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SM Higgs boson production @ LHC

Run 2 data brings more sensitivity to SM Higgs boson physics

V'S SM Higgs boson theoretical production cross-section in pb~! for my = 125 GeV
ggF VBF WH ZH ttH Total

7 TeV 16.85;5‘;’;1%53 1.24%2%3 0.58%%2 0.34%%; °-°9§b§§i’% 19.1

8 TeV | 214724 | 1.60755° | 0.70172%° | 0421508 | 0.13125% [ 24.25\

13 TeV | 48.58™120:%% | 3.7872100 | 1.37120%¢ | 0.88%5 L | 0.517057 55.12

e

2=, Gluon Fusion
Yy (0P

associated production 7
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4 leading production processes with different signatures :
- Sensitive to different Higgs couplings
- ggF, ttH : fermions (t,b)
- VBF, VH : bosons (W,Z)
- Sub-dominant modes have cleaner final states that help
improve S/B :

q N q ?
(VH) \§ \,/ - VBF : two jets with large Mjj and rapidity gap
§ - WH,ZH : V boson final state (Iv, ll, gq’)
- ttH : t>WbWb, W>Iv or qq’ : many b-jets, |, E.™ss,
/ 5% Y
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Higgs BR + Total Uncert
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10° =500 720l 140 160
my ~125 GeV
Decay mode Branching fraction [%]
H — bb 575 £1.9
H—> WW 21.6 0.9
H — gg 8.56 +0.86
H- 11 6.30 +£0.36
H - cc 290 +0.35
H—ZZ 2.67 £0.11
H— vy 0.228 +0.011
H— Zy 0.155 +£0.014
H — uu 0.022 +0.001
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Nature is good with particle physicists :
@ 125 GeV many decays have a substantial BR

But not all of them can be isolated from bkg (cc, gg, ...

Low BR channels can have a higher S/B (yy, 41, ...) than
bb (high QCD background and lower resolution)
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Lessons on SM Higgs @ LHC run 1

Ken Currie, 2008
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Events / 2.5 GeV

In(1+S/B) w. Events / 10 GeV

Weighted (Data-Bkg.)
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Events / 10 GeV

Events / 10 GeV

Phys. Rev. D92 (2015) 012006
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Higgs Boson Properties from Run 1

Mass: Phys. Rev. D90 (2014) 052004
Using H=>yy and H>ZZ—>4l, ATLAS measured

m, = 125.36 +/- 0.37+/-0.18 GeV/c?

mpy = 125.09 £ 0.21 (stat.) & 0.11 (syst.) GeV]

(ATLAS + CMS) Phys. Rev. Lett. 114, 191803, 2015

-2InA

T

- ATLAS _
F 1s=7TeV[Ldt=45M
1s=8TeV [Ldt=2031"

~— Combined yy+4/

—H 7y
—H s ZZ"

------ without systematics
. ’ ]

» 4/

123 1235 124 1245 125 1255 126 126.5 127 1275

Once my, is known, SM predicts the Higgs coupling to all other SM particles
Spin and CP quantum numbers: FEur. Phys. J. C75 (2015) 476

Using H=>vyy, H=2>ZZ->4l, H>WW angular distributions, ATLAS
tested different spin/CP hypotheses against SM model prediction 0*.

- Spin®? 0% is very compatible with ATLAS data

- Alternative models are all rejected with more than 99.9% CL ok
-20F
_30,
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40F
30F
20F

m, [GeV]
ATLAS H—ZZ* - 4]
—e— Observed s=7TeV,45fb'
------- Expected s=8TeV,20.3fb'
I 0°SM+t1c
I 0°SM+2 H— WW* — evuv
[ J0'SM%3 s=8TeV,20.3 fb'
[ ] NUES T Ho Y
%j §° s=7TeV,45f'
° s=8TeV, 203 fb'
L B B | B =
JP=0; JP=0 JP=2 JP=2r YPo2r P2 P2
Kq=Kg Kq=0 Xq=0 Kg=2Ky Kq=2Kg
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Production and decay strengths

ATLAS analysis used several parameters known as production and decay strengths which are
the ratios between actual production cross-sections or branching ratios and SM predictions:

o i BRy
Production (initial state) Ui = ——— and M f Decay (final state)

(Ti)sm (BR £)SM

Maximum profile likelihood technique is used to infer these parameters from correlation
between signal rates in various channels c:

nS = >0 il dsm X pur(BRp)sw X ASy X &5, X L°

T 77 i T
Measured | ,l
Estimated

« Simplest model: one overall signal strength p = ui*us

Eur. Phys. J. C (2016) 76: 6.

« systematic error dominated by background estimates; theory error due to
uncertainty on SM x-sections, BRs and kinematic distributions
04/08/16 B. LAFORGE - Higgs Studies with ATLAS 7



Eur. Phys. J. C(2016) 76: 6.

By production mode, assuming u.=1
And Uy =Ueer, W=y Myy=Hay

ATLAS

68% CL: weeiwes \/S=7TeV,45-47f0"

i

PR

95%CL: ——— /s=8TeV,20.30""
————— N —
: 0.23
: Hggr = 1-23:0.2o|
Uver = 1.23+0.32
: Myy =0.80+0.36
———— ———

Upr = 1.81 £0.80)

my = 125.36 GeV
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Signal strength (u)

The new boson seems very SM Higgs like (all u's~1)

Decay : no sensitivity to uu, Zy

If one allows different strengths :

by decay mode
ATLAS —:‘(’,",,L,Z,G) Total uncertainty
= ~ \theory
my 125.36 GeV — o(theory) + 16 on 1l
H - vy ‘om 4
_ +0.28 ':: o
p'-1'170.26 "ooe i W i
H-2ZZ T —
a 040 |'om =
=148 a0 , e
H - ww* ok : - :
+0.24 1 = '
n= 1.18021 o0 1 H i
H- 1t 'E: [R— —m—
042 on . —— |
p=144 037 51 i H
H - bb = °.__. A
_ +039 | o
k=063 |2 . i
W i
. 3.7 |0
Be=07 0] i ,
H—2Zy s%
46|12
Re=2.7 ] i :
Combined o T+
o= 1 18.0_15 :vo el :
e ATy T i W i
| | |
\s=7TeV, 4547 o -1 0 1 2 3

\s=8TeV, 203"

Signal strength (u)

assuming w,=1

ttH : 2.4 o evidence (Physics Letters B 749 (2015) 519-541)
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SM Higgs @ LHC run 2

Ken Currie, 2008



Higgs Production & decay at 13 TeV in ATLAS

Higgs boson production is observed at 13 TeV W|th 4-lepton (14.8 /fb )and yy events
(13.3 /fb) using 13 TeV data

ATLAS-CONF-2016-079

ATLAS-CONF-2016-067
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See Atlas talk from Ludovica Aperio Bella See Atlas talk from Andrew Pilkington
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ATLAS-CONF-2016-081

Which data ?

Inclusive samples H>vyy and H>Z->4l
No categorisation

Which fit is performed ? 60

Fit total cross-section using SM BR,

acceptance from SM MC samples 40

- * * * * 1
N,, = Oposn ™ BRoygyy * EFf. * Acc. * Lumi,, 20

N4Z= OppeH * BRSM(4Z) * Eﬁ. * ACC. * Lum|4g O

Use profiled likelihood

ratio fit with ~200 boson mass of 125.09 GeV [9].

S —
_ ATLAS Preliminary
[ AH-yy 0H-ZZ'-4l

- ¢ comb. data

syst. unc.

|

T I L} T T l T T T I T LI l LA

— Gy M, =12509GeV

w QCD scale uncertainty
mm Tot. uncert. (scale ® PDF+a,)

E=7T8V, 45 ﬂ)'1

Vs=8TeV, 203 1"’

Vs=13TeV, 13.31b" (yy), 14.81b " (ZZ*)
.7....8....9....10....“....12....13..

nuisance parameters

Decay channel

Total cross section (pp — H + X)

0 and get vector a V5 =7TeV 5 =8 TeV V5 =13TeV
(params of interest: H—yy 35+13 pb 30.5*7% pb 37+ pb
here Opp%H) H—>Z7ZZ* - 4¢ 33t%(15 pb 373 pb 81ti2 pb
L, é(a)) Combination 34 £ 10 (stat.) 3 (syst) pb  33.3*33 (stat.) 17 (syst.) pb] 59.0°37 (stat.) *3% (syst.) pb
Ala) = @0 SM predictions [7] 19.2+0.9 pb 24.5+1.1pb 55.5*24 pb

2
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Table 8: Total pp — H + X cross sections measured using H — yy and H — ZZ* — 4{ decays, and their G lTeV]
combination, for centre-of-mass energies of 7, 8 and 13 TeV. The SM predictions [7] are computed for a Higgs
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Higgs boson combination at Run 2 using ZZ and vyy final states

ATLAS-CONF-2016-081

Data: 13.5 /fb yy & 14.8 /fb ZZ

H—->Z7Z* - 4¢

H—yy

Category Target Category Target Now, use categorized data to become sensitive

V H-leptoni VH1 ttH leptoni t . . .

it pgE i con to production processes and fit a single parameter
1-jet ggF VH dilepton VHlep H H

2Jot VBFike VEF VHoneloton  VHlep In all categories simultaneously

2-jet VH-like =~ VHhad VH Emiss VHlep

VH hadronic loose VHhad
VH hadronic tight VHhad
VBF loose VBF
VBF tight VBF
ggH central low-p1;  ggF
ggH central high-pt; ggF
ggH fwd low-pr; ggF
ggH fwd high-pr, ggF

_ oXB
K= SMy BSM

N

Global signal strength after fit is: /,l — 113

04/08/16

cat = 2 W * og, * BRgy, * Eff * Acceptance * Lumi in each category

Producti

3

+0.18 o
-0.17 T

T

Higgs production is observed with 10 o significance (8.6 expected)
with 13 TeV data in aggreement with SM expectations

B. LAFORGE - Higgs Studies with ATLAS 12



Higgs boson combination at Run 2 using ZZ and vyy final states

ATLAS-CONF-2016-081

Which fit performed ?
P O;: cross-section fiducial definition is |y,|<2.5

U se Catego rlsed d ata an d d | IOW bbH is coupled with gg — H by assuming SM predictions for the ratios of the two processes,

d |ﬁ-'e rent prod UCtion CrOSS-SeCtion tH is coupled with #tH, by assuming SM predictions for the ratios of the pp — tH and the pp —
ttH cross sections, together reported as “top”.

(reSt”Cted to ﬁd UC|aI reg|0n) d nd WH and ZH are merged, separately for the leptonic and the hadronic V decays', into V(— gg)H

and V(— leptons)H, reported as “VHhad” and “VHlep” , respectively. The merging assumes the
SM prediction for the ratio of the production cross sections and includes the contributions from

different BR (7 parameters)

— 70 l : : ] : ] both gg — VH and g9 — ZH.
_&_a - ATLAS Preliminary * SM E ATLAS Prellmlnar){1 mH=125.09_1GeV
5" 60F ) } & Best fit . \s=13 TeV, 13.3 b (yy), 14.5 fb™ (Z2)
@ - Vs=13TeV,13.3 fb (yy), 14.8 fb (ZZ) — 68% CL 1
09 50F m,, = 125.00 GeV ::5% cL & -8~ Observed 68% CL SM Prediction
- —Ho ]
40F E W =B
30F E Oggr hd
20 — =) o5 B }
: E » 3 o
10F = o - .
OE ] Ol e —o—
_ T T T B P B R ol Py
T2 a0 e 80 109 e | ]
0-ggFBR|SM [pb] Ga—q.mp P —
Decay mode ggF VBF VHhad VHlep top ol ——
H— vy (U-B);ZF (-B)ge (BN . (O'-B)glep (c-B)op _I4HI_|2HI(|)HI?|_HIJ,IH(|5|
H— 77" (0-B)2Z  (0-B)gf fixedtoSM fixedto SM fixed to SM

Parameter value norm. to SM value

04/08/16 B. LAFORGE - Higgs Studies with ATLAS Good agreement with SM 13



Higgs boson combination at Run 2 using ZZ and gg final states

ATLAS-CONF-2016-081

Which fit performed ?

Use categorised data and allow
different production cross-section

ATLAS Preliminary m,=125.09 GeV
\s=13 TeV, 13.3 fb™ (yy), 14.8 fb™ (Z2)

-o- Observed 68% CL

SM Prediction

(restricted to fiducial region) and s
ggF Lol
assume SM BR (5 parameters)
Oyver —_—
Best fit value (pb) SM prediction (pb) 1
O ggF 47.8%3% 445+2.3 Crns
v 7.9+28 3.52+0.07 y
OvH-1ep S —
OVithad ~2.5+29 1.36 + 0.03
OvHlep 0324107 0.64 + 0.02 Slop ——
IIII|IIII|IIII|IIII|IIII|IIII|III[|IIII|IIII|IIII
T top -0.113% 0.60 + 0.06 5-4-3-2-10 12 3 4 5
Parameter value norm. to SM value
No sensitivity yet to VH and ttH
04/08/16 B. LAFORGE - Higgs Studies with ATLAS 14
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Higgs boson combination at Run 2 using ZZ and gg final states

Which fit is performed ? ATLAS-CONF-2016-081
ATLAS Preliminary m,=125.09 GeV
Use categorised data and allow (s=13TeV, 13.3 fb™ (y7), 14.8 b (Z2)
different production cross-section -e- Observed 68% CL [ SM Prediction
(restricted to fiducial region) and
different BR oZ. | /[N]@‘EWQV
Use as a reference (from SM):
- ggF cross-section B ]
- H>7ZZ Branching ratio Bf
f _ 77 g FYY/FZZ L
. (o - B); —(o'.B)ggF.(o_ F)'(BZZ)
Then fit 3 parameters only : 99
Parameter Best-fit value SM prediction
(- B)2Z. (pb) 1.67 041 1.18 £0.07 Oyl Oy
OvBF /O ggF 0.25 *0-13 0.079 + 0.004
IIII|IIII|I]II|IIIIIIIIII
BY7/B# 0.041 +0013 0.086 + 0.003 0 1 5 3 4 5

0,: cross-section fiducial definition is |y, |<2.5
Parameter value norm. to SM value

No sensitivity yet to VH and ttH, fit VBF, ggF and BW/BZZ
and profile the other ratios in the fit
04/08/16 B. LAFORGE - Higgs Studies with ATLAS 15
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Conclusions

LHC Run 2 provides data beyond expectations

ATLAS detector is working well and reconstruction keeps collision pile-up under control.
Very quick analysis of the data to be able to include data taken less than 2 weeks ago !

Higgs boson observed with 13 TeV data with ~10 o significance

Higgs boson properties measured with Run 2 data with both diphoton and 4 leptons data
- a first measurement of Higgs boson cross-section done with 13 TeV data
- a first analysis of production processes cross-sections done with 13 TeV data

production in good agreement with Standard Model expectations

Sensitivity on rare decays increasing but no observation yet of H>uu, H>Zy
— see talks by C. Grefe and Davide Gerbaudo this week

Lot of new measurements to come with expected ~30 /fb of data in 2016

Stay tuned...



