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- m— — 7—$7 — ——— = _ —

e (almost) all Higgs results from Run 1 are statistically limited

e Run-2 [2015-2018] ]
- x5 more luminosity [100/fb] x10 more Higgs |
- X2 increase in Higgs cross section (8 —> 13 TeV) |

—> the statistical uncertainty — and all the statistically related experimental
uncertainties — will rapidly decrease!

| - improved analytical calculations of inclusive and differential cross sections

- Broad spectrum of (N)NLO event generators available in the past few years

—> ATLAS/CMS gearing up to use them in Run 2

In these slides:
- how theoretical predictions affected Run 1 results
- selected still-open topics of discussion Not exhaustive list!
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ATLAS + CMS combination: signal strength ' '

" CDS record 2053103 WARW!VCWK

SM signal yields in all channels scaled by same global signal strength mu
assuming SM ratios of production cross-sections and decay rates

o.-BR/
”{ = : 7 = l'ti X l[f
(0:)sm - (BR” )sm

Best-fit u Uncertainty
Total Stat Expt Thbgd Thsig

ATLAS and CMS (meas.)  1.09 g 004 20.03

+0.11  +0.07 +0.04  +0.03  +0.06
ATLAS and CMS (exp.) = —0.10 -0.07 -0.04 —-0.03  —0.06

Most precise result at the expense of the largest assumptions

signal theoretical uncertainties same size as statistical uncertainty
—> in Run 2, statistical uncertainty will decrease quickly
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Profile likelihood formalism for (systematic) uncertainties' '

WARWICK

THE UNIVERSITY OF WARWICK

e Build likelihood function for each signal, control region of the data

L(N | ﬁiaﬁfaé) = l_[

k=0,nbins

L uminosity

v

Inclusive SM cross-section

Acceptance (from MC)
Efficiency (from MC)
l Higgs BR
v v

L(k) X {o-,-SM X A-f(k) X e{(k) X BRgM}

eV

Events /

[=2H-=>f  Background

Poisson Nklz ui°uf-S{k(§)+23m(é))
i f m

MS s A7 TeV,L-51b" ;1s-8TepjL 197"’
™~ | | | | | | | | e
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m,, (GeV)
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Profile likelihood formalism for (systematic) uncertainties' '
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e Build likelihood function for each signal, control region of the data

[=2H-=>f  Background

L(Nlﬁi,ﬁf,§)= n Poisson Nklz ui-uf-S{k(é)+zBm(§))
if m

k=0,nbins

Inclusive SM cross-section

Acceptance (from MC) %
Efficiency (from MC)
Higgs BR / 2
Luminosity 2
w

L(k) ><>< Al (k) x & (k) %

affected by theory uncertainties on
inclusive SM cross sections and BR

MS s A7 TeV,L=51b" ;1s-8TejL 197"’
™~ | | | | | | | e

80 100 120 140 160 180
m,, (GeV)
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Profile likelihood formalism for (systematic) uncertainties' '

e Build likelih

L(N | fi,, i)

Inclusive ¢
A

Luminosity
A 4

v

L) x o™ b <l ORBRG, L ©

Assume SM Higgs boson for acceptance & efficiency

Production Event generator
process ATLAS CMS

ggF * PownEa [30-34] PowHEG
VBF POWHEG PowHEG
WH PyTHiA8 [35] PyTHiA6.4 [36]
ZH (gq = ZH orqg — ZH) PyTHIAS PyTH1A6.4
ggZH (gg = ZH) PowHEG See text
ttH PowweL [44] PyTHiA6.4
tHqg (gb — tHg) MapGrarn [46] AMC@NLO [29]
tHW (gb — tHW) AMC@NLO AMC@NLO
bbH PyTHIAS PyTH1AG6, AMC@NLO

(*) Higgs pr distribution of ggF production reweighted to match
HiRes 2. 1calculation (includes NNLO and NNLL QCD corrections)

[ITOTTT ViG]

Efficiency (from MC)
l Higgs BR

v

e‘
o

30}

25¢

Events /

10}

80 100 120
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jata
<ground

B, (0))

160 180
m,, (GeV)
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Profile likelihood formalism for (systematic) uncertainties' '
' WARWICK

THE UNIVERSITY OF WARWICK

e Build likelihood function for each signal, control region of the data
[=2H-=>f  Background

L(Nlﬁi,ﬁf,§)= n Poisson Nklz ui-uf-S{k(é)+zBm(§))
if m

k=0,nbins

Inclusive SM cross-section

MS s A7 TeV,L=51b" ;1s-8TejL 197"’
™~ | | | | | | | e

Acceptance (from MC) ° A5 Data
Efficiency (from MC) [ Bz
J( Higgs BR / 2 | 7y,
Luminosity i' 5
v v w
SM
L(k) X {o-,- X A-l.f(k) X g{(k) X BRJSFM}
Backgrounds are mostly data-driven, ‘:.
except WW, ZZ and tt+h.f./V+h.f. o

80 100 120 140 160 180
m,, (GeV)
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o exclusive final states very limited by statistical uncertainty

e theory uncertainties in exclusive regions are larger

ATLAS, H->WW, PhysRevD.92.012006

Observed p=1.09

Observed Uy ,r

1.02

Observed HyviF 1.27

Ap(stat)/pver= 34%

Ap(ThSig)/pver=17%

Source Error Plot of error Error Plot of error Error Plot of error
+ —  (scaled by 100) + ~  (scaled by 100) - —~  (scaled by 100)

Data statistics 0.16 0.15 —— 0.19 0.19 e—(— 0.44 0.40 s
Signal regions 0.12 0.12 —(— 0.14 0.14 w—r— 0.38 0.35 ——
Profiled control regions 0.10 0.10 e 0.12 0.12 —— 0.21 0.18 el
Profiled signal regions - - - 0.03 0.03 - 0.09 0.08 o=

MC statistics 0.04 0.04 -+ 0.06 0.06 e 0.05 0.05 +*

Theoretical systematics 0.15 0.12 —— 0.19 0.16 w—— 0.22 0.15 e
Signal H - WW"* B 0.05 0.04 = 0.05 0.03 o 0.07 0.04 L
Signal ggl cross section 0.09 0.07 e 0.13 0.09 w—— 0.03 0.03 +
Signal ggF acceptance 0.05 0.04 - 0.06 0.05 - 0.07 0.07 o
Signal VBF cross section  0.01 0.01 } - - - 0.07 0.04 +
Signal VBF acceptance 0.02 0.01 b . . . 0.15 0.08 -
Background WW 0.06 0.06 e 0.08 0.08 e 0.07 0.07 b
Background top quark 0.03 0.03 o 0.04 0.04 - 0.06 0.06 +
Background misid. factor 0.05 0.05 == 0.06 0.06 —_— 0.02 0.02 }
Others 0.02 0.02 + 0.02 0.02 - 0.03 0.03 +

Experimental systematics 0.07 0.06 e 0.08 0.08 — 0.18 0.14 el

Integrated luminosity 0.03 0.03 + 0.03 0.02 * 0.05 0.03 +

Total 0.23 0.21 —(— 0.29 0.26 0.53 0.45 ——

-30-15 0 15 30

-30-15 0

| i

15 30

-60-30 0 30 60
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http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012006

Generlc parameterisations of experimental result! '

WARWICK
CDS record 2053103 THE UNIVERSITY OF WARWICK

 k-framework, using ratios of coupling modifiers

o:(R) - T (%)

.BRS = S
o; -BR = Ty ’ K?za'j/a'JS-M or K§=FJ/FéM.

affected by same theoretical uncertainties as signal strength

« Most generic model is ratio of cross sections and branching ratios

. BR/
U',-'BRf=0‘(gg—>H—>ZZ)X Ii X =7 |
geF BR

- ratios of cross sections and of BR independent of theoretical predictions on
inclusive cross section and BR

- theoretical uncertainties still affect acceptance (jet-bin migration, PS/UE)

13.10.2015 E. Pianori, Higgs Coupling 2015 9
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Recent progress: highlights

WARWICK
C. Anastasmu et al., PRL 114 (2015) 212001 THEUNIVERSITY OF WARIWICK
50 LHC @ 13TeV |
—_ [mo=mosmonmwol el ggH N3LO calculation
s} ‘\\\\\\\”‘“’m\% +0.32%
[ = mu/2]
£ 30F y
- QCD scale uncertainty reduced from 8% to 2%
20}
. B Gluon-Gluon, luminosity
10 05 % 2 1.3¢ T T
pimy - nnpdf3.0nnlo
1.25 ....... mmhtnnlo
S. Forte, 10th LHC Higgs XS WG . S ct14nnio
- 12 /'S = 8.00e+03 GeV
2 1.15(
Major updates for :
= o F
all PDFs fits a1.05
1 feas i .;;;;;3}"1::.'::::;::“""" °°°°°°°°°°°°°°°°°°
improved agreement for gluon luminosity 09507
PDF uncertainty on gg —> H* down to 2% 95
0.85F
08—l
102 10°

13.10.2015
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.114.212001
https://indico.cern.ch/event/350628/session/3/contribution/1/attachments/1127724/1610856/hxswg15.pdf

ggH modelling w
' WARWICK
e NO NNLO QCD + NLO EWK MC generatOI" yet| THE UNIVERSITY OF WARWICK

« HJ MINLO promoted to NNLO+PS generator by reweighting the events with the factor

do(NNLO)  3,.(HJ)

dyn dyn

=1+ 0(a%)

Intrinsic uncertainty: in which region of phase space the reweighting is done
ATL-PHYS-PUB-2014-022

. VS =8TeV
- —— Powheg NNLOPS

. i [ —— Sherpa MEPS@NLO
A lot of progress and new tools: I | ___ Powheg HJ Minlo

- automatic generation of NLO+PS processes _ Powheg HJJ Minlo
- attention to non-accounted diagrams in NLO!
gq/qq negligible (<few %) in NNLO inclusive 10" -
but gqg is 30% of H+1 jet NNLO ff ‘
- merging/matching multi-leg processes
various schemes: POWHEG MiNLO,
Fx-Fx aMC@NLO, SHERPA MEPS@NLO,

Event fraction

PYTHIA8/UNLOPS, HW++/Matchbox 14F
1.2
Q) Systematic comparison including § 1 E : |
uncertainties? 0.8
06 1 | |
0 1 2 3
n(jets)
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2014-022

Higgs P- w

WARWICK
i HReS Comblnes the NNLO CalCUIat|On |n HNNLO Wlth the Sma” THE UNIVERSITY OF WARWICK
pT-resummation implemented in HQT
« Three decay channels of the Higgs boson implemented:
H—>yy, H—>WW —> /viv, H—> 4l
o] o I B B g |
- arxiv:1306.4581
0-500:{ - HqT2.0 ~ finite quark-mass
- ! HRes . effect included in v2.3
-
80.200»,— —
s | T
~ . L
40-100 = . =
N =
< 0.050 |— i .
[ ppH+X~yy+X e -
0.020 | ‘ L. -
Vs=8 TeV, MSTW2008 L T
0.010 |—pp=pug=2Q=my=125 GeV S ]
0.005 ' 1 ' l A | A A l L L A | 1 A A N A
0 50 100 150 200
py (GeV)

in Runl POWHEG+PYTHIA reweighed to HRes(v2) NNLL+NNLO pr(H)
Q) higher precision MCs for Run 2. Reweighting pr(H)?

13.10.2015 E. Pianori, Higgs Coupling 2015 12


http://arxiv.org/abs/1306.4581

X10° PhysRevD.92.012006

J et bi n n i n g | | | | | | | |
. c 30rt Obs+tstat ATLAS 1.
- improve S/B ratio in bin with different background - ExpEsyst | s_gTev, 20.3fb" |
compositions 2 ]
S 20 EDYy
« affected by large dependencies on QCD corrections L EI\C;IBV
CMS, H ->WW: HIG-13-023 yields uncertainties [%] El wid |
Source H _)_ q(i.—> gg — Non-Z resonant VA% 1 0 . nggs |
WW WW WWwW WZ/ZZ A
Luminosity 2.2-2.6 — —_— 2.2-2.6 2.2-2.6 * -
Lepton efficiency 3.5 3.5 3.5 3.5 3.5 — | )
Lepton momentum scale 2.0 2.0 2.0 2.0 2.0 0 41’ 5 6 %
Exiss resolution 2.0 2.0 2.0 2.0 1.0
- - - n;
5.5 5.5 5.5 /
Signal cross section 5-15 . L
T — WW normalization 0 ATLAS, H->WW  yields uncertainties [%)]
gg — WW normalization 30
WZ/ZZ cross section — — — 4.0 — n n n
tt + tW normalization — — — — —
Z/~*— ££ normalization — — — — — ST 180/0 430/0 700/0
W + jets normalization — - — - —
MC statistics 1.0 1.0 1.0 4.0 20 JVE 15% 27% 34%

e various method to estimate effect of missing higher orders corrections to yields in jet-bins:
- Stewart-Tackman [ST] [PRD 85 (2012) 034011]
- Jet-Veto efficiency [JVE]: include resummed results [PRL 109 (2012) 202001]
- Updated ST with 0,1-jet resume by Tackmann, Petriello et al [PRD 89 (2014) 074044 ]
- other groups with SCET (soft-collinear effective theory), Neubert et al.[arXiv:1412.8408]

Q) correlation between N(jets) and pr(H)?
13.10.2015 E. Pianori, Higgs Coupling 2015 13



http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-13-023/index.html
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.034011
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.109.202001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.074044
http://link.springer.com/article/10.1140%2Fepjc%2Fs10052-015-3368-y
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012006

Jet binning: H+2 jets ' '
' WARWICK

THE UNIVERSITY OF WARWICK

e veto third jet to isolate VBF H production

e sighal/bkg separation increased by MVA based selection
—> need precise event generations for ggH+jets, VBF+jets

 ggH background contamination in VBF region: ~ 30%
reduction of theory uncertainty possible in the future (Gosam HJ]JJ at NLO)

Observed pypr = 1.27

H —_> YY Source Error Plot of error
N I . + ~  (scaled by 100)
WogF WveBr BwH WBZH TH bbH tH —
_ _ ‘ _| Data statistics 0.44 0.40 S| e—
ATLAS Simulation "= \s=8Tev Signal regions 0.38 0.35 o
TH leptonic Profiled control regions ~ 0.21 0.18 e
""/L“;f:sgﬁ Profiled signal regions 0.09 0.08 o
VH one lepton MC statistics 0.05 0.05 +
VH ET™*
VH_ hadreric Theoretical systematics 0.22 0.15 — 0
VBF tight s Signal H-WW' B 0.07 0.04 + 30% l:InC on
. Ly Signal gl cross section (.03 0.03 t gg H yleld due to
:::::d'_':‘;' T Signal ggF acceptance 0.07 0.07 + ClVv
Contral - hith“ Signal VBF cross section  0.07 0.04 + « 50% unc on
Central - low p. . Signal VBF acceptance (.15 0.08 o H vield d
T 1 —_ -
0O 01 02 0.3 04 05 0.6 0.7 0.8 0.9 1 Backeround Wl 0.07 0.0i + ggH yield due to
Fraction of each signal process per category ~ background top quark — 0.06 0.06 * QCD scale
Background misid. factor 0.02 0.02 } variations on
Others 0.03 0.03 t BDT sh
Snhape

Q)What EXPs should do for H+2-jet bin in RUN-2?
13.10.2015 E. Pianori, Higgs Coupling 2015 14



Fully Differential cross section: VBF ' '
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NNLO QCD correction to oror very small, well within NLO QCD scale unc O(3%)

Fully differential VBF Higgs cross section [Cacciari et all,PRL 115 (2015) 082002]

K(NNLO/NLO): 5%(1%) with (without) VBF cuts, outside of NLO band
do/dpl H [pb/GeV] dCJ/dAyJl j, [Pb]

': Lo e , _ LO m=m
NLO 04 bowiendoi.... NLO i
. . ) NNLO —— =223 NNLO ——
O_(no cuts) [pb] O,(VBF cuts) [pb] 102 |- PO G | T POWHEG
- . i J i ;
+0.057 +0.066 e e ] 03 gyt '
LO 4.032 Zg p69 0.957 25059 [ - " VBF CUTS . e VBF CUrs
+0 024 +0 008 I § -»- LHC 13 TeV | P LHC 13 TeV
+0 016 +0 013 103 |-t - ' A = = S
NNLO 3.888 19016 .826+9:013 . = -
! . 0.1 . ———
'NNPDF30_nnlo_as_118 | Ry NNPDF30_nnlo_as_118 -
~ Ho(py, u)/2 <HR ﬂ} < 2#0(91 u) Ho(Pz u)/2 <PR =HF< Zﬂo(pt‘ 2
LHC 13 TeV, anti-k: R=0.4 r | r S—— — ==
MH = 125 GeV, Gt T | ]
prj > 25GeV |y;| <4.5 POV SRS L Y+ T WM e -
Ayj152 > 45 Yi¥i, <0 j"l;[ﬂ?@?m i :H[é’ N LAY B B e
AL B o 5 = . - ! |
mj13j2 > GOOGCV 09 : ; ; : : 5 :
08 [ 1 ] | 1 1 | 08 i ! l l ] ! ! l l
0 50 100 150 200 250 300 45 5 55 6 65 7 75 8 85 9
P 1 [GeV] BY;y.ja
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.082002
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Fully Differential cross section: VBF

WARWICK

THE UNIVERSITY OF WARWICK

NNLO QCD correction to oror very small, well within NLO QCD scale unc O(3%)

Fully differential VBF Higgs cross section [Cacciari et all,PRL 115 (2015) 082002]

K(NNLO/NLO): 5%(1%) with (without) VBF cuts, outside of NLO band
do/dp, 4 [pb/GeV] dCJ/dijl,j2 [pb]
- Lo " maey | | | LO mm
NLO 0.4 teebeeeioo. NLO _
(no ~=*~\ (UDE ceabn) - ' NNLO r— ; ’ NNLO
o POWHEG
Q) how to account for NNLO corrections to VBF T
Lo 44 in experimental analysis ~  VvBFCUTS
| . . LHC 13 TeV
NLO 3.9 Re-weight MC? Inflate theory uncertainty? e T LT
- . —W -
'NNPDF30_nnlo_as_118 .1 [NNPDP30_mnloas 118 __
~ Ho(P, u)/2 <pgr= ﬂ! <2 po(py, u) ﬂo(pz u)/2 <pr= ﬂr< 2ﬂo(px‘_L_
LHC 13 TeV, anti-k: R=0.4 P N E—— "
MH = 125 GeV, HEE : i
p.j > 25GeV |y;| < 4.5 | i sttedisatt Y - e S - 0
Ay_‘il,_‘i2 >4.5 YnV¥i. < 0 - L r M - e | ]
09 EEIEI',LJjE] — 09 _j‘J i
m;ji.2 > 600GeV [ ; _ :
0 50 100 150 200 250 300 45 5 55 6 65 7 75 8 85 9
Pr,u [GeV] Ay;, i
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Fully Differential cross section: VBF ' '

WARWICK
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NNLO QCD correction to oror very small, well within NLO QCD scale unc O(3%)

Fully differential VBF Higgs cross section [Cacciari et all,PRL 115 (2015) 082002]
K(NNLO/NLO): 5%(1%) with (without) VBF cuts, outside of NLO band

do/dp, 4 [pb/GeV] dCJ/dA)’jl,j2 [pb]
P 1 1 LO mmmw |‘ mm LO mm
NLO 0.4 demdieio.Z NLO i
0_(n0 - (UDE ceesn) : NNLO r— | | PO\I;}'II?IIIEE}) =3
Q) how to account for NNLO corrections to VBF "
Lo 40 in experimental analysis =~ VBECUTS
¢ . . LHC 13 TeV
NLO  3.9i Re-weight MC? Inflate theory uncertainty? el T T
NNLO 3.8 i |
Q) NNLO differential cross sections available also for g
. o_as_ A
p 4 VH [PLB (2014) 11.040]. Re-weight MC? b = pr<2,,o(pq_
oG 13 T T
MHA = ev, o TH ]
Ptj > 25GeV |y;| <4.5 , _ 1 . __m“*” @_
Ayjrge > 45 Ynln <0 AR T ] e
0.9 EEIEI'- ] 09 .fj s R SO O 54 550 2
mji1,52 > 600GeV T | : O o |
0 50 100 150 200 250 300 45 5 55 6 65 7 75 8 85 9
P, [GeV] A

13.10.2015 E. Pianori, Higgs Coupling 2015 17


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.082002
http://www.sciencedirect.com/science/article/pii/S0370269314008429

Gluon-initiated ZH production W

WARWICK

THE UNIVERSITY OF WARWICK

e gg—>ZH contribution increase at high pr(H)

most sensitive region

 only LO generators available during Run 1

e K(NLO/LO) ~ 2 Q) pT dependency?

http://arxiv.org/pdf/1310.4828.pdf

do/dprn [fb/10 GeV]

13.10.2015

10

0.1

0.01 }

0.001

I

mp = 125 GeV, qq
99 — |
boxes only — — - |
triangles only - - -
Ty %:’a -

—
™
~—

0

200 300 400 500
pr,n [GeV]

7/ g l,b h -
h,” -
- t, b t,b
G!) Z
,}9‘3} ' \/\’\..
“ g $,0 Z

ATLAS/CMS VH—>Dbb analysis [in combination]
QCD scale unc on gg->ZH yields: 50%

o(gg—>ZH)/o(qgq—>ZH) x2 larger at 13TeV!

E. Pianori, Higgs Coupling 2015 18
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Gluon-initiated ZH production ' '
' WARWICK

THE UNIVERSITY OF WARWICK

« LO gg—> ZHj and gg—> ZH available in aMC@NLO/POWHEG/SHERPA

« MLM merged ZHj and ZH: more accurate prediction of the kinematics
(reduce shower uncertainty)

Q) NLO gg —> ZH MC?
B. Hespel, F. Maltoni, E. Vrynidou arxiv:1503.01656

; ZH — include exact top-mass
ZHj, p’r > 30 GeV :
T 50 GeV v dependency
100 GeV
= 1:
e g
S 001 :
- ‘ Q
=  0.001 10
. |
+ =
0.0001 } 1 8
! O
MSTW2008LO E
| LHC14TeV i =
le-05 ' : : : .
0 200 400 600 800 1000

PH [GeV]
13.10.2015 E. Pianori, Higgs Coupling 2015 19


http://arxiv.org/abs/1503.01656

Background Modelling: H —>WW

» Precise knowledge of background also crucial CMS, H—=>WW
J. High Energy Phys. 01 (2014) 096

vy

WARWICK

CMS 49" (7 TeV) + 19.4fb" (8 TeV)
* Modelling of continuum WW background 3 AL I
"¢ data op m, = 125 GeV
one of the largest sources of theory unc g  Howw [l DY+jets o
— 1000 | g wajets WW h
ATLAS, H—>WW,PhysRevD.92.012006 = W wzizzivwv
()
WwW [NLO] o
qq—>WW and qg— WW POWHEG-+PYTHIAG
Observed p=1.09 500 -
Source Error Plot of error
. —  (scaled by 100)
Data statistics 0.16 0.15 ——
Signal regions 0.12 0.12 ——
Profiled control regions 0.10 0.10 b
Profiled signal regions - - .
§ — 7 - 0 1 | 1 1 |
MC statistics 0.04 0.04 -
— 0 100 200 300
Theoretical systematics 0.15 0.12 ——
Signal H — WW* B 0.05 0.04 - m.. [GeV
Signal ggl cross section 0.09 0.07 e CMSI AI‘-]/I‘-'I = 8% . [ ]
Signal ggF acceptance 0.05 0.04 -+ —
Signal VBF cross section  0.01 0.01 { _ dq9 — WW o / Osm
Signal VBF accentance 002 0.01 - uncertainty on WW b d
Background WW 0.06 0.06 == i generator [LO] opserve
, | extrapolation factors
Background Top quark U.Us T 003 + (QCD, PDF, UE) MADGRAPH (default) 0.76 + 0.21
Background misid. factor  0.05 0.05 -+ / /
Others 0.02 0.02 - MC@NLO 0.82 4= 0.24
POWHEG 0.74 + 0.21
13.10.2015 E. Pianori, Higgs Coupling 2015 20


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.012006
http://link.springer.com/article/10.1007%2FJHEP01%282014%29096

Background Modelling: Di-boson W

WARWICK

THE UNIVERSITY OF WARWICK

« NNLO QCD pp—> WW/ZZ/Wg/Zg calculations by M. Grazzini et al
NNLO correction at 9-12% for pp—>WW (gg—>WW contributes to 35% at NNLO)
NNLO correction at 12-17% for pp—>ZZ (gg—>ZZ contributes to 58-62% at NNLO)

Final goal is to have a public program [MATRIX] that can deal with all pp—>VV processes,
including leptonic decay and off-shell effect, and fully differential. Not available yet.

 but no NNLO+PS MC exist yet!

Q) Apply NNLO QCD correction (as a function of 4| invariant mass)
with exp cuts?

e Full NLO EW corrections for WW and ZZ production are complete now.
as important as NNLO QCD

Q) Assume factorization of NNLO QCD and NLO EW?
EW K-factors included via reweighting distributions?
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Background Modelling: heavy flavour

WARWICK

THE UNIVERSITY OF WARWICK

e tt+bb/tt+cc: non-reducible background to ttH->bb

H.F. cross section not very well known
inclusive t-tbar pT distribution [NLO+PS] re-weighted to 7TeV data

Process

Source Rate uncertainty Shape —— —
ttH tt+jets Others

CMS, ttH: arxiv:1502.02485.pdf
yields uncertainties [%]

Theoretical uncertainties

Top pr modelling 3-8% Yes v
yg / U variations 2-259% Vou v [t-tbar+0,1,2p LO MapGrarH 5.1.3]
tt+bb normalisation 50% No v
tt+b normalisation 50% No v o _
tt+cc normalisation 50% No v NLO merged predictions available now!
Signal cross section 7% No v
Background cross sections 2-20% No v v AL
PDF 3-9% No Vv v v ATLAS, VH->bb, JHEP 01 (2015) 069 ~H
Statistical uncertainty (bin-by-bin) 4-30% Yes v v v -0.15 -01 -005 0 0.05 0.1 0.15 0.2
TT]IITTII]ITTI IIII]lTIT]ITT]IIIIIII]ITIl‘
 V+h.f.: major background to VH @ e ot shape i -
. P> e ' VD '
modelled with SHERPA LO V+p merged g .y w.sf nomaisaior S
(massive b- and c-) (P} > 120 GeV) L ]
; 7000 -
W4bb normalisation ' D O

L
///////ﬁr

shape comparison between @  w.HFpY shape (3jen) | o ~— 70 ‘
. ' N/ ////77. '
different generator for V+h.f. Sl acceptance (paron showen : WY ;
: //////) :

IIIII

‘ Z+bl to Z+bb normalisation (2-jet)

b-jet energy resolution ’ —e 7

) ) : ) : S//77 :
‘data/MC comparisons in b-jet tag region \ @ 2.5, 2.ct m shape ; — A ‘
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http://link.springer.com/article/10.1007/JHEP01(2015)069

Differential cross section ' '

WARWICK

THE UNIVERSITY OF WARWICK

Most model-independent way to present experimental results

bk
Nidata L Nz g

0; i bin of observable
Theoretical uncertainties have limited impact on differential cross section:
uncertainty on o Baseline Njets >=3 VBF-enhanced
Signal extraction (stat) +22 +33 +34
Jet energy scale/resolution +15, -13 +12, -11
Theoretical modelling +3.3,-1.0 +6.3, -4.9 +2.2,-3.2

Perfect laboratory to test SM predictions and indirectly constrain new physics

- with increasing stat, need highly accurate theoretical predictions to compare to
- need predictions able to describe complicated fiducial volumes (include decay modes)

Caola et al, arxiv:1508.02684
ATLAS (H—> yy) a?,‘i+j(8 TeV) = 21.5 + 5.3(stat.) 575 (syst.) & 0.6(lumi) b,

H+1jet NNLO prediction o4, = 9.4510% f}, Fiducial Volume:
NRLO 0.82 2 isolated photons, |n| < 2.37

pr/myy > 0.35 (0.25)
>1 jet: py> 30 GeV, |y| < 4.4.
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Interference in off-shell H—>VV analyses ' '
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« Off-shell, gg —> H* —> VV and gg —> VV continuum interference is large
- no interference effect for on-shell [Kauer, Passarino, JHEP 08 (2012) 116]

* gg —> VV known only at LO, as well as interference term [gg2VV and MCFM]
gg—>H*—>VV also modelled at LO, NNLO k-factors as a function of m(VV) applied

NNLO /

k-factor for background un-known:
CMS: Kcontinuum =ksigna/ [PhVS Lett. B 736 (2014) 64]
ATLAS: results as a function unknown Kcontinuum/Ksignar [Eur. Phys. J. C (2015) 75:335]

E 40_ LI L B L LA N L B L L LN B LN LA lov T 7T l I J ] I T T 1 ‘ 3
$ 35 - ATLAS :]:;o - E 4 —lepton production, CMS cuts, Vs=13 TeV j
S — HZZ—4l [ J+2 — : . .
= - (s=8TeV: JLdt=203f" Expected limit (CLs) - 107" £ L qq -+ 4leptons
- - Ob. limit (CLs) ] E | B - gg - h - 4leptons 3
o 30~_ —— Observed limit (CLs) - = . . " 3
o - e ™ ge - 4leptons{cont)
E | : 107 | T pnsite
3 25F E =  E - T 1
- ] & -3 I
- . 10 \
2 20F g s B 3
& : ¥ BT — 3
15} — 3 107 - |
: --------------------- : E E 3
T | SR - b : e . 3
. : 10 L ‘Lﬁ
57’ __'-: \-1
. ] 10°° _
0 I TR BT SRS BT E SRR S A S ) —
06 08 1 12 14 16 18 2 : | | i j
-7 [ | ! ] L1 1 1 v
RE, = _K(gg-22) 10 100 200 500 1000 2000
H*  K(agg—-H"—>2Z2) my[GeV]
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Interference in off-shell H—>VV analyses ' '
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« Off-shell, gg —> H* —> VV and gg —> VV continuum interference is large
- no interference effect for on-shell [Kauer, Passarino, JHEP 08 (2012) 116]

* gg —> VV known only at LO, as well as interference term [gg2VV and MCFM]
gg—>H*—>VV also modelled at LO, NNLO k-factors as a function of m(VV) applied

— NNLO
k-factor for background un-known:

CMS: Kcontinuum =ksigna/ [PhVS Lett. B 736 (2014) 64]
ATLAS: results as a function unknown Kcontinuum/Ksignar [Eur. Phys. J. C (2015) 75:335]

10"
T T | ] ] [ T 1 1] g
] 4—lepton production, CMS cuts, Vs=13 TeV 3
» Off-shell region useful to set o = ) 43 + 4leptons 3
constraints on the H width | B [~ g8 - dleptonstcont) |
107 | Ty =
gon-shell gngglz-{zz goff-shell ~ géSHglz'lzz -~ | . N 2
gg—H—ZZ* ™ muly gg—H*'—=ZZ (2m7_)2 2 - | § .
S M E
CMS: g e ]
- 10 —§‘|
unc on gg —> ZZ are the largest ones s ) 3
107° L "L,%
ATLAS: E
unc on interference and K" (mvv) dominant 10 - 3
Ones on IJOff_She” 10"’F | | ' ! | BT T | j

100 200 500 1000 2000
my[GeV]

N
Ol
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http://link.springer.com/article/10.1007%2FJHEP08%282012%29116
http://www.sciencedirect.com/science/article/pii/S0370269314004821
http://link.springer.com/article/10.1140/epjc/s10052-015-3542-2

gg

—> /7 production

new preprint, 22 Sept: http://arxiv.org/pdf/1509.06734.pdf [Caola et al]

e NLO QCD correction to gg —> ZZ:

do/dmgy [fb/10 GeV]

o(gg—>ZZ) increases by O(50% — 100%)

vy

WARWICK

THE UNIVERSITY OF WARWICK

o(pp—>ZZ) increases by O(6-8%), outside of QCD scale unc on recent NNLO QCD calculation

[Grazzini et al, arxiv:1507.06257 ]

0.01 }

| b v 1
Kcontinuum LO

NLO
NNPDF3.0, 13 TeV

180210 240 970
ma [GeV]

300 330 360
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http://arxiv.org/pdf/1509.06734.pdf
http://arxiv.org/abs/1507.06257

Summary W

WARWICK

UNIVERSITY OF WARWICK

ggH: Not
- high precision MC generators e"halISti|/

- Higgs pT re-weighting and correlation to N(jets)
- ggH+2jets in VBF region and CJV

VBF:
- NNLO corrections in complex phase space

VH:
- gg—>ZH NLO MC

Backgrounds:
- DiBoson: NNLO+PS MC
inclusion of EWK corrections
gg —> VV NLO MC
- improved predictions for tt+h.f. and V+jets/V+h.f.
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Conclusion ' '

WARWICK

THE UNIVERSITY OF WARWICK

Statistical uncertainty will rapidly decrease in Run2
—> need increasingly precise predictions

In Run 2, more model-independent experimental results when possible
(differential cross sections) but theory uncertainty will still affect coupling analyses

Not only for signal, backgrounds prediction important too
need to cover the backgrounds with the same systematic approach used for the signal

Close connection between experiments and Higgs cross section working group is
fundamental

experiments will follow up very closely the phenomenological news

Having common approaches in ATLAS/CMS very important
—> need clear recommendations
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WARWICK

THE UNIVERSITY OF WARWICK

13.10.2015 E. Pianori, Higgs Coupling 2015 29



-
—
=

—>—

Jet-veto
gluon @ Update of S&T to JVE, new SCET approach

Leftover from RUN-1 and challenge for RUN-2
ggF

@ Scale uncertainty prior (Cacciari-Houdeau)

: : C @ Correlation with Higgs pr
@ as uncertainty reduction NOL . | .
: : : @ N3LO inclusive + NNLO H+0/1-jet comb.

@ Reduction of ggF in VBF category gluon / @ H+2-jet bin uncertainty beyond NLO

. . (/
Differential NNLO Wiz
@ NNLO QCD effect in fiducial XS, ex VBF top/bottom
@ NNLO QCD + NLO EW pp—VV and MC

(include offshell, ex Z*Z*) - — -

. Higgs
Higgs Interferometry Hi
@ NLO QCD in gg—VV, ZH and MC '9gs pr.
@ Interferometry in VBF N\ @ Higgs pr in BSM W/Z

gluon @ NLO EW effect
(N)NLO MC ~ @ Dynamical scale .
Higgs Decay

@ NNLO QCD + NLO EW MC for 2—1 process

@ H+0/1/2-jets (NNLO MC ////

@ Separation of THU and PU

@ H+3-jets NLO MC for CJV @ THU statistical prior

A®: in Hi2-iets MC @ BR update (ex H—bb)
@ Aoy : i ~ @ PU update (as, mp, mc, my)
— @ NLO EW differential
PDF (Prophecy4f/Htodl)
@ N3LO PDF @ Dalitz decay common def.

@ PDF4LHC15 (LHAPDF) for XS and MC
@ PDF correlation between Higgs and SM bkg.

Compiled by R. Tanaka, Sep. 2015
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Processes ' '

WARWICK

 Needs to survey detectable processes for Higgs production

and decay for Run-2 and beyond!
 Tool development is also very important aspect

I. Main Production processes [gg—>H, qqH, VH]

II. Associated Higgs production with heavy quarks [bbH/ttH/ccH]

ITII. Associated production with heavy quarks [tHq,WtH,btH,tH,bH]

IV. Higgs boson pair/triple production [HH,qgHH,VHH,ttHH,tjHH, HHH]

V. Higgs production in association with gauge boson pairs [VVH]

VI. Higgs production in association with gauge bosons and [qqVH]

two jets

VII. Guage boson scattering [WW—>WW, WW—>HH, etc]

VIII. Rare process and decay [qg—>HYy, t—>cH, etc]

[quarkonia J/W(Y)+y, y/W/Z+P, etc ]
Q) any other process?
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NNLO H+1 jets vw

, , WARWICK
R. Boughezal, F. Caola, K.M., F. Petriello, M. Schulze [arXiv:1504.07922] THEUNIVERSITY OF WARWICK

NNLO corrections increase H+jet production cross section by 0(20%) and
significantly reduce the scale dependence uncertainty

1 +1.7
NNLO —— J—
Q) which scale? NLO — 5000 OLO = 3'9—1.1 pb

7000

6000

(@] 0

5000 onNLO = 6.773°2 pb

4000

The cross sections for the anti-k:

NNPDF2.3, 8 TeV 3000 algorithm with the jet transverse

40 60 80 100 120 140 160 180 200 220 240 momentum cut of 30 GeV at the 8
u [GeV] TeV LHC.

Using these results and the N3LO computation of the Higgs total cross section,
one can find the fraction of Higgs boson events without detectable jet
radiation —> reduce uncertainty on Oo-jet

Can be compared with measured fiducial cross section from ATLAS
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LHC13 efficiencies: 0- and 1-jet bin ' '
' WARWICK

THE UNIVERSITY OF WARWICK

[Many thanks to P. F. Monni and F. Dulat]
F. Caola, LHCHXSWG WG1 meeting, May 2015

ord | 8%, (JVE) | 0525 "= (JVE) | o528 -~ (scales)

O-jet bin [ NNLO | 26.27;7 pb 25.873% 25.871%
N°LO | 27.2727 pb X AR 27803

ord | 059 . (scales) | 035 ;e (JVE) | 03575 (JVE)
>1-jetbin [ NLO | 14.77%% pb 147734 15.17%1
NNLO | 17.5713pb 17.5158 17.5431

¢ | ogs completely under control
(logR: see [Dasgupta, Dreyer, Salam, Soyez (2015)])

e No breakdown of f.0. perturbation theory for pr ~ 30 GeV
¢ Reliable error estimate from lower orders

¢ |_ogs help in reducing uncertainties

e Significant decrease of pert. uncertainty

25
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EWK corrections

- estimated with HAWK/VBFNLO

20

VBF H

pp—Hp+ X

My = 120GeV
3 b=
EW ====-

10 - QCD
15 1 1 1 1

0 100 200 300 L

,Il H (;1‘\.
13.10.2015

SN

differential predictions in form of histograms
EW corrections at the percent level (5-10% VBF, comparable to QCD ones)

(5.].:\\':(%}
() | | | | |
5 F ]
- 10 F (5;;‘11 ~
Chare
| % 1+]
15 F Snue “
1307.1347v1: HXSWG YR3
2() 1 1 1 1 1
Hl) 100 150 200 250

Assume approximate factorisation of QCD and EWK corrections
Accounted for via MC reweighting as a function of pT(H), prescription on twiki

ZH

vy
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{IFN

LHC Hwags XS5 WG

prulGeV)
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https://twiki.cern.ch/twiki/bin/viewauth/AtlasProtected/HiggsCrossSection#NLO_EW_Radiative_Correction_Unce

gg—>ZH: Better description by merging and matching

Merging-matching in MG5_aMC@NLO/Pythia8.2

| ZH | " scale uncertainties | ZH + ZH]j , merged " scale uncertainties
1 wimpy —— wimpy ——
. ] power : power
5 ' e parton
0 | Q
& o1l Z
=3 o7 §
o 3
~ ]
~ 0.01 r
o) o)
< ' &
| <
MSTW2008LO Q
0.001 F LHC14Tev S
0 100 200 300 400 500 100 200 300 400 500
shower scale choice ~ Pf! [GeV] Pf [GeV]
’ Uf=m‘z|—| W|mpy-shov,ver Shower-sensitive observable
* V/s/2 ‘power-shower Merged results:
Reduced shower uncertainty
Merged results: MLM More accurate prediction of the kinematics
Shower-KT
QCut=30GeV
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