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- Particle consistent with SM Higgs boson discovered in 2012 at the LHC
with a mass ~125 GeV

- First fundamental scalar particle observed
- Related to the EW symmetry breaking

- Several open questions:

- Only one Higgs boson or more ?

- Stability of the Higgs boson mass ?

- Probe properties of the H(125) boson and search deviations from
Standard Model predictions

- Want to probe all possible couplings of the Higgs boson, including to
both gauge bosons and fermions

gauge coupling Yukawa coupling
M W+ 7 f




Production and decay in the SM

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections
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Parameter value norm. to SM prediction

 All tested alternatives to 0+ spin-parity (SM) rejected

* ~10% accuracy for inclusive cross-section measurement
>= 0(10%) accuracy on coupling studies. Need better accuracy to probe BSM physics

Decays to bosons well established

Decays to fermions observed at ~5 sigma level only for tau-tau when combining ATLAS
and CMS

Lack direct observation of coupling to b and top quarks (indirect observation of top
coupling via gluon fusion loop process)


http://inspirehep.net/record/1376946
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803
https://link.springer.com/article/10.1007/JHEP08(2016)045

Production modes and decays studied

-observed (run 2)
investigated Untagged VBF VH ttH
rare decay (ggF mostly)

Combination of decays

(Boosted)
(Highly Boosted)
H->uu
H=>cc
H=>Zv
H->invisible

Each decay*Production mode combination involves usually several
analysis categories to improve sensitivity

Main backgrounds usually derived or checked with data control regions
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Muon Detectors

Large general purposes detectors
Upgrades for run 2 (starting 2015)

* new innermost pixel layer (ATLAS)

* pixel detector replacement in 2017 (CMS)
* trigger improvements to cope with ~1 GHz pp interaction rate

CMS DETECTOR
Total weight : 14,000 tonnes
2 Detector characteristics Overall diameter : 15.0 m
. . Width: 44m Overalllength  :28.7m
Electromagnetic Calorimeters ﬁ Diameter: 22m Magnetic field ;3.8 T
< Weight: 7000t
Solenoid CERN AC - ATLAS V1997

Forward Calorimeters

End Cap Toroid

s
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CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbBWO, crystals

STEEL RETURN YOKE

SILICON TRACKERS
Pixel (100x150 ym) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m? ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels

i Inner Detector : ieldi
Barrel Toroid e — Shielding



Run 2 dataset

+ Run 2 Vs =13 TeV, 25 ns bunch spacing

+ Peak luminosity ~2.10%* cm~s (twice design)
- Up to ~60 pp interactions per bunch crossing

- Results shown here based either on
- 2015+2016 dataset ~ 35 fb-! of "good" data
- 2015+2016+2017 ~80 fb-' of "good" data

CMS Integrated Luminosity, pp
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Dealing with high luminosity and pileup

Develop techniques to mitigate pileup (=simultaneous pp interactions within
detector sensitive time)

- Detailed use of tracking detector information (resolve each interaction vertex)

- Event-by-event (particle per particle) identification of pileup energy deposit and
subtraction of pileup

Most sensitive variables to pileup are missing transverse momentum resolution

and lepton isolation variables
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Measurements reviewed in this talk

+ Couplings to fermions: Observation with run 2 data

- ttH observation with run 2 data (one of the key goal of run 2)

H—bb observation with run 2 data

H—TT observation and H—pu search

- Decays to bosons: Towards higher precision

- H-WW, ZZ and vyy

- (Differential) cross-section measurements

- Combination of all channels

- Rare decay searches

- Run 2 Higgs boson mass and width measurements



How to look for ttH production !

» Sensitive at tree level to top-Higgs coupling
* gluon fusion sensitive to top-Higgs couplings in loop (more sensitive to BSM)
* Top yukawa coupling close to 1 in the SM
« Rare production process (cross-section ~0.5 pb)

« Complicated final states

 H—Dbb larger BR, but complicated tt+bb background (+combinatorics bkg)

* H-WW, tau tau : signature with multi leptons, no mass peak, need to understand
background yields

 H—-gamma gamma: "clean" mass peak but very low stat (BR ~ 0.2%)

 H—4l: "even cleaner" but ~little sensitivity given current stat. (not discussed here)
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Events

Data / Pred.

ttH H—bb searches

Look at 1 or 2 lepton + jet events (0 lepton analysis also done by CMS in 1803.06986 )
Classify as function of Njet and jet b-tagging properties (up to 6 jets and 4 b-
tagged jets)

Main background is tt + heavy flavor production (ttbb, ttcc)

Define multivariate discriminant based on kinematic variables to separate signal
and background in signal regions

Overall fit with free normalization of ttbb and ttcc backgrounds

Expected sensitivity to SM ttH: 1.6 (ATLAS) ,2.2 (CMS) sigma
Observed: 1.4 (ATLAS),1.6 (CMS)
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https://arxiv.org/abs/1803.06986
https://arxiv.org/abs/1804.03682
https://arxiv.org/abs/1712.08895

ttH — multilepton searches

Use two same sign lepton (I=e,mu), 3 leptons (3l, 2|+1 tau) and 4 leptons
to avoid ttbar -> dilepton background

Define categories according to lepton multiplicity
Main backgrounds are ttV, VV and background with non-prompt lepton
or charge misidentification from ttbar

Multivariate discriminants trained in each category to separate S and B

Global fit with background estimates checked/refined in Control regions
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https://arxiv.org/abs/1803.05485
https://arxiv.org/abs/1712.08891

ttH — multilepton searches

Expected significance for SM ttH: ~2.8 (both ATLAS and CMS) standard

deviations

Main systematics from ttV background modeling and non-prompt lepton
background. Total systematic uncertainty ~ similar to stat. uncertainty
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Events / GeV

ttH H—gamma gamma searches

2 selections: lepton+jets and all hadronic

Main background: non resonant production (tt
+gammagamma, etc..) and also non-ttH H production
modes

ATLAS (80 fb-"): Deep neural networks trained using
mixture of data and simulation to define data
categories

S+B fit of M(gamma-gamma) in each category

B constrained by mass sidebands

observed (expected) significance: 4.1 (3.7)
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https://arxiv.org/abs/1804.02716
https://arxiv.org/abs/1806.00425

Example candidate for ttH, H->gamma gamma
in lepton+jet final state

EXPERIMENT

Run: 331742
Event: 1873900334
2017-08-04 21:48:42 CEST




Events

Obs. / Bkg.

ttH observation

Combine different decay modes assuming SM for the decay BR
Combine also with run 1 data (lower sensitivity, 20 (5) fb' @ 8(7) TeV)

Expected significance 4.2 (CMS), 5.1 (ATLAS)

(note that ATLAS uses 2017 data for ttH,H->gamma gamma and 4l)

5.1 b (7 TeV) + 19.7 fb™ (8 TeV) + 35.9 fb' (13 TeV)
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How to look for H—bb decays !

A long journey to observe H—bb decays even if it is the dominant H decay mode
(BR~58 %). This was the main decay search at LEP and Tevatron (2.8 sigma

evidence in Tevatron legacy result)

* Inclusive production very challenging given large cross-section for bbbar production

at LHC

* Associated production with vector boson (V=W,Z) is the most sensitive channel

« W,Z decay provide ways to trigger the event

 But still have to deal with large backgrounds from V+jets, Vbbbar and ttbar production

* Was considered ~ hopeless 20 years ago...

» Can also use ttH production (see previous slides)

b-tagging performances are a key
ingredient for this search in addition
to the abillity to reconstruct the bb
invariant mass (but needs to use also
many other variables, usually
combined in a multivariate
discriminant)
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Searches for VH, H—bb

0,1,2 lepton selections to target Z—nunu, W—I nu or Z—l

2 b-tagged jets, optimize invariant mass resolution (dedicated corrections)
Multivariate analysis based on kinematic variables (including Mbb) for
different signal regions (use also Pt(V) in signal region definition).

Simultaneous fit of signal distribution and of control regions for constraining
normalization for V+jets (including V+heavy flavor) and ttbar background
(background shapes from MC simulation). Multijet backgrounds from data
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https://arxiv.org/abs/1808.08238

Validation: VZ with Z—bb seen as expected from SM predictions (with ~ 20%
accuracy)

Main uncertainties: stat., background modeling, b-tagging performance, jet
energy scale

Expected sensitivity to VH,H->bb (run1 + 80 fb-1 run 2): 5.1 (ATLAS) 4.8 (CMS)
Observed : 4.9 (ATLAS) 4.8 (CMS)

Cross-check cut-based analysis
(mbb used only as final variable)
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https://arxiv.org/abs/1808.08242
https://arxiv.org/abs/1808.08238

Other searches for H—bb:VBF production

q 4
Use also VBF+photon events (easier to :
trigger, better S/B, reject bbjj background)
Divide events in different signal regions
according to S/B (multivariate BDT)
m_bb (2 b-tagged jets) as final discriminant
Fitted Yield /SM prediction=2.4+1.4-1.3 g

(driven by stat. uncertainties)
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https://arxiv.org/abs/1807.08639

Other searches for H—bb: gluon fusion

gg—H+X with high Pt(H) has better S/B ratio

H decay products merged in a "fat" jet (m/Pt~0.25)
Ask for double b-tagging and look at mass of jet
QCD bkg shape from data control region (failing double b-tagging)

Z—Dbb signal clearly observed as expected

~(0.7 sigma expected significance for H, 1.5 sigma observed
o(pt(H)>450 GeV) /SM prediction=2.3 + 1.5 (stat)*1-0..4(syst)

35.9 fb' (13 TeV)
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» ~ (0]
o (@) o
(@] (@] (@]
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Data - multijet — tt
G
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https://arxiv.org/abs/1709.05543
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Combined

H—bb observation

Combine searches in all channels with bb decay
(including also ttH production mode)
Assume common signal strength

Also combine with run-1 data

Observed yield well consistent with SM predictions
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| o -1 1.68 1.12 (-'—-1.00 J j0.51 )
+0.56 0.28 +0.48
———— 1.00 “o, (%057 2046 )
+0.22 +0.14 +0.17
b4 0.98 7,5 (Zo14s 016 )
+0.20 0.12 +0.16
e 1.01 5% (515, 018 )
| | | | | | | | | | | |
0 1 2 3 4 5 6 7
MH—>bb



https://arxiv.org/abs/1808.08242
https://arxiv.org/abs/1808.08238

H—tau tau observation

e Different tau decay modes: 1708.0037 35.9 fo! (13 TeV)

1800 T 7 =
lep-lep, lep-had, had-had S UECMS 4
- : : = 1600~ : -
» Categories according to production: & £ 30
C 1400} Observed 2 —
VBF, boosted gg->H e
. . . _ 1200 &°@ ] —
 di-tau mass estimate using visible tau g | Wwes of
. . E 1000 QCD multijet _]
energies and pt(miss) o f o 10 | ]
. . 800__ Bkg ....... L b L e b __
» Main background is from Z->tautau > | D ey
. . . . . 600 et T T -
(simulation with CR normalization) and § ¢ 35&}: :
fake tau (data driven) » “°F f.. " Boosted: 1, e, o
. . . . . 200__ * —_
* Fit di-tau mass distribution ——  ——
0 50 100 150 200 250 300
g osF T T T T T Tl m.. (GeV)
'ébi 0.6 :_ %f ::nst fit B
e 1 36 b run 2 results + run 1:
“E e 1 Exp. significance: 5.4 (ATLAS) 5.9 (CMS)
0:_ATLAS Preliminar_x E
_0-2__.VEI=.13.T.6VI,:.36:1TbI PRI N NN TR TR T N T T N NN S N I_._

-2 0 2 4 6 8 10
ATLAS-CONF-2018-021 ot [pb]

23


https://arxiv.org/abs/1708.00373
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-021/

Coupling to 2nd generation: H—mu mu

Very low S/B
Main background from continuum Z/y*—mu mu

Categories targeting gluon fusion and VBF ALLAS-CONF-2018-020

> 8000 L L L L L e e D LR LB A

: o) ATLAS Preliminary 3

prOd u Ctlon g 7000 = Non-central high p:” {s=13TeV, 79.8 b _;
E 6000 v2/ndof = 37.5/48 H—>uu analysis :

Background parameterized by empirical function s " Background =
—— Signal x 20 .

1.2 GeV mass resolution for best category in CMS  «;
~1 standard deviation exp. sensitivity for SM rate

5.0 b (7 TeV) + 19.8 b (8 TeV) + 35.9 fb (13 TeV) o 2;: } + E
7 r ol -

E(% - CMS —=—  QObserved %g oiﬂH#*#+++Hﬁ#*+++++++*+++H++++++++*+ ﬁ;_f
2 6 = B== Expected (background, 68% CL, 95% CL) Al _25— + 3
S _F .- Expected (SMm_ =125 GeV) e
T 5p¢ H 110 115 120 125 130 135 140 145 150 155 160
— m,, [GeV]
3 4E
2
&

Observed limit: 2.1xSM (ATLAS 80fb-")
2.9xSM (CMS 36fb" + run 1)
Expected (no SM signal): 2.0 (ATLAS) 2.1 (CMS)

120 121 122 1 126 127 128 129 130
1807.66325 m,, [GeV] 24


https://arxiv.org/abs/1807.06325
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-026/

»+ Couplings to fermions: Observation with run 2 data

- ttH observation with run 2 data (one of the key goal of run 2)

H—bb observation with run 2 data

H—TT observation and H—pp search

- Decays to bosons: Towards higher precision

- H-WW, ZZ and vyy

- (Differential) cross-section measurements

- Combination of all channels

- Rare decay searches

- Run 2 Higgs boson mass and width measurements
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Events /10 GeV

Data-Bkg.

Measurements of H—=>WW

Look at H-WW—I| nu | nu (e-mu channel most sensitive)
Mass reconstruction not possible => "counting" experiment

"Large" signal rate but need careful background estimate (S/B<1)

Main backgrounds from WW, top and Wgamma production
normalized in control region. Data driven estimate of "fake" lepton

backgrounds
2000 s 1808.09054 | example of S and B yield in some categories used by CMS
. | | ' & Data' \\ Uncerkamty Category
1800F ATLAS W H, I He . O-jet DF 1-jet DF 0-jet SF 1-jet SF
1600F H—WW*—evuv, N < 1 O] ttwt [ ww E ggH-tagged ggH-tagged ggH-tagged ggH-tagged
 s_1aTov asif? Z/y* [ Mis-ld ; ggH 4831 (642.1)  269.1 (339.3)  231.2 (324.6) 82.0 (92.8)
1400F eV, 2o " R%% ] VBF 56 (7.4) 221 (29.4) 15 (2.5) 5.9 (9.3)
1200k : WH 124 (16.4) 15.8  (20.6) 33 (4.3) 2.9 (3.8)
: : ZH 52 (6.9) 50 (6.7) 2.6 (34) 14 (1.8)
1000f ttH <01 (<0.1) 02 (02) <01 (<0.1) <01 (<0.1)
800! bbH 34 (44) 15  (2.0) 17 (2.3) 0.5 (0.7)
; Signal 509 (677) 313 (398) 240 (337) 93 (108)
600¢ +total unc. (+31) (+19) (24) (+13)
400; WW 7851 (9088) 3553 (3727) 1596 (1805) 373 (365)
200! Top quark 2505 (2422) 5395 (5224) 334 (339) 452 (443)
: Nonprompt 1555 (1006) 781 (482) 301 (260) 111 (97)
Ore DY 154 (154) 283 (302) 437 (459) 178 (216)
300 VZ/Vry* 368 (385) 327 (338) 101 (104) 43 (43)
Vy 213 (210) 137 (128) 23 (26) 17 (19)
200 Other diboson 51 (5.3) 35 (3.7) 9.3 (94) 2.0 (2.1)
Triboson 93 (9.6 16 (17) 12 (1.2) 1.3 (1.3)
100 Background 12660 (13280) 10496 (10222) 2803 (3004) 1177  (1186)
+total unc. (£141) (£178) (£97) (EE59)
Of- Data 13964 10591 3364 1308
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https://arxiv.org/abs/1808.09054

Measurements of H—=WW

Measure separately cross-sections for
gluon fusion and VBF production

1806.05246 1808.09054
CMS 35.9 fb' (13 TeV) - 20—
H->WW g_ - — 68%CL ATLAS 1
— [ — 95% CL — -
, —— Combinati \ i . s=13 TeV, 36.1 fb
wo =138 "2 L ompInaTon = 15 % Bestfit -
goH -0.24 = 4 SM
------ SM 1 [
: A 10F -
My = 0.29 e —! wo=128 08 " '
. & |
@) 0.5_- i
g =327 1138 |
0.0f .
HZH =1.00 -'-1105(’)7 :
_0'5—5""6' LIS ”1|0"”1|5””2|0””25
Loy ] | | | | OggF . BH—)WW* [pb]

G/GSM
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https://arxiv.org/abs/1806.05246
https://arxiv.org/abs/1808.09054

Events / 2.5_LGeV

Measurements in H—2ZZ—4| channel

Very clean channel

but low rate (BR ~0.009%) and low energy leptons

=> great care to optimize reconstruction and identification of lepton,
especially electrons, down to ~5-7 GeV

Background mostly irreducible ZZ* production (from simulation),
followed by ttbar and Z+bbbar with non-prompt leptons (from data)

Divide data into categories sensitive to different production modes

:l A;L;gllslrleu;r}]l;n';r;/l ! I¢I | [I)a|t; A I: CMSISimuIz-Iztion Preliminary | | 41'.5fb-1 (13 TeV)
00 —H = 77¢ s 4 -:i;na' M1z cel Untagged EEJUREES(OMAEIRIE I
- 13 TeV, 79.8 fb™ B z:jets, 1, 14V, VWV 4 VBF-1jet —
B 7/ Uncertainty 7] 11.85 (S)(oF events
80 — tagged |
- i Vtzg;gt 3.77 exp. events
60 — _| _ |
i i VH;QSS;%”'C 2.00 exp. events j]
40 - N VI-:—aISSteodnlc 0.47 exp. events
- - —
- - ttH-hadronic .
20 B 7 tagged & |
0 tagged : : : : : : : : .
80 90 100 110 120 130 140 150 160 170 0O 01 02 03 04 05 06 07 08 09 1
Signal fraction
ATLAS-CONF-2018-018 m,, [GeV] CMS-PAS-HIG-18-001 J
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-18-001/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

Measurements in H—gamma gamma

Clear signature with narrow mass peak

BR ~ 0.2%

Large background from (mostly) diphoton production (S/B ~few %)

=> optimize and study mass resolution starting from Z->ee events

=> Categorize events according to S/B and mass resolutions (and production
mode) to increase sensitivity

CMS 35.9 o (13 TeV) ATLAS-CONF-2018-028
>x103\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\
& 100k Barrel-Barrel $ Data b
g - RQ > 094 .Z — e‘*e’ Simulaﬁon > T | T T T T T T T T I T T T T I T T T T
; : DSimulation stat. @ syst. unc. : 8 1 ¢ Data ATLAS Preliminary
g 80 7] o S00F Signal + background Vs=13TeV,79.8b"" n
0 — === Continuum background m, = 125.09 GeV 1
60 i — In(1+S/B) weighted sum, S = Inclusive |
L 4 E i
i i -
sl i > 1000
20; ; "'6
E -
k\\\\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\A 3 500
%O 82 84 86 88 90 92 94 96 98 100 n L
CMS simulation 13 TeV
* FTr T T ‘ T 1T ‘ L ‘ L ‘ L ‘ L ‘ \\\\\
3 500 H—yy All categories ]|
C n  S/(S+B) weighted: .
B # Simulation x@ :I
400} - m 60r
B Parametric = C
a0ok " model % 40 -
3 E O  20F
Oy = 1.69 GeV 1 C
200 — i — "g 0
1804' 027 1 6 E FWHM = 3.38 GeV i : D _20 __I [ I L P R S S T T R TR R | —
100 ~ 110 120 130 140 150 160
L r '-"327"‘ Lo L S 7 m’Y’Y [GeV]
905 110 115 120 125 130 135 140 29

m,, (GeV)


https://arxiv.org/abs/1804.02716
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

Total cross-section from H—4l and H—gamma gamma

'E' _' T T T TTT . ' .' 7T
Z 100~ ATLAS Preliminary oy My =125.09 GeV ]
f C AH—yy 0 H—ZZ*—4l QCD scale uncertainty
Q i o
o2 80 - ¢ combined data Bl Total uncertainty (scale ® PDF+a,) R
_ systematic uncertainty % ]
60 —
- —
40 —
i | +
i Vs=7TeV, 45fb" i
- Vs =8 TeV, 20.3fb"
Or \s=13TeV, 36.1 fb" n
P I T TR T NN T TR T T NN TR T A T NN T T T T NN TR T T S NN TR T T N NN T
7/ 8 9 10 11 12 13
Vs [TeV]

similar accuracy in 41 and gamma-gamma channels
Little model dependance
About 10% accuracy in inclusive cross-section:

1805.10197
CMS-FAS-HIG-17-028

Theory prediction: 55.6 +- 2.5 pb
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https://arxiv.org/abs/1805.10197
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html

Differential cross-section with H—gamma gamma and H—4l|

Pt(H) boson

ATLAS-CONF-2018-028

ATLAS-CONF-2018-018

e | —
% 0. 12| ATLAS Preliminary ¢ Data ] g ATLAS Prellmlnary H%w Vs = 13 TeV, 79 81"
O) - H—>ZZ" - 4 [ ] Syst. uncertainties 7 % - -¢- Data, tot. unc. Syst. unc4
B - 13 TeV, 79.8 fb™ W MG5 FxFx K =1.47, +XH 4 = 1 i
o= 01— NNLOPS K = 1.1, +XH — o & 99—H default MC + XH
3 - “5555% XH = VBF+WH+ZH4ttH+bbH O ' B NNLOJET®SCET + XH
Q:_ 0.08 Total stat. ® syst. uncertainty __| O,}g “ ! XH = VBF+VH+ttH+bbH
S - H p-value NNLOPS = 7.8%  — 3
B 0.06 - mle. H p-value MG5 FxFx = 9.4% -
- 3 -
0.04# -
— I S
L : n
- | .- X _
0.02\— * + B + ' 2]
N ST 5
I LW oo o —
0 ez mmadrr A2 2 2122 I NS AR A a )+ g
1 1 T 1 T 1 I 1 1 mamma EE S L L L L L e e e e
T e
1.5 +
s " S
E‘ I Y T ] = £ 3+ | .
o 1 s b
8 : +
= o %*, . . ., ., , |E- -, = & ol
0 10 15 20 30 45 60 80 120 200 350 1000 S 500 250 300 350
o W [GeV
Pty [GeV] P [GeV]

~similar accuracy in gamma-gamma and 4| channels
little model dependance
consistent with SM expectations within uncertainties
Significant reduction of measurement uncertainties compared to run 1
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

Combination of differential cross-section measurements

Add also boosted gg—H—bb search in high Pt(H) bin
Pt(H) distribution also sensitive to b and ¢ couplings (with some assumption)

_ -1
CMS Preliminary 35.9 fo' (13 TeV) CMS Preliminary 35.9 fb™ (13 TeV)

AN ] ]
— 10 O 10°F ¢ Combination
% ; Ao(p¢ > 600) / 250 3 - Syst. unc.
Q 1 g—ﬁf 28y ﬁ Ag(p$ > 200) / 120 % i A Hoyy
'8_ - - ---i-g- " i Ao(p!! > 600) / 250 =z 102 Y H-zZ
T 107 e fooooeo 3 C I ; aMC@NLO, NNLOPS
Q - t Combination it 2 . 0g,, from DOI: 10.23731/CYRM-2017-002
g 102 Syst. unc. 23 B %
2 = §  H-bb ) 10 i % %
10_3 = H_>YY l E H } )
- Y Hezz  TTTTTTTUT 1 ] - .
107 3 aMC@NLO, NNLOPS 1
" o4, from DOI: 10.23731/CYRM-2017-002 w - 4
1 0_5 ==1 1 | | 1111 | 1111 | 1111 | 1111 | 1111 | L 111 | | I | Ll B | |
s & &  4F
5 3 B 3F
© =
()] 2: % ® O
o - D) ) =
I S # S s L e el S 21 Eeg . % l % 1
'g o= % % o) OE L%t % E ------------------------
= T T P D P P T P E 3
£ 0 15 30 45 80 120 200 350 600 © = -lE
H o 0 1 2 3 =>4
p7 (GeV) N
CMS-PAS-HIG-17-028 jets
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-028/index.html

ZH WH VBF  ggH

ttH

Combination of Higgs coupling measurements

Start from measured sigma*BR in each investigated
production mode * decay channel

CMS: 36 fb1 dataset

ATLAS: 36 fb-' dataset , 80 fb-! for gamma-gamma and 4l

CMS-PAS-HIG-17-031

CMS Preliminary e Observed
35.9 b (13 TeV) — 1o interval
Y | -
ZZ | Lo
WW | e
T ——
bb :
vy [ —e
zz| —e—
WW | —o—
TT ——
Yy [ :
7z | ———
WW | :
bb e
YY | —
77| -~
ww | ¢
bb ——
YY | P
ZZ| —
WW | e
TT ——i
bl T T
2 -1 0 1 2 3 4 5 6
W

AILAS-CONF-2018-031

ATLAS Preliminary Observed +io =
Stat. uncertainty
Vs=13TeV, 36.1 - 79.8 fb Syst. uncertainty s
my; =125.09 GeV, ly | <2.5 SM prediction
vy I-E-‘a-l
zZz I-Te—i
ag F ww ‘IEE-I
TT ——y
comp.| ;EI 777777777777777777777777777777777777777
vy ‘I—EEH
zz | [ —
VBF ww I—EEH‘
T r———
comp.| LEEH 77777777777777777777777777777777777
vy ———
VH # =
L =]
comb. He=—
vy m—
vv ITEE—|
ttH+tH 7 e —
b | tm——
comp.| =

-1-050 05 1 15 2 25 3 35 4

23 U — o x B normalized to SM value


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

The "kappa” framework

Assume exactly same coupling structure as SM

Modify couplings with LO degrees of freedom

W+, Z

W=—.Z

g = K2 *0i(SM)  T=k@*{(SM) => pfi=k2.k2 | (TH/Th(SM))

Loops (g and Y): either resolved with SM content (assuming no other particles) or
write as effective Kg,KYy

Total width: SM contributions rescaled by appropriate K's. Assume no BSM
contribution or allow additional BSM contribution to the width

Main limitation: same kinematics as in Standard Model, not necessarily true if BSM
physics
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K dictionary

Production Loops Interference Multiplicative factor
o(ggF) v b—t kg~ 1.06- k7 +0.01 - xj —0.07 - Kyrp
a(VBF) — — ~ 0.74- ki +0.26 - K%,
0( /qg — ZH) - - ~ K2

q9/499 Z
o(gg — ZH) v Z -t ~  2.27-K% 4037 k7 —1.64- Kzky
o(ttH) — — ~  K?
o(gb - WtH) - W —t ~ 1.84-k?+1.57 k%, — 241 - iyrw
o(gb — tHq) - W —t ~  3.4-K7+3.56- K3 —5.96 - kekw
o(bbH) - - ~  Ki
Partial decay width
FZZ _ _ ~ l{2
ww B B N Ki{
| el v W —t k2~ 1.59. “%/V + 0.07 - /-if — 0.66 - Ky K¢
| _ _ ~ /{72-
[bb . - ~ K
P . . ~ K

Total width for BRgy = 0

0.57 - k5 + 0.22 - Ky, + 0.09 - K2+
Ty Vv — K% ~ + 0.06-k%+0.03- K% +0.03 - K2+

+ 0.0023 - k* + 0.0016 - K7+

+ 0.0001 - 57 + 0.00022 - £

Handbook of LHC Higgs Cross Sections: 3. Higgs Properties” (arXiv:1307.1347)
Example

iﬁi - 2 * | o o L N 5 B 5
resolving - Rate (g—H=yy) ~ K2 * (1.6 Kv2+0.07 kr2-0.66 Kr Kkv) / (0.75* kr2+0.25* Ky?)

loops /! t N f

> < < ™




1.4

1.2

0.8

Combination of Higgs coupling measurements

2 different interpretations in "kappa" coupling framework

Change only effective

coupling to gluon and photons

(BSM in loop)

while other couplings fixed to SM

CMS-FAS-HIG-17-031

1o region

CMS Preliminary
—————

-
PR e S~ .

N -

=== 20 region

35.9 fb' (13 TeV)
T T | T T

-
-
--------

Bestfit % SM expected
|

T 0.8

1

1.2

N4

Assuming only two coupling
modifiers, one for fermion one for
boson. Resolve loops assuming
SM particle content

ATLAS-CONF-2018-031

2.5 ATLAS Preliminary + Bestfit
" Vs=13TeV, 36.1-79.8fb™" —68% CL
2—_mH =125.09 GeV, ly | <2.5 ----95°% CL N

B * SM ]
1.5 —
— — Combined H—yy L LA — _
0.5:_ —H—-2Z H—Ww _:
: H—bb — H-—=11 :

O 02 04 06 08 1 12 14 16 18 2
K

\'
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

Combination of Higgs coupling measurements

All K free ATLAS-CONF-2018-031
Effective loop couplings for g and y ATLAS Preliminary o itorva] e
Vs=13TeV, 36.1-79.8 fb" 5 o interval ——
Total width I = ['(k)/(1-BRgsm) My = 12509 GV, Iy, [ <25 |
Kz —e— -9
Need some assumption to remove Xw o -
degeneracy between K and [ : Either «; — d— — o
assume Kv=<1 if BRgsm is free or Ky | —— i ——
BRgsm=0 o | E ] 5
T —I*— —*I—
: Kg | - | -
ttH measurement crucial to i ; : ;
. L. . K ' '
constraint K¢ in this scenario "L e o T L Ikl i
BSM = B =0
BSM BSM
coa e by v b P by g By Lov oo b b b b by
H—bb important to constrain K Sh0s 00 s A s 0 0SS
(main contribution to total width) (similar results from CMS)

10-20% accuracy on coupling
modifiers by single experiment,

getting better than combined run |
ATLAS+CMS

Not discussed here: H selfcoupling

(from HH production) still far

from SM sensitivity (see next talk)
37


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

tang

Example of implications in 2 Higgs doublet Model ("type-IlI" shown here)

Coupling of heavier scalar Higgs to vector
boson scales as

cos(f-a) => the 125 GeV one takes "all"
coupling to W and Z

and little left for the heavy scalar

ATLAS-CONF-2018-031

ATLAS Preliminary  [—] Obs. 95% CL i

X  Best Fit Obs.
| Vs=13TeV,36.1-79.8fb" . .. Exp. 95% CL .

2HDM Type-lI — — SM

10

_1 | | | | | | | | | i | | | | I | | | |
1073 05 0 0.5 1

cos(f-a) 38

tanp

Translating H(125) coupling
measurement on limits in
(MA,tan(3)) parameters

of a specific hLMSSM model

CMS-PAS-HIG-17-031
CMS Preliminary 35.9 b (13 TeV)

hMSSM
— Observed 95% CL N
----- Expected 95% CL

10

200 300 400 500 600 700 800 900 1000
m, (GeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-17-031/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

Combination of Higgs coupling measurements

Scaling of coupling vs particle mass

CMS-PAS-HIG-17-031

CMS Preliminary 35.9 fo™' (13 TeV) (similar results from ATLAS
E>|> 1:_"I ' L ' LR ' rrTTTTT t' ‘
> -
3 :
S 107t -
LL
£
MLL
1072 ¢ E
-------- SM Higgs boson
"""" — [M, €] fit
-3 P |
10 , s 1
+ 20 ]
> 1?_4§JJ1 | L | Ll E
N -55"| | l ! | AR i
-'9 1............................._*: ........... T.“ﬁ.—.‘!-.'.—..‘z
9 05}
m C ]
O_._.Jl L L1l L Lol L Lol L
- 10~ 1 10 10°

Particle mass [GeV]

Fit with kg = v m&/M1+€ for fermions and ky = v m2&/M1+2¢

M consistent with v and € consistent with 0 (SM prediction)
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Searching for rare H decays
v H— Il gamma (examples)

35.9fb™" (13 TeV) 35.9 fb (13 TeV)
E ; T I T T T ‘ T T T ‘ T T T T T T ‘ T T T I T = E [ T I T T T ‘ T T T ‘ T T T T T T ‘ T ]
_________ \6” 22 - CMS H— Zy— lly — Observed ] Em Sf— CMS H— v'y— uuy —_— Observed _f
H : 20 E e Expected E : E Expected 3
e S 18 = [ 68% expected | S 7 = [ 68% expected
v/ Z g 16 [ ]95% expected E 6F [ ]95% expected
& = 4 4 = F E
@ o = Q5= —
o+ & 12 4 & °F ]
= - ] = 45 ]
3 “F 13 % E
s 8 1 s 3 E
"""" T ! & 6F ERL= =
N3 E - :
2F = 1= =
0 : Il I Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il I Il : 0 : Il I Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il :
120 122 124 126 128 130 120 122 124 126 128 130
Tas my [GeV] my [GeV]

H— J/pS| gamma (—> mu mu gamma)

1807.00802
> n ' 7 > ' ' =
® a 1 [} Dat i
7 S 60— ATLAS -4 O - Bgc?(ground fit +10 ATLAS -
0 C {s=13 TeV, 36.1 fb”' 1 9 100 -Comblnatorlc (s=13TeV,36.1 fb"  —
% C ¢ Data 7 S | =ZFSR ] < —4
£ 50 == Background fit == & sof EIIBP((ITIS) tfpezﬁlgr?und ‘ ’ i
o C [ Combinatoric 7 = — - ' =
0 40 [ (nS) background _J :>j - EBZ— w(nSy)=10° ]
: ST 1 (120xSM
C CIB(H- w(nS)v)=10 N ]
30 1 B(Z— w(nS)y)=10° ] -
20~ e E
10F - .
% 1o g | 515 bt | i
< E = b4 bho bt by ]
% ook c(\g T AT S AL PR 3
8 50 100 150 200 250 300 8 2 22242628 3 32343638 4 42
m,.., [GeV] m,.,- [GeV]

See next talk for H— new particles and lepton flavor violation decay
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Run-2 Higgs boson mass measurements

1806.00242
& oot e aasy s
g E T Smmoon | foSTemm D 8 45 ATLAS tow 1 Q
g S00p ° ’ E & F (s=13TeV,36.1fb" — Fit ] T
Ll P 405_ H—ZZ*— 41 [_]Background =
5 35
i 30
25}
20}
. 15F
3 10F
%
- 110 120 130 140 150 160 101_0 115 120 125 130 1:’55
m,, [GeV] m,, [GeV]
ATLAS vy channel ATLAS 4| channel
same categories as  event-by event resolution
for coupling +S/B discriminant
124.931£0.40 GeV 124.79+0.37 GeV

combined ATLAS run1+run2
124.97+0.24 GeV (iO.193tat i0.13syst)
Syst. uncertainties mainly from photon energy scale
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CMS 35.9 b (13 TeV)
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CMS 4| channel
event-by event resolution
+S/B discriminant
(3D fit)

125.26 + 0.21 GeV
[H<1.1 GeV (95%CL)
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https://arxiv.org/abs/1706.09936
https://arxiv.org/abs/1806.00242

Conclusion and Outlook

 All main 5 decay modes and 4 production modes now observed
thanks to run 2 data (up to 80 fb-! of data, 36 fb-! for many channels)

* All studied production mode*decay channel consistent with SM

 Global yield of Higgs production measured to <10% accuracy in both
ATLAS and CMS separately (with similar stat. , exp. syst. and theory
uncertainties)

* Measurement of differential cross-sections performed in gamma-
gamma and 4| decay channel, in agreement with SM Higgs production
expectations

* Coupling measured to ~10-20% accuracy in each experiment,
improving over run 1 measurements. No deviation from SM observed

 Full run 2 (2015-2018) sample will be O(150 fb-') per experiment
* In the future:

* run 3 (2021-2023) O(300 fb1)

« HL-LHC O(3000 fb1)
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Observables to measure

N (i->H->j with selection k) = Luminosity* o i* [ H * Acceptanceiji*€ijic + backgroundijk

[ H not directly measurable (~4 MeV in the SM)

Different measurement strategies and way to report results:

i) measure total cross-section in each i->j channel and compare to SM ("signal
strength” Y). Can also assume only one "global" signal strength

ii) extract ratio of cross-section and BR, independent on total width assumption

iii) assume couplings for H to given particle scales with K, and constraint these

coupling modifiers from yield measurements ("K framework")
 assume same kinematics as SM, not necessarily true if BSM
* Need some hypothesis on total width

iv) Split measured cross-section per production mode in wide kinematical region to
increase sensitivity to BSM physics ("simplified template cross-sections")
* still a bit of model dependence, doable for most i->j processes
v) Extract fiducial (acceptance applied at particle level) and differential (vs Higgs Pt,
etc.) cross-sections
* less model dependent

 can be used as input for effective field theory BSM parameterization
* not easily doable in signal with poor S/B or worse resolution
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o4 (fb)

Ratio to NNLOPS

Differential cross-section with H—gamma gamma and H—4l|

Njet produced in association with H

1
CMS 35.9 fb™' (13 TeV) N CMS 35.9fb” (13 TeV)
| | | 1 fo) =
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- ] o O.. (H—1yy) from CYRM-17-002
L - o | SM
1 E % p_(jet) > 30 GeV, I(jet)l <2.5 | 10 S —— —
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1706.09936 N(jets) 1807.03825
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STX cross-section in H—ZZ and H—gamma gamma

ggF-0j
ggF-1j-p¢-Low

ggF—1j—p$’—Med
ggF-1j-p¢-High
ggF-2/

VBF-p/ -Low
VBF-p/ -High
VH-Had
VH-Lep

ttH

ATLAS-CONF-2018-018

| ! T
ATLAS Preliminary

H—o ZZ*
13 TeV, 79.8 b

Reduced Stage 1 - |yH| <25

T T T ]
4 Expected SM

l‘ Observed: Stat + Sys

SM Prediction

ATLAS-CONF-2018-028

ATLAS Preliminary

6B[b] (c:B) [fb]
SM
||
B 870 + 165 720 + 50
- . ]
. 100 +105 170 + 20
- i _
. 80 + 55 120 + 20
—_— 7+27 24+5
|
. 160 + 110 140 + 30
! 240 + 95 87.2+ 2.7
B | 0.4 T
| 3 30 + 25 41703
| +1.9
+ 204100  35.9°.°
| +0.8
K 20 + 25 16.50°
<60 +1.1 o
55(? (95%CL) 19414
1T I | 1 | | 1 | 1 I | | 1 | 1 1 | | | |_
c-B/(c-B)
SM

1 le{ Total Stat. @ Syst. = SM

Vs=13TeV, 79.8 fb~

H—-yy, |yH|<2.5 Total ( Stat. Syst. )
9gF, 0] Fems 0.92 '0% (047 g% )
ggF, 1j, 0<p!'<60 GeV |_|EE_| 123 "0 (£052 o)
9gF, 1j, 60<p"'<120 GeV F_E:|_| 0.89 9% ( e i)
ggF, 1j, 120<p!'<200 GeV ; l:.: 1151 “oo ( Tol o)
ggF, >= 2 == 0.65 ‘o5 (£047 030 )
qg—>Hag, 0<p! <200 GeV ‘—E—< 140 7030 ( ‘0o lom )
99F + qa—Haa, BSM-|ike|-—EE|—4 0.76 g4 ( loum 0.23)
VH, leptonic |._E.E_1| 1.38 00 ( Tom Tom)
Top = 113 0% ( Z0se  lore )
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
—2 —1 0 1 2 3 4 3

no significant deviations from SM predictions
Uncertainties still dominated by stat. (but syst not negligible)

accuracy from 20% to ~ 100%

(6xB)/(6xB),


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

STX cross-sections in H—>ZZ and H—*gamma gamma

split gluon fusion cross-section depending on Njet and jet pt
(define "Simplified Template Cross-Section")

Reconstructed event categories

St 0 Particle level Reduced
g production bins Stage 1
—o ggF-0j 0j-p.4-Lo Ne =0, p;* <100 GeV
- j_ T - W
p," <60 GeV : : p;* < 60 GeV
ggF-1j-p;"-Low 1/-p,*-Low
= 1-jet 60 < p,' < 120 GeV ; B , _ 60<p*<120GeV| N, =1
ggF ggF-1j-p,"-Medium : 1j-p,*-Medium
p,>120 GeV : : : : p4>120 GeV
ggF-1j-p,"-High 1j-p,*-High
2 2-jets :
99F-2j : : py <200 GeV
pJ <200 GeV VBF-enriched-p/-Low m, > 120 GeV
VBF-p/-Low
VBF p{/>200 GeV : : p/>200 GeV N =2
VBF-p/-High VBF-enriched-p/-High Jets
Hadronic V decay m; <120 GeV
VH-Had VH-Had-enriched
VH N, =0, p > 100 GeV
Leptonic V decay 0j-p;*-High
VH-Lep N, =5
VH-Lep-enriched :
ttH Hadronic
ttH-Had-enriched
ttH ttH ttH Leptonic
ttH-Lep-enriched
Pl’e“mInaI’y I 13 TeV, 79.8 fb 115 <m, < 130 GeV -
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Off shell Higgs production and Higgs width

[(SM) ~4 MeV

q ~Mn (on shell) a~I/T'x *(couplings)
q>>Muy (off shell) o~(couplings) =Ratio ~['H

Interference with gg->/Z/ taken into account
[<14.4 MeV assuming no change in coupling and no new physics at highVV mass

Can also be used to probe off-shell Higgs boson couplings

1808.01191
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