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Higgs boson studies in the CMS experiment
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 Introduction:

- LHC performance in Run | and Run Il. CMS detector
- SM Higgs production and decays at LHC
- Higgs as a tool for finding new physics

* Higgs profile @ LHC Run | (7Tev + 8 Tev)

 Some Higgs results from CMS @ 13 TeV (Run Il)
— Boson channels: H>vyy , H>ZZ4l
— Higgs production associated with top quarks
— Searches for BSM Higgses
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LHC Run 11 (2015 -2018)

- LHC energy in Run Il increased to 13 TeV- 1o,
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Increased Higgs production cross sections
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Higgs decays in Standard Model

At Higgs mass ~125 Gev we have access to several decay modes.
Allows for detailed studies of couplings. We are lucky!
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Higgs trivia (2016)

- About 4 million Higgs (125) particles
already produced at LHC (most in 2016)

- Studies of most production and decay processes

have large backgrounds, detection e

ficiencies

sometimes low. It all makes analyses very difficult

- Only a fraction of data analyses

using ~ 1/3 of data collected in 2016

completed in CMS. Statistical errors generally dominate

- LHC and upgraded HL-LHC will produce

~100 times more data
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CMS Higgs analyses released in 2016

Higgs (125) “rediscovered” at 13 TeV

The main goal is now to look
for BSM physics

There are several ways to look for

BSM physics with Higgs bosons:

- precision studies of H (125): looking
for deviations from the SM predictions

- searching for new H(125) modes,
not predicted by the SM

- searching for Higgs (125) in SUSY dnd BSM
decay chains

- searching for “anomalous”
di-Higgs (125) production

- searching for additional Higgs bosons

Recent CMS Higgs results can be found here:

HIG-16-020
HIG-16-033

HIG-16-022:
HIG-16-029:
HIG-16-028:
HIG-16-024:
HIG-16-026:
HIG-16-023:
HIG-16-025:
HIG-16-027:
HIG-16-030:
HIG-16-019:

HIG-16-016

:H > vy (2016)

:H—>ZZ - 41 (2016)

ttH (2016)

X = HH - bbtt (2016)
non-resonant HH - bbtt (2016)
non-resonant HH - bbWW (2016)
non-resonant HH - bbbb (2015)
high mass H > WW (2015)

high mass H - bb (2015)

VBF H* - WZ (2015+2016)

H* = cb (2012)

t > H*q (2015)

: H = invisible (2011+2012+2015)

Some of the recent Higgs analyses results are presented in this talk

Guenakh Mitselmakher Becici, Montenegro Sep 5, 2016



The Compact Muon Solenoid
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Higgs mass from Run | (ATLAS + CMS)

L N L e e e e e e e

ATLAS and CMS —e—i Total Stat. = Syst.
LHC Run 1 Total Stat. Syst.

ATLAS H-yy p——e—t  126.02 + 0.51 ( £ 0.43 £ 0.27) GeV
CMS H-yy e 124.70 + 0.34 ( £ 0.31+ 0.15) GeV
ATLAS H—ZZ 41} & | 124.511 0.52 ( + 0.52 1 0.04) GeV
CMS H—2Z -4l ——— 125.59 + 0.45 ( £ 0.42 + 0.17) GeV

| atasioms yy _— 12507 4029 (+025+0.14) GeV
ATLAS+CMS 4/ I-—Jﬁ—i 125.15 + 0.40 ( £ 0.37 + 0.15) GeV

 ATLASiCMS yyeal »-e{a-* """"""""" 12509 £0.24( £02140.11) GeV

| | | | | | | I

123 124 125 126 127 128 129
m,, [GeV]

Combined CMS+ATLAS measurement in Run |
M, = 125.09 £ 0.21 (stat) + 0.11 (syst) GeV

Precision in mass ~0.2% dominated by statistics: need more data
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ATLAS+CMS Run 1 Higgs combination
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Higgs Profile in CMS @ LHC Run |
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Higgs boson in Run Il (13 TeV)

 LHC restarted in 2015 with a collision energy of 13 TeV and
25 ns bunch spacing

— Increased sensitivity to tails of differential distributions and to many
BSM processes

— Increased sensitivity to large masses (e.g. ttH production)

* Most analyses in Run Il largely follow methods and strategies
developed during Run |

* Few analyses completed, used ~1/3 of data accumulated in
2016

— The number of Higgses used in Run Il at 13 TeV analyses already
comparable to available in Run | (at 7 and 8 TeV)

— Higgs particle “rediscovered” at 13 TeV in Run Il

Guenakh Mitselmakher Becici, Montenegro Sep 5, 2016
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H->vy, Run

Very small branching fraction
(~0.2%)
Clean final state with two isolated

high p; photons and good
resolution

Narrow peak over falling
background

— Main backgrounds yy and y-jet

Production modes probed
— ggF, VBF, ttH
Analysis strategy:

— Events categorized into classes (S/B,
mass resolution, additional particles)
to improve the analysis sensitivity

— Extraction of signal through fit of di-
photon invariant mass spectrum in
each category
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H->vy, Run Ii

Fiducial cross section

- Different event categorization:
3 mass resolution categories

- Event yields corrected for detector r
inefficiency and resolution

Minimal dependence on theoretical 1
modeling L

G ria = 697155 (stat.) 2 (syst.)fb

G'T/m'\"\'ldewrr

80~ ¢ Data (bestfitm,) &y -

° [ = syst uncertainty e B

SM exp. @125 09 GeV: P ¥

- norm. LHC Higgs XSWG YR4

ot = 73.8 + 3.8fb « T S

* Good agreement between data and
theory . *
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H->vy, Run Ii

* Consistency tests: signal strengths and couplings
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H->ZZ->4l, Run Il

Golden channel at LHC

— Two pairs of same flavor, opposite
sign, isolated leptons

— Large S/B, excellent resolution
— Narrow peak over a flat background

* All main production modes
probed: ggF, VBF, VH, ttH

Extraction of signal through fit of
m,,, together with various
kinematics discriminants, which
enhance the signhal purity in
different production modes
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H—>2ZZ-2>4l: cross sections (Run | and Il)

* Fiducial volume defined to closely 5 s
match reconstruction level S 4
o Upq = 229707 (stat.) TH33 (sys.) To.bs (model dep.) b 3
. 2
SM expectation (Run Il)o$¥ = 253 + 0.13 fb
' 1
* Differential cross section for p(H)
and N(jets), Run Il
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H—>2Z->4l: mass from 13 Tev

5pI0|t event-by-event mass resolution

mass |

defined by propagating per-lepton =
momentum error to the 4-lepton candidate; 08
calibrated in data and MC using Z events N
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H - 4l at 13 TeV

Category Untagged | VBF-1j | VBE-2j | VH-lept. | VH-hadr. | ttH | Total
qq —+ ZZ 7.27 0.82 0.06 0.10 0.11 0.01 | 8.36
gg — ZZ 0.62 0.11 0.01 0.01 0.01 0.00 | 0.77
Z+X 3.83 0.32 0.24 0.05 0.08 0.10 | 4.64
Sum of backgrounds 11.73 1.25 0.32 0.16 0.20 0.11 | 13.77
Signal (my = 125 GeV) 15.51 3.62 1.45 0.14 0.70 0.19 | 21.61
Total expected 27.24 4.87 1.77 0.30 0.90 0.30 | 35.38
Observed 29 1 2 0 1 0 33
oM ey g
masgst =143 b Ho2Z = 09658 | 12509 eV
o m, = 125.09 GeV ooH | My = 155958
e +=0%} 1 B =099%3 | By <0995
w = 06748 |,
R el B T
VHta-i;:teo:ic n=17872 n, = 18473 L1,
Vg w=123700 e
p_ = 841257 .
tHtagged =443"%7 . o '
U R S R R NS 0 246 8 012 14 16 16 20 22
m B
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* Probing the top-Higgs Yukawa coupling at LHC
g

|

via gluon fusion cross section, H
assuming no BSM particles
running in the loop

directly at tree level,
via associated productions

o for ttH has the largest boost going from 8 to 13 TeV among the 5
main Higgs production modes (o, ~510 fb@13 TeV)

Challenging due to the presence of additional jets and leptons from
top decay

e ttH in CMS
— ttH(multilepton); ttH(—>bb) (2015), ttH(->vyy) included in Hyy

analysis
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ttH in multi-lepton final states
Targgting Higgs decays to WW, ZZ, 1t

 Events with at least 2 loose or 1 medium b-tagged jets
categorized into
— two same-sign leptons + 4 jets
— at least three leptons (with Z veto) + 2 jets
 Main backgrounds
— irreducible: ttV (from MC), di-boson (validated in data)
— reducible: non-prompt leptons in tt events and charge mis-ID, data-driven
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ttH(multileptons) results, 13 Tev
e Results with 2015 + 2016 data

Category Obs. limit Exp. limit £10 Best fit  £1c
Same-sign dileptons 4.6 1.7109_45 2711 4,
Trileptons 3.7 23112 4, 1.31t12_,,
Combined categories 3.9 14707 o4 23107 ;g
Combined with 2015 data 3.4 1.3706_4 20108 _,,
QMS Preliminary 2.3+12.9 fb" (13 TeV) CMS Preliminary 2.3+12.91b" (13 TeV) CMS Preliminary (2.3+12.9) fb'' (13 TeV)
m,, = 125 GeV m,=125GeV | I'OF .'
‘ 9f
3 combined p = 2.0 "% combined p = 2.0 "7 % i
o 8F
i 7k
. 6f
trilepton :
_ +1.4 5p
k=25 1.2 :
4
I 3 — Observed
dilepton of- serve
p=19%° - -~ Expected
.08 =
aala b L i 3 3 'l :Il lllllllllllllltlll
210 12 3 4 5 8 005 115225335445 4 5 6
Best fit u = O’/GSM Best fit u = cs/cSM u(ttH)

Observed (expected) significance: 3.2 (1.7) o
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CMS Run |, ttH

CMS {s=7TeV,5.0-5.1f";{s=8TeV, 19.3-19.7 fb’
YY — L
bb [~ i
Thth — L
a1 - —i
3l — i
Same-Sign 2| — [ |
Combination — R B

Best fit o/og,, at m, = 125.6 GeV

Observed (expected) 3.4 (2.0) o
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Di-Higgs Searches

- Study of Higgs self-coupling
in SM possible at HL LHC,
large (BSM) coupling may show up
already in Run Il
- Gluon fusion cross section ~40fb
- Vector boson fusion cross section
~2fb

- Enhancement possible in new physics
scenarios
- Large progress in analyses,
resonant and non-resonant searches
for Run-lII,
different final states analyzed

Guenakh Mitselmakher

95% CL limit on o(pp — X™"° — HH) (fb)
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CMS

u ¥Ybb (arXiv:1603.06896)
Supplementary -
Assumes SM Higgs BR bbbb low mass (PLB 749 (2015) 560)

bbbb high mass (arXiv:1602.08762)
b low mass (PLB 755 (2016) 217)
Ttbb mid. mass (CMS-PAS-HIG-15-013)
Tbb high mass (CMS-PAS-EXO-15-008)
+ radion Ag=1TeV
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T lllllll
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-
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Di-Higgs Searches

- Non-resonant production

- binned shape fit to the 2D m(b,,b,), m(b,,b,) distribution

- pairing by minimizing | m(b;,b;,)-m(b,,b))|
- Resonant production
- search for narrow resonance
- reconstructed 4b mass used for signal extraction

<

2.32fb" (13 Te

E Trrrrrreyrryrrryrrerrryrreyrryrr ey T e rrrerrerr Ty r ey T ryrrT T T errryorr ey T eerTrioys
2 20— CMS —e— Data ]
~ P backgrounds -
g 100 [ZIITTN Bkg Shape Unc., —
) s 500 X SM HH -
w 80 —
60 .
40 —
20 -

2D bin

Category Observed Expected —2¢ —1¢ +1l¢ +2¢
[fb]

SM H(bb)H(bb) | 3880 3490 2140 2540 5350 8350
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CM.S. --------- Expected Upper Limit
Preliminary I Expected + 10
Expected +2 ¢
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—— KK-Graviton, kL=35, k/M_=0.1
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Charged Higgs Searches

- Charged Higgs program in CMS
- search channels motivated by 2HDM (MSSM):
H*> tb, Hf>1v

. Dataset 2015 2016
- otf:er chan+nels studied Data 9 =

H*->cs, Ht*=>cb WZ 77+18 345+79
- first time in Run-lI: Non-prompt 1.24+1.1 8.8 +27
. . Zy 02402 1.0+07
H*>W:1Z using VBS topology, 7z 02400 16+0.1

motivated by Higgs triplet models, VVV 0.8 +0.1 53+
complements doubly charged Higgs search Total Bkg. 101+21 513484

Signal (m(H*) =700 GeV) 18+0.2 89409

CMS Preliminary
1800 —r—r—

231" (13 TeV) 129" (13 TeV) 152 b (13 TeV)

%) - T T jZ) T T o)
S -»-data Wvw CMS S -»-data Wvw CMS =
@ var” Non-prompt  Prelfiminary o var” Non-prompt  Prefiminary =
10 mwz — m,,=700 GeV, sin =1.0 i -lwz —m,,=700 GeV, sin 8=1.0 L\l
[z A\ Stat. @ Sys. unc. 40 1Mz 2 Stat. @ Sys. unc. 4 =
T
z
- o
7 @
X
| ©
Sk
0 500 1000 1000
m, [GeV] m, [GeV] 200 400 600 800 1000

m,,. [GeV]
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- Search strategy:

large missing transverse energy is a common signature,
different Higgs production modes explored to tag events:

- gqH: VBF signature with two forward jets and rapidity

Invisible Higgs Decays

- Connecting the Higgs and the Dark Matter sector
observation would be clear evidence for BSM with many
interpretations possivble, including:

- LSP in SUSY,
- other Dark Matter particles candidates,
- extra dimensions

gap and large di-jet mass

- Z(ll/bb)H: two leptons / b-jets compatible with Z boson

hypothesis

- Z/W(jj)H: two jets compatible with Z or W boson

hypothesis

- ttH: two top quark candidates
- gF Higgs: mono-jet search

Guenakh Mitselmakher

Becici, Montenegro Sep 5, 2016

g o000
t.b

N e
9. 0000

, "

“H g V0000 e t

27



Invisible Higgs Decays

- control of backgrounds is crucial:
use combined fits of signal and background regions

Events

CMS Preliminary
Z(H-tagged (0-jet)

23m7 (13 Tev)

—4— Data
D WWatop quark
vV =
. 2 ;
Cawz

[ zrv(—m+ies
—H, B(H —» inv.)=100% J

300 400 500 600 700 800 900 1000

my [GeV]

3 40 VBF-tagged [ z(—svv)sjers

2.3 Mm7 (13 TeV)

grrr|7yrrryrrrrrrrrrrrrrrrrr oo

CMS Preliminary t Data

Bl W(—1v)+jets
B vv
[ ] acD mutijet

[ Top quark
—— H, B(H — inv.)=100%

4917 (7TeV) +<19.7 0" (8 TeV) « 231" (13 Tev)

—J - ]

(& ' 3

§ g observea CMS =

£ ,,,E_ ------ Meaian expected Preliminary _:

:i 14 [ 689 expectea 3

S 128 95% expected =

S osf

> —

T ook e

% 04f | -

x I E

o 02 =
o 1 =

Combined VBF-tagged VH-tagged ggt-tagged
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Lepton flavor violating Higgs decays

- Search for mass peak at mH ~ 125 GeV in yt / et / ep pairs
- Analysis leaning on SM Higgs H->1tt measurements

- Direct limits on BR (H=> pt / et/ ep) established

- Fluctuation in ut final state at 8 TeV ?

pt 8 TeV er 8 TeV pt 13 TeV

- W TeV) o 19.70° @ Tev) S 230 &° (13 TeV)
> T T T T T T T T T T T T T ] > T T T T T T T T La— -
g  fcums somp ] 3 b Observed,er, 3 § uf iﬂi' - T
g 18 , 2-Jet [ e rcwsey g Bigd. uncertainty - g ™ -
~ 18 I s e = 2 I SM H(125) 3 st = [T
2w . Zm 8- -:—ﬁr
g 14 =°"': = g =ﬁ.'.f g I =*‘
=Lt - Other L
o T “ Misidentified © 3 oo s
—— LPY Higge (80008 — LFV H(125) L — LYV e (B
10 = - (B=069%)
8 11 = E
| 3 3
6 - -
4 - =
, e
= E
g ° : = e ——— BP% ==
‘izi == 3 Sooss oo
&l % ) ) P 5 = s T =
Mit) , (GeV] 8 M, [GeV] colinear Mizz ) (GeV)
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Lepton flavor violating Higgs decays

Guenakh Mitselmakher

DCTUILL, IVIVIILCIITEIV OCTY J, £VL1vV

CMS 19.7 10" (8 TeV) cMS 19.7 "' (8 TeV)
etu,OH.’e‘s lI'Illlllllll!llllllllllllIlll'l etu,ONJels ll'llllllllIIIIIII'IIIIIIVIIU'II
1.63% (oxp.) . * Observed 1.63% (oxp.) . * Observed
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et,, 1-Jet ' x Expected et,, 1-Jet . x Expected
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et 1Jet [ = et 1det | -
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3.00% (obs.) 3.00% (obs.)
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oo o) o Saon o) E
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Exploration of the new energy regime of 13 TeV has just
started, CMS is extending the scope of the Higgs studies

The Higgs boson has been rediscovered and several
measurements performed

No significant deviations from the Standard model from
this first look. Most results limited by statistics.

~10x more data by end of 2018 (End of Run Il), stay tuned

LHC
Run 1 | | Run 2 | | Run 3
Ls1 EYETS 14 TeV 14 TeV
13-14 TeV - energy
i solidatio i rad - to7
7Tey B87TeV 'ﬂ.{i:,‘.’%"ommmm" S S0 POEE A1 coyolimit HL-LHC installation

cryo Point 4 Juminosit
R2E project Civil Eng. P1-P5 regions —

2026

2024 2025

2022

2019 2020 2021

2017

radiation
damage
2 x nominal luminosity
7 experiment nominal iminosity — experiment upgrade }_’—”(’—(_l experiment upgrade
nomi al beam pipes '/—— phase 1 phase 2
urT ty ]
i/ integrated
luminosity
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4u+y computer event display

CMS Experiment at LHC, CERN
Data recorded: Thu Oct 13 03:39:46 2011 CEST
Run/Event: 178421 / 87514902
Lumi section: 86

CMS,

Y- \ (Z,) E; : 8 GeV

w(z,) p;: 28 GeV

7 TeV DATA

4u+y Mass : 126.1 GeV

w(z,) p;: 14 GeV

u*(Z,) p; : 67 GeV
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Event display H =2 yy

CMS Expenment at the LHC, CERN
Data recorded: 2012-May-13 20:08:14 621490 GMT
RunvEvent: 194108 / 564224000
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S/B improvement: Kinematic Discriminant

Run | data

* To further improve signal to background ratio, we use a
discriminant based on kinematic 41 information

2 -1
Psig C X Pbkg(mbmz,()lmu)
KD = P P 1+ a3
sig T € X bkg Psig(mlr ma, ()| myy)
a CMS preliminary V5 =7 TV, L =5.1 " {5 =8TeV, L =196 " CMS preliminary  ¥5=7TeV, L=5.1" ys=8TeV, L =196 fb"
X <
0.9 0.9
0.8 0.8 0.8
0.8
0.7 07
0.6 | 0.6 06 06
0.5 0.5 |
0.4 0.4 0.4 0.4
0.3 0.3
0.2 0.2 0.2 0.2
0.1 0.1
,_ s I Al
900 110 120 130 140 150 160 170 180 900 110 120 130 140 150 160 170 180
m,, (GeV) m,, (GeV)

. . *
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H->WW->2I2v (13 Tev, 2015)

H-WW-—-eu + vv : opposite-charge eu in association with large MET for up to 1-jet.

CMS Freliminary
T —

|L 2.3/ib I( 1 3[Te'V‘

b

T T T

2 E 1 2 120F '
c 220_ - [ - —
i 160 tW and tt ww 4 W o100 tW and tt ww 3
oE. VWY W VZirly 3 N AAA T2ty ]
jaop- [ Higgs —+ Data E 80| [ |Higgs —+ Data |
120f. Systematics 3 - | Systematics -
S . 13 . 60
oot 2D un-rolled distributions based on m; and m;" ]
40P e [ J 4 Clo - ]
el S 3 0y 2 bl h El
2088 A ey Mf 2y ] 5 i Z‘fr *FL‘L | ﬁf}ﬁ'} J; «E+—
% 10 20 30 P e LA N S, s 4 Y i
m, : mt 0 10 20 BI% i
'
For m;=125. GeV, obs. significance is 0.70 (2.00 expected); best fit signal strength o/
OSM - 0-3 t 0-5 - - -
Category Expected Observed | Expected erroron = ¢ /05y
CMS L=23ib" Preiiminary 13TeV | significance | significance o/ sm
‘| —Expected =, - 0ot e 13 13 TR PREE
" — Observed / q Opeten = 04 o 033 73
:j}\ \ ‘ 3 1jet e 08 0 120 011403
120 E 1jet ey 09 0 e 054714
10
8 3 Ojet 16 13 +a8 0714
i3 E 1-jet 12 0 Hay 0569
4 E ¢
Z_ E Combination 2.0 0.7 b 033703
»
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VBF Hbb

Analysis overview Results — Run II 16-093
= 2 scattered light jets Ly 7 SMBSeimnay TR e 22 ey
> Expected to be close to beam line f} o | veEHsh
> EWK process = little QCD activity O [ TsTev Obeorved
5 [ --- 13TeV Expected

= 2 b-jets from Higgs oy ey e i
» Regression method reconstruction :
> m,, final discriminant

CMS Preliminary 2.32 b (13TeV)
g, 26¢ CAT4
« Data
Hadronic triggers o el
7] ---QCD i - ':' g -
QuadJet92,76,64,15, 1xCSV & J('if’é’kk;’ e i
_III|III|III|II I|III|[II|]
Angg>4.1, Myq>460, APy, <1.6 )( }L J[ 02108 6 4 20 2 4 68
QuadJet92,76,64,15, 2xCSV- = Combined Run | & Run Il results:
Angg>1.2, my;>200 D SRl [ Obs. (Exp.) limit: 3.4 (2.3) x SM
R Best fit p = olog, = 1.3 +1.2/-1.1
-1%0| ‘ I100I I ‘120| I I140‘ I I160I I I‘180l I ‘200
m,, (GeV)
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Couplings measurement projection for HL-LHC

Kg, Ky, Kzy: loop diagrams =* allow potential new physics

Kw, KZ: vector bosons CMS Projection
: G — T T T T
AL Up and down type quarkS Expected uncertainties on — 30001 at 5= 14 TeV Scenario 1
K, K. Charged |ept0nS Higgs boson couplings | 3000 R st {3 = 14 TV Sconsrio 2
total width from sum of partial widths | { o
* precision
tw | | measurements
Assumptions on systematic uncertainties Kz [+
Scenario 1: no change %o =
Scenario 2: A theory / 2, rest o< 1/,JL M I
Kt }
KT
. . - " . A l
coupling precision 2-10 % 0.00 0.05 0.10 0.15

factor of ~2 improvement from HL-LHC expected uncertainty

L(fb~ 1 Ko KW K7 Kg Ky, K Kt KZny Ky
300 [57] | [4,6] | [4,6] | [6,8] | [10,13] | [14,15] | [6,8] | [41,41] | [23,23]
3000 [2,5] | [25] | [24] | [3,5] | [4,7] [7,10] | [2,5] | [10,12] | [8,8]
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