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Run | Higgs boson Grand Summary

Using gg—H—ZZ as a reference:

JHEP 08(2016)045

> - aTLASand cMs 4 G, BR'
< LHC Run1 (0;,.BR; )=0(gg—H—727) —
S 107': ; Ot BR™
ATLAS and CMS - ATLAS+CMS
W - ATLAS
~ el ] | LHC Run 1 | T oMS
; : —*1c
- ¢ ATLAS+CMS ——
N T SM Higgs boson olgg—H-22) ——— —l;ﬁcuncert
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Particle mass [GeV] Ot Ogqr — .
Higgs boson discovery with bosonic decays, B i
. . BWW/BZZ -
* now also observation with taus =
my=125.09 with 0.2% precision (dominated by statistics !) —— - P-value data vs SM
0+ state favoured over other JP¢ hypothesis B —=—— | predictions: 16%
l <~ 0 1T —-.'E—
narrow width (r',.< ~20 MeV @ 95% CL) B"/BZ :
Couplings to third-generation fermions and W/Z B°°/B# *'_77-_1 | | | |

known with 10-30% precision. _
Slight excess in ttH (3 ©)... slight deficit in bbar decay (-2.5 o)...
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» Change in data taking conditions:

= 8TeV—> 13 TeV

From Run | to

Run I

See talk from A. Zabi

Factor 2-4 increase of
Higgs production cross section !

(background too...)

@m, =125 GeV.:
G13rev (Pb) | Oi3rev / Osrev
gg—H 43.9 2.3
qq—qqH (VBF) 3.8 2.4
qg—VH (WH/ZH) 2.3 ~2
gg—ttH 0.13 3.9

Makes life easier °

But...

= |ncrease of Instantaneous luminosity,
» Bunch spacing: 50ns — 25 ns
= |ncrease of Pile-Up (in and out-of-time)

Makes life harder ‘

+ Detector Upgrades (L1 Trigger, ...)

Recorded Luminosity (pb !/0.05)

CMS Average Pileup, pp, 2016, vs = 13 TeV
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From Run | to Run ll: Exploring new territories...

Higher energy and higher integrated luminosity opens up many possibilities
to study the scalar sector:
» Precision measurements: (anomalous) couplings, differential distributions,

= main modes: ZZ, WW, vy, 17, bb

= Observation of all production modes: VBF, VH, ttH, tqH, bbH, ...
= Rare decay modes (H—uu, H—Zy, ...) or forbidden (H—>tp)

= Di-Higgs non-resonant searches

» Extension of the scalar sector (2HDM, nMSSM, ...)

= Additional (pseudo-) scalar bosons,
= neutral or charged, low or high mass

See talk from S. Nikitenko

> Portal to new physics ?
= SUSY, Dark Matter, ...

(some) Recent CMS Higgs Results

See talks from C. Collard, D. Kovalsky

\/ : Covered in this talk

HIG-16-026 non-resonant HH— bbbb 2.3 fb!
HIG-16-030 non-resonant HH— bbyy 2.7 fb
HIG-16-024 HH— bbWW 2.3 fb!
HIG-16-028 HH— bbtr 12.9 fb-!
HIG-16-022 ttH—multileptons 12.9 fb!
HIG-16-019 tH, H—>bb 2.3 fb!
HIG-16-033 H—ZZ*—4 leptons 12.9 fb!
HIG-16-020 H—yy 12.9 fb"!

S <<



Tools for discovery and measurements (1)

Higgs Physics is a challenge at LHC:
Many different final states, low yields, low S/B (in general), low pT leptons,
Development of advanced tools & technics to improve sensitivity/precision

MultiVariate Analysis for objects:

Regression to improve e/y momentum/energy (H—yy, H—>ZZ—4l)

Vertex ID (H—vy)
Electron Identification (H—ZZ—4l), Photon ID (H—yy),
Tau ID (HH—bbt1)

Lepton ID (ttH—multileptons)

CMS Preliminary

1297 (13 TeV)

» D, Isolation, Impact parameters £ 1o + Data
from leptons S mitboly
+ associated jets information o™
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B-tagging of jets (HH—bbzt, ttH, ...)

MVA also used to categorize events
or extract signal

\ll I\\l\\\‘\\l‘\l\‘l \ll
-1-0.8-0604020 02040608 1

lepton MVA score

Prompt y vs fakes
CMS Ppreliminary 12.9 b (13 TeV)
E | l + lData[ | ‘ !
Simulation:
H—>yy (m,, = 125 GeV)x10*
total background+stat.uncert.

——
y-jet

Hoyy

-
L
Yoy
Ty -
-----
------
------------------------

111 111 I L1 | I 11 J 111 ‘ 11| I L1
-02 0 02 04 06 08 1
BDT score of the photon ID

Prompt leptons
VS non-prompt

(from b-jets, conversion...)



Tools for discovery and measurements (2)

» Signal Extraction via Matrix Element Methods (MEM):
= Event-by-event discriminator built upon Matrix Elements. Combined with reco level info.

/ f(x1, pe) f(x2, pr) NE ,
Vi o (D) = /a‘cb& 5t ;J b =) p) > AMa(ph)] - W(D'|Dy)
= 7@} /
LO ME from :
Phase Space Momentum , Transfer Function
conservation PDF’s Madgraph5_aMC@NLO

(relates parton anc
reco quantities)

= MEM weights used in ttH—multileptons (see later) as input to BDT.

= Matrix Element Likelihood Analysis (H—>ZZ—4l).

|1 Pssg@ww] :
- Simplified MEM. No integration, no transfer function Pkg PEE (=4 yy )
g e g AR R
« ME from JHUGen or MCFM %wz Nemae o ; ?0 Nz iz%; -
 Several discriminants (see later) built to separate: SRS

“* gg vs qg—4 leptons
** ggH vs VBF or VH or ttH
% Different JP° hypothesis, ...

0 01 02 03 04 05 06 07 08 09 1 0 0102 03 04 05 06 07 08 O.QD 1
DZJet o
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H—yy overview HIG-16-020

= 2 high energetic isolated photons (pT,>m, /3, pT,>m. /4)
= Narrow peak over a large falling background, S/B~(0)%

> AnaIySis Strategy: N CIIM? I’IDI\‘-?I:il\’I’IJiII’?laIrI}/II | TTTT | TTTT | TTT I1[2|.|?If|b|_|1|(|1|§-rleV)
u BDT'Y'Y Separate H—)'Y'Y from baCkgrOUnd 31 0’ $Data Simulation background SM H—>yy, m =125 GeV
« use kinematics, mass resolution, yID... =2l — 1y —r
\T vy CVH
10° MC stat. uncert. []ttH

= Events categorized into 8 exclusive classes:
» Optimize S/B, separate production mode
 ttH-tagged: additional leptons, (b-)jets + cut on BDTyy
« VBF: 2 jets, cut on BDTjjyy (mjj, Ad(jj,yy), -..)
» Untagged: cut on BDTyy

» Signal Extraction:

: : 0010203040506070809 |1
= Fit of myy in each category Transformed BDT,

» Main Backgrounds:

= |rreducible: prompt di-photons production Estimated from DATA
= Reducible: y+jets, QCD multijets (discrete profiling method)
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CMS Preliminary

H—yy mass spectrum

12.9 fo (13 TeV)

— Hoyy

- m,=126.0 GeV, 1=0.95

All categories

HIG-16-020

S/(S+B) weighted ]
¢ Data ]
— S4B fit ]
------ B componen ]
compone t i Fvent Categories SM 125GeV Higgs boson expected signal Bkg
N EaEy; . BOMSS "Total | ggh | vbf | wh | zh th | 0y | oum | (GeV)
— + 7] Untagged Tag 0 | 1192 | 79.10% | 7.60% | 7.11% | 3.59% | 2.60% | 1.18 | 1.03 4.98
/, N Ij _2 G | Untagged Tag 1 | 128.78 | 8598 % | 7.38% | 370% | 212% | 0.82% | 1.35 | 1.20 | 199.14
- Untagged Tag 2 | 220.12 | 91.11% | 5.01% | 218% | 1.23% | 047 % | 1.70 | 147 670.44
] Untagged Tag 3 | 258.50 | 92.35% | 423% | 1.89% | 1.06% | 047 % | 244 | 2.17 | 1861.23
i VBETag0 | 935 | 2947 % | 69.97 % | 0.29% | 0.07% | 0.20% | 1.60 | 1.33 3.09
| VBFTag1 | 1555 | 44.91% | 53.50% | 0.86 % | 0.38% | 0.35% | 1.71 | 1.40 22.22
- | TTH Hadronic Tag | 2.42 1678 % | 1.28% | 252% | 2.39% | 77.02% | 1.39 | 1.21 1.12
1 TTH Leptonic Tag | 1.12 1.09% | 0.08% | 243% | 1.06% | 95.34% | 1.61 | 1.35 0.42
= Total | 647.77 | 87.93% | 7.29% | 240% | 1.35% | 1.03% | 1.88 | 1.52 | 2762.65
III|II|IIIII|IJ|IIIIII]IIIIII|IIII
B component subtracted 3
00 110 120 130 140 150 160 _ 170 _ 18
m,, (GeV)
5.66 (6.20 exp.)
@ 125.00 GeV
Lt — +0.09 +0.08
Best fit signal strength @125.09 GeV: Lf =0.91 = 0.17 (stat.) “ > (syst.) 75 (theo.).
—0.07 —0.05 8




H—ZZ()—4 leptons: overview

HIG-16-033

» Extremely demanding on selection.

= FSR vy Recovery

> 4 primary isolated leptons (e, )
» Narrow resonance over ~flat background, S/B ~ 2. Small yields (~6 events / fb)

= Leptons pT down to 5 (7) GeV for muons (electrons)

= Open Phase space: 40(12)<mZ1 (mZ2)<120 GeV

> Analysis Strategy:
Target most production modes (new!)
= 6 exclusive categories.
 based on number of (b-)jets, additional leptons

EIIl 21.28 exp. events

Untagged IRENFIE{METETIE

 + cuts on kinematic discriminants (K;) VBF-1] tagged
= Kp. Matrix Element based (JHUGen, MCFM). VBF-2] tagged
Discriminate ggH vs ZZ (“untagged), VH-leptonic
VBF/VH/ttH vs ggH (“production-mode-tagged”) VHT:::?:NC

tagged
fiH tagged

» Signal Extraction:
= 2D fit (mdl, Kp) in each category

» Main Backgrounds:

CMS preliminary

12.9fb" (13 TeV)

3.56 exp. events

1.44 exp. events

0.14 exp. events

0.69 exp. events

0.18 exp. evs

0 01 02 03 04 05 06

" qq—ZZ%, gg—ZZ*: from MC, with mZZ-dependant k-factors

= Fakes from Z+jets,Z+bb, tthar, ... (“Z+X"): from DATA. 2 independent methods.

07 08 09 1
signal fraction

Bl ooH

B VBF

B WH, W—X

B WH, Wiy
ZH, Z—X

B ZH, Z-21
ttH, tt—=0/+X

B tiH, tt—14X

B ttH, tt—27+X



Events / 4 GeV
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H—ZZ(—4 leptons mass spectrum

CMS Preliminary

12.9 b (13 TeV)
1

HIG-16-033

12.9fb™" (13 TeV)

118 <m, <130 GeV

—

T L T T T T T CMS Preliminary

:— —: 518__”"“”'””"

= e Data 1 - e Data

- [ ] H(125) g € 16 [ H(125)

- [Jqg—»Zz,zy* 4 S | Oa-zzzr

— * 626 (656 eXp) - gg—)ZZ: Zy* —] w 14— = gg;ZZ, Zy*

— — +

= @ 125.09 GeV B Z+X 1 .

2 E

= = 8-

= - 6 ®

= E - *

= - 4

= = 2B J :

o T % 0102 03 04 05 06

80 100 200 300 400 500 600 800
m,, (GeV)

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 — 272 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 (mp = 125GeV) 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

[ Best fit signal strength @125.09 GeV: 1 = 0.99

+0.33
—0.26

0.7 08 09 1
kin
Dbkg

iy

©o

N

=
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CMS Ppreiiminary

HZZ, Hyy: Production Modes

12.9 b (13TeV)
: ————

H—vy

0.77 102

— T |
- Combined * 1o

- .. M=MSM

+0.21

" 0.95 3

combined —

my, Profiled

—i— Per category t 1o

Production mechanism signal strength compatible with SM expectations

0 2
pu=1=SM

i

1y 0962
T 0.67' 2!
b= 1803
M= 8.41_“;?’1'2?

HIG-16-020, HIG-16-033

CMS Preliminary 129" (13 TeV)
T T | TTT | TTT I TTT | TTT TTT | TTT | TTT | TTT | TTT | TTT
H—ZZ" — 4]
1 m, = 125.09 GeV
| l'lcomb. - 099;?32
1 1 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111
0 2 4 6 8 1012 14 1618 20 22

> Also, several measurements:
= Mass: my = 124.5070:5 GeV

Width (from off-shell ZZ): T'y< 41 MeV @ 95% CL
Anomalous HZZ couplings...
Fiducial/Differential cross-section (see next slides)

U

__ with H>ZZ—-4l
see back-up slides

—

11



HZZ, Hyy: Fiducial / Differential Cross Sections tc-16-020, Hic-16-033

‘ Hoyy \ ‘ H—>ZZ*— 4l \

Different categorization (3 based on mass resolution) No category. Fiducial volume cIoser matches reco level.

100 19.7 o (8 TeV) + 12.9 b (13 TeV) — 5 | 51fb (7 TeV} 197fb (8 Tev). 12.9 1 (13 TeV)
) :‘él'w's";‘r"_'|y”"\"H|""|""\HH|'L o) C CMSP/ W | ]
s reliminar = F reliminary .
o 90__ 2 - ¢  Data (stat. @ sys. unc.) b
L Hoyy b 4_ . . ]

80 ¢ Data (bestitm,) [~ Systematic uncertainty 1

o E - ;ﬁll(r:;z:aoi:gev) C Model dependence ]

E - norm. LHC Higgs XSWG . . . — \S andard model (m = eV, N’ — ]
B In agreement with SM prediction®; = Ser st n- oo nioss= | :
(N3LO), 30% precision N E

50— L 4

: ]

- 1— ]

o - pp > (H—-4l)+X .
20;‘; ‘lé‘l‘lé ‘"1‘0”“1|""|""1‘3""|"— O—_LIIIIII\III\Ill\I\IIILII |||||||| |||\|||\|_—

\s(TeV) 7 8 9 10 11 1 2 13 14
A +16 ( ) + ( ) Vs (TeV)
i +0.74 +0.30

G g =691, (stat.) Zg(syst.) b Gy = 2.29701 (stat.) _0.23(syst)fb

> Also, differential measurements:

doy /dp_(H) [fo/GeV]

| I:l XH = VBF + VH + iH

107 3

7 v

10 |:| XH = VBF + VH + ttH

CMS Prel.iminar 129 fb" 18 Te o
T y T ( ) T CMS Preliminari 12.9 fb"! (13 TeV)
I T I
[ I I
O

= Data (stat.&s H (POWHEG+JHUGen b 4
1 E f sy une) /// 7 % " =107 E | Data (stat@sys. unc) 2 7 gg—+H {POWHEG+JHUGen) + XHg

F = Systematic uncertainty Model dependen ko] E 3

N b‘*— [ = Systematic uncertainty Model dependence

0%} _ : A, [ ’
= pT(H), N(jets) from H—>ZZ f : 10 -
p - 10'2;* | | ! E
g o g og | i \ | | S
% 20 40 60 80 100 120 140 160 180 200 0 1 > >3
p,(H) [GeV] N(ets) 12



ttH: overview

» Motivation:
= directly probe top Yukawa coupling at tree level,
looking at associated production
(thus, avoiding assumptions on the loop content in ggH production)

Runll ttH analysis in CMS:
Final states combine Higgs & Top decay

Top Pair Branching Fractions
H-yy 0,2%

H—ZZ 2,6% other

11,3 %
H— 1t 6,3%

“alljets™ 48%

1rjeis 16%

H->WW 21,5%

=1= 15%

' -_---;15_%;
"dileptons™ "lepton+jets"

ttH, H—bb (2.7 fb-1) ttH—multileptons (12.9 fb-1) ttH—yy (12.9 fb-1)
= with 1 or 2 W—ev or pv = Target H>WW, ZZ, 1 Included as categories in H—>yy

+ additional leptons from top decay
13



ttH->multi-leptons (1) HIG-16-022
b

> Analysis Strategy: $. .4 A .
= 2channels: « 2 same-sign leptons + 4 jets (2LSS) HH + s + €e + 3 +
« >=3leptons (with Z veto) + 2 jets (3L) b tight | b tight b tight
= Atleast 2 loose or 1 medium b-tagged jets b loose 1- b loose 1
= Further categories based on lepton flavor, +
charge, hadronically-decaying taus, ... e A —

» Main backgrounds:
= [rreducible: ttV (from MC), di-boson (validated in data)

= Reducible: non-prompt leptons in tt events and charge mis-ID (from DATA) )



ttH->multi-leptons (2) HIG-16-022

- CMS.’"?T?’.’T’?‘#{' - 129fb (13 TeV m QMS"‘E’,’Q.I.’TI??EV - 129fb (13TeV]

> Signal Extraction: 5 '2° 9188 ol 1§ - 3L et
= 2BDTs: ttH s tt, ttH vs ttV " o T Cu

= Trained separately for 2LSS and 3L channels 4 O | 25 St

= Use topological and kinematic differences 20 é
between signal and backgrounds

* +log of MEM weights in 3L (ttH, ttW, ttZ)

20

60

=  Simultaneous 2D fits of BDTs in each category 0

F [ stat. unc.  [Jtotal unc.

O T T T T
F Il stat. unc.  [Jtotal unc.

o
"_ 155 4*7 GLJ —
% 1.0 +++ % 1.0: _+_
T 05 T 05F
a a
00955060402 0 02 04 06 08 00555 656405 6 0204 06 05
» . _ BDT (ttH,ttV) BDT (ttH,tt)
CMS Preliminary 12.9 fo' (13 TeV) CMS Preliminary 12.9 o™ (13 TeV)
m, = 125 GeV my, = 125 GeV
B combined p = 2.3"0° combined p = 2. 3+0 2
al - Best fit signal strength @125 GeV:
o130 -
217, - trilepton lLl — 2 3+0'9
u=0.3+:'; p=13+%2 "~-0.8
ee, no 1, I -1.0
i (n=1=3M)
ug, no T
= 3.2j-§ dilepton
ewnot | W= 27+:(1)
_ +1.7 - .
pea77 e o | Local p-value: 3.2c (1.70)
e PO 005 115225 3354 45
Best fit . = G/Gsm Best fit u = G/GSM
15



(non-resonant) HH: overview

» Motivation:
= Probe trilinear Higgs couplings (Ayyy)
= BSM physics. Modeled in EFT adding 6-dim operators.
*  Described by 6 parameters (non-SM top yukawa and Ay coupings, .

0 ™Mun(13TeV) = 33.45fb**3% 4 o%(scale unc.) £3.1%(PDF+as unc)

g i h
Run Il Analyses in CMS (13 TeV):
‘ F > bbbb (resonant, non-resonant()): 2.3 fb-1
_ L = Highest BR, high QCD/tt contamination
g T
N > bbWW (resonant, non-resonant()): 2.3 fb-1
= High BR, large irreducible tt background
interference

> bbyy (resonant, non-resonant!)): 2.7 fb-1
= High purity, very low BR

> bbtt (resonant, non-resonant()): 12.9 fb-1
= Relatively low background and BR. (see next slide)

(*) resonant = BSM Analysis where X—HH 44



(non-resonant) HH—bbtt HIG-16-028

> Analysis Strategy: Srooof S W o 2w’ ate
= 114+ 1isolated lepton (e, u, ty) + 2 b-jets 1600, Ol Yr

. . [ Other bkg.
= 3 final states: ety, puty, TTH i iy A

- == k, = 20 (5x100)

= Cuton BDT discriminant (angular information): reduce ttbar o0

> Main Backgrounds: s00f
= ttbar. estimated from MC ool

= QCD multijet: estimated from DATA in control regions , :
S [eeatenetantingtegatilg
> Signal Extraction: I I (LI A R TS CE
. . . DT output
= \/isible mass as final variable
_ e 12.9 o™ (13 TeV) . 12.9 1o (13 TeV)
= 2L M bb 7,7, ¢ Data § g
§ 10 §prehmmary channel I:HC;CD E :grl\ghsmmary bb MTh +Cbol?n§:% ;-Cl’.:lzn’:::;g
;_E 10F @E}EEQ&ZH | _’?\ 104;, ........................... ........................... ............................ ..... / At k - A’HHHI A‘SM=1 \
2 bkg. uncertainty o~ " ‘ ; L)
S . — k=1 (SM) 0 x50 S [anantntettstananess.  BTITRECRERIRIROSIOROROSNY A S
2 L Z 10°F 5"""":.,", 1l 95%CL upper limit is:
= X - s . : 3
ok 508 fb (420 b ex
c P EE S TR R i SRR S .
SR ( P
S e N/ |\~200xSM (170xSM exp.)
g 10 E Expected £ 1o : \
Eﬁggsstée;r;dizcctyion : E
| R T A R T T A R SR T R SRR S
1—20 -10 0 10 20 30
200 300 400 500 600 700 800 900 1000 k;L

m,,, [GeV] 17



Summary

> Higgs particle is special in our theory of fundamental interactions
= Higgs Mechanism is ad-hoc... but necessary !
= Possibly at the origin of flavor structure, all SM problems (hierarchy, ...),
= Links to Dark Matter ? Cosmology ?

» Understanding EWSB & its consequences is the beginning of a long journey...
= ... with the Run I, we are just scratching the surface.

= Rich program is ahead of us (precision measurements, rare/forbidden decays, HH, discoveries, ...

= Many more results to come with 2016 data...

= |n particular, 13 TeV data crucial to understand ttH production
CMS Integrated Luminosity, pp, 2016, v's = 13 TeV

Data included from 2016-04-22 22:48 to 2016-09-09 22:19 UTC

3s e A e s We are here
I LHC Delivered: 31.32 fb / \

30 [ CMS Recorded: 28.82 fb ' / 30\ (“'29 fb-1)

251 CMS Online Luminosity 25 II

20| 20 7

[
5}
T

This talk {1
(129 fb-1) |

[
(=}

wu
T

Total Integrated Luminosity (b ')

AN o Wt Wt Wt W W 09 09 e®

Date (UTC)



Total Integrated Luminosity [fb™]

100

80

60

40

20

Towards 2018...

LHC Run 2 expected luminosity

we’re going there

Physics will be quite different... ©

And answers by then on SUSY,

extended scalar sector,
new resonances...

will drive the future of HEP !

L

! L
: o
3
B r” - .U
[ : w
- N S ; =
I [ | | ﬂ - ! Q
March This December December
2016 ta 2016 2018
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H—yy mass resolution

Myy = /2 l% I;g (1- COS@)

/ » Vertex assignment correct within 1cm

» ECAL response: —negligible impact on mass resolution

= Corrected for change in time,

= Inter-calibration (n/¢) > MVA for VertexID

= Absolute scale = Kinematic correlations and track distribution imbalance

= Direction of conversion tracks (if present)
» Scale vs time and resolution calibration:

= Z—eepeak as reference > Second MVA: probability of correct vertex choice
(used in BDTyy)

CMS Preliminary 12.9fb” (13TeV)
LA L B B B L L LA B

;35000 [ L LA L |
) C max(|n'|, [n?]) < 1.44 . . .
(_")30000 :_ min(FLg‘, R|92)|>0.94 + Data _: > Valldated Wlth Z%“M events
B \:’ Z - e'e (MC) . 11 CMS simulation Preliminary 13 TeV
= 25000 — MG stat , = E s H — yy (m, = 125 GeV)
= : SRR S Data PU scenario (129 )
L r ] g i ._'"--:.-'
15000 |~ 3 " 09; /
10000 |- E £ os /
- . %m - —4— True vertex efficiency
- B o 0.7j*
5000 = 3 5 - Average vertex probability
0_...|...|...|...|...|...|...\..‘|‘..|.‘._ S 0.6/
80 82 84 86 88 90 92 94 96 98 100 - - | | | |
Me: o (GeV) 0% B0 100 150 200 250

oI (GeV) 21



Events/ (0.5 GeV)

CMS Simulation Preliminary 13 TeV

:l T 1 | I T T 1 | I T TT1 | T T T | I T T 1 | I T T 1 | T T T [:
225 Hoyy Untagged 0 -
2 i —
1.8 4%37 Simulation —
1.6 —
- Parametric -

1.4 = model ! B
1.2F —
= o, =1.18 GeV =
0.8 —
0.4F —
0.2 —
el e e b e o L Sarhs ] =
105 110 115 120 125 130 135 14
m,, (GeV)

H—yy mass resolution

o = 1.18 GeV in best category
(was 1.05 GeV at 8 TeV+ FWHM=1.86 GeV. But with final calibration/alignment!
https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13001PubTWiki#8_TeV_dataset

Events/ (0.5 GeV )

CMS Simulation Preliminary 13 TeV
80 _—1 T | T 11 I T 11 I T 11 | T T T | T 177 | 17T I—_
- Hoyy All Categories -
70 — —
E 4%* Simulation E
60 — —
50 o Parametric e
; model ;
40 |- -
N c . =1.88 GeV ]
30 =
20 FWHM = 3.58 GeV E
10 —
0 : ........ ==Za ' Lo b ol :=='EE:::::=========
105 110 115 120 125 13 135 140
m,, (GeV)
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H—yy: Systematic uncertainties

» Experimental Uncertainties: » Theory Uncertainties:
Luminosity 6.2% PDF <2%
Trigger efficiency <0.1% aS 3.7%
Photon pre-selection 0.1%-2.3% (depending on vy cat.) Underlying Event Inside VBF: 7%
Up to 4% (depending on event cat.) Parton Shower VBF->other: 9%
Vertex Finding efficiency 1.5% QCD scale 9-10 %
Energy Scale and resolution  0.15-0.5% (dep. On y cat.). BR (H->yy) 2.08%
Effect of 6% in signal strength agH contamination ~ Norm. 39%
Non-uniformity 0.07% on vy energy scale in VBF migration: 10%
of light collection ggH contamination  10% stat

GEANT4 0.05% on y energy scale in ttH
Material budget 0.17% on vy energy scale

Shower shape correction 0.064% on y energy scale

Jet energy scale JES:4-15% migrations within VBF cat.,

and resolution same between VBF and untagged,

5% in ttH cat.
JER: <2% for all migrations

B-tag efficiency 2% in lepton-tagged cat.,
5% in hadronic-tagged cat.
LeptonID <1% in ttH cat.

Also: BDT ID, per-photon resolution estimate

PS modeling: up to 45%
Gluon splitting:18%
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H—ZZ*—4 leptons: Categories

6 mutually exclusive categories,
defined applying following criteria in this exact order:

1.

. =4 jets + =1 b-tag;

. other events = untagged category

exactly 4 leptons + {2-3 jets with <1 b-tag or =4 jets with 0 b-tag}
+ high Dhje: value = VBF-2jet tagged category

. exactly =4 leptons + {2-3 jets with =1 b-tag or 4 jets with 0 b-tag}

+ high Dwy or Dy value;
or 2-3 jets + 2 b-tags
-> VH-hadronic tagged category

. =3 Jets + 0 b-tag + {exactly 5 leptons or CMS Proiminary

128" (13 Tav)

=1 pair of additional opposite-sign leptons}; B 21.28 exp. events
or 0 et + =5 leptons
-> VH-leptonic tagged category

(ILTEWLGE 1527 exp. avents
WVBF-1j tagged EERSEE-EGENEN

or =b leptons =» {tH tagged category  ver-2jtagged R R ILL

. exactly 4 leptons + exactly 1 jet JRNawa 0.1 exp. events
" hlgh D‘.jEt value "-fH-hadL:;nic 0.69 exp. events
-> VBF-1jet tagged category 1209

0 071 02 02 04 05 06 OF 0B 05 1

sianal fraction

I oo+

Bl VBF

B WH, W—=X

B WH, W—siv
ZH, Z—X

B ZH, Z—2]
tH, tt—=0+X

B T, fT—=104X

B tTH, fT—=2/+X
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Events / 4 GeV

Events / 4 GeV

H—ZZ*—4 leptons: yields

I T T 7 T T U
o o S vt & ™ &
T TTTT TTTT TTTT TTTT ‘ TTTT ‘ TTTT | TTT

a
TITTTT

45—

40

35

OMS pomeay iaow st 118<m4I<130 GeV
° Hzs 1 Channel 4e 4u 2e2u 4/
mpe | qq— ZZ 1377035 | 3097027 | 390755 | 836707
1 gg— 77 0.16790 | 0.327002 | 0307002 | 0.777515
L Z+X 0.901035 | 1.407527 | 2347098 | 4.6411 08
Sum of backgrounds 2.42J_F§f51§ 4.81f§:§§ 6.54fi:§§ 13.77‘_&:%%
Signal (my = 125GeV) | 39072, | 7927553 | 9.807 5 | 21.61755;
Total expected 6.327078 | 12.737121 | 16.347195 | 35.387 3%
o Observed 5 12 16 33
0 80 90 100 110 120 130 140 150 160 170
m,, (GeV)
m4l|>70 GeV
A T o '(mej Channel de 4u 2e2p 4/
] Si% 1 @22 713758 [ 13267118 [ 17337205 | 3772755
=k 1 gg— 77 148738 | 253739 | 368702 | 7697137
Z+X 98733 | 102735 | 20470 | 4047157
Sum of backgrounds | 9597107 | 168.07155 | 230.57%5 | 49447535
Signal (my = 125GeV) | 4.670° 8710 | 112712 | 245727
syl ] Total expected 100.5" 155 | 176.77375 | 241.7+585 | 518.9738%
sos00 s Observed 111 178 244 533

m,, (GeV)

25



H—ZZ —4l: Background Control

> qq/gg—ZZ: from MC (POWHEG & MCFM)

> Reducible (Z+jets, tt, WZ,...): from DATA.
= 2 “fake rate” methods:

= Method A:
* Control Regions:

« Z1+2 OS-SF “failing” leptons (2P2F, 2 “prompt” + 2 failed”)

* 3 prompt + 1 failing leptons (3P+1F):
« target estimation of background WZ, Zy’, ...
» Extrapolation to signal region: lepton mis-identified probability

= Method AA:
* Control Region (CR):
» Z1+ 2 SS-SF “loose” leptons
« Extrapolation to signal region:
» SS/0OS factor from MC, cross-checked with data
* lepton mis-identified probability (corrected for difference
in composition of converted photon between CR
& sample to extract misID probability)

= Final estimate: combination of the two methods (yields&shapes)
(yields in control regions & part of the uncertainties un-correlated)

Events / 20 GeV

—
o
T | T T

Events / 20 GeV

CMS Preliminary
\‘ll\l‘l\l\lll\l\\lll\\l

— Control Region

—e— Data
I Z+jets
N T+ jets
r . Wz
- 0 zy.zz

100 200 300 400 500 600 700 800

12.9 1" (13 TeV)
I L | T 1T

2P2L ]
ss .

m,, (GeV)

ary
TT

12.97 (13 TeV)
T T LA

CMS Prelimin
T[T TrT]

0
T I LI

Reducible background estimation |
——— Data estimation

- Fit (with total uncertainty)

I \ Il

L ]

||||||\|\wl‘r\\|_\"|"r""-—- "
100 200 300 400 500 6

00 700 800
m,, (GeV)
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H—ZZ —4l: systematic uncertainties

Summary of relative systematic uncertainties

Common experimental uncertainties

Luminosity 6.2 %
Lepton identification/reconstruction efficiencies 6 -11 %

Background related uncertainties

QCD scale (qq — Z2Z, gg — ZZ) 3-10 %
PDF set (qq — Z2Z, gg — Z2Z) 3-5%
Electroweak corrections (qq — ZZ) 1-15%
gg — ZZ K factor 10 %
Reducible background (Z+X) 40 - 55 %
Event categorization (experimental) 2-18 %
Event categorization (theoretical) 3-20%
Signal related uncertainties
QCD scale (q@ — VBF/VH, gg — H/ttH) 3-10 %
PDF set (q@ — VBF/VH, gg — H/ttH) 3-4%
BR(H — ZZ — 4/) 2 %
Lepton energy scale 0.04-0.3 %
Lepton energy resolution 20 %
Event categorization (experimental) 2-15%

Event categorization (theoretical) 8 —-20 %
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CMS Preliminary

H—ZZ —4l: Mass & Width

12.9 b (13 TeV)

4 8y oy
< C - ]
< 7 ! -
A A T My, Diass ]
of M Do D, E
5:— ------- mases Dl (stat. only) ~  Channel 1D: L(my) (GeV)  2D: L(my), Diass) (GeV)  3D: L(my), Dimass, Dypty) (GeV)
4; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, —
- A 124.31109¢ 124521047 124507 04 (stat.) 013 (sys.)

3 -
2 -
N o .
:I\I\‘I\\I‘\\ I\\l\\l\‘l\\I:

123 1235 124 124.5 125 1255 126 T e A <AL

my, (Ge i - 105 GeV < m,< 1600 GeV E

&\ ; —QObserved ;

12— ---Expected ]

Parameter my range Observed Expected 10— E

[y (GeV)  [100,1600] 0.01070015 [0.000,0.041]  0.0047045; [0.000,0.032] 8 b

Ty (GeV)  [105,140] 0.3755[0.0,3.9] 0.01 54 [0.0,2.7] A E

E 95% CL E

4= — — — —— —

2
[ 68%CL 7,_
4‘ IIIII|\I\I‘\\\I‘I\\\‘I\Illlllll\\\l‘l\_
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H—ZZ —4l: Anomalous couplings

‘Hg,lz(?'g

fﬂ3 —

‘Hzlzﬂ'p_

|a1|20q + |az|205 + |az|205 + Fa1/ (A1) +. ..

fﬂZ —

fog = a1/ (A1)

a1 201 + |a2|202 + |az|205 + a1/ (A1) + ...

CMS Preliminary 15.7 10" (13 TeV)

\aq|?01 + |az|?02 + |az|?03 + Tar1/ (z’M}i1 + .. J

4’&3

i3
arg | — |,
5 11

4) ro (12
a2z — « - !
5 (11

Pa1,

y —_— CMS Preliminary 15.7 fo' (13 TeV) CMS Preliminary 15.7 10" (13 TeV)
. ; ~ Frr T T L e
‘_<:] J..: Observed, ¢ =0o0r= ; $_<:] o0 A p— Observed, ¢ ,=00r® — ‘_<:] | —— Observed, ¢ _=0orx
(o VIS To] = ja F .,-' : N
h | Expected,anS:Oor:r: i C\.I Expected, $a2=00m il C\ul 40 o Expected,qJM:Oor:rc |
15}
5 _ 10
95% CL 201
=S B
Parameter Observed Expected
fuzcos(¢a3) —0.56"535 [—1.00,1.00] 0.007926 [~0.59,0.59]
fuz cos(Paz) —0.067096 [-0.22,0.24] 0.0092¢ [-0.15,0.92]
farcos(par)  —0.937090 [~1.00,0.10] U [0.77,1.00]  0.00"045 [—1.00,0.24] U [0.98,1.00]
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untagged W= 1_24ig-;‘

VBF-1jet
tagged

VBF-2jet
tagged

VH-leptonic
tagged

VH-hadronic
tagged

3
4

+0.16
»

-0.00

+1.18
-0.71

.78+7.25

-1.78

3+1 .79
-0.90

T +8.27
ttH tagged u = 4.43_‘{_43

CMS Preliminary

HZZ, Hyy: signal strength per categories

12.9 b7 (13 TeV)

T | T T | T T T T T | T T T | T T T | T

. H— ZZ" — 41
m, = 125.09 GeV
I, = 099005

comb.

lllllllllllllll]lllllll
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H

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF Tag 0
VBF Tag 1
Hadronic Tag

Leptonic Tag

CMS Preliminary

12.9 b (13TeV)
N LA

0'95 +0.6
-0.5

029

T 031

1.33 +0.9
-0.6

]
== co

—— Per category t+ 1o

H—yy

- .. IJ‘=I.I‘SM
n

combined —

m,, Profiled

mbined + 1o
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Why double Higgs!?

Less obvious answers:

+ extract non-linear couplings not accessible
n single Higgs

+ alternative measurement of single-Higgs vertices

+ probe the strength of EVWWSB dynamics
at hish energy £/ > my,

+ explore extended Higgs sectors




Non-linear Higgs couplings
Several vertices contribute to double Higgs production in GF

2 . 2
ms g (N h .
L D —mytt (rf— +(£;\)—> — A3 0 h3 472 (f.g; ) G, G"

9 o - h g "@ﬁ& _-h
+--=<
< .
g 6 * h g 657,

+ modifications of the single Higgs couplings can affect HH
production (eg. tth)

+ some vertices can be probed independently only in HH
processes (eg. tthh , h*G,, G"")
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HH—bbtt: yields

12.9 b7 (13 TeV)

12,9167 (13 TeV)

12.9 b (13 TeV)

_ — ; 2l CMS bb 7,7,
% 10° _LCMS ob ur, ¢ Data % 10° CMS bb e, ¢ Data o 10 E preliminary channel
o] E preliminary channel g %] preliminary channel g 1 __C'é -
= - QCD = QCD = ok
— 10 [ Drell-Yan — 10 [ ] Drell-Yan £ g

= - [ Other bkg. = [ Other bkg. e -
_g W bkg. uncertainty _g 2N bkg. uncertainty RS 1k
= 1 k,=1(SM) o x 50 = 1 k, =1 (SM) ¢ x 50 = E o
< ek, =20 < ek, =20 k= ¢

10—1 10—1 *

—_
<
N

102

S
b

107

o
1

107

200 300 400 500 600 700 800 900 1000

200 300 400 500 600 700 800 900 1000

¢ Data
o tt
QCD
[ | Drell-Yan
[ Other bkg.
N bkg. uncertainty

—k;, =1 (SM) 5 x 50
ceen k=20

200 300 400 500 B00 700 800 900 1000

My [GeV] My, [GeV]
Process bbu, bbeT, bb1, 1,
tt 368.1£37.2 | 2285+234 | 153+1.7
multijet 522+6.5 55.7+4.6 | 45.7+4.1
Z+jets 31.5+3.0 18719 | 103+1.1
Wjets 13.0£1.0 11.0£09 | 1.4+0.1
single top 11.6 £1.0 10.7£1.0 | 1.5£02
di-boson 3.1+04 1.41+0.2 0.7=+0.1
Total expected background | 480.0 +37.9 | 326.0 £24.4 | 74.8 + 4.6
ky = 1 0.24 0.13 0.12
ky =20 7.8 4.8 41
DATA 464 317 84

m,,, [GeV]
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HH—bbtt: systematic uncertainties

Normalization:

Systematic value processes
luminosity 6.2% all but multijet, Z+jets
Jet energy scale 2-4% all
MC cross-section 1-10% backgrounds, not Z+jets, multijet
b-tag efficiency 2-6% all
lepton efficiency 2-6% all
Z+jets SF uncertainty 1-10% Z+jets
T energy scale 3-10% all
scale unc. +4.3/ — 6% theory
PDF variation 3.1% theory
Shape:
= DATA/MC Difference in pT distribution for ttbar
= Multijet background shape
= Uncertainties due to limited statistics (MC or data control region)

Visible mass distribution change (up/down tau energy scale)
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HH—bbtt: constraints on BSM

Exclusion of Higgs boson pair production in the EFT parametrization as a function of the coupling modifiers

kAKA and ktkt, fixing the other EFT parameters to cg=c2g=c2=0cg=c2g=c2=0.

Each marker denotes a point in the bidimensional (kA ktkA kt) plane for which the corresponding prediction has been tested with the
available data.

Open green semicircles denote points compatible with the current data while red full semicircles denote points excluded with the current
data.

The two halves of the circles denote the expected and observed exclusion as reported in the plot legend.

The diamond shaped marker refers to the prediction of the SM.

The dotted lines indicate trajectories in the plane with equal Higgs boson pair production cross section and are labeled

with the corresponding value of a(gg—hh)xBR(hh—bb11)a(gg—hh)*xBR(hh—bb1T).
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HH—>bbyy (2015)

Events/(3 GeV)

CMS Preliminary L=270fb"(13 TeV)

CMS Preliminary L=270fb"(13 TeV) < = =
3.5 pp—HHbbyy 4 Daa 8 o pp->HH-bbyy t Daa &
r SMN " Back d model £ SM Nonresonant _____ Background model
F onresonan — Bbackground modet = o . 1st Order Bernstein Pal.) =
3 : 3= High Purity Catego (1s
35 High Purity Gategory (1st Order Bemstein Pol.) % - Hag ty gory Fits 1o ,E
r Fit+ 1o [ r g
- m 2S5 Fit + 26 |
251 Fit+ 20 F
F 2
2 F
1.5
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1 E
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%o 100 120

i
180 200
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CMS Preliminary
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I pp—HH—bbyy }  Dam
[ SM Nonresonant
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1 - Fit+ 1
10 Fit£2¢
8

Background model
(2nd Order Bernstein Pol.)

ot CMS Prefiminary
pp—HH-BbyY 4 Data
SM Nonresonant Background model

Medium Purity Category (2nd Order Bernstein Pol.)
18 - Fit + 1o

Events/(3 GeV)
B

16 Fit=2¢

‘ 180 — 2(‘]0
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e o T R -
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Signal hypothesis

# categories

Extra Selection

Resonance, Mx < 500 GeV
Resonance, Mx > 500 GeV
Nonresonant

2 (b tags)

2 (b tags)

7

Mx Window
Myx Window
My > 350 GeV

L=2.70fb" (13 TeV)

CMS Preliminary
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T e
T
o
3
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Medium
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tH(->bb)

R L L L L LR b
*  Smallest SM production cross section E"’E _M(H)= 125 GeV 3
rpal @C0 + L £
— Diagrams are interfering in SM = M i
+ 3
— While it is constructive for inverted top f 10: E
coupling (ITC) Kygp=-1 3
S 1

1072 E
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII’
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ttH, Hoyy

» Categories from H—yy (see previous slides), targeting leptonic or hadronic decay of top.

. - -1
CMS Frefiminary 12.9 fo' (13 TeV) CMS preiiminary 12.9fb (13 TeV)
> 9:l‘_l"\""l""l""\""I""I""I"': :q; 'Hﬁ'lyyll‘l“_
o E =YY i 3 A ~ TTH Hadronic Ta -
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4 — ]
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T T
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% H combined = 0.95 -0.18
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Kinematic discrimination
CMS PAS HIG-16-022
* Using kinematic observables to improve discrimination against tt and ttV events:
jet multiplicity, lepton/jet angular separation, MET, lepton pr
* New for 2016 analysis in 3l: matrix element weights for ttH and ttV hypotheses
' — 1 i . 54 p wy  F{x0 pE)f (X2, i) M. (0 2 Wi oA o CMS Preiiminary  12.91f0" (13 TeV)
Wi }—an w0 (Pj‘f-"ﬁ‘éﬁ;)' T1xas - |- :xf.ﬂ-ll - W( D[y E o AL LA _E
@ E
« Separate BDT discriminators against tt and ttv: 30 =
o5 E
CMS Prasliminary 12016 (13 TeV) CMS Prsliminany 12916 (13 Tev) E
:H-% D_E_—'"I"'I"'I"'I"'I"'I"':'";‘ll"'l"'—- E E"I"'I"'I"'I"'I"'I"':'".;"ll"'l"E 20 _:
= t w1 2% —Tw ] E
= 04f TTZ - c 06E P 3 ]
'E B —Fahms 'g E —Fake= E _:
[ ] 0.5 . ]
03 ] = - 3
] 04F E = ]
0.2 o . 0.3F = .
C [ .
0.2F | 3 E
01 ] : 1 &
0.1E E z
S T SO -
0.0 it b lea s ba s b aalaradig 0.0 el o by banaloas e L
-1080604020 02040608 1 -1-080604020 02040608 1
SDT (ttH, i) BDT (®tH.itV) MEM weight (ttH)
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ttH->multileptons Summary (2015+2016)

CMS Preliminary 2.3+12.9fb™ (13 TeV)

CMS Preliminary  2.3+12.9 fo' (13 TeV)

m,, = 125 GeV m, = 125 GeV
- combined y = 2. 0+08 combined p = 2.0 %8
-0.7
3l B
h=25%7 :
2l 11, B trilepton
u=0.0+:; w=25*4
ee,no T, B T2
p=1.2 jg
up, no T e B
n=26"2 dilepton
e, No T B w=1.9 +0.9
u=2'4+1j2....|....|‘...| [ e
U0 2 3 5 6 S EP
Bestf.tu 6/ 0051152 25 3 35 4 45
S Best fit u = G/GS
Category Obs. limit Exp. limit £1c Best fit y 10
Same-sign dileptons 4.6 1.77%9 o5 2.7 10
Trileptons 3.7 232 47 1.3%12 49
Combined categories 3.9 1.4707 44 23797 g
Combined with 2015 data 3.4 1.370¢ 4, 2.0108_
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ttH: 2015 results

-2AInL

* Higgs to bb * Higgs to yy * Multi-lepton
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