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CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
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® CMS combination of Run 1 results < ATLAS and CMS - ATLAS+CMS
ic Run 1 -»- ATLAS
-+ CMS
¢ Includes vy, ZZ, WW, tt and bb channels - g i
W . —+— —+20
¢ Overall measurement of pvsr was - —
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Parametervalue o Value of pvsr was 1.18 +0.25 -0.23
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rperna lege Status of 2016 analyses

Papers accepted / submitted:
W H—>ZZ -4t (arXiv:1706.09936)

K H—>tr (arXiv:1708.00373) o Four key channels which drive
¢ VH—bb (arXiv:1709.07497) sensitivity to VBF process (¥)

¢ Boosted H—=bb (arXiv:1709.05543) ¢ All public except H-WW

® H—vyy paper update

Physics analysis summary (PAS): expected shortly

YW H—>yy (HIG-16-040, CDS link)
¢ H—pp (HIG-17-019, CDS link)
¢ ttH—=multi-lepton (HIG-17-004, CDS link)
¢ ttH—tt (HIG-17-003, CDS link)

In preparation:

YW H-Ww

¢ ttH—bb (hadronic and leptonic)
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rpera College Key channels for VBF

Higgs — ZZ: expected uncertainty (2016 dataset) on pvgr ~ 1.0
¢ Very low statistics; close to zero background

¢ One and two jet categories

Higgs — tt: expected uncertainty (2016 dataset) on pvsr ~ 0.4

¢ VBF comprises large fraction of signal, expect ~40 events

¢ One VBF category for each t decay mode

Higgs — vYy: expected uncertainty (2016 dataset) on uvsr ~ 0.5

¢ Reasonable stats, with ~25 VBF signal events expected
¢ Three MVA-driven VBF categories

Higgs — WW: expected uncertainty (Run 1) on pver ~ 0.6

Status of VBF at CMS 6 H + dijets, IPPDP, 10.01.18



rpera College Talk outline

Key observables and
how we measure them

Strategies and results of key

analyses (ZZ, tt, yY)

Discussion of future plans

- The CMS detector
' Definition of observables

 Common uncertainties

' Overall analysis strategy

' Methods used to target

the VBF signature

 How current measurements

will evolve with more data

' And how they will be

atfected by uncertainties
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¢ Traditional per-process couping modifiers L, for i = ggH, VBE ttH, etc.
¢ LO-motivated k framework that modifies Higgs” couplings to SM particles
¢ applies for both production and decay

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

ore and in YRS

Xntroduced hers
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| ial Coll
lobdon e9¢ Measurements
0, SM
K; =0 o ;

2 _ Tj/TJ
or Kj—F/FSM

¢ Traditional per-process couping modifiers L, for i = ggH, VBE ttH, etc.
¢ LO-motivated k 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 —
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(EW gqH) (H + leptonic V)
agF VBF VH ttH bbH tH
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@ STXS bin definition aims to minimise measurements’ dependence on theory

o Useful in long-term, especially for re-interpretation

e Stage 0 bins closely mirror Run 1 process definitions
¢ (CMS results generally include these for the 2016 results

¢ theory uncertainties on overall yield factored out of measurement

o With more statistics, move to Stage 1 — finer binning using pr, nJets
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London Common systematics

UE and PS

pr(H) bin migration

Experiment Jet energy scale
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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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Pileup Residuals(n) Residuals(pr)  Flavor
MC + RC dijets v/Z+jet, MJIB Mc | Calibrated

- -

Applied to simulation o 12 e UN2016 0.8 17 (13 TeV)
S fcMms Anti-k, R = 0.4, PF+CHS -
Q - .. i
. . . ® 115 Preliminary -
o Corrections to the JES applied in s f + :
O 1.1 .
several steps for both data and MC o T # J[ :
S 1.05 ﬁ -
: L. : 2 F T
o Associated uncertainties dominate T T ™ B
- r el 4 —+ -
experimental component in current 0055 ;E r E
[ -m \'J i
VBF measurements - +$goGgev i :
0.9 + ]
. . -+ 240 GeV ) §
¢ particularly large in the o[ 480 GeV + ]
forward region ' —Nominal :
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In|

Status of VBF at CMS 13 H + dijets, IPPDP, 10.01.18



Evenis / 2 GeV

70

60
50

40

30

20

10

v

Ci 35.9 fb' (13 TeV)
_llIlllIlllllllllllllllllllllllllllllilllllll_
- e Data ~
- ] H(125) )
n | qq—2ZZ, Zy*
B B 9977, Zy* -
- | M Z+X -
- Higgs— 77
S| :
- arXiv: 1 j\.09936 -
- T ey }
A wumm L I
0 80 90 100 110 120 130 140 150 160 170

m,, (GeV)



rperia College - H—Z.7.: Overview

- CM§ — | . | | las.gflb*qs T?V)
> T ]
(M 100 e Data — A —
S J 2 Hos) ] Search for H—ZZ—41 (1=e,u)
% ol | E gg:§§ éz 1 e Clean signature with large S/B
i e { o Narrow resonance ¢1i
- - gives
60~ ] B excellent resolution
401 ]L -} @ Small background from
- . non-resonant ZZ* production
20— — . e
- { | 1 @ Very low statistics (BR ~0.01%)

'y

iy | L " 'I-"'_'V'r"'_-"'_"_mv ; -

00 200 300 400 500 700 900
m,, (GeV)

80 1

¢ Select same flavour, opposite sign lepton pairs
¢ Categorise according to main SM production modes

o Perform 2D likelihood fit to extract signal . .
S Lop(may, Dyi) = L(mag) LD [may)
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Z
@ Three categories defined by lepton pairing: ee, ep, Lt
et &
¢ Identify one lepton pair as on-shell Z, other off-shell \ /
both with 12 < m(Z) < 120 GeV Z. Z.
daughter electrons (muons) pr >7 (5) GeV, Inl<2.4 (2.5) / \
FSR photon recovery, using nearest photon/with low AR/pr & e
jets require pr > 30 GeV, Inl<4.7 Z2
35.9fb7" (13 TeV) CMS 359" (13 TeV) CMS 35.9fb" (13 TeV)
SSRRRERARRE R G RARA RARRE RAAE RS RS IS - R B B T T ] 20T T T =
S - e Data . 8 22; e Data : o) e 11 1 ] 2
0 H25) 1 < 20f oHerzs) 4 S Ly DM OGS AR 8
wof- 87z 2y 1 2 ooz | Ef L2 1l @
L [ Z+X © B Z+X = - 1504
i ] w ] - —
30 118 <m,, < 130 GeV . 118 <m,, < 130 GeV E 80- N
- _- 60-— -
— : a =0.2
= 40-— e ] -
3 [ J0 —o.1
. L e s « o .: .
L _ —: 20__ o Yoe A lAn e’ __
% 50 60 70 80 90 100 110 120 8000120 40506050 80 00 100110120 °
m,. (GeV) m,, (GeV) m,. (GeV)
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¢ Irreducible: non-resonant qq—Z2Z and gg—727
¢ both obtained from simulation: NLO in pQCD for qq, LO for gg

¢ corrected using k-factors (taken from signal for gg—77;
additional EW factors for qq—ZZ) - details in paper

¢ NNLO/NLO ~1.0-1.2 for qq—ZZ, NNLO/LO ~2.0-2.6 for gg—Z7

® Reducible: Z—Il + jets, tt, WZ
¢ two data-driven methods using independent control regions

¢ one using opposite sign regions, other same sign; take weighted average

—36
14 29
102712 21242

O e e e ,- , “
UM Of backgrounds 20D 55 463 55 6 a |
Signal 120173 236+21 300+26 657+5.6
Total expected 267752 487F8 663155 141775
Observed 293 505 681 1479
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CMS 35.9fb"' (13 TeV)
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CMS 35.9f" (13 TeV)
: : : : : : : : : ——
Whielelo[-d M 40.77 expected events B VBF
: B WH, W—-X
VBF-ljet  Jge expected events B WH, W=
tagged ZH, Z—X
VBF-2Zjet B ZH, Z—>2]
4.24 expected events - T
tagged ‘ P | I ttH, tt—07+X
a- - -
VH-hadronic ] tEH’ tE_”l X
tagged 2.08 expected events B ttH, tt—2/+X
— _________\
VI-::theodmc 0.38 oxp RNV . o Categories for each main SM
miss production mode
VH-E
T 0.11 expected eve
tagged

¢ 1 and 2 jet categories for VBF;
aReere el 0.51 expectedlevents ggH contamination ~50% in 2j
0 01 02 03 04 05 06 07 08 09 1
signal fraction

o Require exactly 4 leptons in both

) o ¢ In VBF-2jet category, 2-3 jets
Poieg (74 mag) with at most one b jet,
o PES (M4 |my,) or >= 4 jets with 0 b jets

® Plus kinematic discriminants
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¢ Kinematic discriminants based on matrix elements

¢ Inputs rely on the four vectors of each decay product
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CMS 3597 (13 TeV) CMS 35917 (13 TeV)
‘-. [ . ‘-' llllllIll]lllIIIIIIIIIIllilllllIll[ll'll'llllllll
8 9 3 e Data E S . e Data
2 g 118 <m, <130 GeV 0] H(125), VBF 1 Iz 10-_ 7] H(125), VBF 118 <m, <130 GeV
o E Njets) 2 2 (] H(125), other 3 o [ [ H(125), other N(jets) = 1 i
u>J 7E ] qg—=2Z, Zy* A u>J - [ qo—»2ZZ, Zy* £
- B gg—2Z, Zy* ] - W 99—ZZ, Zy* -
5 W Z+X E 8 m z+x 7
E I ] 1
5F ] = ]
: I 5 0 |
4 ? ] = l ’
c ] . -
3E| | ¢ ¢ | E i B
E I : - ’ I .
21 T = - ‘ ] -
- 1=\=‘; I ] 2 [ -
00 01 02 03 04 05 06 0.7 08 09 1 00 0.1 02 03 04 05 06 0.7 08 09 1
H+ 2jet H+
Prayy (O |1my4) Py (O [myp)

DZjet: 1+ Dljet: 1+

Py (| my) | dﬂJPVBF(ﬁH+JJ M)

® One discriminant for background rejection, several for production modes

@ Cuts placed at 0.5 for both
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CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
% 20 L I L | L I I I L I L I L I L I Frri I I _ %) 7_[ I I L I LI I L I | | L I L I LI I I I L l_
M - VBE-1iett d cat e Data E :_ it e Data _:
2 18: jet-tagged category = H(125), VBF 2 - VBF-2jet-tagged category o1 H(125), VBF
~ 46E ] H(125), other - ~ 6 ] H(125), other —
2 Dae-2Zzyt 1 2 ¢ [ qa—ZZ, Zy* -
O 141 W 99—ZZ, Zy*  — O L W 99—ZZ, Zy* -
wr M Z+X 1 @ °F W Z+X -
12— * ~ B _
N 1 ] 41— —
10__ —] B .
8- i - 3L | ]
E 1 e E _ :
°F T ! E 2F . . ¢
4 ol - i .
z}rrrl_r 1:—0 o_|—_|; % -ﬂ: [ ] —:
- L I A e B ' 5

C}O 80 90 100 110 120 130 140 150 160 170 90 80 90 100 110 120 130 140 150 160 170
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¢ Both VBF categories are very low-stat

¢ Downward fluctuation in the VBF-2jet category
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London
CMS 35.9fb" (13 TeV)
1T 1T 1 IIIIIIII]IIII]IIIIIII
_ +0.22 H—oZZ* - 4]
“ggH 1.207,%; =
my, = 125.09 GeV
| p_ =10577
+1.03 comb. -
l'LVBF 0'05—0.05 -
_ +2.82
M\ hhad 0-007500 ®
—_ +2.66
llVH|ep 0-007500 m
+1.19
K 0.00 5o m
L 1 1 1 I L L 1 I 1 1 l 1 L L l 1 1
0 1 2 3 4 5
U

agH

VBF

0.VHhad

O\Hiep

O
ttH

/6, =1.2007
/6, =0.050
/ 6,,, =0.00%
/ 6, =0.00%
/6, =0.007 "

¢ Usual signal strength modifiers on left, STXS on right

¢ Low value partly due to upward fluctuation in ggH

CMS 35.9 fb" (13 TeV)
lllllllll Illllll]l]lllllllll
° H— ZZ* - 4]
|yH|<2.5
stage-0 subprocesses
m,, = 125.09 GeV
|®
|" SM prediction
P
¢
@
lllll L1 1 Illlllll lllll
0 0.5 1.5 2 25 3
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5.1 fb! (7 TeV), 19.7 fb' (8 TeV), 35.9 fo' (13 TeV) CMS 35.9 b (13 TeV)

UL AN R R RN RN RN LR LR AL L L .

1L ¢ Data (stat. ® sys. unc.) |

Systematic uncertainty
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n

¢ Data (stat. @ sys. unc.)

gg—H (NNLOPS) + XH
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—’ I

— : [7] XH=VBF + VH + ttH (POWHEG)
T g (LHC HXSWG YR4, m =125.09 GeV)
R 5 —Q—*—%

}_
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—— Systematic uncertainty

L1 lllll

AN
fday Standard model

LHC HXSWG YR4, m =125.09 GeV

|
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llll
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Ny L
3y 50
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|

pp > (H - 4l)+X

w
—llllllllllllllllIlllllllllllllll
%
740,
1’7\,
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|
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OO0 —A—a-a-a
NP0 LN
™7 l'{l:‘nl T l g'

5

NN )

.\\

o~

N

N

N

N

6 7 8 9 10 11 12 13 14 e e a s L,
's (TeV) p,(H) (GeV)

¢ Fiducial region defined with 105 < m(41) < 140 GeV; 2.92 +0.56 -0.50 fb

¢ Minimise model dependence: no cut on Dy, , and BR to the three different
final states (4e, 2e2y, 4) is left unconstrained
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CMS 35.9 fb" (13 TeV) CMS 35.9 b (13 TeV)
) » | I I A10lllllllllllllllllllll
e 102 i ¢ Data (stat. @ sys. unc.) % ¢ Data (stat. @ sys. unc.)
o — Systematic uncertainty (D Systematic uncertainty
b“ - s gg—H (NNLOPS) + XH ~ 1 = gg—H (NNLOPS) + XH
10L G gg—H (POWHEG) + XH ce G4 gg—H (POWHEG) + XH
. ~—
g [[] XH=VBF+VH + ttH (POWHEG) ~ 40 [[] XH=VBF+VH + ttH (POWHEG)
i I (LHC HXSWG YR4, m =125.09 GeV) "0'5 2 (LHC HXSWG YR4, m =125.09 GeV)
1 o prom pT(jet)>3O GeV, m(jet)| <2.5 'C}_ 'mfm p_(jet) > 30 GeV, n(jet)| <2.5
- | s nns | A | _ d
! + Q 102k -
e Ié///}ld E -
1 0_1 :_ l U B SRRRRRRRRRRRRRR GETITITIIIIIIIS,
b@ 1 0_ 3 laseseiaseceiesesesesesee o ee e Rttt .
, © : 3
» 0 E | : | - 0 e = = ey
2 25h- e R e e e e e
O O 2
| 2 .............................................................................................................................................. |
Z sl b 2000
. N\ X e NN 7 3
o 1 ‘ v = Y 7 NN V. P o 1S5S s g w W
o | INNNNN LU 77 ooy l 7, T ~ b7, T ) \ v s s 5
- Y| ST St m—— SR = 0.5 l
14 Q:0||1|||111|||||||11|1

o
(-
Y
N
IV
w

50 100 150 200 250

N(jets) p (et) (GeV)
¢ In addition to pr(H), results presented for nJets and pr(lead jet)
o Jetselectionis pT >30GeV and Inl <2.5
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® Search for H—tt in four different channels:

channel pT
ThTh, UTh, €Th, €U
e>26 Th .
et 530 ¢ Three categories:
i 1>20 ¢ 0-jet, targeting ggH production
: ™30 ¢ Boosted, for ggH with H recoiling against a jet
o >50 ¢ VBF via cut-based dijet analysis
™40
¢ VH also included as signal, with H=WW
e e>13(24) as background
: u>24(15) 5

¢ Different strategy to Run 1: 2D fits
( . irant D ¢ One of the two is always mq«

e Other is used to target production modes:
can be tau pr, Higgs pr or dijet mass

o Additional control regions included in the fit

& J
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® The di-tau mass (m) is reconstructed using SVFit in most categories

¢ Allows for separation of Z—1tt and H—n1r, shifts the H—=1t peak to 125 GeV

o Inputs are MET, its uncertainty, and the four vector of each tau candidate

CMS Simulation Vs = 8 TeV nT CMS Simulation Vs = 8 TeV nT
~ 0.2 ~ 0.16
o n —— H->1ttm, =125 GeV e - —— H— 1t m, =125 GeV
O o.18F = 014
"2 0.6 2 E : y
£ 2 s 0.12
2 0.14F = I
012 —2%
0.1 / o.oa\A
0.08- 006:—
0.06 [ Z
- 0.04-
0.04- | i
0.02 0.02;
0: Jllllll e s 0_|||| PRI H B ——t
0 50 100 150 200 250 0 50 100 150 200 250
m,;; [GeV] m.. [GeV]
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x10°
: : % '
Z—1t and Z—puu (irreducible) € 1.4[ QCD CR (0, 7, non iso.) -
t.7., VBF
¢ Taken from DY MC, binned in nJets T - .
1 5
¢ Corrections applied using Z—pu control region 08l
0.6}
W+jets 0.4}
¢ et and ut channels use CR defined by high mr; 0-2¢ )
normalisation included in fit - ° /
Z 1 .2 ./ ........................................................
tt g *
 — 8 08 R
¢ constrained using ey channel CR, with low DC CMS 359" (13 TeV)
(geometric variable); norm included in fit '
QCD g e
¢ same sign CR used for et and ut Iw+iets acD multjt
¢ opposite sign relaxed isolation CR for thth otners Dakg.
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London H—1 Categ()ries

O-jet VBF Boosted
Selection
ThTh Nojet >2jets, p1* > 100GeV, Ay > 2.5 Others
ut, Nojet >2 jets, m; > 300 GeV, pI* > 50GeV, pf > 40GeV  Others
et, Nojet >2 jets, my; > 300 GeV, pt* > 50 GeV Others
ey Nojet 2 jets, m;; > 300 GeV Others
Observables
ThTh Mzt M, Mt pPT, Mer
WTh Ty decay mode, myis  mjj, Mg pTt, Mot
eT, Ty decay mode, myis M, My prt, Mt
ey p, Myis My, Mer pET, My
CMS Simulation 13 TeV CMS Simulation 13 TeV
’>~1800 - > ;1800 N Jdo1e 2
o | gqgH—->1tt (VBF, ut) T @ @ [ Z->11(VBF, ut) [z
Q1600 H h S Sie00F h o &
= N © E:: [ ' ©
E = > >
1400 |- 004 &= “1400 do12 =
X e i o
1200 f S 1200f o1 8
- 0.03 8 - g
1000 |- 1000 0.08
L 0.02
800 ~ 800 —
i [ 0.04
600 [~ 0.01 600
- 0.02
400 |- 400
L . I, . ., B
50 100 150 200 50 100 150 200 0
m,, (GeV) m,; (GeV)
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CMS 7.7, VBF 359 b (13 TeV)

pr— . r r T f " . " . ; . . T r , ; r T " . r— Observed
0 < m, < 300 GeV + 300 < m, < 500 GeV : 800 < m, < 800 GeV : m, > 800 GeV 1 +

1 02 3 - . H-1t (0 =1.09)
; '0' '9-..... § . :

Z1T

- Z-uplee

ti+jets

- W+jets

QCD multijet

Events/bin

10

Others

Total unc.

L : | === H-11 (L = 1.09)

I I L 1 1 1 I I I 1 1 1 I I ! 1 1 1 I I 1 1 1 I ! 1 || 1 I I 1 1 1 | I Ll 1 1 1 | I I 1 1 1
: : : Obs. - bkg.
: : : Bkg. unc.

s H—11
Bkg. unc.

(Obs. - bkg.)

Bkg. unc.

® Majority of the signal in larger mj; bins
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35.9 " (13 TeV) 35.9fb"(13 TeV)
> :l LI I UL ' LI L LI L l UL l L L l] > 1800.—' LI L I UL I LI ,,',,',3,,' 'l”l' 'l”l' l”!'l”l”l | [—
a5k ] © - o s I
(O 35 CMS — @) - CMS 40 —+—Obs bkg -
- : 1 Z 1600 Z
X 4 N 30 -
-.(L) ; _-. -.(e N o= - = H-o1 ‘ .
C 30 - -4~ Observed _4 C 1400 — -4~ Observed - 20 3 -
G>J E —— Ho>1t (u=1.09) 5 0>J - — Ho>1r (u=1.09) o DBkg. unc. - .
g 25-_-2 T - _8 1200__-2 T -
:.QE) E :c::t:umjet E _"QE) 1000:_ ‘::::ultijet . 0 M . . q- _:
g) 20 » Others ﬁ : ~ (@)) N Others -10 -
(0] N Bkg. unc. : : Q—J - Bkg. unc. ‘ _-
2 . F ] " = 0 50 100150200250300 1 = 800f Bew =0 50 100 150 200 250 300 -
) E . (GeV) ] mn - m,. (GeV) -
e : — m,. ( ) ] 9 600 _e_ O-jet: x o« ( ) -
0 10 W VBF: ut , et e - 90 N VBF: ]
- o ] X 400F gy, o .
7)) - ) - m Boosted: 1,7,, Ut , 1, eu 7
°F 200F' . n =
- L1 11 I L1 1 1 I L1 11 I L1 11 I L1 11 I L1 11 L1 11 I L1 11 I L1 11 I L1 1 1 I L1 11 I L1 11

0 50 100 150 200 250 300 0 50 100 150 200 250 300

m;. (GeV) m.. (GeV)

¢ Signal peak is visible by eye after background subtraction

¢ Events weighted by S/S+B
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35.9 b (13 TeV) 35.9 fb (13 TeV)
— 1 - T T o - - r - T T - 2
- [ 0
: : - CMS 68% CL
I CMS l 8 95% CL
i | oF o Best fit
_ - 0-jet _ T ¢ Expected: SM H(125)
=0.84 *0-89
H -0.89
| Boosted |
i T® — w2g
VBF
i r K115 il
Combined
b =109 0
B = 04
0.2 —
e e 0:...|...11..|1.| 1 1 L1 | 1
0 1 2 3 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Best fit u =
M G/GSM Ky

¢ H—-WW included as signal for 2D kappa scan
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CMS Preliminary 35.9 fb™' (13 TeV)
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e High resolution channel

e Key to discovery despite low BR

HO ________
e PAS with 2016 dataset released )
. - -1
e Proceeding to release of a paper > CL"S Frelminary 22210 (13 7€Y)
O 14000 fo 1254 Gov, fint 6 enedoS =
2 12000 s Data -
: . 2 o000k —— S+B fit -
¢ Select events with two well-isolated e O B component
. D 8000 +1 —
photons with pr > 30 (20) GeV for A — :
. ‘S 6000 —
(sub)leading, In| <2.5 =

e Additional scaled cut on (sub)lead

e Fit small signal peak on large falling

. . 10:0 110 120 130 140 150 160 170 1580
background in categories m., (GeV)
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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 L I ol l L l | I il I | I ol l L l L I [ IE

g - ¢ Data -

° ~ B S- I t' : B

e Another BDT for vertex selection 2 Hoopy (m, = 125 GeV)x10 -
. . 0 10 = | total background+stat.uncert. -

e Inputs are track recoil variables Wb ]
.. : 10°E jet =

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

: : e 10* i

e Quality of diphotons quantified : £
with third BDT """ 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
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CMS Preliminary 35.9 fb' (13TeV)

o Event Classification: tag events S B 0-ia Simuiation beckground S eerr, m <125 Gev
using additional objects present %10 i — v
— target different production modes n'og e stat uncert. [

e Enable measurement of per-process
signal strengths

e Untagged events (mostly ggH)
further separated by S/B

_} improves Overall SenSitiVity O O ‘III IOI|2II IOI|3II Iollil IOI| 11 I(I)|6II Ioll | IEIOI|8II IOI|9I :1
: : : : 5 0. .7 0. :

Transformed score of the diphoton BDT

ttH leptonic VH leptonic M_V

VBF 0-2 VH hadronic Untagged 0-3
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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
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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 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 [EISRR=Y(ol=Toi (=To MEAV/TL S

Whhic-lefs[-elNMM 480.6 expected events

Uslelelo[Te il 670.4 expected events

Untagged 3 LR Y (o L=To (e REAVZETRIES

F &Y 10.0 expected events
I JIE 8.6 expected events
 WYUS S2ll 27.8 expected events

ttH Hadronic
ttH Leptonic

VA W =Te) (s ][l 0.5 eXpecied events

VH LeptonicLoose [PRECY - [Sle(=ToMEAVETRIE

\ialaElelfels]cl 9.7 expected events

i B\ISIEN 4.2 expectedle

NETARERRIARRRA RRERY
10 20 30 40 50 60 70 80 90 100 5 o5 1 2 25 0 01 02 03 04 05 0.€

Signal Fraction (%) Width (GeV) S/(S+B)in = o,
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CMS Prel;mmary 35 9 fb (1 3 TeV) CMS Prel/m/naly 35 9 fb (1 3 TeV) CMS Prellmmary 35 9 fb (1 3 TeV)
>SN AR L B B L > oo L L BN AL L S Forrrrrrrrroe L B L L I
o 10 Hos -1 © 18F H—>W 4 © H—>YY -
O [ R=1254GeV,fi=1.16 'o© Tag 0 O ER=1254Gev,i=1.16 Vo' Tag 1 O 8Ff Ts4cev,i=tte  VEF Tag 2 3
7 . $ Data P 16— $ Data 31 & 70 ? Data E
t 8 — S+B fit 71 T b —— S+B fit 1 € — S+B it -

0 1 9 7 2 e0f
N B component i u>J T B component 1 a4 R B component 3
+16 - z B tio - 50 1o 3
‘ 26 i 10 I [ J+20 E | []+20c E
] 8 - ]
. : 6% H ] ] —; %0 W 3
® 3 ' D—_ 4k . 20 0 SAN —
o I m q ] E . | l { l l E " % 209k " } { { .
o0 H]H H ]HH 3 2 — [) —~ > 194, 9L, 2 )9
I\ 1 T H”HH 0: Tnm o1...I....I....I....I....&.li.l.i..lﬂ_._.j_:
B corhponeﬁt subtracted 0 = ' ' ' 'B component subtracted 7 20 I ‘ ' 'B corhponeﬁt subtrécted_f
g Ty K "

5e { -
t11gaad, i - 3 0

" " 0 " % —10F

. . . . . . . s 0 8 T , , , , 3 -20 , ‘ , . | , , -
100 110 120 130 140 150 160 170 180 100 110 120 130 140 150 160 170 180 100 110 120 130 140 150 160 170 180

myy (GeV) my, (GeV) my, (GeV)

e VBF categories have relatively high S/B
e Data-driven background model uses myy sidebands

e In many categories Higgs peak now visible by eye
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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 o — § —]
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 : = :
| | | | | | N Col
-2 0o 2 4 6 8 -2 0 2 4 6 8
a Oproc/gtheo

e Simultaneous fit to all categories yields pvsr = 0.5 +0.6 -0.5
e Per-process p on LHS, including 3.30 significance for ttH (wrt u=0)
e Stage 0 Simplified Template Cross-Section (S5TXS) 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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- -1
CMS Prellmmary 35 9 fb 1 (1 3TeV) CMS Prellmmary 35.9 b (13TeV)
< N R0 % I LI N L L B B L BB —_ I I I

> 102 - h 5 @ ]
8 ; H _> YY LHC HXSWG YR4, m =125.09 GeV ; q:’ 103 | | H _) TY LHC HXSWG YR4, m =125.09 GeV _
B 10 :_ + Data ggH aMC@NLO + HX _: % ; + Data ggH aMC@NLO + HX ;
o = = _ ]
—~ - é; ggH POWHEG + HX :%‘ . \E - | ggH POWHEG + HX .
;Q_'_ FoA ] @) 102 - _
o 1 :} ) f &\\\ HX aMC@NLO ' g = © 3 E
T - —@y o _ 7 N 2
bh: - L, 8.,,_.3 - B _
T 107 3 = 3 10 E
: ’ 455 . E ;
10°F : - ]

E )t 1 E_ .....

-3 -

1 0 ; TN A | | TS A A A e | [ | | I l\\\\\\\\\ﬁ

Ratio to aMC@NLO
Ratio to aMC@NLO + HX

N, (Iﬂl<25)

e Separate PAS (HIG-17-015) available in CDS here
e Fiducial region of isolated photons with pr/myy>1/3 (1/4), Inl<2.5
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https://cds.cern.ch/record/2257530

Imperial College

London Common systematics

UE and PS

pr(H) bin migration

Experiment Jet energy scale
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london -~ Impact of systematics

o Statistical uncertainties are still dominant for all channels
with the 35.9fb-1 2016 dataset

¢ Systematics will play an important role soon in some analyses
¢ Currently majority from experimental uncertainties (esp jet energy scale)

¢ These should decrease - then comparable to theory components

o For ZZ, the statistical component dominates even at 3000fb-!

e However, in vy, systematics have large effect at just 300fb-!
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CMS Projection (13 TeV) CMS Projection (3000 ' 13 Tev)

[rrrryrrrryrrr o T LI I B B B T T T I [ T T | T T T | T T T T I T
H ——— ECFA16 St
A=Yy n .
—— ECFA16 S2 H—oZ2Z" > 4] —— ECFA16 S1+ —— ECFA16 S2+
p‘{‘{
— + 0.04 (stat.) £ 0.08 (exp.) £ 0.06 (theo.) - +0.02 (stat) £ 0.04 (exp.) £ 0.07 (theo.)
+ 0.04 (stat.) =+ 0.02 (exp.) = 0.03 (theo.) H —— T e '
- _ + 0.02 (stat.) + 0.03 (exp.) + 0.03 (theo.)
IJYY
| ggH B P
| ] uzz
|J«{’{ / > VBF
VBF N
- ] Y4
Mk H
BRL N 77
UnH i H
| I I | L1 1 1 I L1 1 1 I 1 1 1 I L1 1 1 I L1 1 . . . . : : I . L : | . l L l . . : I :
0.1 0 01 02 03 04 05 0 0.2 04 0.6 0.8
Expected uncertainty Expected uncertainty

¢ Projections based previous versions of the Run 2 analyses
produced for ECFA 16, in PAS FTR-16-002 (here)

@ Scenario 1: fixed systematic uncertainties

@ Scenario 2: expt uncertainties scale with VL, theory uncertainties halved
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https://cds.cern.ch/record/2266165/

Imperial College

london -~ Impact of systematics

¢ For each channel, total signal theory uncertainties are up to 20%,
depending on process and category

¢ highest for ggH signal in VBF categories — significant effect on pvsr

¢ In vy, uncertainty on pvgg: stat £~0.5, syst £~0.3, total £~0.6
¢ Significant individual contributions:

¢ Jet energy scale

¢ ggH contamination (using Stewart-Tackmann method as described in YR3)
¢ UE and PS (estimated by varying generator tunes)
.

Category migrations from QCD scale variation
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e Moving forward, will adopt the latest “2017” recommendation from WGI
for the treatment of ggH uncertainties, and NNLOPS for signal model MC

¢ upcoming paper for yy will include these developments

¢ Nine nuisances accounting for overall cross section, migration between jet
and pr phase spaces, and finite top mass corrections at high pr

¢ new VBF 2-jet and 2-jet veto sources that make VBF phase space uncorrelated
from the exclusive 0 and 1 jet bins

¢ replaces conservative ST jet veto approach in yy

¢ Analyses are most sensitive to with high pr Higgs, often with associated jets;
change to signal model can affect this region substantially
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https://indico.cern.ch/event/618048/attachments/1430472/2210567/WG1_March_meeting_followup.pdf

obean 0% STXS stage 1 - ggll

ggF
'
| = O-jet || = 1-jet ()] > 2-jet > 2jet pi 900
~ 2j
- pi10,60] | | pH[0,60] | | pf¥[o,25]
(+) (+) 2 3]
> p¥[60,120] | | pZ[60,120] | | pHii[25, 0]
(+) (+)
> p [120,200] | pZ [120,200]]
BSM BSM
> pH[200,00] | | pZ [200, c0]
E‘r()ﬁ\\&4
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STXS stage 1 - VBF

> 2-jet VBF cuts

(+)

~ 2]

pr’’[0, 25]

2 3

PZI! g [25, oo]

VBF (EWqqH incl. VH —qqH)
l BSM
pf [0, 200] | p3! [200, 00
\ 4 l o m\&

I > 2-jet VH cuts k+)

Rest

¢ Two main bins defined using pr of H+dijet system

¢ Correlated with nJets

¢ Interesting for future analyses: discrimination
between VBF and ggH+2-jets
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rpera Colege Phase 2 and HGCAL,

¢ In the longer term, focus is on improving detector capability
for future VBF measurements

o At CMS the High Granularity Calorimeter (HGCAL) will provide
unprecedented amounts of information on forward jets

¢ very fine segmentation
¢ addition of depth info; 52 layers total

¢ most likely some use of timing in addition

¢ Hopetully will open up new avenues for
goH vs VBF discrimination
¢ e.g. improved ability to distinguish
quark and gluon jets
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London Summary

¢ Several new CMS results containing VBF measurements using 2016 data
¢ H—=ZZ: pyer=0.05 105 .05
¢ H-——tt: VBF-tag = 1.11 *03% 35

* H%YY UVBF = 0.5 106 45

¢ Have now moved from discovery to precision measurements

¢ With more Run 2 data, provide STXS Stage 1 results
¢ with further splitting of processes, into bins of pr(H), nJets and pr(Hjj)

¢ And in long term, Phase 2 upgrade will bring new possibilities

¢ prospect of reducing uncertainties to few per-cent level
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