Latest results on the H(125)
from the LHC
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LHC Run 1
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e Historical achievements at LHC Run 1: e Yet still missing items:
e Discovery of a Higgs boson e Observation of the largest decay mode (bb)
e Direct observation of yy, ZZ, W+W-, t+t- e Direct observation of Top Yukawa coupling
e Confirmation of Spin/CP properties e Rare decays from new physics?
e Precise measurement of its mass e Higgs self-coupling (challenging at LHC)
H. Okawa FHEEMREY Y —EBRERR - HREES, June 4, 2018 2



https://link.springer.com/article/10.1007/JHEP08(2016)045
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LHC Run 2
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e Delivered more than 100 fb-1 in Run 2 already. Successful
operation of LHC & ATLAS/CMS.

Peak luminosity = 2.14x1034 cm-2s-1 in 2018 (twice the
design luminosity), more challenging with pileup

e Results presented here are with 2015+2016 datasets
(Vs =13 TeV, 36 fb).
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Higgs Production@LHC
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e Notable increase in the cross section (x2.3 for ggF,
| x3.9 for ttH, x3.3 for HH) from Vs=8—13 TeV.
---—--—---—--- H
A e Run 2 is the dawn of precision measurements for
, e the Higgs boson & discovery phase of the ttH.

H. Okawa FEHEWR VY —EBRESE - KEHRSS, June 4, 2018 4



Higgs Decays

o yy,ZZ(—4¢): Discovery channels. Small
branching ratios (BRs), but good mass resolution
& clean signatures.

e W+W-(—I+vl-v): Large BR, good sensitivity to
ggF & VBF, but poor mass resolution due to two
neutrinos.

e bb: Has the largest BR, but suffers from large
BG. The last major channel to be observed.

e r*r: Reasonable mass resolution, good sensitivity
to ggF & VBF prod. Best sensitivity to Higgs-
fermion coupling.

e gg: Can only be measured at ILC.
e cc: Can only be measured at ILC.
o Zy, u*y-: Very low BRs. Progressing toward the

observation of p+tu-. Zy should be visible at HL-
LHC.
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Higgs-boson Couplings
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e Higgs boson was discovered by the “Golden” boson-decay channels: yy, ZZ*(—4¢)
at LHC Run 1. LHC Run 2 is the dawn of the Higgs precision measurements.

e The two channels are combined to measure the cross section & mass, as well
as the signal strengths of various production modes.
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Higgs Cross Section
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Higgs Diff. Cross Sections
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e Kinematic distributions (Higgs pt, y, number of jets & jet pt) are important
probes to check the validity of the perturbative QCD and to understand/
improve the Monte Carlo generators.

e Higgs pr & prof jets are also sensitive to physics beyond the Standard
Model & are important to measure them precisely.

H. Okawa FEHEWR VY —EBRESE - KEHRSS, June 4, 2018 8


http://dx.doi.org/10.1007/JHEP11(2017)047
https://cds.cern.ch/record/2308390

Higgs Boson Mass
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e Similar precision (~0.2%) as the Run-1 (ATLAS+CMS) measurement with the
ATLAS-only Run-2 yy+4¢f combined or CMS-only 4¢.

o yy & ZZ*(—4¥¢) channels are currently compatible in precision.
o Z7*(—4¢) channel is still dominated by the statistical uncertainties.

e Yy channel needs to cope with the systematic uncertainties (electromagnetic
calorimeter response & materials from the inner detectors) to further reduce the uncertainties.
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H->WW

—— Combination

e [ arge signal statistics available but challenging to cope with the large BG. Access to all

the production modes.

e ATLAS analyzed the evuv channel, whereas CMS considered both the different/same
lepton flavor channels as well as multilepton channels for WH & ZH production modes.

e Signal strengths compatible with the SM.

e Both ATLAS & CMS observe H-WW0® with > 50: 9.10 (6.30) for the observed after
combining all (ggF+VBF) channels in CMS (ATLAS).
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H(bb) Evidence

e H(—bb) has the largest branching fraction (58%), but is difficult to observe due
to the large BG.

e WH, ZH production modes have the highest sensitivity.

e (Considered mpy, & various kinematic distributions as inputs to multivariate analyses
(boosted decision tree; BDT).
e Dedicated b-jet calibration to improve mpy resolution.
q H
e (@Grouped into various categories by the numbers of
leptons (& jets for ATLAS) & W/Z pr.
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H(bb) Evidence
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e Evidence of H(bb) by both experiments!

e ATLAS: 3.60 (4.00) [Run 1+2] for observed (expected)

e CMS: 3.80 (3.80) [Run 1+2] for

observed (expected)
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e (Consistent results with the cut-based analysis in ATLAS (performed as a cross-check).
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ttH Measurements
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The ttH production allows us to directly measure
the H-top Yukawa coupling.
The following channels are considered in ATLAS & CMS:
e ttH(—bb): with 1, 2 leptons (also all had. for CMS)
e ttH—multilepton+X: 2 same-sign, 3, 4 leptons w/ or w/0 Thad.
o ttH(—yy): several categories with 0/1-lepton & jets/b-jets.
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ttH Observation
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Both ATLAS & CMS see evidence of ttH production with Run 2 data.

With Run 1+2 combination by CMS, the production is fully observed:

e ATLAS Run 2:4.20 observed (3.80 expected)

e CMS Run 1+2 :5.20 observed (4.20 expected).

Signal strength of uwn=2 is now excluded at 95% CL by both ATLAS and CMS.
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Higgs Rare Decays

* Tu<~3 IySM still allows for sizable contributions from BSM decays.

e Searches for rare Higgs decays is a probe for new physics, i.e. in

enhancement of expected decays or in new decay modes (invisible, LFV, new
bosons, etc.).

e Rare decays searched at the LHC:

H. Okawa

Loop diagram: H—Zy in the
10

t
. : it men” . qes
1st generation couplings: H—=py, H—ee W pext slid

2nd generation couplings: H— ¢y, H—=J/y y, H—=YYy, H—=cc, H=pup

LFV: H—eT,ut,ep; (t—qgH)

New particles: H—invisible, H—aa (a: new (pseudo)scalar),

H—ZZ4,Z4Z4— 44 (Zs: new vector boson), H—fgofge = lepton-jets+X (fs2: hidden
fermion)
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H(u*ur)
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BR(H—u+u)=2.2x104 from SM. Best sensitivity to the 2nd generation Yukawa couplings.

BDT is considered with various muon & jet kinematic variables uncorrelated to my,. The
events are categorized based on the BDT scores & my, resolution (i.e. muon directions).

BR(H— u+u)/BRsm(H— utu) < 2.8 obs (2.9 exp) for ATLAS & 2.64 obs (1.89 exp) for CMS
@95% CL with Run 1+Run 2 combined dataset.

Best fit signal strength: -0.1+1.4 (ATLAS), 0.9+1.09 ¢ (CMS). Uncertainty is statistically dominated.
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Z(¢+€-)H(cc)

arXiv:1802.04329
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b-jet rejection

e BR(H—cc)=2.9% from SM. Charm coupling was previously searched with J/y y channel in
Run 1.

e An approach to search for the coupling with c-tagging has been newly considered by
ATLAS in Run 2.

e ozxBR(H—cc) <2.7 (3.9) [pb]; 110 (150) times the SM expectation for obs. (exp.)@95% CL.
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Invisible Higgs Decay
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e |nvisible decays of the Higgs boson are expected from various BSM models, especially in
relation to the dark matter. Searches are pursued with a Higgs recoiling against visible particles.

e For all the channels, the expected sensitivity has surpassed that of Run 1.

e CMS Combination provides BR(H—inv) < 24% [obs], 18% [exp]@95% CL.
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Combination
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Parameter value

e \Visible improvement in sensitivity for ggH & ttH.

e Precision from first 36 fb-1 from a single experiment matches Run 1 ATLAS+CMS for
various couplings.
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Combination - STXS

e Simplified template cross sections (STXS) aimed to balance experimental precision
& theory uncertainties. Less model independent than Run 1 approach.

e \Very simple fiducial regions for each production mode & common between
ATLAS, CMS, and theory.
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Di-Higgs

---H

---H

Destructive Interference

Di-Higgs production searches are

pursued at the LHC, mostly in the
context of new resonance searches.

at 95% CL from HH—4b

e Best constraint on self-coupling from HH—bbyy channel: -8.82 < k) < 15.04 at 95% CL.

Channels 95% CL limits on onH/OHHSM [obs (exp)]
ATLAS CMS
4b <13 (21) < 342 (308)
bbWW — <79 (89)
bbrt < 160 (130) [Run1] < 30 (25)
bbyy <117 (161) <19 (17)
YYWW < 747 (386) —
Run-2: 3 fb-1, 13 fb-1, 36 fb-
H. Okawa FEHEAREY Y —EBRESE -
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https://arxiv.org/abs/1804.06174
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-008/index.html

Summary

H. Okawa

Discovery of a Higgs boson is a dawn of a new era, where a totally rich
program has opened up to be investigated and to be understood.

Many achievements in Run 2 beyond the Higgs discovery:

e More details & improved precision in cross section & coupling measurements
e Single-experiment observation of H—>t+7".

e Evidence of H—bb

e Observation of ttH production

®* Uncertainty on the signal strength of H—pu+u- is reaching 100%

e More stringent constraints on various BSM phenomena.

More to come with the full Run 2 data to be taken until the end of this year.

Run 3 & HL-LHC will provide various measurements of the Higgs boson w/
even higher precision & sensitivity to various rare processes (both SM &
BSM).
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Combinat

ion

| Run 1 (ATLAS+CMS) |

Parameter | ATLAS+CMS ATLAS+CMS ATLAS CMS
Measured Expected uncertainty Measured Measured
Kz 1.00 0.98 1.03
[—1.05, —0.86]U [—1.00, —0.88]U [—1.07, —0.83]U | [-1.11, —0.83]U
[0.90, 1.11] [0.90, 1.10] [0.84,1.12] [0.87,1.19]
KW 0917515 o 0917515 0925517
K 0871513 013 0.987550 0.7 535
e 0907575 ons 099255 0837551
Kp 0.67 0.64 0.71
[—0.73, —0.47|U [—1.24, —0.76]U [—0.89, —0.33]U | [—0.91, —0.40]U
[0.40,0.89] [0.74,1.24] [0.30,0.94] [0.35,1.04]
|K;4‘ 0.2+12 +0.9 0.0714 0.51+14
H. Okawa

| Run2(cms) |

BRinV. =0

Uncertainty

Parameter Best fit Stat. Syst.
1+0.11 +0.09 +0.06

" 0.99 Ty11 ~0.09 ~0.06
z (+0.11) (+0.09 (~|—0.06)
—0.11 ~0.09 ~0.06

10.13 10.10 +0.08

” 112 419 ~0.18 ~0.07
w (+0.12) (+0.09 (+0.07)
—0.12 ~0.09 ~0.07

10.14 +0.08 10.12

K¢ 1.09 "y1y ~0.08 —0.12
(—1-0.14) (—I—0.0S (—1—0.12)

~0.15 ~0.09 —0.12

10.17 10.11 10.12

” 1.01 "y1g ~0.15 ~0.09
T (+0.16) (+0.11 (+0.11)
~0.15 —0.11 —0.11

10.27 10.19 1+0.19

" 1.10 "g33 —0.30 —0.14
b (+0.25) (+0.19 (+0.17)
~0.23 —0.17 ~0.15

10.15 10.10 10.11

X 1.14 "3 ~0.09 ~0.09
g (+0.14) (+0.10 (+O.10)
—0.12 ~0.09 ~0.09

10.15 10.10 10.11

" 1.07 “y1g —0.17 ~0.07
T (+0.12) (+0.10 (+0.07)
—0.12 ~0.10 ~0.07
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Combination

| Run 1 (ATLAS+CMS) | Production process | ATLAS+CMS | ATLAS | CMS Decay channel | ATLASICMS | ATLAS | OV
1.03 T016 126102 | .84 +0.18 pr 114 oo 114 %055 | 111 753
HggF WY 014 P ~0.20 ©F —0.16 <+0.18) (+0.26) (+o.23)
<+0.16) (+0.21) (+0.20> -0.17 ~024 -021
e 120402 | 152008 | 10403
JVBE 1.18 1923 12103 | 1.14 03 (53) (292) | (+0m)
0'24 0'32 +O.36 —0.20 —0.27 —0.25
<io"23) (J—ro’29) (70'34> ww 1.09 918 1227923 | 090 0%
: - . & ~0.16 —021 —021
- 0.89 +040 1251056 | 0.46 057 (*812) (=53) | (3%)
(*54) (*9%) | (%) h LR | LY oss R
HzH 0.79 7938 030 9% | 1.35 103 (%3) (%) | (83)
<+0.39> (+0.55> (+o.55> u 0.70 5% 062 153 | 0.81 157
—0.36 —0.51 —0.51 (+o.z9> (+o.39) (+o.45)
53 +07 19 +08 59 +10 028 —037 —043
HitH 3 1o 9 207 9 209 Hp 0.1 123 —0.6 30 093¢
(+0.5) (+0.7> (+0.9> # 5 e 2
-05 —07 —08 (7213) (73:6) (412)
Run 2 (CMS) | Production process
ggH VBF WH ZH ttH
Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty
Stat. Syst. | value  Stat. Syst.| wvalue  Stat. Syst. | wvalue  Stat. Syst. | value  Stat. Syst.
+0.14  +0.08 +0.12 +030 +024 +0.17 +058 +046 +0.34 +0.44 +039 +0.20 +031 +0.16 +0.26
“013 —00s o010 [973 Z027 023 015|218 Zoss  Tous o032 (087 T Tozs “o1s (118 Toz o1 ot
+0.07y (+0.09 +0.29y (+0.24\ (+0.16 +0.53Y (+0.43y\ (+0.30 +0.42\ (+0.38Y (+0.19 +0.28Y (+0.16\ (+0.23
) Coor) Coos)|l (o) o) Coud)|  Cosy) Cap) Coze)|  (Foag) Cor) Conr)| (Fazs) Caie) (Cozn)
Decay mode
H — bb H— 17 H—- WW H— 77 H— vy
Uncertainty | Best fit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty | Bestfit Uncertainty
Stat. Syst. | value  Stat. Syst.| value  Stat. Syst. | value  Stat. Syst.| value  Stat. Syst.
+029 +0.19 +0.22 +026 +0.15 +0.21 +0.17 +0.09 +0.14 +0.19 +0.16  +0.10 +0.17 +0.12  +0.12
L12 D28 To19 o020 (102 To24 Toas 019|128 Toas Cooo 013 [100 Tgiz Tois “oos (120 Toar o1l 009
+0.19y (+0.21 +0.24\ (+0.15) (+0.19 +0.14\ (+0.09) (+0.11 +0.18\ (+0.15) (+0.10 +0.14\ (+0.10\ (+0.09
) (T18) (Co0) Cozs) Corg) Copy) (Co13) Coge) o) Co16) Co1s) Cogs) Co1z) Coro) Cogr)
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Higgs Decay Width

e The decay width of the Higgs boson is 4.1 MeV. Unable to directly measure at the
LHC due to detector resolution (i< 1.10 GeV@95% CL [CMS]). To be measured at LC.

e However, Higgs off-shell production is sensitive to the Higgs total width & it can be
constrained at the LHC using H*—»ZZ—-4¢ ¢fvv & H* >WW - fviv.

e Runi:Tn<22.7 (33.0) MeV [ATLAS], 13 (26) MeV [CMS]@95% CL for obs (exp).

model-dependent

e (Constraints will improve with statistics.
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e Visible excess of 3.60 (global 2.20) at 240 & 700 GeV. Mainly 4e for 240 GeV.
e 700 GeV is not expected from the 2HDM.
e 700 GeV excess not observed in £fvv, ££qq (deficit in the latter..)

e Need improvement on the ZZ BG estimation for 4¢ & £¢vv (currently fully relying on MC w/
NNLO QCD & NLO EW precision).
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Heavy Higgs Summary
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Phys. Rev. D92, 092004 (2015)
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e Exclusions from heavy Higgs searches are summarized in the ma-tang plane for NMSSM.

* Significant improvement in Run-2.

H. Okawa
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More Generic DM Searches
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Mono-H DM Searches

Vector Mediator Model

Z'-2HDM Model

Heavy Scalar Model

9

e Higgs-strahlung from initial-state partons is suppressed by the Yukawa coupling.
e Mono-H searches are direct probes for the DM interactions.

1000'_ LI L L L | — 1 T T T T ] T TN
- ATLAS — Observed limit ]
900F- Vs =13TeV, 36.1 fb §EE Expected limit t16
E h(bb) + ET°, all limits at 95% CL === (s=13TeV,3.2f6" -
C Z-2HDM ]
800__tan[3=1,gz=0.8, m, =100 GeV B
T m,, = m, = 300 GeV .
700~ ]
600 —
500 -
400 -
I: 1 | "'~I 1 1 I 1 1 1 1 I 1 1 I‘,~I'§ I 1 1 1 :‘Q 1 1 I:

300500 1500 2000 2500
m,. [GeV]

H. Okawa

FHEMREY Y —BRERE -

350

300

250

200

T ' | ' |

~"-.["II|II\*L_J~\\\\‘\\\\

& Vs=13TeV, 36.1f6"'] 7
& H(yy) + E'*%, Z-2HDM, Dirac DM | ~ -
/tanp=1.0,g, =0.8,m, = 100 GeV,m,;. = 300 GeV-

c’obs / Oth =1

ATLAS |

Expected + 10

Expected =
Expected - 1o ]

L
800

1
600

1 |
1000

.
1200

1400
m,, [GeV]

10*

10°

102

10

95% CL limit on o(pp — H) x B(H —= yyxy) [fb]

—e— Observed

------- Expected

[ Expected = 10
[ ] Expected = 20
B o, xB(H— vyxx)

pp — H — h(yy) + xx, Heavy scalar model
m, =60 GeV, B(H — hyy) = 100%

Vs =13 TeV, 36.1 fb™

TT T[T T T T [TT
ATLAS

KRR ES, June 4, 2018

M AT
260 2

70 280 290 300 310 320 330 340

I
350
my, [GeV]

33



