Bruno Lenzi

New Trends in High Energy Physics and QCD
School, Natal, Brazil

23/10/2014



--'\___-

A . | A4 =
\\\ /7 A LI
‘.j‘.‘ ’ " 2 7

H — yy: profile likelihood rati-of—:f‘;-!.,' ~

How to extract the signal”? How significant it is®?

- Likelihood function (model of the data):

19.7 o' (8 TeV) + 5.1 b (7 TeV)

> x103_
, 8 i CMS Sum over all classes
observable nuisance parameters @ oL H-w s Dota
\ \ % ol S+B fits (sum)
CZ(M, (9) — H fslps(m,y,y; 6) -+ (1 — fs)wb(mw; (9) it i - z‘;omponent

-e- 220

events 6

signal, bkg pdfs i

o o=1.14702%
- M, =124.70 = 0.34 GeV

parameter of interest (signal strength):
U = 0/Osm («fs)

Events / GeV

Claim a discovery when p = O rejected (at 50)
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m,. (GeV)
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Profile likelihoodratio

How to extract the signal”? How significant it is®?

- Likelihood function (model of the data):

Z(Ma ‘9) — H fsws(mW% 9) + (1 — fs)%(mw; ‘9)

events

* Nuisance parameters: all that you needed to add to describe your data

- Some are fully determined by the data, others are constrained by external
information (ideally measurements) = systematics uncertainties

A

ZL(1,0,,) & maximized with p fixed
Z(fi,0) & maximized with p free

. Profile likelihood ratio: ¢, = —2log

- Asymptotically = »? with 1 degree of freedom

- “Easy” to incorporate systematic uncertainties
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H — yy: toy example

° Ns:NsSMXU;NSSM:56O,U:1

> [T 1 | T 1T 1 T 1T 1 | T 1T 1 1T 1T 1 T 1T T 4

. _ @ % ]

Ng = 100k (\5 2500_#4.#“ ]

2 : ﬁ*ﬁ -

* Ps = G(Myy, MH, Om) ; S I $o00at% ]

mHy =125 GeV, om= 1.5 GeV T 2000 % -

B ¢¢¢¢¢ _

B % |

« P = exp(-€ x myy) / Norm i o -

Do p(-§ W) 1500 LT ““”’ -

_ ¢¢¢¢¢¢¢ i

o S0y

| 1000 ]

- Parameter of interest: u i I

- Nuisance parameters: €, Ng 5000 -

’ ASimOV dataset :I | | I I | | I I | | I I | | I I | | I I | :
(single representative dataset of the model) 0 110 120 130 140 150 160

m,, [GeV]
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L(n,0,) <L maximized with i fixed

Z(j1,0) % maximized with y free

3000IIIIIIIIIIIIIIIIIIIIIIII

> E — [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ —]
O - T E 25 —
O i 1= N ]
B el .
-'QE) 2500_ ] 8 20__ a
T i I - i
2000F e 7 15~ -
1500/ M 101 -
i —e— Pseudo-data i N i
. Fitwith p free ] 5[ b
1000 — - 1
T e Fit with © =0 ) - :
i L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | O_ | | | | | | | ] | ] ] ] | | | | | i
110 115 120 125 130 135 140 0
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L, 0
Profile likelihood ratio: ¢, = —2log (MA fL)
Z ([, 0)
Asymptotic approximation: <
_E25
. o\ 2 3
o = —2log Zi0i0) (H> =7 9
Z(f1;0) o ~

< maximized with p fixed

< maximized with p free

50 significance!

O l l l l | l l l | l l l | l l 1 1
0) 0.5 1 1.5 2
u
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L(n,0,) <L maximized with i fixed
Z(j1,0) % maximized with y free

Profile likelihood ratio: ¢, = —2log

Systematic uncertainties incorporated by adding parameters to &,
constrained by external information (in the form of pdfs). E.g.:

constant

LI L L L L L L L L L L L L L L L B
25 — Stat only B

min

1= p(l4on0nN)
A %X-G(QN,O,l)

\ 15

constraint or penalty term

oo\ e Stat and syst

2logL/L .

10
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L(n,0,) <L maximized with i fixed
Z(j1,0) % maximized with y free

Profile likelihood ratio: ¢, = —2log

Systematic uncertainties incorporated by adding parameters to &,
constrained by external information (in the form of pdfs). E.g.:

constant

LI L L L L L L L L L L L L L L L B
25 — Stat only B

min

1= p(l4on0nN)
A %X-G(QN,O,l)

\ 15

constraint or penalty term

oo\ e Stat and syst

2logL/L .

IIII|IIII|I"III|IIII|I

10
| No impact on Z! ! 5
- No change for u = 0 or p free
A e v by Ly I ol MTRRTERT I RNNURNERTIN N NT N A AT
(not always true) % 0202 06 08 1 12 14 16 18 2
\NO Huer M
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< maximized with p fixed

Profile likelihood ratio: ¢, = —2log

< maximized with p free

Systematic uncertainties incorporated by adding parameters to &,

constrained by external information (in the form of pdfs).

(zoom)

. A j= FTT T L L L L L L BB BN BLRLBL I 7
Stat error (10) : fhmin < [t < lmax £ 6 — Statonly E
A 1 R a
Total error (10) : pmin < [t < flmaz g 50\ - Stat and syst &
2 I, = .
Syst : (total)” — (stat) 4 =
3 -
- of- .
| Increase error on y: 1 TR 3
- & more flexible o T L .

A A NI NS, A AR | i IFENENENIR . 210 AENE BN AN NN N A

— e e — 8.5 0.6 0.7 08 0.9 1 11 12 13 14 15
min (20) i (10) Hmax (10)
Umin stat (1 0) IJmax stat (1 O)
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Higgs mass measurement

9 CMS H - vy 19.7 b7 (8 TeV) + 5.1 fb™ (7 TeV)
« H — yy: systematic uncertainties from £ SA M, = 124.70 = 0.34 GeV e
energy Scale o - “‘ 124.70 + 0.31 (stat) = 0.15 (syst) GeV /| ]
7E\" P
- ' Floating Wyge vy @nd W ggH i ! .
* e — y extrapolations, non-linearities 6E \\ S
JEAN T
* Huge effort to reduce by factor 2-3 AE E
- v — Total uncertainty ! 7]
3 - ', --- Statistical only K ]
2 -
1 f_ “‘\ "" _f
O - | | | | 1 1 1 ) 4 1 1 1 | | | | -
124 124.5 125 125.
m, (GeV)
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Higgs mass measurement

Known to ~1% at discovery, ~0.3% now

« H — yy: systematic uncertainties from

< fprrrrTrT I A BN B BERRAREREE R
g E AT[_AS 1 —— Combined yy+4/ E
energy scale e Eipanen . —en
e without systematics
« e — y extrapolations, non-linearities 5; " / -
4:— ------------------------------------------------------------------------ —:20
* Huge effort to reduce by factor 2-3 ab E
- H = 4¢: dominated by statistical uncertainties - E
1:— ------------------------------------------------------------------ —:10
* Compatibility: 2.00 (ATLAS), 1.60 (CMS) O e 54 TSh e 55 55 The TBE S 5T Y s
. . . . . m, [GeV]
- Shifts in opposite directions
ATLAS CMS
H — vy 125.98 +0.42 (stat) + 0.28 (sys) | 124.70 + 0.31 (stat) £ 0.15 (sys)

H — ZZ* — 4¢ | 124.51 +0.52 (stat) £ 0.04 (sys) | 125.6 + 0.4 (stat) £ 0.2 (sys)
125.36 + 0.37 (stat) +0.18 (sys) | 125.0379:25 (stat)" )12 (sys)
125.36 + 0.41 125.0319-29

Combined
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The SM Higgs bosomat the LHC? <

Production mechanisms Decay modes

Gluon-fusion Vector boson fusion (VBF)

g /qy/
’a% R
w2z

—

1
¥ X
1

Higgs BR + Total Uncert [%]
Q

T TTTIT k‘_k IIIIIII_
N
| | IIIIII|

WW

LHC HIGGS XS WG 2013

-*--I

W,z
600 ' \
q

Associated with W / Z Associated with tt (or bb)

H , I 1
q ' :
w*z* ,
/ MM/\:\
104 Lo [
— 80 100 120 140 160 180 200
q My [GeV]

‘ . Maln channels (bosonic): H — VY, H — ZZ* — 42 H —>WW* — Eva

o
ro
|

-
o
w

'+ Fermionic modes (associated production): (VBF) H = T, (W/Z) H = bb ,

. Raredecays:_H — Zy, H = py
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ATI_ AS Run 214680, Event 271333760

E, EXPERIMENT 17 Nov 2012 ©7:42:05 CET




- Signature: opposite-sign leptons (e,y) and large missing transverse energy
W- H W+

* Higgs is a scalar
* Leptons emitted with small A} 9 ‘ 9

 Limited mass resolution from v’s 9 9
« Transverse mass as main discriminant:
- momentum direCtion
mT p— (E —|— Emlss — ‘pie —|— E,ZIEHSS angular momentum direction =——

- Large backgrounds: WW, W+jets, top, Z/y*, di-bosons
* Mostly data-driven
- Data split according to jet multiplicity
- 0/1 jets: ggF signal, WW background

« 2 or more jets: VBF signal, top background
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 Data split according to jet multiplicity

3 "
. 0/1 jets: c ><1/0 T ATLAS Prelim. H—>WW+*
S oL (@Al e s gTey 1 dr=20310"
: v
* ggF signal ‘g ¢ Obs + stat B DY
2 ~ Exp+syst [Top
- WW / Z backgrounds L B Higgs
20 / ] Vv
« 2 Or more jets EI\VAVISV;/d
n;
- VBF signal - 0 -
S 30k (b) All jets, eu Vi (c) b-tag jets, eu
* top background P
c
220
LL -

10 -

0123456701234586 7
n, n,

0
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H - WW* — evevratook at th

ATLAS Prelim. H—>WW#

Zobs | Zeap /io 22 \s=8TeV, [Ldt=20.3fb"
ATLAS | 6.1 5.8 | 1.087, 355 \s=7TeV, [Ldt=4.5fb"
+0.20
CMS 4.3 5.8 0.72_018 % 1000 + (a) an 1, eM+ee/MM
g ¢ Obs=stat
500 EMS 4.9 " (7 TeV) + 19.4 b (8 TeV) - ~ Exp=syst
-E i | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! | B .
f - -e- data - backgrounds my=125GeV § 500 L 0 W?/S
‘UE) - — H—=WW ew 0/1-jet - T - [ Misid
o 150 N bkg uncertainty 7 RV
> i i B DY
3 i ] : L Top
= 100 - 0 B
S i ] = ] (b) Background-subtracted
) I i Q)
= I ] =t I ¢ Nobs B ka
&; or - ~ I M Higgs °
(2}
%) i ] % 100
_50 I o by by by | O
20 100 150 200 250 T
50 100 150 200 250
m; [GeV]

m- [GeV]
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ATLAS Prelim. H—=WW#

¢ Obs=stat
— Exp=syst

(a) n;=2VBF
cross-check

N
NN
NN

HVBF

BH_

B MisSid+VV
[ Top

B DY

B ww

7

0g 0.5

o

<0.1

<0.1 ° o

o ¢

+ Observed \s=8TeV, [Ldt=20.3fb"
—— 68% CL Observed > _
---- 95% CL Observed 15 8 8 B
o i
> ef
> i
10 S I
o Ar
: 2p
= 0
| — i @ 2000
0 120 140 160 0 '—;
m,, [GeV] S
| | 1500
- ATLAS: VBF signal enhanced using BDT
- 3.20 observed (2.1 expected) 1000
« CMS VBF: 1.30 observed (2.1 expected) o

150
m+ [GeV]
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Run Number: 209109, Event Number: 86250372
Date: 2012-08-24 07:59:04 UTC
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-+ Challenges:

« Hadronic T identification

* M reconstruction (v in final state) = om ~15-20%

« Decay products ~ collinear

- Backgrounds from Z, W+jets, top, multijets
(mostly estimated from data)

* e.g.: Z —~ t1fromZ — pp in data, replacing

U by simulated T

- Exploit “associated” production (split by N-jets)

- VBF, W/Z H, boosted ggH

0.1% others

T decay

Efficiency: ~60%

mis ID: ~1%
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- ATLAS Preliminary
80— H— tt VBF+Boosted
- \s=7TeV, 451"

60— {s=8TeV, 20.3 fb™
40

20

=
)
Q)
o
—
~
2
C
)
>
LL
=
)
=
0p)
+
=

+ I Fakes

—@ Data
—— H(125) (u=1.4)

 Low mass resolution:

- Small separation from
L—2TT

* No precise Higgs mass

7~ Uncert. i
i determination

* Analysis optimised to

28 M = 125 GeV

- — 1 ' I I | I I I I I I I ]

%’ L — H(125) (u=1.4) f

£ 100 ---- ”51;8; Ei:ég IIIIIII - * Mm IS one of.the. inputs
Q - i ! in the BDT discriminant
E OF r s P SR against the background
2 R R N I I

= 50 100 150 200

mMMC I1GeV]
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H — tT: a look at'the data _

Zobs Ze:r;p H
ATLAS | 45 | 3.5 | 142777353

CMS 3.0 3.7 | 0.78 =0.27

£ 1 04 | e e e s e et B B B CMS, 4.9 fb" at 7 TeV, 19.7 _fl:_)'1 at8TeVv
f - —*— Data = > [ L 42) _ SM H(125 GeV)>tr
..(L) E |:| Background (u=1.4) E 8 2500 '_ MTh’ ETh> TnTn> E1 22 Egi: ;::::(ti::tuynd
CIC) s Background (u=0) 1\— i 20 z }
Lﬁ 10 : L, I 025 u=1.9) g . - . 0 _ i{.—[—:_!_' |
2 H(125)>tr (u=1) ] £ 2000 it
- i S, - -20f \ .
21 _ = B
1 O g § 'c 1 500 C _400 s .1 Olo. s .260. - .3(1)0. —
i ] 8 B m.. [GeV] .
¢ i = . o e ~ SMH(125 GeV)>tr
10E H—s1t | ) 1000 [~ —e— Observed -
: Z - 0 I Czw ]
- ATLAS Preliminary . = _ O« i
- Z s I . . — B [ Electroweak 7
. Vs=8TeV,20.31b 1 e 500 [ ] aco .
15 V\s=7TeV, 451" = O i & ]
- ] ~— L -
L T S T i i s T i s s B W = ~ 0 1 1
-4 -3 -2 -1 0 1 /p) 0 100 200 300
GeV]
log, (S /B) m, [GeV.
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@ATLAS

EXPERIMENT

(W/Z) H = bb

http://atlas.ch

Event: 101402870
Date: 2012-07-29
Time: 00:05:11 UTC

Run: 207620 | \\
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(W/Z) H - bb

- Huge backgrounds from QCD
- Exploit associated production with W/Z decaying to leptons and neutrinos
* Provides trigger

« Reduces QCD multi-jet background

0-lepton | -Iepton b Z-Iepton b

b
q H
’ -
z ,” b "
. ,
A :
v A
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(W/Z) H — bb

- Huge backgrounds from QCD

- Exploit associated production with W/Z decaying to leptons and neutrinos

- 2 b-tagged jets (displaced vertices)

(CMS) b ¢ Llight [%)]
Loose 85 32 10
Medium 70 15 1
Tight 50 6 0.1
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(W/Z) H - bb

- Huge backgrounds from QCD

- Exploit associated production with W/Z decaying to leptons and neutrinos

—k
\]

- 2 b-tagged jets (displaced vertices)  CMS Simulation — Nominal ]
s=8TeV c: 15.8 GeV (13.2%)
i — Regression ]

| It My z _
— Z(IT)H(bb), p;>100 GeV . 15 4 GeV (10.0%)]

* Mpp resolution ~ 10%

Events / 2 GeV

o
o

« ~30% improvement from multivariate

regression techniques and inclusion 0'6:_ E
of soft-muons (b = y, b = ¢c = ) 0.4L -
0.2 -

Bty | 1

O | |I 1 1 | 1 1 1 | 1 1 1 | 11 1 | 1 1 :“ ——— i

60 80 100 120 140 160 180 200
m(jj) [GeV]
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(W/Z) H — bb

Huge backgrounds from QCD

- Exploit associated production with W/Z decaying to leptons and neutrinos

_I T T T | T T T T | T T T T | T T T T | T T T T
- CMS ® Data B wW+udscg

. . . 8 ]

- 2 b-tagged jets (displaced vertices) £ 5001 gn rrev, =501 N ve — -

S ~ Vs=8TeV,L=18.9fb" [ Jvv [7] single top .

L 400: [ 1z+bb — VH -

° I ~ 0) 2 — Z+udsc —

Mbb resolution ~ 10% g ‘O — e

o B i

. . ¢ 300~ i =

- Split events in P1(W/2) 5 F ]

200 —

- Boosted topologies, enhance sensitivity N .

100 —

L — |
 Challenge: control backgrounds o
- Di-boson, W/Z+jets (heavy flavour), T
top, multijets S05F

0 50 100 150 200 250

Discriminant: BDT, including mwn, number of jets, b-tagging score...
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(W/Z) H — bb: atook at the data”s

Zobs Zexp X
ATLAS | 1.4 26 | 05204

CMS 2.1 2.1 1.0x=0.9

I CMIS - ® Data

Q407

S 10

% 108 E- Vs= 7TeV,L=5.0fb" B vH

;qg) 10° s = 8TeV,L=18.9 fb" [ ] Background

c = —

L 10° pp — VH; H— bb VH(bb) 125 GeV
% C |A|TLA|S| L B N S B B B B _I._batla 401|2 LI N 103 %%2\% Background uncert.
S 10— 1 B VH(bb) (u=1.0)

- Vs=8TeV [Ldt=2031b i Diboson T 102 o

o T 0+1+2 lep., 2+3 jets, 2 tags Uncertainty )
o | Weighted by Higgs S/B |
N 8_ g y Higg _ 10 R
~ B n 1 =
s | | :
= i 7 10
5 6 ] L S S S B A A RS
© i ] — %2 dof =0.98 X
= B . 15— %%ﬁ’g
a - NS s
o 4r — %o 1E g
= [ ] = E ks
0 i T 0.5 SR
= - T = R
© 2 — I L R e e e AL e e =
N - s - x°/dof =0.64 3
E - _ ~ 1.5 5o

m C oosesesa:
) L + _ ol + - >§XX§
> 7 o T2 10——0——0——0—+9— 8@ —+—0——@- g @-x jjj§>>§>©
o O e Ly UL i I " sk S5
-O (I +_ . :_ -
40_‘) C | | | | | | | | | | | | | | | | | | | | | | | i :. L ) ) L ) ) ) -
£ 50 100 150 200 250 4 35 -3 25 -2 15 -1 -05 0
k= log(S/B)
; mbb [GeV]

Bruno Lenzi (CERN) Higgs physics and experimental results 21-25/10/2014 27



ttH
o ~ 130 fb @ 125.5 GeV

- Direct access to top Yukawa coupling (gluon-fusion is a loop process)

- Complex final states, determined by top-quark decays and Higgs decays
- All jets: large BR but hard to disentangle from QCD multijets (H — vyy)
* Fully leptonic tt: very clean but very low BR (H — bb)

- Lepton + jets: clean and relatively abundant (H — bb, T T, WW, ZZ, vy)

ot All jets 44%

r+jets 15%

+r 1%

t+u 2%

T+@ 2%

jot u+u 1%

\ u+e 2%

u+jets 15%
e+e 1%

e+jets 15%
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- Standard H — yy analysis requiring additional leptons and/or jets to enrich the
sample in ttH production

 Very low statistics
 Leptonic and hadronic categories with ~80% ttH purity

- Small contamination from tH, WH (leptonic), gluon-fusion (hadronic)

> _| T | T T | T | T T T T T T T T T T T T _l T T T T | T T T T T T T T | T T T T | T T T T | T T T T | T T T T
S 5L —4— Data ATLAS - ATLAS s=7 TeV, [L dt=4.5 fb
Lo B _ _ -1 ] B ) _ _ -]
2 b Backgroundfit  '=8TeV lat=2031b ] 2011-2012 s=8 TeV, [L dt=20.3 b
*GC—J' a4 4 ttH, H — yy, m,=125.4 GeV ]
i - e 8 TeV leptonic category ] Hadronic — ]
3 E
2__ _] Leptonic — - Expected (o!'7=0) + 16 —
E . E """" Expected (o!'7=0) + 20
Ieo—o— —..— . ] —— Observed
= . Combined -~ Nl ... SM signal injected |
B | 1 1 i 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

20 25 30 35
95% CL limit on ot/c at m = 125.4 GeV

1 1 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
110 120 130 140 150 160
m,. [GeV]
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ttH, H — bb

 Final states with one or both W’s decaying to leptons

- Trigger and discrimination against QCD

» Very complex final states, multiple possibilities to combine jets to reconstruct
Higgs or top decays

4j,2b 4j,3b

5

5j,2b 5j,3b

»

=6j,2b =6j,3b

>
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ATLAS

Preliminary
Simulation

m, =125 GeV
Vs=8TeV

[ tt+light
] ti+cT
BN i+bb
/ +v
[ ] W+jets
[ Z+jets
[ Diboson
[ Single top
B Multijet

* Mpp IS Not a powerful discriminant

aa

Single lepton

a




ttH, H — bb

* No single final state with sensitivity: “divide and conquer”

ATLAS Preliminary Simulation Single lepton -
i S 5| imi Data 2012
(s=8TeV, fLdt=20.3 fb" m,, = 125 GeV S 10° ATLAS  Preliminary —+— Data
% s B tH (w =1.7)
4j,2b 4j,3b 4j,=4b 2 B tH (u,  =41)
1.0f 1.0} 1.0t 6 excl.
2 lsB<o1%| £ CfsB=02%| 2| sB=13% p——t [ Bkgd
Vp} 0p} 0p) —
0.5} 0.5 0.5} -
0.0 I 0.0 I | oo NEG_G_ o
5j,2b 5j,3b 5j,=4b -
1.0f 1.01 1.01
Z T sB=01%| T 7 sB=04%| T | sB=23% | |s=8 TeV
n n %) 102 p
0.5f 0.5¢ 0.5¢ ; fL dt =20.3 fb
o.oL NG 0_0- 0_0- | Comb. Single lepton and Dilepton
6 j 2 b 6 j 3 b 6 j 4 b . 1108 f_l 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 =
1.0p =2 10 = °) 10 =20 = B 18— = E
Z lsB=02%| C |sB=09%| = | s/B=38% 2 1e{ =17+ Bad E
- - - oM E ttH (u =4.1) + Bkgd. -3
(dp} w )] ~ 1.2E 95% excl. =
0.5} 0.5 o 1E E
® 0.8 =
0.0 0.0 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5
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ttH combination

- ATLAS: 1.50 observed (1.00 expected)

- CMS: 3.50 observed (1.20 expected), 2.00 above SM prediction

Large excesses in same-sign di-muon and yy analyses

ATLAS Prellmlnary F_7 TeV ﬂ_ dt= 4 5 fb1 CMS Is=7TeV, 5.0-5.1 f"; (s = 8 TeV, 19.3-19.7 fb”
— 2011-2012 /s=8 TeV, (L dt=20.3 fo" 7| v =
tot. (tot) (stat)
stat. _ {0 26 425 bb [~ _
ttH—yy (7+8 TeV) — | o 1 MtTH_ : -1.7 -1.7 —
T — a
41 |
ftH—>bb (8 TeV) [— b——e—— u_=1.8 f'11 -45 f’(?'; —
ftH : :
3l — i
. Same-Sign 2| — B
ttH combined [— ——t— u =16 +1.3 406
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Rare decays: H=Zy = £y, H=fip ©oX BR ~2.31b (-5 )
: . e

 Clean signatures
- Leptons and low-Et photon / opposite charged muons

* Low signal yields and large backgrounds, modeled by analytical functions
« Z+Y (~80%) and Z+jet (~20%) / Drell-Yan (~95%)

« Limits @ 95% CL, mp=1255GeV: u=10 /pus=s7

CMS (s=7TeV,L=5fb'Vs=8TeV,L=19.6fb"
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