)
T T T T L l

| ATLAS Preliminary
F Vs =13TeV, 139 fb~'

j—
o
S

+A00 |

Oggr +ver (HH) [fb]

—_
o
w
T
1

----------
/. bb vy
= Expected 5.53
/7 Observed 8.38

bb Tt
1 02 L =] Expected 5.22
F : Observed 3.33

[ Observed: Ky € [-1.0,6.6] —=bbyy bb bb
—— bbttt™ Expected 4.00

. Expected: k) € [-1.2,7.2] Combined - Observed 6.42

101 PRI NS SR T RN S S SRS N SR SR N RIS T i SR SN NS S R T S SR Combined
Expected 2.48

-10 -8 -6 -4 =2 0 2 4 6 8 10 Obpsee(:\l:d 338 :

K\ 1 10 100

95% CL limit on o(pp — HH (incl.)) / B

eory
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Double Higgs production

PRL 122(2018)121803

 Study different final states
* Not yet at the SM sensitivity

(13 TeV)
'5" 1 05 E— T T 1 T T T T T 1 1__E
= = ATLAS CMS =
f — L[fo] L [fo!] 7]
i B bbbb  axw1s04 06174 arxivir0702908 |
104 —— PLB 781 (2018) 244__
T = bb — 3 0 — 35 9 3
>< e YY  CONF-2016-004 PAS-HIG-17-008 .
g_ — WWyy CONF-2016.071 N
3

3 1 0 E_ i bbvv — 359 —E
@ S A 77 0 W VA YRR - JHEP 01 (2018) 054
= ” —35. _
®) —~ bbrr PLB 77:5(’2?)18) 101 -

L — E 02 PAS-B2G-17-006
= =3 3
1 B =i
@) = i
X 10 SR
g - ===: Expected -
B - Observed Spin-0 ]

1 1 1 1 1 1 1 I 1 1 1

300 400 500 1000 2000 3000 4000

m, [GeV]
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LFV In Higgs decays

arXiv:1911.10267, arXiv:2105.03007

« Some BSM models allow for LFV Higgs decays
e Search for H—ert, e w, Ut final states Observed (expected) Best fit branching  Yukawa coupling
. . . upper limits (%) fractions (%) constraints
. Categones: Njet, Iepton kinematics H — ut <0.15 (0.15) 0.00 + 0.07 < 1.11(1.10)x1073
. H— et <0.22 (0.16) 0.08+£008 < 1.35(1.14)x1073
— Njet to target ggH and VBF production
» Main background from DY, ttbar, WW
T B _ 1e7fbT(18TeV) 137 o (13 TeV) cms 137 o™ (13 TeV)
e 3 l—+—Observed I y 4 e T 71 T pr,Odets 11T g T TTEE RIS
@ 024 CMS M2y s 3 @10 CMS me ol — <9 L LT
RO18E T 1z : 1 & 107 [ € 2Jets VBF B Z—ee/uy [ tt,t+jets pr, 1 Jet e Observed
co.16E [ ] EW_W [ Diboson 4 = B EW W/Z [ Diboson 0.40 (0.43)% » X Median expected
Do.14F- ERWsjetsacD MSMA  { g 19 [ ]W+jets/QCD [ SM H v 2dets | B 68% expected
LL|012 E_ = H—pt (B=20%)[ | Bkg. Unc._f > 184 — H—»et (B=20%)[ ] Bkg. unc. 050 (049)% | . ] 95% expected |
E E Tt , VBF
o(()); E E ;:).':1;9 (030)% | l |
: = p T, 0 Jets
0.06 = 131 (034)% | x |
0.04F - T, 1 Jet
0.02 E_ - ‘:).36 (057)% | o |
= u T, 2 Jets
o 0 ;:).277 (1.13)% -
1.5 Qi pr, VBF | |
'_ij R T i O —— @ } : 0.58 (0.83)% -
%) B o9 He . i
_QOS ey M 0.15(0.15)/0HH!.;..MH.I..Hlluululn
O . - O o8 ; : : : 4 o0 1 2 3 4 5
0 100 200 30 0.4 0.2 0 0.2 95% GL limit on BlHr pr0) %
m,, (GeV) BDT discriminant
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DM searches with Higgs bosons

* H(125) may mix with new dark mediators
« Signature: Higgs+MET = H used as a tag
* Final states:

— H — bb ~58%, large bkg

— H—> WW ~21%, moderate bkg

— H — 1t ~6%, lower bkg

— H — yy ~0.2%, clean final state
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Higgs + Dark Matter

arXiv:1908.01713

- Generic search: pp—H+MET 9 B
. ’
o ISR suppressed due to small coupling to H 2
. . Z! ’
o In the context of simplified models 2
. Q4 X
- DM search with H(—bb,yy, ZZ,WW,<t) a
« Signal events at large MET
q X
c 35.9 b (13 TeV)
— 5 SRELEES | ""."I . RS 4
S 10 CMS =g|t%%?3boson -é\';x — 1 0‘36 T T 3$'g.fb. 1(.1.:?.-"-6\/ CMS observed exclusion 90% CL
% 10°E 2 >DM+ h(zz) -+ Data [JSyst. unc. b _a7 Vector med., Dirac DM
N Z-2HDM: my, = 1200 GeV, m = 300 GeV 5,10 9,=025.9,=10
w x B=0.02 b S40-38
103 o garyonic Z''m =500 GeV, m = 1 GeV %1 0 DM+h(bb +yy + ve + WW + 22)
) ox B=0.30 % 21073 DD observed exclusion 90% CL
10 @ 31 040 CRESST-II
[arXiv:1509.01515]
1074 . CDMslite
[arXiv:1509.02448]
1 0—42 PandaX-II
[arXiv:1708.06917]
1 0—43 LUX
[arXiv:1608.07648]
1074 ____ XENONIT
45 [arXiv:1805.12562]
) 10 CDEX-10
S 15 . [ E 1% [arXiv:1802.09016]
"g 051_ \ +'—T— s 10—47 ! Lol Lol ! Lol
8 %% . _ i 1 10 100 1000
10 10 . 10
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VBF: H(invisible)

arXiv:1809.06682, arXiv:1809.05937

« Signature: Large MET, A¢(jj), veto ¢/b-jets

— C&C and shape fit of m(jj)

« Main bkg: V+jets (95%)

« Tag with forward jets+MET
« Cross section ~4pb

« Small background
 Most sensitive

Set limits: B(H =inv.)<0.37 (0.28)

@95%CL
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Long

-lived: Higgs decays

CMS-EXO-20-015
CMS Preliminary 137 b (13 TeV)
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* Higgs decaying to long lived scalars
— Scalars decay to quark final states in the muon chambers

* Resulting bounds are interpreted in context of LL decays
— Missing energy trigger
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Summary

» Excellent consistency of SM but SM is incomplete
* Extensions foresee existence of additional bosons

» Searches for BSM bosons natural companion to
precision SM Higgs boson measurements
— Charged Higgs searches with top quark decays
— Other BSM searches show no indication of deviations

» Searches provide no hints for BSM yet
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