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e CERN Large Hadron Collider provides us with a unique opportunity...
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Higgs Boson Production at the LHC
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* All major* production modes have now been observed...

pp = WH (NNLO QCD + NLO EW)
1 pp — ZH (NNLO QCD + NLO EW)
pp — ttH (NLO QCD + NLO EW)
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Higgs Boson Decay in the Standard Model
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Now in the era of precision measurements with

Searches move to looking for rare decays
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Higgs Boson Properties: Mass and Width

25.09 + 0.24 GeV (Run-| ATLAS anc
24.97 + 0.24 GeV (Run-1 and -2 ATLAS)
25.26 £ 0.21 GeV (Run-2 CMS 4l only)

ATLAS ~Total [ |Stat. only
Run 1. Vs=7-8 TeV, 25fb" Run 2: Vs = 13 TeV, 36.1 fb’ Total  (Stat. only)
Run 1 H—4] = 12451 0.52 ( = 0.52) GeV
Run1H—yy 1 126.02 = 0.51 ( = 0.43) GeV
Run 2 H—4/ — 124.79 = 0.37 ( = 0.36) GeV
Run2 H—yy I—ol—l 124.93 =+ 0.40 ( = 0.21) GeV
| Runt+2H—41 e 12471+ 0.30 (= 0.30) GeV
Run 142 H—yy —— 125.32 = 0.35 ( = 0.19) GeV
| Run1Combined #—e— 12538 = 0.41 (=0.37) GeV
Run 2 Combined —— 124.86 + 0.27 ( = 0.18) GeV
" Runs20ombined e 7 124.97 = 0.24 (=0.16) GeV
| ATLAS+CMSRuni '17‘—' _______________ 12500 = 0.24 (= 0.21) GeV
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Higgs width (indirect; includes off-shell Higgs signal strength, with assumptions)

ATLAS width observed (expected):

PLB 786 (2018) 223

< 14.4 MeV (15.2 MeV)
CMS width observed (expected):

arXiv:1901.00174

3.2*28 57 MeV (4.1+>:0 _49 MeV) 5
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Higgs Boson Properties: JCP

* Predicted by the Standard Model: CP-even with spin and parity JPC = 0**
* Most investigations to-date have focused on the couplings to bosons
* Admixtures of CP even and CP odd couplings are certainly still allowed

Definition of production

ATLAS H— ZZ" — 4l
and decay angles (VBF): —— Observed [5=7TeV, 4515’
------- Expected /s =8TeV, 20.3 15"
= gém;i H—- WW* - evuv
_____ [ ]0*SM+3c s=8TeV,20.3 1’
[ ] JE +10 H_ Ty
D, prz" [s=7TeV, 455’
o ol B 30 s=8TeV, 203 fb' |
30F ;
CMS 20} | ;
o8 g
Parameter Observed/(1073) Expected/ (1073) 0= . . . | l
68% CL 95% CL 68% CL 95% CL -1 0%‘ l l _
ficos(@m) 0.00+£027 [—92,14] 000£023 [-12,12 22 o
fa2cos(¢2)  0.08730  [—-1.1,34 0.0117 —4.0,4.2 Ve se0 ez ez sz Uiz JP:2=2+_
fAl COS(¢A1) 0.001'883 _04, 1.8 0.001‘8‘%3 _05’ 1.7 pTé%_O GeV pT<1‘§5 GeV pT:3_00 Gev pT<q125 Gev
“Yeos(p2)) 00111 [-65,57] 00126 [-11,8.0] EPJC 75 (2015) 476

e Results from CMS for CP-violating and CP-conserving parameters (above) are
consistent with the SM

arXiv:1903.06973 6
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Combined --

Higgs Boson Decays to Bottom Quarks

Most sensitive production mode: VH
Additional searches using ggF, VBF and
ttH production

Observed with 5.40 (5.50) by ATLAS

and 5.60 (5.50) by CMS
Observation of VZ(bb) production
serves as a cross-check

<51f"'(7TeV)+=<19.8fb" (8 TeV) + = 77.2 fb" (13 TeV)

e Observed
CM_S —— 110 (Stat @ syst)
H—bb 10 (Syst)
stat syst
ggF 2.80 +2.08 = 1.30
VBF | ———————— 2.53 + 0.98 = 1.17

ttH 0.85 = 0.23 = 0.37

e
WH e 1.24 + 0.29 + 0.24
—— -

ZH 0.88 = 0.24 = 0.16

1.04 = 0.14 £ 0.14
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Higgs Production in Association with Top Quarks

* A direct probe of the coupling of the Higgs & GOEELT0T00T
boson to top quarks is provided by ttH
* Sensitive to contributions from new

A
—

-------- i
physics in the gluon-fusion loop 0
e Combination of many decay channels:
y caecay e CHECETIE0 - t
bb, WW*, 11, YY, ZZ*
* Observation at 6.30 (5.10) from ATLAS PLB 784 (2018) 173
* CMS observation at 5.20 (4.20) PRL 120 (2018) 231801
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Higgs Boson Decays to Tau Pairs

* New result from CMS which targets the ggF and VBF production modes
* After observation on 2016 data, new techniques applied on same + additional data
* Multi-class Neural Network: one category per process (ggF VBFE each bkg), 10%

improvement
* Improved background modeling for genuine taus (embedding) and reducible
background (fake rate method) CMS-PAS-HIG-18-032
6 77.4 0 (13 TeV) 77.4 1" (13 TeV)
.(_.é) 10 %' U DL R '_' ,III,,]'ll‘,l,:,]‘,l‘,l,:_k‘, 'E CMS 5
5 ) B grgllliginary oz;: s, : Preliminary .
1,_9 10 3 8:2; ¢ (Obs.-bkg.)/bkg. 173 ° I ThTh 1.48 To..40
o i 0.2- :
- ‘e . 12 1 -08 -06 0.4 3 : +
-g 10 ? o log, (S/(S+B)) ] I—O—I HMTh 0-43-8:22
S i
o 10°E E :
s — er,  0.28%9%
102 3 E
o _ ] . | ey 1.397%
; * [ Jeu [Jer,
1L Wy, O, - =
: I S+B unc. [ElH- (1=0.75) 3 —e— Inclusive  0.75 +813
¢ Observed : :
10—1|||-|-'-'|""|""|"'"" ||||||||||:|||||||||||||||||||||||||
3 25 -2 -15 1 05 0 0 0.5 1 15 2 2.5 3
|Og10(8/(S+B)) Best fit My = GX/USM

Earlier CMS results on 36 fb-! of data: y = 1.09 1027 _g 56
e Of course ATLAS also has results on this channel arXiv: 1811.08856
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Higgs Boson Production and Couplings

e Significances above 50 are obtained for ggF, VBF (6.50), VH (5.30) and ttH (5.80)
production modes when assuming SM branching ratios (ATLAS results are listed)

e Results are interpreted in the k framework as a function of the particle mass (assuming no

. . . o I/
BSM contributions to the total width) Ki=—gp OF K= ——
o I
J SM
e Results are consistent with predictions from the Standard Model
sults are consistent with predictions from the Sta 35.9 b (13 TeV)
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Rare Decays of the Higgs Boson

e Getting closer to an observation; 95% CL upper limit on 0*BR:
e ATLAS: H= ptp-< 2.1 (2.0) x SM
e CMS: H= Ptp-<29(2.2) x SM
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Rare Decays of the Higgs Boson

. Progresswely stronger limits as the size of the LHC dataset grows..
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Higgs Boson Properties: Cross Section

* Simplified template cross-sections (STXS)

* Defines the cross-sections in exclusive fiducial regions

* Minimize theory dependence, maximize experimental sensitivity
Stage-0

(EW qqH) (H + leptonic V')

bbH tH

(Run1-like)

_ "

Stage-|

_ (EWggH incl. VH —qqH) VH (H + leptonic V')
| | | ] =
ez I — | B [ ] e

~ 2
(e ] e ] T . *
+) +) +)
R [ P -
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Higgs Boson Properties: Cross Section

e ATLAS:first Stage | combination result with 5 main decay modes
e CMS:first Stage | H— 77 measurement in multiple ggF and VBF bins

e STXS Stage I.l results now starting to be released (CMS H— ZZ— 4l)

I — —— T I I — T )

ATLAS F)l . | | | 77.4 7 (13 TeV)

reliminary . Totg| Stat, == Syst. "I SM .
Vs=13TeV,245-79.8fb CMS § Observation

my; =125.09 GeV, |y, | <25 . SM expectation
Pgy, = /1% Total Stat. Syst. Preliminary T scale @ PDF @ ag @ BR uncertainties
ggF vy H!;H 0.96 +o14( =011, ‘o0g) Hproc
goF 2Z |-in-| 1.04 *312( o014, +o06) g _ 0 Jet i 0.40-+8.;g
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ggF T .E.'*E,. 096 (0%, 0% 8 ——t P 0, 60] -0.3415
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VBF 7y = 138 SE( o3, o) 593 : |

o) 1.18
VBF 2Z =i 268 03( 3, 0% -9 £ P 120, o] 1804y
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VBF comb. == 121 0% ( Tors Toda) i :
VH vy E— 100 0% ( ok, 10%) ' 050
VHZZ —a= : 068 p%( fovr. Toih) g & VBF topology 1.00 755

| VAo "E" ____________________________ 119 Yoz ( ot Tote) 2 X — V(qq)H topology 14755
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Breaking Physics at the LHC ,

The Standard Model isn’t perfect...

Naturalness (Hierarchy Problem)

Dark Matter

Unification of the forces (gauge couplings)
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If the (light) Higgs mass is ~125 GeV, what next!?

Standard Model Higgs Beyond the SM Higgs

e Suppose that this is not the Standard Model Higgs...

 |n SM just one SU(2) doublet is assumed = 2HDMs from SUSY or axion models
e Higgs Triplet Models = Can provide Majorana neutrinos with masses

e Add a Singlet to the SM = Can provide a candidate for Dark Matter

e Hidden sector particles = Candidates for Dark Matter

e  Thankfully many of these scenarios are compatible with a 125 GeV Higgs...

|6



If the (light) Higgs mass is ~125 GeV, what next!?

Standard Model Higgs Beyond the SM Higgs
* For example, the MSSM (h, A, H, H%) is compatible with a 125 GeV Higgs...

e hMSSM scenario: the measured value of 125 GeV can be used to predict

masses and decay branching ratios of the other Higgs bosons (my fixed; all SUSY
particles are heavy)

* mpmod scenario: top-squark mixing parameter is chosen such that the mass of

the lightest CP-even Higgs boson is close to the mass of the one observed at the
LHC (historical)

* New benchmarks: six new scenarios proposed in August 2018

(Mnh!25, My !25 etc.) see: H. Bahl, E. Fuchs, T. Hahn, et al., arXiv:
1808.07542 17



https://arxiv.org/pdf/1808.07542.pdf
https://arxiv.org/pdf/1808.07542.pdf

Higgs to Invisible Decays

e Coupling fits provide indirect constraints ATLAS-CONF-2018-054

e Direct searches for Higgs boson decays to 14 :

‘invisible’ particles 12}

o ATLAS: V(had)H(inv), Z(lep)H(inv),VBF H(inv) 1o\ ztepimy
o B(H—inv) < 0.26 (0.17+097405) @ 95% CL -\ = Comtines

e CMS:Combine 7,8 and |3 TeV results :

e B(H—inv)<0.19 (0.15) @ 95% CL °F
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-054/
https://arxiv.org/abs/1809.05937

Di-Higgs Search

Di-Higgs production is very small in the Standard Model due to destructive interference
33.7 fb for proton-proton collisions with CME of |3 TeV (non-resonant)

Kt
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®*  With physics Beyond the Standard Model, this can be enhanced by:
®  Modified top Yukawa coupling or Anhh (non-resonant production)
Resonant production: 2HDM H—hh, Kaluza-Klein gravitons, etc.
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ox X BOX = HH) [pb]

Di-Higgs Search
ATLAS and CMS carry out di-Higgs searches in the bbbb, bbTT, bbyy and bbVV channels

A multivariate discriminant (BDT) is often used to separate signal from background
For the resonant search a different training is used for each value of mx
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Di-Higgs Combi

ATLAS and CMS carried out statistical
combinations of their di-Higgs search
channels

CMS has a combined limit of 22.2 (12.8)
times the SM di-Higgs production cross-
section at the 95% CL

ATLAS combined limit is 6.7 (10.4) times the

predicted Standard Model cross-section

No significant excesses observed between

250 and 3000 GeV
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High-mass Neutral Higgs Search (A/H —>T+T)
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ATLAS and CMS both show I|m|ts in a2 model independent way and using benchmark scenarios

CMS result: In the hMSSM, presence of a heavy neutral Higgs boson is excluded at the 95% CL
for tanf3 > 6 and ma below 250 GeV. Exclusion contour reaches ma = 1.6 TeV for tanf3 = 60
ATLAS result: In the hMSSM scenario the data exclude tanf3 > 1.0 for ma = 250 GeV and

tanf > 42 for ma = 1.5 TeV at the 95% CL
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https://arxiv.org/abs/1709.07242
https://arxiv.org/abs/1803.06553
https://link.springer.com/article/10.1007/JHEP01(2018)055
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Charged Higgs Search (H+—>TV)

For Mu+ < mqop, main production mechanism is % Ve, ©
through the decay of a top quark (t—bH?*) 2, :<
. . \0 -
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https://arxiv.org/abs/1903.04560
https://arxiv.org/abs/1807.07915
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Charged Higgs Search (H*—tb)

This is the dominant decay mode for a heavy charged Higgs g - !
boson in a broad range of models Y _
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https://arxiv.org/pdf/1808.03599.pdf
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-004/index.html

BSM Higgs Overlay

ATLAS has released a preliminary plot showing the exclusion limits in the ma-tanf} plane
A large number of channels have been included, even some of the di-Higgs channels
Also includes BSM interpretation of SM Higgs couplings limits

Uses the hMSSM benchmark scenario
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Conclusions and Outlook

Exploiting the current LHC dataset to learn as much as we can about this new particle

Third generation Yukawa couplings firmly established
Direct observations of ttH, H—bb and H—>T*T-

Approaching sensitivity to second generation couplings, e.g., H—= U
Thus far the 125 GeV Higgs boson looks to be very SM-like

Even with a SM-like Higgs observed, Beyond the Standard Model Higgs searches continue to
be relevant (e.g., there are still regions of MSSM parameter space that are compatible with

the observed Higgs at 125 GeV)

ATLAS and CMS have a very active search program for BSM Higgs bosons and we’ve been
exploring extended scalar sectors (among other BSM scenarios)

We have at least one new boson... maybe more! These are very exciting times!
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CERN LHC Plans for Run-3, 4-5,...

LHC HL-LHC

LS LS2 14 Tev 14 Tev

13 TeV energy
splice consolidation INJECTOR UPGRADE g(;?nrngl
cryolimit - inal
7 TeV 8 TeV button collimators TOIS absorber interaction . HE LHC.: luminosity
R2E project 11T dipole & collimator regions installation }
Civil Eng. P1-P5

‘ 2012 ‘ 2013 ‘ 2014 ‘ 2015 ‘ 2016 ‘ 2017 ‘ 2018 2019 ‘ 2020 ’ 2021 ’ 2022 2023 ‘ 2024 ‘ 2025 ‘ 2026 ’HHHH 2038

ATLAS -CMS radiation
experiment upgrade phase 1 damage ATLAS - CMS
beam pipes 2 x nom. luminosity 2.5 x nominal luminosity upgrade phase 2
75% nominal luminosity - ALICE - LHCb | !
nominal upgrade

luminosity |
30" 150 b 1300 rfhosty

Vs =14 TeV, 3000 fb™' per experiment 60 PI’OiECtiOﬂS for 20 seHSitiVity
50
|| Total ATLAS and CMS 40
— Statistical HL-LHC Projection 30
—— EXperimental
—— Theor
y Uncertainty [%] 20
2% 4% Tot Stat Exp Th
B"E. 26 101519 | (OSSN <
| 104 R AOXNWY 0 T
=5 i<y .
B%Z =1 29 12 15 22 IS (75
BW = 28 1.1 12 23 o
. 4 A—Zh
B" E. 29 14 13 22 3
B = 44 15 13 40 2 .H%hh
B = 82 74 15 30 T AH
5 1 ! —
Zy 300 400 500 600 700 1000
B ——: ‘ ‘19.1 14.3 3.2 122 MA (GeV)
0 0.05 01 0.15 0.2 0.25

Expected relative uncertainty A. Djouadi, L. Maiani, A. Polosa, et
CERN-LPCC-2018-04 28 al. JHEP 06 (2015) 168



http://link.springer.com/article/10.1007/JHEP06(2015)168
http://link.springer.com/article/10.1007/JHEP06(2015)168
http://arxiv.org/abs/arXiv:1902.00134
http://arxiv.org/abs/arXiv:1902.00134

ATLAS Higgs Combination (Run 2)

H—yy

H—>ZZ*

H—> WW*

H— 1Tt

H — bb

ttH leptonic (3 categories)
ttH hadronic (4 categories)

ttH multilepton 1 € + 2 1,59

ttH multilepton 2 opposite-sign £ + 1 Tj,q
ttH multilepton 2 same-sign ¢ (categories for 0 or 1 7,,q)

ttH 1 ¢, boosted
ttH 1 ¢, resolved (11 categories)
ttH 2 ¢ (7 categories)

ttH ttH multilepton 3 ¢ (categories for 0 or 1 11,4)
ttH multilepton 4 ¢ (except H— ZZ*— 4¢)
ttH leptonic, H— ZZ*— 4t
ttH hadronic, H—» ZZ*— 4¢
VH2( VH leptonic 2,75 < p¥ < 150 GeV, Njeys = 2
VH 16 p 5 150 Gev 26,75 < pY. < 150 GeV, Nigts > 3
VH 16 s <150 Gev 2¢,pY > 150 GeV, Niegs = 2
VEE | vH S ERS > 150 Gev 0-jet, p¥ > 100 GeV 26,y 2 150 GeV, Njery 2 3
VH EIS, Efnss <150 GeV 1£pY > 150 GeV, Nigis =2
VH+VBE p} > 200 GeV 1£pY > 150 GeV, Niegs = 3
V H hadronic (2 categories) 2-jet, mj; < 120 GeV 0¢, pr. =2 150 GeV, Njeis = 2
0¢, pY > 150 GeV, Nieis = 3
VBF, p)?*/> 25 GeV (2 categories) | 2-jet VBF, p/' > 200 GeV 2-jet VBE VBF pI7 > 140 GeV VBF, two central jets
VBE | VBE. p)?%/ <25 GeV (2 categories) | 2-jet VBE, p' <200 GeV (Thad Thad ON1Y) VBF, four central jets
VBF high-m; VBF+y
VBEF low-m;
2-jet, p?z 200 GeV 1-jet, p%[ > 120 GeV I-jet, mey < 30 GeV, p? <20GeV | Boosted, p1" > 140 GeV
2-jet, 120 GeV < p?’<200 GeV I-jet, 60 GeV< p“¥< 120 GeV | 1-jet, mge < 30 GeV, pf > 20 GeV | Boosted, pTrT < 140 GeV
2-jet, 60 GeV < py'<120 GeV I-jet, p7° < 60 GeV I-jet, mee > 30 GeV, p# < 20 GeV
ooF 2-jet, p¥’'< 60 GeV O-jet, p3* < 100 GeV I-jet, mee > 30 GeV, p}.j > 20 GeV

I-jet, pX'> 200 GeV

I-jet, 120 GeV < pY)' <200 GeV
I-jet, 60 GeV < p)”'<120 GeV
I-jet, pX”'< 60 GeV

0-jet (2 categories)

0-jet, mge < 30 GeV, pI < 20 GeV
O-jet, mgg < 30 GeV, pf > 20 GeV
O-jet, mgg > 30 GeV, p2 < 20 GeV

0-jet, meg > 30 GeV, p{z > 20 GeV
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Two Higgs Double Models (2HDM)

We might have an extended scalar sector (i.e., multiple Higgs bosons) originating from two
Higgs doublets... the 125 GeV particle could just be one of these Higgs bosons.

Type | 2HDM: All fermions couple to just one of the Higgs doublets

Type Il 2HDM: All up-type fermions couple to one Higgs doublet and all down-type
fermions couple to the other

Lepton-specific 2HDM: All quark couplings are like in the Type |, lepton couplings are
like in Type |l

Flipped 2HDM: All lepton couplings are like in the Type |, quark couplings are like in Type |l

Coupling scale factor Type I Type 11 Lepton-specific Flipped
Ky sin(B — @)
Ky cos(a)/ sin(B)
Kd cos(a@)/sin(B) —sin(a)/cos(B) cos(a)/sin(B) - sin(a)/ cos(B)
Kp cos(a)/sin(B) —sin(a)/cos(B) —sin(a)/cos(B) cos(a)/ sin(B)

Tree-level coupling scale factors (BSM/SM) of a light Higgs boson to vector bosons,
leptons, up-type and down-type quarks in 2HDMs
The ratio of the vacuum expectation values for the two Higgs doublets = tan 3

The mixing angle between CP-even Higgs bosons = &
30



MSSM Higgs Sector

®* Consider the case of an MSSM Higgs at the LHC

®* 2 Higgs doublets give rise to 5 physical Higgs bosons: h, H (CP-even),A (CP-odd), H*
Enhanced coupling to 3rd generation; strong coupling to down-type fermions (at large
tanf get strong enhancements to h/H/A production rates)
Diagrams with bb vertex enhanced proportional to tan2f3 where ¢p=h,H,A

¢ GUOOO00N 2 GOE0OE0000T : b ¢ GETTE00T000 X — b
b
b vy (vsin )
Y | empmm————-— A pal ‘-3 = ——= - - - D S R ke
l tan U4 (v cos 7) ¢
b r
2 GEOOT00 b > \\:E> ---------- ¢ SOOI Ik

Can parameterize the masses of the Higgs bosons with two free parameters:

®* tanP and ma; maximum value of my ~135 GeV

300
290+
2
— H = H, A %200
S
g 150
S
g €100 | m
_— h, A —— h 50 L tanf=2 h
Low m, High m, 0

0 50 100 B0 200 250 300
(h, A degenerate) (H, A degenerate) 3! m, (Cev/c?) 3



Couplings in 2HDMs

4 types of 2ZHDMs
with natural flavor conservation

Impose Z, to couple only one Higgs to each Yukawa type (d, e)

D, (+), P1(—); tr(+),dr(£), er(¥)

Model | uj 0y ey vy Y ARt e S EIREY L EEr I

Type | d, d, 0, Type I cot3 —cotf —cot3 =4 L T

Type II b, 0, 0, Type 11 cot 3 tan/ tanf % —EE siho - _sin %
Lepton-specific | 9, b, b, Type X cotf —cot tanf  Hna % i R R —sing

Flipped | 9 J b, TypeY  cotS tanf —cotp Hie  cosa  sing  cosq  _sing  cosa

. T - - _
RN — Y T GPnFr 4TS - AT
f=u.d.]l 125 GeV

+ [ﬁ‘.-"'],dH“Lﬂ (L t 1?.) d + \/57:1H+17PRI + h.c.]
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efficiency

Reconstruction of hadronic T decays

The signature of hadronic T decays are | or 3 tracks, collimated jet, possibly EM clusters

Objects compatible with this signature are reconstructed

®* Seed from jet objects by considering each of them as a T candidate
® Identify a vertex consistent with a T decay
®*  Associate tracks within a core cone (AR<0.2) of the T axis to jet objects
e I UL I I I I I LI R > M LN UL UL LU UL [T T
1.4 ATLAS ——Reco+Loose  -©- Loose ] S 1.4+ Reco+Loose -<- Loose ATLAS ]
— Preliminary - — - Preliminary —
1_2‘_ ?_imulation —+— Reco+Medium -=- Medium ] g 1-2‘_ —+— Reco+Medium -%=- Medium Simulation ]
E tr?:t? 11%1-3:‘/9 —= Reco+Tight  -=- Tight E ® E - Reco+Tight  -=- Tight t’/rit? }s?p-lr-gr\llg E
1= ] 1= ~
| 0.8fs. oo O e
0.6f T e = ] T —
e o & i n g EEEATEEEE fkozoe ... p===- ¢ . |
0.4~ . — 0.4 g = o —
0.2:— —: 0.2 - i - —
:ll l l l llllllllllllllll lllllll : : :
056700150 200 250 300 350 400 450 500 0= 5700150200 250300350 400 450 *

truth p;had Vi [GeV]

truth p;“ad Vs [GeV]

Backgrounds from QCD jets, electrons and muons are rejected using dedicated

ATL-PHYS-PUB-2015-045

algorithms (e.g., BDT used for rejection of jets)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-045/ATL-PHYS-PUB-2015-045.pdf

ATLAS MSSM Higgs Search (A/H—=T*T)

®* New ATLAS MSSM neutral Higgs search for 2017 uses 36.1 fb-! of |13 TeV data
®*  Strongest limits to-date (no recent update of the search released from CMS as of yet)
Improvement on the limits from the 2015 ATLAS result: Eur. Phys. J. C (2016) 76: 585

®* Can use different categories to target main production mechanisms and different decays:

With or without b-quarks (b-jets; use of software for identification, i.e.,“b-tagging”)
With or without hadronic tau lepton decays (tau-jets; use software for identification)

7600000007 _ 7600000006000 ™ < b E7G060600000¢ > b
b
b
0
by @  remmem—————— rmmmmem e (0] )
b
b
& GEU0T00T & GEO0000001 > b b oo ¢
Displaced v
Tracks
b- Quar!( jet cone T ) Hadronic Tau
Secondary decay (b-jet) | Lepton decay
Vertex .
(tau-jet)
Jﬁt /7
y Specialized ATLAS »
, software to identify i
Primary ~.£i97,’ these A —

Vertex

In total, 4 categories
Hadronic Jet are con5|dere.d by
Jet 34 the analysis



http://link.springer.com/article/10.1140/epjc/s10052-016-4400-6

ATLAS Background Estimation (A/H—=T*T")

Low transverse mass Low transverse mass High transverse mass
Fail lepton isolation Pass lepton isolation Pass lepton isolation

Signal Region

Pass tau 1D

Fail tau ID

No loose tau

Figure 2: Schematic of the fake-factor background estimation in the iy Thaq channel. The fake-factors, fx (X =MJ,
W, L), are defined as the ratio of events in data that pass/fail the specified selection requirements, measured in the
fakes-regions: MJ-FR, W-FR and L-FR, respectively. The multijet contribution is estimated by weighting events
in CR-2 by the product of fi. and fyj. The contribution from W+ jets and #7 events where the Thag.vis candidate
originates from a jet is estimated by subtracting the multijet contribution from CR-1 and then weighting by fy.
There 1s a small overlap of events between L-FR and the CR-1 and CR-2 regions. The contribution where both the
selected Tp,4.vis and lepton originate from leptons is estimated using simulation (not shown here).
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ATLAS Control Regions (A/H—=T+T-)

Table 1: Definition of signal, control and fakes regions used in the analysis. The symbol ¢ represents the selected
electron or muon candidate and 7 (7;) represents the leading (sub-leading) 1y,.4.vis candidate.

Channel Region Selection
TlepThad SR { (trlgger isolated), 7y (medium), g(€) X g(71) < 0, |A¢(pT,p )| > 2.4,
mT(pT, E"“SS) < 40 GeV, veto 80 < m(p’,p™) < 110 GeV (,7Thaq channel only)
CR-1 Pass SR except: 71 (very-loose, fail medium)
CR-2 Pass SR except: 7; (very-loose, fail medium), ¢ (fail isolation)
MIJ-FR  Pass SR except: 7 (very-loose) ¢ (fail 1solation)
W-FR  Pass SR except: 70 (60)< mT(pT, E““SS) < 150 GeV in 7,7paq (7, Thaa) channel
CR-T Pass SR except: mT(pT, E7™) > 110 (100) GeV in the T¢Thad (7, Thad) channel,
b-tag category only
L-FR { (trigger, selected), jet (selected), no loose Thad-vis, mT(p[T', E"‘iss) < 30GeV
ThadThad SR 7y (trigger, medium), 7, (loose), ¢(t1) X q(12) < 0, |Ad(p7 . p7)l > 2.7
CR-1 Pass SR except: 77 (fail loose)
DJ-FR jet trigger, 71+7, (no identification), g(ty) X g(1;) < 0, |A¢(pT ,pT ) > 2.7
pi/py > 0.3
W-FR (tnoger 1solated), 71 (no 1dentification), |A¢(pT,p )| > 2.4
mT(p’{, EMs) > 40 GeV, b-veto category only
T-FR Pass W—FR except: b-tag category only
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ATLAS Events (A/H—=T*T")

Table 2: Observed number of events and predictions of signal and background contributions in the b-veto and b-
tag categories of the TiepThag and ThagThaa Channels. The background predictions and uncertainties (including both
the statistical and systematic components) are obtained before (pre-fit) and after (post-fit) applying the statistical
fitting procedure discussed in Section 8. The individual uncertainties are correlated, and do not necessarily add in
quadrature to the total background uncertainty. The label “Others” refers to contributions from diboson, Z/y*(—
tf)+jets and W(— {v)+jets production. In the 7iep7hag channel, events containing a Tp,q.vis candidate that originate
from jets are removed from all processes other than Jet — 7 fake. The expected pre-fit contributions from A and H

bosons with masses of 300, 500 and 800 GeV and tan 8 = 10 in the hMSSM scenario are also shown.

b-veto b-tag

Channel  Process pre-fit post-fit pre-fit post-fit

Tiep Thad Zly* — 7t 92000 £ 11000 96 400 + 1600 670 + 140 690+ 70
Diboson 880+ 100 920+ 70 6.3+ 1.7 6.5+ 1.4
tt and single top-quark 1050+ 170 1090+ 130 2800+400 2680+ 80
Jet — tfake 83000+ 5000 88800+ 1700 3000+400 3390+170
Zly* — L 15800+ 1200 16200+ 700 86+ 21 89+ 16
SM Total 193000+ 13000 203400+ 1200 6500+600 6850+ 120
Data 203365 6843
A/H (300) 720 + 80 - 236+ 32 -
A/H (500) 112+ 11 - 39+ 5 -
A/H (800) 107+ 1.1 - 4.8+ 0.6 -

ThadThad  Multijet 3040+ 240 3040+ 90 106 + 32 85+ 10
Z/y* - 17 610+ 230 770+ 80 75+ 29 8.6+ 1.3
W(— tv)+jets 178 + 31 182+ 15 40+ 1.0 4.1+ 0.5
1t and single top-quark 26+ 9 29+ 4 60+ 50 74+ 15
Others 25+ 6 274+ 2.1 1.0+ 0.5 1.1+ 04
SM Total 3900+ 400 4050+ 70 180+ 60 173+ 16
Data 4059 154
A/H (300) 130 + 50 - 4+ 19 -
A/H (500) 80 + 33 - 28+ 12 -
A/H (800) 11+ 4 - 51+ 22 -
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ATLAS Results (A/H—=T*T)
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Event Selection / Mass Reconstruction (A/H—ttbar)

Events / 40 GeV

Data/Bkg

®  Analysis targets the ttbar lepton+jets channel (one W to hadrons, one to leptons)
®* Single electron or single muon triggers are used—2 categories (one for e; one for M)
®*  One high pt electron or muon; high MET from the escaping neutrino; presence of at least
4 high pt jets in the event; at least one jet originating from b quarks must be tagged (70%);
Sum of MET and mt > 60 GeV (multi-jets suppression) ;v - \/z.pg.E%niss (1 = cos dg)
®* A chi-squared fit is used for assighment of the decay products, then m is reconstructed
®  Events further classified depending on the b-tagged jet(s) assignment—3 categories
2 2 2
¥ o= [m” mW] + [mff” e m’h‘W] + [mJ"V m’f} 6 categories in total
ow Oth-w Ot (2 lepton types) x
2 o
. [(I?T, jjb = PT,jev) — (DT — pT,tg)] (3 b-tagging
T diffpy classifications)
o5 sy Py B
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- {s=8TeV, [Ldt=203 1" a0 GV, tand=0.7 Q - {5=8TeV, [Ldt=2031b" QTS0 GeV =07 0 o b (5=8Te, [Ldt=203f0" _ =750 GeV, tang=0.7 -
20— [z Single top — ~ B [ Single top i ~ [~ = Single top ]
= B Multijet = 2 B Multijet 2 - = Multijet .
- ] Wijets . S B 1 W+jets . s 12 ] W+jets —]
= [ Z+jets - > 151 [ Z+jets — > u [ Z+jets N
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ATLAS High-mass Higgs Results (A/H—ttbar)

Vs =8TeV, 20.3 fb1, all limits at 95% CL
—— Obs. ==== Exp.+10/20 e Signal Samples
2.0 ' ' ! ! —
° ATLAS 3
1.5 . . g «

Ll

1.0

0.5
1 l
500 550 600

650
ma [GeV]

700 7t

Pseudo scalar

ATLAS also looks into associated production of a
heavy Higgs at 13 TeV using 13.2 fb-!. We set upper
limits on the signal production cross section x BR
for a heavy Higgs mass between 400 GeV and 1000

GeV using the ttbar final state.

Limit for Type-| or Type-ll 2HDM shown.

Vs =8TeV, 20.3 fb1, all limits at 95% CL
—— Obs. ==== Exp.+ 10/20 e Signal Samples

arXiv:1707.06025
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ATLAS High-mass Searches (H=WW or £Z)

* ATLAS H>WW=lvqq (I=e,M) uses 36.1 fb-! H—ZZ—4l and llvv (I=e,n) with ATLAS
of 13 TeV pp data use 36.1 fb-! of 13 TeV pp data

®* Selection: e,y + MET > 100 GeV, =1 jet ®  Uses the same selection as the SM

® Likelihood fit with dedicated control regions search, but requires both Z bosons to be
for ttbar and WHjets on-shell

Signal Regions:
VBF enriched category
ggF enriched category
Limits are set using various widths

Signal Regions:
VBF and ggF/qq (merged and resolved)
Inclusion of a jet substructure variable for
boosted boson vs. QCD separation
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o(pp — X— ZZ— 4l) [fb]

CMS High-mass Searches (H—ZZ)

CMS separates the searches into the H to ZZ to 4l and llvv final states

The ZZ to 4l search is done as a function of [ (with [ < mx) on my
The ZZ search in 4l uses a separate event categorization for ggF and VBF production

ZZ to 4 Iepton

(
CMS Preliminary "~
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Matrix element calculations are used to form several kinematic discriminants
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Run-1: Doubly Charged Higgs (H**)

Predicted by many models

* Left-Right symmetric models, “Seesaw Type-I
models (HY H*, H**) and “Little Higgs” mode
* Possible observation of H** at the LHC could

Masses

” models including Higgs triplet
S

provide more insight into neutrino

* Predominantly produced in pairs via Drell-Yan pp—=>H**H-
This is performed as a generic same-sign di-lepton spectrum search

Dominant background to di-muon search
at low masses comes from non-prompt
muons (from heavy-flavor decays, or
decays in-flight of pions or kaons)

ATLAS Run-| paper on 7 TeV:
Eur. Phys.].C 72 (2012)
And on 8TeV:
JHEP 03 (2015) 041
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2012-18/
http://link.springer.com/article/10.1007/JHEP03(2015)041

Run-1: Doubly Charged Higgs (H**)

e Exclusion limits from 8 TeV in 20 fb-!

o(pp = H™H X BR(H™ — p* ) [fb]

Assuming qq = Z/Y* = H*H—~ to
pairs of YU+ etet, et

Limits on H** mass of 396 GeV -
553 GeV; BR=100%

HL** couple to both the Z and photons
Hr** only couple to photons
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http://link.springer.com/article/10.1007/JHEP03(2015)041

Strong limits from 8 TeV data with 20 fb-!... |13 TeV doubly charged Higgs searches

Run-Ill: Doubly Charged Higgs (H**)

Looks like H**H-- production cross section ~doubles going from 8 to |3 TeV

start to get interesting in ~5 - 10 fb-! range?

o (pb)

FIG. 1: Cross sections of the doubly charged Higgs bosons in various production channels for vao = 55 GeV.
The collision energy is assumed to be 8 TeV in the left plot and 14 TeV in the right plot. The CTEQ6L PDF’s

are used.  phys, Rev. D85 (2012) 095023
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http://link.springer.com/article/10.1007/JHEP03(2015)041

o(pp— HH — etete™e™) [fb]

Run-Il: Doubly Charged Higgs (H**)

Only publicly-available ATLAS result from Run-Il for doubly charged Higgs is for the
ete* channel... consider different fractions of the total BR.
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The limits at the 95% CL are:

1 | 1 | —1 | 1 I 1 1 I 1 | I 1 I | | I 1
1200 100400 600 800 1000 1200
m(H=) [GeV] m(H™) [GeV]

200 600 800 1000
For 100% BR: Lower limit of 420 GeV for a doubly-charged Higgs boson coupling
to right-handed leptons (H**R) and 570 GeV for a doubly-charged Higgs boson
coupling to left-handed leptons (H**.).

For 50% BR: Lower limits of 380 GeV for H**gr and 530 GeV for H*%..

ATLAS-CONF-2016-051
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-051/

CERN LHC Plans for Run-3, 4-5,...

Run-2 pp running at |3 TeV finished in 2018... currently in long shut-down

* The long-term plan is to have about 3000 - 4000 fb-! of integrated luminosity
e ATLAS and CMS will need upgrades for an era of high luminosity running...
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