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Higgs prodtiction with jets @ CMS
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Jets reconstruction in
CMS o Jets play crucial role in enhancing sensitivity in most

Higgs analyses, so it is important to have a good
reconstruction and modelling of the jets.

Analyses using Jets

@ Review of the latest results from H—-ZZ*—+4¢, H—-yy and
H—bb with a special focus:

Higgs cross section o Different methods/tools for tagging production
measurements modes using jets
© Quick overview of selected results from BSM Higgs
searches.
. Imperial College Vacine Haddad ,
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e I ® PFA: Particle-Flow Algorithm
| neutral Combine all the information
LG from several sub-detectors

i ! 4 photon

® Individual particles are
reconstructed using the PFA

-----------
.-----------'

| chargec and then clustered into jets
Particle Flow @ Jet definition : PF Particle
clustered Anti-k: algorithm
with R=0.4
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® CMS has developed and implemented various techniques:

® Timing of calorimeter @ hardware level, effective to remove
out-of-time pileup.

® Subtracting pileup contribution in average from jets and
lepton isolation.

® Charged Hadron Subtraction(CHS) removes charged particles
associated with pileup vertices from reconstructed physics
objects, before the jet clustering.

arbitrary units / 0.1

® Pileup Jet ID : Remove jets from pileup using tracking
information and jet shape combined in an boosted decision

tree (BDT
( N) CMS Preliminary, ¥s = 8TeV L=20 fb"
S o) Zom o ]
E [ Mml<25Jetp >25GeV g::‘::
[ PU
w 105 . -~ Real Jet

10}

10%F i
-1 08 -06 04 -02 0 02 04 06 08 1
Pileup Jet MVA

@ Other methods have been studied in addition to CHS, the most
promising one is PileUp Per Particle Identification (PUPPI)
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CMS Simulation Preliminary 8 TeV
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http://cds.cern.ch/record/2020886

® Most of the channels use jets to gain sensitivity and

to test coupling strength of certain production modes
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® Background estimation:

® Large S/B ratio, excellent resolution, final state fully reconstructible

e Looking for H=7ZZ*-40 (/=p,e) ® Main background = non-resonant qq—ZZ and
. . gg—ZZ. Apply NNLO/NLO (resp NNLO/LO)
® Higgs properties: QCD k-factor as a function of mz

® Signal Strength ® Reducible background (Z+X):

® data-driven estimation from control regions,
2 independent methods

® Fiducial/differential cross section measurement
@ Analysis steps optimised for the new conditions @13TeV
® Analysis relies on efficient leptons selection

® FSR recovery and ZZ candidate selection S A 129t AL
® Two same-flavour, opposite-sign lepton pairs 8 - .
8 10 Reducible background estimation _
é_ -~ i —e—— Data estimation ]
® Event Selection = + 2 g Eit (with total —
o e () pT > 7 (5) GeV, |n| < 2.5 (2.4) S I M ’ - Fit (with total uncertainty)
@ Leading 2 leptons: pT > 20, 10 GeV Lﬁ 6_ J{ .
@ FSR Recovery: attached to closest lepton Z, ’ Zp | . .
® Reject candidates with alternating pairing Z.7: /\ i | \ i
® imza — mz| < |m21 — Tnz| and mz, < 12 GeV o o+ 4— \ —
ol | _
@ Jets reconstructed using PF candidates, clustered by anti-kt R=0.4 i ot ]
® must satisfy pr > 30 GeV with |n| < 4.7 - 1 Haae -

® must be isolated from lepton/FSR photon: AR(£/~,jet) > 0.4 0 100 200 300 400 500 600 700 800
m,, (GeV)

Imperial College |

P 9 Yacine Haddad 6

London



CMS Experiment at the LHC, CERN
Data recorded: 2016-Jul-08 23:47:39.259242 GMT
! Run/Event/LS: 276525 / 2665335317 / 1561

Event display of Tagged event:
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{@ Encode angular information in matrix-element based
discriminants

® A global discriminant sensitive to gg/qq —4¢ kinematics:

kin __
bkg —

. | -1
Prieg (274 mye)
PSS(QH—M[","“)

sig

® A discriminant for each production mode topology :
© VBF (D2jet & Dijet) , DwH, Dzn
® Define 6 event categories for each H(125) decay mode

---------------'

(43, 4'[,[, 262//{) CMS Proiminary 129" (13 TeV)
Ul 21.28 exp. events =3QB}::
B WH, W-X
most 1 b-tag) or at least 4 jets + High Dajets value Untagged [RERZEECNETLE - WH, Wi
* VH-hadronic category: exactly 4 leptons + 2 or 3 jets ! var.1jtagges -;7;:5:(2); .
(at most 1 b-tag) or at least 4 jets + High Dzy or Dwx ! o i, i eX
value. s VBF-2jtagged . tH, 204X
e VH-leptonic category: < 3 jets + 1 additional lepton ; Y *Fc
or 1 opposite sign lepton-pair Vi-hadkonke
tagged

e ttH category : >4 jets (at least 1 b-tag) + 1 additional
lepton

e VBF-1jet category : 4 leptons + 1 jet + high Dijer value
e Untagged category : remaining events
i i g Expectation in [118, 130 GeV]

i Imperial College Vacine Haddad 8
London

0 01 02 03 04 05 06 07 08 09 1
signal fraction

: e VBF-2jets category: exactly 4 leptons, 2 or 3 jets (at




CMS Preliminary

1291 (13 TeV)
L

% 45 -_ T T [ : T T T T T T — %
o F : e Data 1 9
< 40 : ] H(125) — ~
P = i 922,z ]
e BF : B g9—-2Z,2y* - z
g) - : | Z+X Z
w 30 1 : —
251 : inclusive =
20 : —
15 | =
10 E -
5 . =
0 9 — mj ] e ol ! \ -
80 100 200 300 400 500 600 800
m,, (GeV)
yields for each event category in [118, 130] GeV
Category Untagged | VBF-1j | VBF-2j | VH-lept. VH-hadr. | ttH | Total
qq » ZZ 7.27 082 | 0.06 0.10 0.11 0.01 | B.36
gg > ZZ 0.62 011 | 001 0.01 001 | 000 077
Z+X 3.83 032 | 0.24 0.05 008 | 0.10 | 464
Sum of backgrounds 11.73 1.25 0.32 0.16 0.20 0.11 | 13.77
Signal (my; — 125GeV) | 15.51 362 | 145 014 = 070 [0.19 2161
Total expected 27.24 487 | 177 0.30 090 | 0.30 | 35.38
Observed 26 1 2 0 1 0 | 33
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CMS Preliminary 129" (13 TeV)

45 '_ll LI l LI I LI I UL I IR B I LI l LI ] LI l s I | IR Il_‘
- e Data o
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30 | =
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- )\ .
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® Good data/MC in the full mas

range and for the 3 final states
(4e, 4, 2e2))



© Lop(my, DER) = L(my)L(DEN|my)

@ in 3 final states x 6 categories.

CMS Preliminary

® p-value, mass, and signal strength extracted using a

® Minimum of p-value at 124.3 GeV with 6.40 obs.

® 6.20 obs. (6.50 exp.) at myp=125.09 GeV (Runl LHC

12917 (13 TeV)
1 | 1 ] |

CMS Preliminary 129" (13 TeV)
® de -e- untagged ~&— VH-lept. tagged .g
e 4y ~#- VBF-1jtagged —+— VH-hadr. tagged 05 "= ) ’ . .
o o v VBFZilagged - i tagges |t 2D likelihood fit defined by:
203 t . % . : lﬁ
i . o . =04
0.8 . * —~—
. -
5 L . 0.3
0.6“— ° ° ~ ° u
D -, : ] . . o N - . g
04| - - 17 (6.30 exp.) significance
el
0.2: 0‘ L h .. o - ‘4 10.1
. et 1 average)
o~ ™ ,911,51'1—1.,“11 ‘o
100 110 120 130 140 150 160 170
m,, (GeV)
Channel 4e 4u 2e2u | 4¢
qq —+ ZZ 1.37;§;(}]§ 3.09;§;(§é 3.90;§;§§ 8.36;§%
gg + ZZ 0.16 g3 | 0327505 | 03074505 | 077755
7+ X 0.90;g§§ 1.40:3.52 2.34i[).91 4.64:1'11
Sum of backgrounds 2.42:‘3:15 4.81:3:59 6.54 1 | 13.77 7173
Signal (my; = 125GeV) | 3.90 027 | 7.92 05 | 9.807 3¢ | 21.6175%]
Total expected 6.32° 078 | 12.737141 | 16,347 155 | 35.387 31
Observed 5 12 16 33
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® Combined signal strength at my = 125.09 GeV
u p— O'/O"SM p— 0'99—0.26 agged " " 000700t | um;o.ggjg

@ Extract signal strength in each category

@ Extract strength production processes in a 2-
parameter and a 4-parameter model

l"VBF.\/H

CMS Profiminary
T v

12907 (13 TeV)
——r— r

LI S |

untagged =124 L H-» 22" — 4]
-034

m,, = 125.09 GeV
+0.33 —

VBF-2jet _ +1.18
| u= 1.2‘ o .,
VH-leptonic

V726
. u=178 s

VH-hadronic 1,237
tagged 090

tiH tagged =4.43'"7

PE PSP
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, : i : Lla ) AR, | M -1, .
' : H - 22" - 4l
H-—»2ZZ* — 4] +0.40
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---. 95% C.L. »
5 + best fit Woge = 067 55, |
¢ SM
4
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[ Requirements for the H — 4¢ fiducial phase space

[ Lepton kinematics and isclation

Leading lepton py pr = 20 GeV

Next-to-leading lepton p; pr > 10 GeV
Additional electrons (muons} py pr > 7(3) GeV
Pseudorapidity of electrons (muoens) || < 2.5(2.4)
Sum of scalar py of all stable particles within AR < (.4 from lepten < 04-p

] Event topology
| Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z: candidate 0GeV < my. < 120GeV

Inv. mass of the Z; candidate 12GeV < my, < 120(,9\'
Distance between selected four leptons AR[£;,4,] > 0.02forany i #
Inv. mass of any opposite sign lepton pair My > 40GeV

Inv. mass of the selected four leptons

5.1 fo' (7 TeV), 19.7 b (8 TeV), 12.9 fb™ (13 TeV)

BI 5 _I T T | T T T | T T 1T | T T 1T | ,I T T | LI | T T T | T T 1T | T T I_
= - CMS Preliminary .
- L ]
b’; 4 ~ + Data (stat. @ sys. unc.) =
— = Systematic uncertainty 7

B E Model dependence 7

3 — %%%%%i Standard model (m =125 GeV, N°LO gg— H) § ]

2r g

- pp — (H = 4l) + X ~

0 L | | 1 1 1 | | [ | | [ | | 1 1 1 | | 1 1 1 1 | 1 1 1 | | [ | | L1 1]

7 8 9 10 11 12 13 14

/s (TeV)

Imperial College
London

106GeV < myr < 140GeV

Yacine Haddad

® Maximum likelihood fit to the
uncategorised mg distribution, assuming
mu= 125 GeV

Ohiq. = 2.2910: 74(stat) 2a(sys.) "0os (model dep.) fb
CMS Prel/m/nary 12.9 fo' (13 TeV)
o) [ ] | ]
b S - * Data (stat.®@sys. unc.) % gg—H (POWHEG+JHUGen) + XHH
D"-g : === Systematic uncertainty Model dependence :
4_—\jXH=VBF+VH+ttH __
3L -
27 ]
% 7. _
oL -
1—_ % % J _—
L | 7
= | i
[ I i
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CMS 19.7 fb™' (8 TeV) CMS Preliminary 12.9 fb'' (13 TeV)

; 1 __I T | T | T | T | T 1 | T | T | T | T 1 | T I__ ; T | T | T | T 1 | T 1 | T | T | T 1 | T 1 | T
r N . v
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oS 107: . O _ _
o - [77] XH = VBF + VH + ttH ] ol y XH = VBF + VH + ttH
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Ratio to MiNLO HJ

CMS 19.7 fb™' (8 TeV)
10°F | | | = o)
- \ . — 2
B + Data (stat.®sys. unc.) & gg—H (POWHEG+JHUGen) + XH] Rl 10
- 7 ] O
| === Systematic uncertainty 7 99—H (MINLO HJ) + XH — =
10 5 7 - ©
B Model dependence XH = VBF + VH + ttH i 10
: 1
107¢ ! E
E ;0;0;0;0;0;0;0;0;0;?;o;o;o;o;o;o;o;o;o;o | 1 O_‘I
102 = %
- o -2
; | | | : o 10
. Y-
4 z 73
3 Q 25
2 e 2
= 15
18 2 1
c 05
0 T 0
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CMS Preliminary 12.9 b1 (13 TeV)
- | | | ]
§_ + Data (stat.®sys. unc.) % gg—H (POWHEG+JHUGen) + XHE
E F— Systematic uncertainty Model dependence E
= XH = VBF + VH + ttH =
L /‘/ 2 i
3 T P t =
- 7 ]
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CMS Preliminary 12.9 fo' (13 TeV)

. ALl Gl A1 AU BB AN
® 9000 H—>yY All '
0] = _196.0 GeV. 5=0. categories _ _ _ _
~ 8000 M=126.0 GeV. u=0.95 ; Data @ Looking for a small signal in a large falling background
& 7000 — S+Bit @ Background composed by :
QieooE-N~ 0 e B component _ _ ]
Bl =io ® Y-Y (irreductible) ~ 70%

5000 )220 ® Y-jet (reducible) ~30%

4000 ® jet—jet (reducible) < 1%

3000 @ General strategy: categorise events by resolution and

2000 production topology

1000

LlLlllLlAll‘LJ[AAL‘IAALLILAL‘IAALA!lAlL

0
200 ' ' o " B component subtracted ~ 80 CMS Stmulatlor] Pre,'m,mary T ,1,3 . Te\-é
' ‘o .
oo || N + > All Categories
o g ot b 8 1
: TR T T = —&— Simulation
~100f - | -
. ) . . ) ) , ~
100 110 120 130 140 150 160 170 180 ,g Parametric
m,, (GeV) 3 model
w

® Good precision mass measurement
o, = 1.88 GeV

2 _
m2., = Ey E,,(1 — cosa)
. ) FWHM = 3.58 GeV
® Requires a good energy reconstruction

and correct vertex assignment -

Lllxllllllllllllllllllllllllllllllll

%05 110 115 120 125 130

135 140

m,, (GeV)
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® (sub-)lead-photon pT/myy >1/2(1/4), at least one
lepton (Z=u,e) away from Z peak

® at least two jets with pT>25GeV, |n|<2.5

® at least one of the jet is b-tag

Imperial College
London

® at least two jets with pT>25GeV, |[n|[<2.5

® no lepton + at least 5 jets (=1 b-tag)

Yacine Haddad

O EEEEEEEEEE®BE &= = ER

—~~
O
c
O
-
©
g}

<
I
e
H)




® (sub-)lead-photon pT/my, >1/2(1/4), at least one

® at least two jets with pT>25GeV, |n|<2.5

lepton (Z=u,e) away from Z peak

® at least one of the jet is b-tag

® at least two jets with pr>25GeV, |n|<2.5

® no lepton + at least 5 jets (=1 b-tag)

a Em E E E E E E HE B BN =B 5B =5 = = NS

® Require at least 2 jets with pt1 > 30GeV, pt2 >20 GeV, |n| < 4.7, mj; >250 GeV
A diphoton pair with (sub)lead pt/myy > 1/2(1/4)

®

®

®

Construct a BDT to identify VBF dijet-like events using:

® p1/myy of both photons, pt of both jets, mjj, Anj;, Zeppenfeld variable, Ad(j,yy)

Final VBF classification combines dijet BDT with BDT estimating diphoton quality

(see next slide)

2 VBF categories are then defined by sensitivity ( VBF tag 0-1)

-----------------------------------------------------------------------------

Imperial College
London
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® Remaining events fall into the
untagged category

® Construct MVA to select diphoton
pairs with signal like kinematics, high
photon ID score and good mass
resolution

® Split events into categories based on
output of classifier exploiting S/B
ratios and mass resolution

® 4 untagged categories =& 8 non-
overlapping categories in total

Imperial College
London

CMS Preliminary 12.9 fb' (13TeV)
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VBF Tag 0

¢+ Data
— S+B fit

ey -
,=126.0 GeV, i=0.95

Events / GeV
Events / GeV

4 ;

AR
W“IJFM!B s i

" B component subtracted

100110 120 130 140 150 160 170 180

VBF Tag 1

¢ Data
— S+B it

Yy H—yy .
aoF. M,=126.0 GeV, i=0.95 "";“';:‘:: ,=126.0 GeV, i=0.95

— S4B fit )

Events / GeV

Events / GeV
>

'uww. ixmh Y

" B component subtracte

100 110 120 130 140 150 160 170 180 _ 100 110 120 130 140 150 160 170 180
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CMS Preliminary 12.9 fb' (13TeV)

m 1 llllll 1 1 I | | 1 I ] ] | I 1 1 | I | 1 1 I | | 1 I 1 ] ll l
—> - =
. H—yy ~ ' 10..
S 107 >
L A S W AU -t (O
;—;102
& 10 3.0..
4
hd [ U N S 4.0
10°°
107 :
......... I SRR - 3 o 3
1077 !
108
10‘9 .................\...............:‘(‘..." ......................... 5..(1
107°

1 l L1 1 l 11 1 l LAl I L1 1 l | I l 11 1 l L1 1 l | l 11 1 l 1
116 118 120 122 124 126 128 130 132 134

my, (GeV)

« Significance at 125.09 GeV: 5.60 observed (6.20 expected)

« Maximum observed significance is 6.10 at 126.0 GeV

. Best-fit signal strength 6/0sm = 0.957048 = 0.95 + 0.17(stat.) "o os (theo.) T on (syst.)

Imperial College

‘ London
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@ Best fit signal strength split into boson and fermionic production modes:

0.73

0.14

/UIVBF va = L. 59+0 45 and ,UggH ttH — = 0. 80+0 18

@ Also split the signal strength by individual production mode

CMS Preliminary 129 b7 (13TeV)
I _r'T‘]T1TYIYTYTi]'TY]T‘YYIIYYITVYTYYT1TY]YTYTq
> F H-yy + Best Fit -
© 4 4 osM 3
= ; .
3.5 : — 1o .
i3 2o
2.5 =
2f ! =
s 1 : .
1.5F : \ -
s \ : -
1= P -
0.5F =
OF  m, Profiled -
:l Ll l L Ll l LA Ll 1 LA Ll 1 LA Ll l LU Ll 1 Ll Ll l LA Ll l L L J:

05 0 05 1.5 25 3
MQQH.RH

Imperial College

London

agH

MVBF

ttH

CMS Preiiminary 12 9 fb (1 3TeV)
SEe —
H—=>yy - Comblned + 1o
—&— Per category = 1o
-.-ae. u:u
0.77 *::; -~ +0.21
M combined 0.95 -0.18
B m,, Profiled .
1.61 755 u, =1
1.91 ‘1': i
1 1 l 1 l 1 l 1 l 1
-2 0 4 6 8
W
21
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 Fiducial cross section measured

profiling mx:

5riq = 69110 (stat.) S syst.)fb
f 22 6

* Theoretical prediction for

mH=125.09 GeV

o'y = 73.8 £ 3.8fb

19717 (8 TeV) + 129 b7 (13 TeV)
' ' ' ] 1§ 1} 1 I L I 3

o' (fb)

90
.
-

Y I ] 1 1 1]
- CMS proliminary

L H—yy
80~ ¢ Data (vesttm)

- = syst. uncertainty
70*_ #5 SM (m =125.09 GeV)

- norm. LHC Higgs XSWG YR4

® Differential XS measurement done in

Runl for H+jets

® Similar results @13TeV are in

preparation

Imperial College
<4 London

Ratio 10 POWHEG+XH

S
"[ T
mm
.w

19,71 (BTeV)
- - -
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50f
40fF E
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® Construct a MVA discriminant based on:
® 1 or 2 b-tagged jets
® VBF di-jet signature

® Signal signhature:
® 2 b-jets + 2 forward VBF jets with:

® large separation in n (tighter selection for 1 b-jet)
® large di-jet invariant mass ® PU rejecting with “soft activity” jet
counting
® Main background : Multi-jet QCD
® Analysis separated into two parts o ¢ SMS Preliminary 2521”13 Tev
from complementary trigger S 407k SingleB | .,
strategies 5 b 1
2 10°p l :
cC ttH, m{H) = 125 GeV
_________________________________________ g = . E]?co(xt.m)
SingleB DoubleB : w 10’ . %;”m
Trigger one b-tagged jet two b-tagged jets : ’ 1 zejes
iets pr pI23E S 92,76, 64,30 GeV : 0 Clowwe
jets |n| <4.7 : P 1 e
b tag no cut two jets with CSV>0.5 : 10°F
Ay, <1.6radians <2.4radians i " 0 o L E
Mqq > 460 GeV Mqq > 200 GeV : L —
VBF topology : % 0-2 . I
’Aﬂqq‘ > 4.1 ’Aﬂqq‘ > 1.2 : E 05 | l : l : | : l l ; E
Veto None Events that belong to SingleB 8 "0 1 2 3 a 5 6 7 8_9
----------------------------------------- ! N soft jets, p_>5 GeV
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® Quarks and gluons have different color interaction, resulting

in in different hadronisation
® At a given energy a gluon jet will, on average
® have a higher multiplicity
® be angularly wider
® have more uniform energy fragmentation

® Different variables have been studied — 3 chosen

From PFlow
® Charged multiplicity

® Neutral multiplicity
@ Total multiplicity

Jet shape variables
® RMS of PF candidate in n-¢ plan

® Major axis in n-¢

—n

v e I&18
il = |Li1:7'-f'|"|".| ® Minor axis in n-¢
Lip";',i .
~ Energy variables
D — \/Z.- PT,i ® Pull
PT Y i PT.i ® R, energy fraction carried by the leading consistent

@ Fragmentation variable : PtP

Impe”al College Yacine Haddad
: London

quark jet

gluon jet

CMS Simulation Preliminary, (s = 8 TeV
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g [ % ﬂ
03
04 .. o -
| -~ Charged Mult. ]
Neutral Mult. -
Total Mult. .
0.2 Pull X
R -
. -~ Quark-Gluon Likelihood -
o 1 L PR S B S T L 1 I —
0 0.2 0.4 0.6 0.8 1

Gluon Jet Rejection
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® Construct a likelihood discriminant (up to n=4.7) based on the chosen of three variables

® Extracted on di-jet sample. Applied also on the Z+jet sample for validation

Imperial College
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L0
0
® b-jet energy response and resolution are worse % 0.14
than one for light quarks(due to neutrinos) % 012k
® Improvement of mpp resolution using regression x
targeting jet pT at get level given 5% < 0.1
improvement: T 0.08
® dedicated training for VBF analysis
® jet kinematics 0.06
® Ssub-jet quantities (leading track pT, hadrons & photon
fractions) 0.04
® secondary vertex information
0.02

® recovering of hard FSR outside b-jet
cone(AR<0.8) gives further improvement of 2%

Imperial College

Yacine Haddad
London |

CMS Preliminary

13 TeV
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® All the discriminating variables (VBF kinematics + jet properties ) are combined by means of a BDT:

® There is a separate training for 1 or two b-tagged categories
® Categories defined in ranges of BDT output, chosen to maximise significance (similar to H—yy):
® Four (three) from the single (double) b-jet : seven categories in total

® QCD background template is extracted from a fit on the mpp in the unused region, then a transfer
correction is applied to the shape per category

CMS Preliminary 2.32 fb' (13TeV)
o 10° PCMS Prehmmary _ 232fb (13 Tev) > s00F CAT 2
o 7 Sungle B O : « Data
- 10'F —] * Daa o 450F _
8 - unused ] = VBF, m(H) = 125 GeV To) - + (Bn:: 125 GeV)
1 1 ... ~  400pw, + " BKG.
7)) 105 p ) | GF, m(H) = 125 GeV 0 ' e . o QCD
c ! .: W, mp = 15 6o = 350_ f I 20 bkg. unc.
o : 1 Bocow 10 © a0  t Pty ] 1o bkg. unc.
W 10°F o Oe w : e
A [ Iw +jets “Nad
1 D20j02$
10 [ :Snnglo'.
:MC stat. unc.
107}
2
-403 o
610 5
05 3 -—
Z o S +
g 0 = 60 1 I 1 ! 1
© ] FUTE T P T PO e | IR - T S— S — S T I — R —
o -1 -08-06-04-02 0 02 04 06 08 1 80 100 120 140 160 180 200
BDT output m,, (GeV)
Imperial College .
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® Using 2.3 fb-1 of 2015 Data @
13TeV, the analysis shows a
deficit of data at mpprb=125 GeV

2.4
o015 = —3.775%

® Combined with run-1 analysis,
the signal strength is :

_ +1.2
HRuni1+2015 = 1.3°77]

® With

_ +1.6
HRunl — 2-8_1 4

Imperial College
London

CMS Preliminary 19.8 o™ (8TeV) + 2.32 b (13TeV)
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® Large cross section from bb, good resolution from yy

® Main background :
® SM yy + jets production

® SMy + jets (1 jetidentified as a photon)
® QCD Mutijet ( two jets identified as photons )

@ Two strategies :

®Resonant low mass (mx < 500GeV) : two categories
based o b-tag, signal extracted using 2D unbinned fit

in mj and myy

o(pp—X—HH-bbyy) [fb]

®Resonant High mass (>500GeV) : same as low mass but

@®Non-Resonants : no mass window in m(jjyy), 2 b-tag

1 category

categories

CMS Preliminary Le2708"(13ToV)

3 -
of PP—X—HH +obry ¢ Daa 2
E M, = 320 GeV Selection Background model 2
7; High Purity Category — f:“.’(:‘”sc'“""’" Pol) %’
6:— Fat2a ﬁ
5»
‘v—
3
2
1
%o 100 120 19 160 10 e

M) [GeV)
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_SMS Preliminary
pp-»HH-+bbyy

SM Nonresonant
Medium Purity Category

......

Le2708%"'(13ToV)

¢ Daa
Background model
(2nd Order Bemsten Pol.)

L IR

Fa 120

A";o. A —
M) [GeV)
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CMS-PAS-HIG-16-032

CMS Preliminary

L=270fb" (13 TeV)

«=-0--+ Observed 95% upper limit

Expected 95% upper limit

B Expected limit £ 1o
Expected limit £ 20

"~ pp—X—HH-bbyy
-~ Spin-0 Resonance

Bulk Radion, Ap = 1 TeV
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®Other analyses exploring double Higgs

production
ehh-bbbb: CMS-PAS-HIG-16-002
CMS-PAS-HIG-16-026

ehh-bbWW: CMS-PAS-HIG-16-011
CMS-PAS-HIG-16-024
ehh-bbTtT: CMS-PAS-HIG-16-028

CMS-PAS-HIG-16-029

500
M, [GeV]




3 leptons (u, e)
@ pT > 20, 10, 20 GeV
®|n|l < 2.4 (2.5) e (W)
® 2 jets
@ pT > 30 GeV
® MET > 30 GeV
® One Z:
® Opposite sign same
flavour leptons with
Imll - mZ| < 15 GeV
@ VBF:

® mjj>500, GeV n(,j) > 2.5

® anti b-tag

Imperial College

London

w* ©

®WZ background: largest irreducible
background

® Normalisation is derived data-driven in 2-
jet control region (100 GeV < mjj < 500
GeV). Systematic uncertainty dominated by
the size of the dataset

Estimation of backgrounds with at
least one fake lepton is data driven
®VVV&TTV, Z+gamma and ZZ

background from MC

CMS Preliminary

Events

15.2fb" (13 TeV)

— 1800 : — : .
e —o— Observed 7
E ie00- . Expectgd -
- o -
“; 1400 =20 5 .
1 1200 -1 €
r o
4 1000 1 @
E’ 800 CMS-PAS-HIG-16-027
X 600
© 400
200
N 1 1 M N 1 1 : 1
200 400 600 800 10(
m,,. [GeV]

® 95% CL limits (CLs criterion) on the
production cross section (in
agreement with SM)

Yacine Haddad
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® Jets play an important role improving analyses sensitivity and hunting Higgs
production modes

® Coupling and production cross section measurements can be then measured

® Fiducial measurements of jet cross sections using Runll have started to emerge
from CMS

o Fiducial cross section + differential measurement from 4# analysis (Future
measurements are in preparation)

® Review of different methods for tagging techniques used in CMS + latest CMS Higgs
results @13TeV

- -1
L gEMS Proimnay 12.9 1" (13 ToV) . CMS Preliminary 129 b (13TeV) . CMS Preliminary 19.8 " (8TeV) +2.32 fb” (13TeV) CMS Preliminary 129 % (13 TeV)
| (rTvt ‘l Tirrr [ TiiT | Trrr ] TrIrry [ TrIrrr jrrreyT Ty J I’ WL J T T l TT I T I\‘] T ‘ T ”ll T l T ] 7T T H T I T 17T l'l_ Pr— T
>, > F it \ . . , ko) .
'&F- - H—2ZZ* — 4] L 4;H_,YY Rt % Dt Fh 4 < VBFH—>bb ! ! = 1 b oot smeseys uee) @+ (FOWHEG . HUGE) + X0
> _ > E ] ¢ SM i = | — 8TeV Observed . 2 —
= m,, = 125.09 GeV = a5 3 : \“ _ < 6f - - - 8TeV Expected i c': Syatematic srcentanty Maodel dependerce
6 ~F : b 1 [ 13TeV Observed 10 X4« VO o VM + 84
— 68%C.L. = - : - 2g . g| - -~ 13TeV Expected . N
---+ 95% C.L. 3F 3 | — 8TeV + 13TeV Observed : |
5 + best fit - 3 [ ---8TeV + 13TeV Expected 1 1 ’
¢ SM 25F -: E ke W U B O S (Y = f
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: 1 5 al E 10'f
1.5 : 3 -
3 = i 3 - 1
1 y = - - 10°E
2 . 3 E 2: ‘ g 4 t
,: -.‘ 0.5;-— ‘." ' —-; 1: 6% oL ‘\\ \:‘A ",': //, : % ;é
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® Electromagnetic calorimeter response:
® corrected through time
® inter-calibration inn/o

® adjustment of absolute scale

® Energy and its uncertainty corrected for local
and global shower containment:

® regression targeting Etrue/Ereco

® Scale/Resolution corrected over time using
Z—ee peak as reference

® Corrected energy and resolution used in the
analysis

® MVA based photon ID classifier to differentiate
between prompt and fake photons

® Uses shower shape variables, PF isolations,
photon’s kinematics and median energy
density (p)

Imperial College
London

Yacine Haddad
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For background parameterisation, several families
functions might provide decent fits to a background
distribution = Model Choice problem.

The different choices of function can lead to different
results! So which to choose?

Common solutions to this:

Chose a model based (sometime) on some physics
motivation.

Look at how different your results would be and
assign a systematic uncertainty.

how do we choose the model?
How do we quote the result?

How do we correctly assign a systematic for
any choices we made?

Imperial College
London
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Events / GeV

100

50

+ Toy data

n
8 <
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. Exponential

— Power Law

L | l )
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illustration

Exponential
— Power Law

— Polynomial

Yacine Haddad, Pheno 2016 Pittsburgh

e pomm

m—Po

= Polynomial Pomm + P1 m2 + P2
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The envelope method seeks to provide some answers to these

~—— = v

- v

-d
qguestions. § 5-

2 Fit feazing nusance parameter 10 best

. . . 4,

Scan -2NLL of parameter of interest whilst profiling some set of !
nuisance parameters. o
If the true values of nuisances were known perfectly, curve would 2
be much narrower (equivalent to stat-only uncertainty). Eg, fix |
nuisances to best fit values. 1
Fixing nuisances to any other values give another curve, not 20121 122 123 124 125 126 127 128 129 i
necessarily at the minimum. Can do this for different values of
background params. illustration
If we do sample sufficient possible values of nuisance params, 3 s\ mes ]
the minimum envelope of all curves begins to approximate the - R
original -2NLL ! 4 .

In principle we can do this also for discrete nuisances (like choice
of background function, even if the different functions has
different numbers of parameters!)

‘PZO 121 122 123 124 125 126 127 128 129 130
x

Imperial College

Yacine Haddad, Pheno 2016 Pittsburgh 35
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In SM Hgg example: pick p as POL.

> 250 < 220
» Choices which are similar 3 2ok \ Laurent
shouldn’t effect our result 2 200 F\ \ SO
(Laurent and Power Law) & N 20\ \ _z:"y“ Lai:"
1 nom
» Choices which are poor 150 a4
should have little impact 212
(Polynomial) 100 210l \
» Choices which seem equally 206 \
valid but disagree should - 208! \
increase our uncertainty 1 1 o -
Exponential P10 115 120 125 130 135 140 145 150 2005 0 05 1 15 2 25
p
m,, (GeV) 1
illustration
e Take the minimum of all the curves as a function of p (the < 220
envelope). If more than one function contributes then that 218| — Minimum Envelope
envelope is wider than any of the individual curves — parameter pre B 55.3% Interval
uncertainty is increased : 95.4% Interval
214+
e No explicit model choice has to be made, since this choice is 212
dynamic in the scan . 210!
[ [ " [ 208’
e Result: Best fit value, confidence interval and systematic for ;
model choice! 206
204. :

Imperial College
London

Yacine Haddad, Pheno 2016 Pittsburgh
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CMS Preliminary 2.32 fbo" (13 TeV)
N I | ] I ] ] 1 ]

@ VBF signal events: electroweak production of jets & no QCD colour exchanged:
@ rapidity gap of suppressed activity between the two VBF tagging jets
@ only little hadronic activity(soft)
@ Additional tracks:
@ satisfy the high purity quality requirements and pT > 300 MeV
@ are not associated with any of the four leading PF jets in the event
@ are not in the region between the two best b-tagged jets
@ Clustered into AK4 soft Track]jets
@ use only multiplicity of soft track jets with pT > 5 GeV with good Data/MC agreement

SingleB

Events / 1.00

—
4

9
GeV

4 5 6
N soft jets, p
Imperial College

Yacine Haddad
London

== VBF, m(H) = 125 GeV
=+*GF, m(H) = 125 GeV

= tiH, m{H) = 125 GeV

laco (x 1.10)

. [j MC stat. unc.
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) charged LV

* Transforms the distribution of @ in a weight
(1 for particle from LV, O for particles from PU)

* PileUp Per Particle Identification (PUPPI) §
. . . : —— charged PU
* |t takes as input particle flow objects R — eutris LV -
(charged/neutral hadrons, photon and charged leptons ‘& R nevtrals PO
c
» and it gives weight for each of them. 2 o1 Particles
© .
* Defines a of each particle (1) = ':ri':r']cé,ej from LV
using other particles ( / ) around it. 0.05|- B
For example ;
Pl ol — ]
QG = log Z A&-G(Rmi“ < AR;; < Ry) -5 0 5 10 a1F'
dEevent J :
PT sum Step function " 1 -
weiahted to take into accountonly 2
with dgistance particles around it. '§ . neuinate LV
Q — neutrals PU
S 10"
-
S
B
£

* This weight can be also defined at large rapidities where 10°
there is no coverage from the tracker.

* Then, jet reconstruction algorithm can run on the .
particles with the weight ( but PUPPI is not only for jet. ). %0 02 04 06 08 1

weight (af)
Imperial College

Yacine Haddad
London |
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@Intermediate BR, fully reconstructed final state:
®1H+1 isolated leptons (e, ,H)+2 b-jets in the final state

@3 final states: etH, YUH, THTH

@Main backgrounds: tt (from MC) , mutijet QCD (from data in

control regions)
®Resonant search:

@Limit extraction on kinematic fit of the 4-body invariant mass:
®3 categories: 1bjet, 2bjet, boosted b-jets category

129m' (13 Tev)

12813 TeV)

£ 800 CMS b ur ¢ Data

1 peobrminary chanriel o

QCD
Drell-Yan

Y

©

Q

mm Other bkg. =
bkg. uncertainty £
— k, =1 (SM) (0x5000)| £
°

pa

©

veen K, =20 (0x100)

g 8 8 8

DD LD O

Data/MC
OO =

-08 -06 <04 <02 0 02 04 06 08
DT output

Imperial College
London

102{-CMS
- preliminary chasnel Iy it

I Other bkg.
bkg. uncertainty
— Kk, =1(SM) 0o x50

m,, [GeV]

129107 (13 TeV)

preliminary channel

107

1072

300 400 500 600 700 800 900 1000

rntlinﬁt [GeV]

@®Non-resonant analysis:
@ kinematic BDT discriminant to
reduce tt (uses only angular

information)

® Visible mass as final variable

@ Only results on 2016 data shown.

® Results with 2015 data:
® CMS-PAS-HIG-012
® CMS-PAS-HIG-013

Yacine Haddad

CMS res. bb et,

#m Other bkg.
bkg. uncertainty
m,, = 800 GeV
m,, = 550 GeV
m,, = 300 GeV
(oxBR=1pb)




