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London Where are we?

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2017-11-10 14:09 UTC

60 . 60
T’" = 2010, 7 TeV, 45.0 pb !
=) w2011, 7 TeV, 6.1 fb!
> 20 —— 2012, 8 TeV, 23.3 b 130
= —— 2015, 13 TeV, 4.2 fb!
© 40} 2016, 13 TeV, 40.8 fb 140
I 2017, 13 TeV, 51.0 i
=
= 30 30
o
@
<
L 120
e
=
:‘3 <\\‘\ 10
o
- | | | | e | )
W 0 ° o W P o°
Date (UTC)
e Higgs discovery in 2012 e Large CMS Run 2 datasets
e Confirmed it looks qualitatively can test compatibility with SM
similar to the SM expectation e Today focus on H—vyYy results
. . 1
e Now want to precisely using 35.9tb-! data from 2016

characterise Higgs properties
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London Where are we?

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2017-11-10 14:09 UTC

(=)
=

. 60
2010, 7 TeV, 45.0 pb !

2011, 7 TeV, 6.1 b '

2012, 8 TeV, 23.3 b ! 130
2015, 13 TeV, 4.2 b ! i

40} 2016, 13 TeV, 40.8 b ! ? 140
2017, 13 TeV, 51.0 b ! L

/. \\\

Ul
o

130

120

Total Integrated Luminosity (b ')

«,\"‘(\I A V° A V¢ A" A V°
Date (UTC)
e Higgs discovery in 2012 e Large CMS Run 2 datasets
e Confirmed it looks qualitatively can test compatibility with SM
similar to the SM expectation e Today focus on H—vyYy results
e Now want to precisely using 35.9fb-1 data from 2016

characterise Higgs properties
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London What have we measured?

2 _ 1J/mJ
or Kj—F/FSM

¢ 'Traditional per-procesg coupling modifiers p;, for i = ggH, VBFE, ttH, etc.
¢ LO-motivated x framework that modifies Higgs’ couplings to SM particles
¢ applies for both production and decay

¢ additional effective coupling modifiers, k; and xy, describe the loop processes
for ggH production and vy decay respectively

¢ BSM contributions can cause deviations here at O(few%) level

e and 1N 2= YRS

In trod\lced here

H—yy at CMS 4 IOP Conference, 27.03.18
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What have we measured?

London
o Hi e . 1 A -o- ATLAS+CMS
iggs sector now precision physics ([ Aras and cus
ic Run 1 -+ ATLAS
. . -+ CMS
e CMS combination of Run 1 results — 5 1o
U . —+— —+20
e Includes vy, ZZ, WW, 1t % —
and bb channels U -
VBF ﬁ-
19.7 b (8 TeV) + 5.1 fb™ (7 TeV) B
u ————
< CMS = 68% CL WH Pa——
== 95% CL - g
: LHC Run 1 L ————m—
=0 85+0.19 : ZH = n
Hogn = V%016 | == —
+0.37 uttH - -
b = 116705 | —ei— ;
E m S
u =0.92+g.§g +: IIIIIIIIIlllIIIIIIIillllllIII|IIII|IIIIIIIII|IIII
VH -0. ; 1050 05 1 15 2 25 3 35 4
Parameter value
+1.08 :
= 4. I o
Moy = 290 094 | e World’s most precise measurement
WETE ST FEETE P P

0 1 2 3 4 5 6
Parameter value

the ATLAS + CMS combination
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London What have we measured?

. . ° . /
* Higgs sector now precision physics < ATLAS and CMS & ATLASTCNS
ic Run 1 -%- ATLAS
. . -+~ CMS
e CMS combination of Run 1 results — g 1
U . —+— —+20
e Includes vy, ZZ, WW, 1t % —
and bb channels U e
VBF e
19.7 b (8 TeV) + 5.1 fb™ (7 TeV) B
2 B S
< CMS = 68% CL WH Pa——
==95% CL - g
LHC Run 1 U ———————
=0 85+0.19 : ZH = —
Hogn = V%016 | == —
+0.37 uttH u . -
Mogr = 116 )5, | =i
m ot
u =0.92+g§g +: IIIIIIIIIlllIIIIIIIiIIIIIIIII|IIII|IIII|IIII|IIII
VH e : 1-050 05 1 15 2 25 3 35 4
' Parameter value
uttH — 290:1)8‘81 i—*— ° s . ;
o b b b b . .
0 1 2 3 4 5 6 the ATEAS + CMS combination

Parameter value See later slides!
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London What Wil] Wwe measure?

[lowpry ratios of T, Tzz Tww Ty Trr  (Tzy Tup)
Bricr e Results can then
" [veen RECTI T i
< [LVBF loose (MVA) n [ be re-interpreted
T [VBF tight (MVA) m |, 1 heor:
T TV esone o[ > et H with new theories
tZH leptonic ® . .
= | [ > 2jetvBFauts [ —>{ gk * Kinematic
regions isolate
H— 77 = —~ | | Rest
Ll ~ 2-jet BSM effects
s [Som S || -Cmwron] | | EFT
~— 2 3-jet .
E -1-jet ® —»| high-g® BSM coeffs * And p]ﬁ'OVlde
g > 2-jet VBF cuts Coherent
| cee | — Iow \%4
- = o framework for
S [ MVA low pr(V) E > high p¥, { . specific binati f
T [MVA high pr(V) Y —— > 1-jet BSM combination o
—»| very ni
= ' Ao channels &
1 - = ° .
H—7Tt e : o(ttH) o(bbH) o(tH) X experlments

e Simplified Template Cross-section (STXS) framework aims to

minimise measurements’ dependence on theory ro m YR4

H—vyy at CMS 7 IOP Conference, 27.03.18
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London H%W: OVG I‘VieW

e High resolution channel

e Key to discovery despite low BR (~0.2%) HY =======s
e Now ideal for performing precision
measurements of Higgs properties !
CMS Preliminary 35.9 fb™ (13 TeV)
> e L L B B AL BN ELE BN AL BN B
[} - H— . 7
O Mo tzsace itte GEES L,
e Select events with two well-isolated £ 120003 : Data =
: > - — S+B fit E
photons with pr > 30 (20) GeV for e O B component
. QL 80001 [+1o =
< . < B . 4
(sub)leading, In| <2.5 g oot =20 E

e Additional scaled cut on (sub)lead

e it small signal peak on large falling
background in categories

100 110 120 130 140 150 _ 160 170 _ 180

m,, (GeV)

H—vyy at CMS 8 IOP Conference, 27.03.18
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London H%W: Strate gy

e Identify phot i BDT
entify photons using a My = \/2E1E2(1 —COSH)
e Discriminates between real and fakes

using shower shape & isolation

. CMS Ppreliminary 359" (13 TeV)

v10 :l L I ol l L l | I il I | I ol l L l L I [ TE

g - ¢ Data -

o - B Simulation: ]

e Another BDT for vertex selection 2 H'f:;’ya(':,:: 125 GeVIxIC" -
. . 0 10 % | total background+stat.uncert. -

e Inputs are track recoil variables i :
I Y-je -

.y : 10° L~ s

e Negligible effect on resolution s -
if within 1cm of true position oL ]

: : e 10* g

e Quality of diphotons quantified : £
with third BDT oL L

e Used to classify events by S/B ; :
L1 1 I 1| | L1 | l L1 | I L1 1 I L1 1 I 111 I L1 [ L1 1 I L1

-1 -08 06 04-02 0 02 04 06 08 1
BDT score of the photon ID

H—vyy at CMS 9 IOP Conference, 27.03.18
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c i e CMS Preliminary 35.9 fb' (13TeV)
.EventCIaSSIﬁcatlon:tagevents % §|||||||||||||||||||||||||||||||||||||||||||||||||
. - . Q'1 o7 B ¢ Data Simulation background SM H—yy, m =125 GeV
using additional objects present 2" F [ jot ot koY
. ) S 3 - I v jet [ VBF
— target different production modes  310°g By [ VH
MC stat. uncert. [ ttH
e Improves S/B 10°
4
e Enables measurement of 10
per-process signal strengths 10°
10°

e Untagged events (mostly ggH)
further separated by S/B [0 T T TN I A PR

. DL 0 0102 03 04 05 06 07 08 0.9 1
- Improves over all SeHSItIVItY Transformed score of the diphoton BDT

ttH leptonic VH leptonic M_V

VBF 0-2 VH hadronic Untagged 0-3
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CMS Preliminary CMS Preliminary

H—yy: Distributions

35.9 fb”' (13 TeV)
LA LR B

35.9 fb”' (13 TeV)
AL L B

S L oEHoy Untagged 0 : S 101 H-yy VBF Tag 0 -
O 8O Mm =1254GeV, i=1.16 " aglg:g)e E © [ Mmg=1254GeV, i=1.16 ] ;g i
n 70F ¢ Data = % T : ¢ Data -
t —— S+B it - e Of —— S+B fit i
z °m e B component = 0l (7T | e B component
50 -1 H =10 = 6 |1|r 11 %110 _
-1 T + ] I + 7
E E 4 ® { I ] |
30 — ‘ ‘ ] S . | .
- 5 } = i __\{\\ oo ° ® -
oF Tl by E 201 | |8 et E
i3 el s L tooll] I ' [T S S
O : 1 1 | 1 1 1 1 | 1 ;l 1 1 | 1 1 1 ; 1 1 1 | | r-‘ 1 O 1 | 1 I | 1 | |""|" ll l J' l L1
oE 1 B component subtracted 3 S B component subtracted3
3 E oF -
10F ) 3 4 E
0 e H } : % ’ ; Y ; ’ ; o u 2 i } i } l } l/;
| r vo mal ; v 6 ’ Fod . 0 - 9. . ’ ashian .. -
_10 } { SEES = 2 L. 3
= = i =
100 110 120 130 140 150 _ 160 _ 170 _ 180 100 110 120 130 140 150 _ 160 _ 170 _ 180
m,, (GeV) m,, (GeV)

e Simultaneously fit all categories

e These show result of fit for overall signal strength u

H—yy at CMS 11 IOP Conference, 27.03.18
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CMS Preliminary 35.9 fb' (13TeV) CMS Preliminary 35.9 fb' (13TeV)
T T T | T i T | T | T | T T T | T | T T T N T T | T T T | T T T | T T T | T T
H—yy E = Combined = 1o H—>yy § —m— Per process = 1o
: - . B \ N
— ] Per process =+ 1o ggH 1058 o e SM Prediction
W | 11 +0:19 - T ousn — § . N
” : ~ +0.15 VBF | o067 |HE m, profiled
B : M combined — 1.16 -0.14 | — § —
Woge | 05 108 |—.—:-| m,, profiled ttH | 2209 § —a—
- : N WH leptonic | a1 —m |
W | 220 i —a— | \ |
| ] | ZH leptonic | 0.0*? ii—l
0 3+ o | _ _ § )
MyH 10 T — VH hadronic | 4175 : = :
1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 | 1 1 1 s 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1
-2 0 ' 2 4 6 8 -2 0 2 4 6 8
a Oproc/gtheo

e Per-process p on LHS, including 3.30 significance for ttH (wrt u=0)

e Stage 0 Simplified Template Cross-Section measurement on RHS
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CMS Preliminary 35.9 b (13 TeV)
w— 3 ' 10—~ o 2
< - :
> m,, profiled
2.5 < 18
O #= Best Fit
8
2 1.6 1o
-=:20
14 ’SM
1.5 5
1 1.2
’
0.5 4
0.8
0
2 0.6
-0.5
D 02 04 06 08 1 12 14 16 18 2 ° 04 06 08 1 12 14 16 18 2 O
Ky Ky

e Coupling to fermions vs vector bosons on LHS

e Effective coupling to gluons vs photons on RHS
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Lohdon Higgs combination

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

CMS Preliminary
—————

v i
o _|
1.5~ m
1 | p—
| [JHobb [JH—
05 — D v g Best it * SM expected ]
H-zZ [ JH-yy
L QH—>WW DCombined 1o region ninin 20 region
1 1 1 1 | 1 1 1 1 | 1 1 1 1

0.5 1 1.5 2
Ky

e Combination of 2016 results to produce world-best precision measurements:

> = 1,171:8:%8 — 1.17J_r8:82 (stat.) fg:gg (sig. th.) fg:gg (other sys.)

e Channels included are vy, ZZ, WW, tt, bb, and uu

H—yy at CMS 14 IOP Conference, 27.03.18



obean 0% STXS stage 1 - ggll

| = 0-jet || = 1-et ()] > 2-jet > 2et ya 500
~ 2j
> pf[0,60] | (| pflo,60] | | pii[o,25]
(+) (+) 2 3]
> pf[60,120] | | pZ[60,120] | | pHii[25, 0]
(+) (+)
> pf [120,200] (| p# [120,200]
BSM BSM FTOm&

> pH[200,00] | | p¥ [200, 0]

e pr and nJet bins, isolating BSM effects and separating VBF phase space

e in practice, may need to combine bins for reasonable sensitivity (+)
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obean 0% STXS stage 1 - ggll

> 2-jet

| = 0O-jet || = 1et (+)

> pZ[0,60] | —| pZ[0,60] |

(+) (+)
> pf160,120] | [ pH[60,120] |
(+) (+)

> pf [120,200] || pZ [120,200]|

Er()ﬂ\Y&AI

BSM BSM
> pH[200,00] | | p¥ [200, 0]

e pr and nJet bins, isolating BSM effects and separating VBF phase space

e Focus on this phase space for illustration

H—yy at CMS 16 IOP Conference, 27.03.18


https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922
https://arxiv.org/abs/1610.07922

london > STXS stage 1 o

Purity matrix

MAS)
vy,
n
<

>
j -
o
(@)
(O]
[ ]
(4]
O

1j high 1j BSM 2j low 2j BSM
Process
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London Summary

e Higgs physics has now pivoted from discovery to precision measurements

e Run 2 well under way: with just the 2016 dataset, CMS has surpassed the
precision of the full Run 1 combined Higgs measurements

e The Higgs continues to stubbornly behave as SM-like as possible

¢ but if there are deviations, we will find them

e Moving forward, measure Stage 1 processes in the STXS framework

H—yy at CMS 18 IOP Conference, 27.03.18
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London deteCtOI'

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overall length :28.7 m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T

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

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

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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London 59 MS detector

Key; Muon
Electron

— Charged Hadron (e.g.Pion)
. )ZM n‘ — — — - Neutral Hadron (e.g. Neutron)
7 == === Photon

Transverse slice
through CMS

Silicon
Tracker

Electromagnetic T«
Calorimeter N/ /)

Hadron

Calorimeter Superconducting erelrere
Solenoid ool ol
Iron return yoke interspersed
with Muon chambers TP
Om Tm 2m 3m 4m S5m 6m 7m
| | | | | | | |
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London What do we measure?

2 _ /)
or Kj—F/FSM

¢ 'Traditional per-procesg coupling modifiers p;, for i = ggH, VBFE, ttH, etc.
¢ LO-motivated x framework that modifies Higgs’ couplings to SM particles

Measurement Interpretation
Simplified Lagrangian
Data —— —Fp KijyJk ——
T Cross Sections T T parameters
Minimize Direct theory dependence
theory dependence here
Om —

H—yy at CMS 22 IOP Conference, 27.03.18
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London What do we measure?

(EW gqH) (H + leptonic V)
agF VBF VH ttH bbH tH
(Runt-like) S WH
[ VBF k!
> qq - ZH
[P Raay| [ M= ‘YH| < 2.9
—»|gg - ZH

me\&
e Simplified Template Cross-section (STXS) framework aims to minimise
measurements’ dependence on theory

e Usetul in long-term, especially for re-interpretation

e Stage 0 bins closely mirror Run 1 process definitions
¢ theory uncertainties on overall yield factored out of measurement

¢ CMS results generally include these for the 2016 results
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tondon . H—yy: VBF tags

Vertex BDT

e Diphoton and dijet BDT combined to classify VBF events

e Inputs to dijet BDT include jet prand An, mj, additional angular variables
(ADj,vv, Adjj, min AR(jet,photon), and centrality)

e VBF preselection: jet pr > 40 (30) GeV, mj > 250 GeV

H—yy at CMS 24 IOP Conference, 27.03.18
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mpeiallese vy VBE tags

105 CMS Preliminary 35 9 fo' (13 TeV) 108 CMS Prel/m/nary 35.9 fb' (1 3 TeV)
S - —— Data Sidebands i S - —— Data ]
*UE) 10 ; — VBF (m =125GeV) = %’ - Z — e'e (Simulation) -
|j>j ; L ggH (mH=125 GeV) ; Ij>j 10° = Simulation Stat. ® Syst E
100 e E E ]
10°¢ 5 R 10°8 E
E : | . E .
» : T - i
10 : 4 : : o :
e T A ; L -
i : R i - : B |
e I I : E - I I L ke

10—1 i ] ] ] | ] ] ] | : ] ] ] | ] I: ] | : ] ] ] | ] ] ] | ] ] ] | : ] ] ] | ] I: ] | : ] ] ]
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Transformed score of the VBF Combined BDT Transformed score of the VBF Combined BDT

e VBF tags defined using two-step BDT process, where the dijet BDT is
combined with the diphoton BDT - cut on resulting distribution

e Validation using both m,, sidebands and Z—ee events with dijets
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CMS Simulation Preliminary 13 TeV CMS Simulation Preliminary 13 TeV
) AL L L I ~~~ N L L L L L I B B B O
41— —] o : -
> - H—yy GG2H Untagged 0 § 3 ool H=vY All Categories -
Q) - 1 O - ]
o SOF _ 1 180F . =
o - Simulation 1 o - Simulation .
gl 3 — ~ 160 —
—~ N 1~ N N
) u : N N - _ ]
L N Parametric . — 140 — Parametric g
o °°r model 94 5 - model ]
> N _ > 120 ]
LU o[ | LLl o _
- Oy = 1.32 GeV : 100 o, =1.96 GeV =
15F — 80 —
1 = FWHM =2.97 GeV E 60— FWHM =3.80 GeV —
- ] 40 -
0.5 ] - _
- ] 20 =
0 B O Nkl o TR IR 22 L1 N =

105 110 115 120 125 130 135 140 105 110 115 120 125 130 135 140
m,, (GeV) m,, (GeV)

e Signal parametric in my

e Built individually for each process and tag
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H—yy: Signal Model

CMS Preliminary H-—syy 35.9fb" (13 TeV)
B oo+ B vBF ttH [ bbH B tHq B tHw
B wH hadronic [l WH leptonic ZH hadronic [ ZH leptonic . O i . Ouwm - S/(S+B)

Untagged O
Untagged 1
Untagged 2
Untagged 3
VBF 0

VBF 1

VBF 2

ttH Hadronic
ttH Leptonic
ZH Leptonic
WH Leptonic
VH LeptonicLoose
VH Hadronic

VH MET

45.8 expected events
480.6 expected events

670.4 expected events

610.1 expected events
10.0 expected events
8.6 expected events
27.8 expected events

5.8 ex

0.5 expected events

) expected events

10 20 30 40 50 60 70 80 90

Signal Fraction (%)

9.7 expected events

4.2 expected e

o b i bl
2 25 0 01 02 03 04 05 0.

Width (GeV) S/(S+B)in = o,

100 p o5 1
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Photon identification

Photon energy scale and smearing
Per photon energy resolution estimate
Jet energy scale and resolution
Integrated luminosity
Other experimental uncertainties
Branching ratio

ggH QCD scale

ggH P, modelling

ggH jet multiplicity

Other processes QCD scale yield
Other processes QCD scale migrations
PDF and o, yield

Underlying event and parton shower

Uncertainty on overall u

0 0.05

0.1

Observed
|:| Expected

-l UULUHH

Uncertainty on W

0.1 0.2

0.3

I_Il_ll_l—o

Observed
[ ] Expected

IR

0 0.1 0.2

0.3

H—yy: Uncertainties

Uncertainty on W,

o

0.05 0.1

0.15

Observed
Expected

IIEER R

[T

0 0.05 0.1

e Systematic uncertainties almost equal to statistical with 2016 dataset,
for the overall and ggH signal strengths

0.15
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Lohdon Higgs combination

CMS Preliminary @ Observed
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e Combination of 2016 results to produce world-best coupling measurements

e Channels included are: yy, ZZ, WW, tr, bb, uu (and invisible, sometimes)
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obean 0% STXS stage 1 - ggll
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e pr and nJet bins, isolating BSM effects and separating VBF phase space
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STXS stage 1 - VBF

> 2-jet VBF cuts
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Rest

e Two main bins defined using pr of H+djijet system

¢ Correlated with nJets

e Interesting for future analyses:
discrimination between VBF and ggH+2-jets
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o _Olege STXS stage 1

Migration matrix
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e This slide: “Migration” matrix, normalised by processes/columns
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