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Rare and BSM decays of SM Higgs



Where rare and BSM Higgs decay stand
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Ranking in BR:
_ L. Analysis /s, L[fb}] BRsy Reference
" Rire; €, Zv, 4V (invisible), ptps 13TeV, 139 ~10™*  ATLAS-CONF-2019-028
"~ (M.Zgubic's talk) JJur. Ty 13TeV, 361  ~10~°-10"5  PLB 786 (2018)134
®v.py  13TeV,356  ~1079-10"°  JHEP 07 (2018) 127
Y4 Very rare: X4+, X: Zy  13Tev, 361 ~ 1073 JHEP 10 (2017) 112
; 13TV, 361 2.9% PRL 120 (2018) 211802
Quarkonia or vector mesons (2015+2016) ~ ~10"%  PRL 122 (2019) 231801
+ Run 1
lepton flavour 13TeV, 36.1 0 HIGG-2017-08

violation (LFV) er/ur
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 https://indico.lal.in2p3.fr/event/5201/contributions/17284/subcontributions/1515/attachments/14281/17589/Zgubic-HiggsToDimuon.pdf 
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/

What to be presented

" Quick summaries of rare decays:
o Higgs — X+v:

J/y,%(2S)y, T+. X: Quarkonia (Q) cc, bb
&, py. X: 55, (u,d) mesons
Z~. X: Z boson

o Higgs decay — /A+,u7.

"I Details into:

o Rare decay H — cc
o BSM LFV H — 41
o BSM Higgs — invisible.
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Higgs rare decays: X+, "~

Analysis Final states 13 TeV,L[fb~!] SM prediction Results Reference
BR(H decays)  opx BR(H decays)
Zy ee/pp+y 36.1 6.6 (5.2) x SM JHEP 10 (2017) 112
' 139 10-4 1.7 x SM ATLAS-CONF-2019-028,
Miha's talk
BR(H decays)
ntny 0" (8.8)x107*
j 35.6 ’ JHEP 07 (2018) 127
KtK—y 48x107*
10°° 35x10°*
Wy 36.1 20x1073 PLB 786 (2018)134
Ty (n=1, 2, 3) (4.9,5.9,5.7) x 10~*
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/

H — cc PRL 120 (2018) 211802, 36.1 fb™

"I Motivation: investigate Higgs 8 . pte [75, 150], >
coupling to c-quarks. 150 GeV. 1, 2.

I Challenges: small BRs, large "« Validation: measuring ZW &
bkgs, challenging jet flavor Z7 yields (samples enriched in
identification — direct search W — cs, cd & Z — ¢€ decays).

, (L=e,p).
x10°

Y distribution in ZH 3ol T e T
compared to Z-+jets. P s N T L
Select: single-lepton triggers @ o+ Simiatonromalsd o aa mila ]

E N Z + bb,bc,bl —
o = L ° w ]
oF —+ i
|mgg*mz‘g].0 GeV. 4 1 o
o > 2 jets, in which ) - g
(using c-tagging E
algorithm) £ T T
) _ % 10F . E
Reject bkgs: AR(c,c) < 2.2, 8 gtk £

pZ [GeV]

z
1.5, 1.3 for events p5 € p% distribution in 1% catégory

[75,150], [150,200], [200, 00) GeV.
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PRL 120 (2018) 211802

0.1
3 4567810 20 30
b-jet rejection

Chosen: c-jets 41% efficiency
rejection factors of 4.0(20) for
b-jets(l-jets).

Loan Truong (University of Johannesburg)

H — cc c-tagging algorithm

"I\ Different lifetimes of b-, c- and
light-flavor hadrons —
Flavor-tagging.

Y4 Train BDT — 2 multivariate
discriminants: c-jets vs I-jets,
c-jets vs b-jets separation

"I Calibrate the efficiencies to
data using b-quarks from
t — Whb, c-quarks from
W — cs,cd

M« Reducing stat. uncert. in the
simulation by weighting events
based on jets' tagging
efficiencies =
f(jet—ﬂavor,pT,n,AR(j,j))

Rare and BSM decays of SM Higgs


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-01/

Y4 Discriminating variable: m.z from 2 highest-pr jets.

I« Joint profile-likelihood fit to m.z in 4 categories: extract the signal
yield & Z+jets bkg normalization.

15 bins in each category, mcz € [50,200] GeV, 10 GeV width.

T

3 E I« Separate norm. factors for
g L Z+jets, same for the rest.
1 ZH(bB) 1 ZH(bb)
T el gl PR Systematic uncertainties: on
5 . .
5 shape/normalization.
g
Z Source 0 /0ot
N S 3 Statistical 49%
%‘ % 7 z Floating Z + jets normalization 31%
H e TR B o e Systematic 87%
X e GeV] ) Mg [GeV] Flavor tagging 73%
mez distribution in 2 c-tag categories Background modeling 47%
o Lepton, jet and luminosity 28%
. Signal modeling 28%
measured Signal MC statistical 6%

Y Signal strengh 1171 —

SM prediction
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-01/

Sample Yield, 50 GeV < mee < 200 GeV
1 c-tag 2 c-tags

75 < ph <150GeV | pZ >150GeV | 75 < pZ < 150GeV | p% > 150GeV
Z + jets 69400 =+ 500 15650 + 180 5320 + 100 1280 + 40
W 750 + 130 290+ 50 53+13 2045
Z7Z 490+ 70 180+ 28 55418 2648
tr 2020 + 280 130+ 50 240 + 40 1346
Z H (bb) 3242 19.5+1.5 41404 2.740.2
ZH(c) (SM) | -143+170 (2.4) -84+100 (1.4) | -30=40 (0.7) -20+29 (0.5)
Total 72500 4 320 16180 4 140 5650 =& 80 1320440
Data 72504 16181 5648 1320

" No excess on observed data over the expected backgrounds.

I« Best fit value of pzy = —69+ 101 — negative post-fit signal.
Observed (expected) upper limit at 95% CL:

o on o(pp — ZH) x BR(H — c&): 2.7 (3.973) pb.
(SM value is 26 fb).

o or on signal strength: 110 (150753)
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LFV H — ¢r HIGG-2017-08, 36.1 fb™

Y4 Leading-pr lepton’s flavour

"I Motivation: BSM theories determines e7 or /7 channel.
such as extensions of the Higgs Y4 1st Search H — eT: eT),, €Thad
sector or warped extra

- - "I 2nd Search H — ut: ute, WThad
dimension models

3 80000~
(o]

IBSERLEN RARAREER R
ATLAS +-Data  []Sig.(B=1%)x10
(s=13TeV,36.1 fo!  Mis-ID MZ-te
LFV pt Top  [Other
ut_ non-VBF 77 Uncert.

nad

o Production channels: VBF;
non-VBF: ggF, WH/ZH.
o Decay channels: leptonic,
hadronic.
Select: Single-lepton triggers

Qo

in dilepton final states
ETZ/.

©
Data / Pred.

in the Thag channel. 0s

© e py1GeV]
pr" distribution in pu7p,g category

HIGG-2017-08

30 40 50 60 70 80 90 100
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-08/

LFV H — ¢t Background Modelling

Y Top control regions (CRs): Exploits BDT algorithms to
inverted b-veto cut. enhance the signal separation
I Z — 77 CRs: inverted pf}l cut. from the background.
Bkgs/Channels Leptonic Hadronic
VBF non-VBF VBF non-VBF

From simultaneous fit including CRs

Z—=TT Normalization: from the fit. Separate factors for VBF, non-VBF.

. - hape: fi imulation.
top (single-t, £F) Shape: from simulation
Normalization: from the fit with 1 common factor.  Normalization: from MC, fixed in the fit.

Data driven method

W-tjets, t, multijet Jets misidentified as leptons Jets misidentified as Thag—vis
Inverted isolation from OS data events

Fake factor method

Z — ee
electrons misidentified as Thad—vis

Cuts which reduce bkgs

mye (= myis) € [30,100] GeV | t — quarks Z AD(i, ERI) | Wjets
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =bThad—vis _ _ _ _ _ _ _ _ ______._
S (track
pi(track) < 1.2(pute only) L Z — pp An(L, Thad—vis) + misidentified Thag—vis

pi(cluster) ~ "~ ° AT o oh o TR T T

Best BDT variable as “reconstructed” Higgs invariant mass | H — 77, HWW
mpmc by MMC algorithm Moy With collinear approximation
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Events /10 GeV

Data / Pred.

fit

T
ATLAS

LFV ut

T T T T =3 T T T T T T T T
+Data [1Sig.(B=1%)x10 S ol amas +Data  [1Sig.(B=1%)x10
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Top  [Other s LFV pt Top  MOther
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Events /0.10

10°

Data / Pred.

80

/////// 72 Z 2
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My [GeV] BDT Score

e

¢

Fit: Maxinum binned
likelihood fit made from
BDT score distributions
of all signal regions and
event yields in CRs.

Systematic
uncertainties affect the
normalization and/or
the shape.

Correlations across
processes, channels,
categories and regions.

Main systematic
sources: from
estimation of
mis-identified
leptons/jets bkgs and
jet energy scale
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LFV H — /7 results

"I Observed data agrees with

4T non-VBE  ut, VBF  uTg non-VBE i VBF
Signal 287423 14.6+1.9 1200+ 120 2545 expected background.
Zorr 1860£130  144£26  96100£2000 27433
Top-quark 1260130 390434 1620+210 51410 "4 The observed (med|an) 95% CL
Mis-identified 1340 +210 41£21 639001600 14933 L o +0.130
Other 11802140 168+18  23000£1000 10415 limit: 0.47% (034 0.10 0) and
Total Bkg. 5640100  743+29  184500+1200 58030 )
Data 5664 723 184508 583 0.28% (0.37_‘—%&%00) for
H—erand H— ur
e R R e
ATLAS — Observed ATLAS — Observed
o == Expected * 1o 4 == Expected + 1o
Vs=13TeV, 36.1 fb Expected * 26 Vs=13TeV, 36.1fb Expected + 26
— Excluded Run 1 — Excluded Run 1
ex, VBF N - . ut, VBF - .
150 00 il fi=007177 16 o0 | =128
R ¢ bt
et VBF + - +€ wt_ VBF - +
037 (o) |i fi=-03575 088le0) f =009
054 59 . i
VBF " I -VBF - .
e i =025 en =024 7%
0.80 {obs) - 0.57 {obs)
e, non-VBF - 03 wt_ non-VBF N "
03w \ =042 0870 fi=-02173
156y 850
e, PO ur - .
038 o) | fi=03055) 08 (00 | ii=-038 75
e s
©Thag B - +027 - +023
0=023 i=-007
8368 f | $iflsg) f |
et H - w018 Kt A n <019
g H H=0.15%, " g =022
R ml"m‘H\HH\HH\HH‘V7HH ] \I'\\\\\\\\\\\\\\\\\\\\\\\F‘\\\\
6 5
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95% CL upper limit on B(H — er) in %

rsity of Johannesburg)

0
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Combination of Higgs to invisible, 36.1

13 TeV + 7,8 TeV

¢

"I Motivation: Higgs Portal to Dark
. my

Matter with mpy < 7

Y Assuming productions &
acceptance as in the SM:
BR(H — ZZ* — 4v) ~ 1073
= result not sensitive to this but
to BSM enhancement

"« Combination of direct searches for H — invisible (E1"**) from
different Higgs production channels: association with Z(¢¢), W/Z(jj)
& VBF (jj). PRL 122 (2019) 231801

miss

o Signatures: large Eq
Higgs boson

o Combination of Run 2 + combination of Run 1

o Setting 95% CL limit on BR(H—inv)

+ particles produced in association with the

Loan Truong (University of Johannesburg) Rare and BSM decays of SM Higgs


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/

Y4 Statistical combination of individual
Run 2 analyses a—

o Maximize the combined binned
likelihood ratio.
"I Combined Run 2 result is then
combined with Run 1 one.

——
ATLAS
Vs=13TeV, 36.1 fb"

-2 AIn(A)

— V(had)H ]

Z(lep)H ]
— VBF 1
— Combined

"I Correlation scheme:

o Correlating most of the experimental
uncertainties.

o Except flavor tagging and the JES
due to different parametrizations
(impact found to be small).

o Correlating most of the theoretical
uncertainties, Y

o Not correlating uncertainties which
are tightly constrained.
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. ATLAS
Analysis
VBF Combo
e Run2 0.37 (0.28) 0.38 (0.21)
Limit obs(exp) .11 Run2 0.26 (0.17)
Reference PLB 793 (2019) 409 PRL 122 (2019) 231801

I Results driven by VBF channel (most sensitive)

Model-dependent additional constraints from visible H-coupling
measurements: ariasconraos00s (check slide 23).

> T | o E
= ATLAS 1 p: E ATLAS
2 1: 5=7Tev, 4.7 16" ] 5 E By <0.24 f5=7Tev, 47 fbrjd
[ L 8Tev, 203" ] >107%°F Alllimits at 90% CL ~ Vs=8TeV, 20.3 fb”
c 0.8y Tev,361f0"  — s E Vs=13TeV, 36.1 fb
° £ bserved limit ] < )
£ £ —_— s Expected imit 16 5 Higgs portals
E 0.6 anmans  wmm Expected limit 20— 10742 % Scalar wiMpP
5 C Alllimits at 95% CL 7 o 8 Fermion wivp
& 0 47 B Other experiments

AT —— ] Cresst-lll
EE ] 107 -+ DarkSide50

r A —— - LUX
02— TSR semaar] PandaX-Il
C 3 10_45 =+ XenonlT
0 C I I I I I __] I I |
V(had)H  Z(lep)H VBF  Combined Combined Combined 102 103 104
RuN2 Run2  Runl Runl+2
Run 2 Run 2 un un un un 1+ mWIMP [GeV]
— _ 0
" Upper limit at 95% CL on "I« Upper limit at 90% CL on
BR(H—inv) obs(exp) 0.26(0.17) WIMP-nucleon scattering XS.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-37/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-54/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-005/

Conclusion

T

Y,
PN

<

Presented summaries of the rare decays of the Higgs boson to
Quarkonia/vector mesons in association with ; Z~.

Direct search for H — cc, LFV H — {7 decays are shown in details.

No significant excess anywhere. Limits are 1 to 5 order of magnitude
far from the SM, so there is still room for BSM physics.
o The searches are statistically limited.
o At HL-LHC, much larger dataset will allow substantial improvements
to a much closer limit at the level of SM prediction or even
observation (Z7) (see Murray's slides).

Combination of the direct searches for invisible decays put tight
constraint on Higgs portal Dark Matter decays. Much more
stringent limit is expected at the HL-LHC.
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Higgs to X+~

From J. Broughton

¢

Distinctive topology of a pair of high-pt isolated muons, recoiling
against a high-pr isolated photon

<

Higgs decays: Sensitive to Higgs boson quark couplings for c and b
quarks
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Higgs rare decays

Analysis 13 TeV, L[fb Y] SM prediction Results Reference
BR(H decays)
(2.99%91%) x107© 35x107*
36.1 (1.0340.06) x 10~© 2.0x1073 PLB 786 (2018)134
(5.227292 1.42*% g%.o.gltg_‘%g) x107° (4.9,5.9,5.7) ><‘10"’
(23140.11) x 10~ 4.8x10~
X JHEP 07 (2018) 127
6 (1.680.08) x 105 (8.8) x 10~
BR(H decays) o x BR(H decays)
Zy 36.1 (1.54+0.09) x 103 6.6 (5.2) x SM  JHEP 10 (2017) 112
e 139 2.17x 1074 1.7 x SM ATLAS-CONF-2019-028,
K.Becker’s talk
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-13/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-14/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-028/

H — cc

Process  Event Generator Parton Shower PDF Tune Cross-section
(alternative) (alternative) (alternative)
qG — ZH POWHEG-BOX v2 [28] PYTHIA 8 PDF4LHC15NLO [33] AZNLO [34] NNLO (QCD)*
FGOSAM [33 JCTEQS6LI [36,37] FNLO (EW) [38,39,40,41,42,43,44]
+MINLO [45. (HERWIG 7 [47]) (A14 [48])
99 — ZH POWHEG-BOX v2 PyTHIA 8 PDFALHC15NLO AZNLO NLO+NLL (QCD) [49,50,51,15]
(HERWIG 7) /CTEQS6LI (A14)
tt PowneG-BOX v2 PyTHIA 8 NNPDF3.0NLO [52] Al4 NNLO+NNLL [53]
(HERWIG 7) /NNPDF2.3LO
ZW, ZZ SHERPA 2.2.1 [29] SHERPA NNPDF3.0NNLO SHERPA NLO
(PownEG-BOX) (PyTHIA 8)
Z+jets  SHERPA 2.2.1 SHERPA NNPDF3.0NNLO SHERPA NNLO [54]
(MG5-AMC) (PYTHIA 8) (NNPDF2.3LO) (A14)

Flavour-labelling on from simulated events
pr >5 GeV,AR(j, jet axis) < 0.3

b-hadron | b-hadren b-hadron
c-hadron c-hadron
1 1
b-jets c-jets light-jets (I-jets)

Loan Truong (University of Johannesburg) Rare and BSM decays of SM Higgs




H — /7 Event selections

Selection ltp (Thaa
exactly le and 1y, OS exactly 1€ and 17p,q-vis, OS

pil > 45Gev pL > 27.3GevV

e 1’1{2 > 15GeV p;mm,m > 25GeV, |,.]Th;.d—ws| <24
30GeV < myis < 150 GeV Y cos Ag(i, ET™®) > —0.35
i={, Thag-vis
P (track)/pg(cluster) < 1.2 (ut, only) |A7 (€, Thad-vis)| < 2
b-veto (for jets with pr > 25GeV and || < 2.4)
Baseline

S > 2 jets, py > 40GeV, py > 30 GeV

[A7 Gy, ip)| > 3, m(jy.jp) > 400 GeV
_ p:’l:h‘.\dwn > 45GeV

Baseline plus fail VBF categorization
mr({y, EjT‘“) > 50 GeV =
Non-VBF my(Ca, ERS%) < 40 GeV -
|Ap (Lo, ET™)| < 1.0 =
pLipy > 05 -

Top-quark CR inverted b-veto:

VBF and non-VBF > 1 b-tagged jet (pr > 25GeV and || < 2.4)
Z — 1t CR inverted p.f.' requirement:

VBF and non-VBF 35GeV < plt < 45GevV

Loan Truong (University of Johannesburg) Rare and BSM decays of SM Higgs 21



H — ¢ BDT variables

by {Thad
Variable VBF non-VBF Variable VBF non-VBF
e HR HR Meoll HR HR
P ? y . Pi . HR
P—i—z HR HR p_‘;hnd—ws . HR
AR(£, £3) HR ® AR(L, Thad-vis) L] °
mr ({1, E_llpi,ss) . HR mr(e, E¥1iss) HR .
mr(, Ef™)  HR o My (Thad-viss EF™) HR HR
Ag(L, E_}niSS) ° . Ad(L, E’?niss) HR .
Ap(ta, E_‘l_“iss) HR Ad(Thad-vis» E’lll'qiss) .
m(jy, ) . mGpin) .
Anri) - HR MGui)
Py/py HR Ycos Ag(i, EMS) e .
=0, Thad-vis
Ep™ HR .
Myis HR
An (€, Thad-vis) .
n’ o
UThmFVls °
¢ .
¢Thi\d'\'ls °
(EmSS) .
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Combination of Higgs to invisible decays

Analysis Int. luminosity erved  Expected  psy-value  Reference
Run 2 VBF 13 TeV 36.1 fb! 0.37 0.28%088 0.9 [36]
Run 2 Z(lep)H | 13 TeV 36.1 b1 0.67 0.395517  0.06 [37]
Run 2 V(had)H | 13 TeV 36.1 th! 0.83 058103 012 [38]
Run 2 Comb. 13 TeV 36.1 fb~! 0.38 0214505 0.03 this Letter
Run 1 Comb. 7,8 TeV 4.7,203 b1 0.25 0.275040 [35]
Run 142 Comb. | 7,8,13 TeV  4.7,20.3,36.1 fb~!  0.26 017500 0.10 this Letter

Parameter  (a) Biyy = Bunaet =0 (b) By free, Bunaer = 0, kw,z <1 (c) Bpsy > 0, Ko = Kon

Ky 1.11 4 0.08 > 0.87 at 95% CL 1167515

K 1.05 +0.09 > 0.85 at 95% CL 1127008

Ky 1037019 0.88+0.13 1.0870:2

Ky 1097013 [~1.03,-0.79] U [0.93,1.24] at 68% CL 1147518

Ky 1.055018 0.97 +0.13 112792

Ky 1.05 +0.09 0.98 +0.07 1105013

Ky 0.99918 1.017043 1.020:22

Bine - < 0.30 at 95% CL -

Bundet - <0.22 at 95% CL -

Bpsu - - <047 at 95% CL
ATLAS-CONF-2019-005

Loan Truong (Uni

rsity of Johannesburg) Rare and BSM deca



http://cdsweb.cern.ch/record/2668375/files/ATLAS-CONF-2019-005.pdf

	Higgs to X+

