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Outline

*Theory errors in experimental searches

*Brief discussion of inclusive cross sections, for purposes of comparison
when cuts added

*Jet vetoes in VH, gluon-fusion



Effects of theory uncertainties

*CMS PAS HIG-11-024: (WWV channel) “ The overall signal efficiency uncertainty... is
dominated by the theoretical uncertainty due to missing higher-order corrections”

*ATLAS CERN-PH-EP-2012-013 (YY): uncertainties due to QCD scale variation one of
the two dominant systematic effects (along with photon reconstruction+ID efficiency)

from G. Rolandi,
HCP 201 |

Source Affected Processes Typical uncertainty

PDFs+a, gqg — H, ttH, gg - VV +8%
(cross sections) | VBF H, VH, VVAQNLO +4 %
Higher-order | total inclusive gg — H TR ee
uncertainties | inclusive “g¢” — H + > 1 jets < +20 %

on cross inclusive “g¢" — H + > 2 jets 20% (NLO), £70%
sections VBF H K =
associated VH +1%
ttH tfo%'?-:.
uncertainties specific to high mass Higgs boson, see Section 2.1 +30%
V +1%
VV up to NLO =
tt, incl. single top productions for simplicity +6 7%
acceptance acceptance for H — WW — (vfv events +2%
phenomenology | modelling of underlying event and parton showering +10 %
fake lepton probability (W + jets — (£fake) +40%

luminosities ATLAS and CMS uncertainties on their luminosity measurements +3.7% , +4.5%




Effects of theory uncertainties

Source (0-jet) Signal (%) Bkg. (%)
Inclusive ggF signal ren./lact. scale 13 -
I-jet incl. ggF signal ren./lact. scale 10 -
PDF model (signal only) 8 -
| QCD scale (acceptance) 4 -
Jet energy scale and resolution 4 2
W+ jets fake factor - 5
WW theoretical model - S
Source (1-jet) Signal (%) Bkg. (%)
-jetincl. ggk signal ren./Tact. scale 20 -
2-jetincl. ggF signal ren./fact. scale 15 -
Parton shower/ U.E. model (signal only) 10 -
-lagging efhiciency -
PDF model (signal only) 7 -
QCD scale (acceptance) 4 2
Jet energy scale and resolution l 3
W+jets fake factor - S
WW theoretical model - 3

systematics in the WW channel, from J. Qian



Inclusive cross sections

*How well do we know the inclusive gluon-fusion cross section! Receives
several large corrections at higher orders

analytic continuation to

/ time-like form factor
Ao = 00% {(121 @5(1—2) —122(—2z 4 2° + 2)In(1 — 2)

(22 +1—2)? 11 N \
—6 T In(z) — 7(1 — z) eikonal emission of soft gluons

NLO in the EFT:

z=Mn?/(x1x25)

|dentical factors in full theory with Go = OLo,full theory
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Gluon-fusion: inclusive

Effects of soft-gluon resummation at Next-to-next-to leading

logarithmic (NNLL) accuracy (about 6-15%) S. Catani, D. De Florian,
P. Nason, Grazzini (2003)

Partial N3LO corrections known (considerably
reduced scale dependence) Moch,Vogt (2005)

Resummation of 112 factors through appropriate
matching condition Ahrens, Becher, Neubert,Yang (2008)

Two-loop EWV corrections are also known (effect is about O(5%))

U.Aglietti et al. (2004)
G. Degrassi, F. Maltoni (2004)
G. Passarino et al. (2008)

Mixed QCD-EW effects evaluated in EFT approach

Anastasiou, Boughezal, FP (2008)

EWV effects for real radiation
W.Keung, FP, (2009)



Inclusive cross sections

my (GeV) Cross Section (pb) +Total % -Total % +Scale % -Scale % +(PDF+ag)% -(PDF+ag) %

123.0 20.15 +14.7 -14.8 +7.2 -7.9 +7.5 -6.9
123.5 19.99 +14.7 -14.8 +7.2 -7.9 +7.5 -6.9
124.0 19.83 +14.7 -14.8 +7.2 -7.9 +7.5 -6.9
124.5 19.68 +14.7 -14.8 +7.2 -7.9 +7.5 -6.9
125.0 19.52 +14.7 -14.7 +7.2 -7.8 +7.5 -6.9
125.5 19.37 +14.7 -14.7 +7.2 -7.8 +7.5 -6.9
126.0 19.22 +14.7 -14.7 +7.2 -7.8 +7.5 -6.9
126.5 19.07 +14.7 -14.7 +7.2 -7.8 +7.5 -6.9
127.0 18.92 +14.6 -14.7 +7.1 -7.8 +7.5 -6.9

LHC Higgs XS working group

More in talk of M. Neubert




Imposing cuts:VH

*The difficulty comes when typical experimental cuts are imposed. Consider
the VH channel as an example, and compare inclusive to exclusive

Inclusive NLO QCD: +30% (Han,Wilenbrock 1990)
NLO EW: +5-10% (Ciccolini, Dittmaier, Denner 2003)
NNLO QC D: | -2% (Ferrera, Grazzini,Tramontano 201 I)

However:

Categorization to take advantage of different S/B ratios:
« 3 EM™ categories for ZH — whb : 120-160, 160 —200L>200 GeV
« 4 p! categories for WH — (vbb : 0—50, 50-100, 100—200
. 4pf categories for ZH — ((bb - 0—=50, 50—100. 100200,

from J. Qian
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Imposing cuts:VH

*The difficulty comes when typical experimental cuts are imposed. Consider
the VH channel as an example, and compare inclusive to exclusive

.6 1 I 1 1 ' 1 1 ' 1 ' 1 1 I 1 1 I | I 1
o I~ I | I -
[ pp~+WH+X-lvbb +X Vs=14 TeV
0.4 =" my=120 GeV —
i Hp=pg=My+mg
03— —
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= ‘ T | — — 4
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Ferrera, Grazzini,Tramontano 201 |

Inclusive NLO QCD: +30% (Han,Wilenbrock 1990)
NLO EW: +5-10% (Ciccolini, Dittmaier, Denner 2003)

NNLO QCD I -2% (Ferrera, Grazzini,Tramontano 201 |)

A 30% increase turns into a
decrease of more than a
factor of 2!



Imposing cuts: TT

*The difficulty comes when typical experimental cuts are imposed. Consider
the CMS TT channel

« Categorization (ut,et1,ed,uMd)

« VBF: Require 2 jets above 30 GeV , [n|<4.7. The jets must have
An>3.5 and Mjj>500 GeV. 'n the gap between the jets and
the tau products

» 1 jet: Requires at least one jet> 30 Gev.@events accept@
VBF category.

from M. Bachtis



Why are jet vetoes dangerous!?

*[llustrate with simple example of e*e"—jets
*Infrared safety: must sum both virtual and real corrections

2 2
>wvw<§ ; >vv< w+ M
—— —
Virtual corrections: - 1/€r? Real corrections: |/€r%-a%In?(Q/pT.cut)

°Incomplete cancellation of IR divergences in presence of final state restrictions
gives large logarithms of restricted kinematic variable

*Relevant log term for gluon-fusion Higgs searches: 6(0s/TT)In?(Mu/pTveto)~1/2 =
potentially a large correction



The jet-veto in gluon fusion

YYYYYYYY

£ = *Required in WW channel due to
ok Ty ®wemw - background composition; used in other
wof 1 [ Lotesspo 7 channels also (YY, TT)
301 Sl = *25-30 GeV jet cut used; restriction of
| - radiation leads to large logs
S R RT:
Jet multiplicity
| ;\1}%.\"'1"‘;30_0-'1 (N)NLO N P(MCONLO) '
eu il o b = e ;” *Inclusive scale variation 10%; with a 25
. - SRR ~~ GeV jet veto, 5-6%!
b BB wdll  *Having AGveto<AUO: doesn’t seem
5 AN e e NNL ‘

- correct; Oveto has 2 more complicated
- structure and a larger expansion
Anastasiou, Dissertori, Stoeckli 2007 4‘ parameter, Ois Inz(mH/PT,cut) rather than (s
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The jet-veto in gluon fusion
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*Required in WW channel due to
background composition; used in other
channels also (Yy, TT)

*25-30 GeV jet cut used; restriction of
radiation leads to large logs

*Similar issue affects the H+1 jet bin;
cross-over of scale variation bands near
the experimental cut value



Cancellations

*Study of cross section structure (Stewart, Tackmann 201 1)

cut ) cut )

= Ototal — 0'21(])

~op{[1+as+ a2+ O@3)] - [as(L2+ L+ 1) + a2(L*+ L*+ L+ L +1) + O(a3L°)] }

oo(p

Ttotal = (3.32pb)[1 +9.5as + 3502 + O(al)],

o1 (P > 30GeV, |7 < 3.0) = (3.32pb)[4.7a, + 26 a2 + O(a?)] .

*Accidental cancellation between large corrections to total cross
section and logarithms, leading to reduced scale error. No reason
to persist at higher orders



Explicit demonstration

*First further evidence: three ways of extending the calculation of the
0-jet event fraction that differ by O(s®) w.r.t. leading order

1

£39 (puty

7

///,,
/ LHC,7 TeV
HNNLO + MCFM

MH/4 g un, “FS MH
1/2 S[.lgfl.lpﬁ 2

scheme

(
-+ scheme (b) [
scheme( ‘

0.1 1
Pt max / My
Banfi, Salam, Zanderighi 2012

O @) + O ) + 53 (Pt
o0) + o(1) 4 o(2)

NL
f ( Cut) _ 1 Ul _]ect) (])CUt)
0 % ( ) —+ 0'( )
(e) cut) 1 — Uﬂue?(pcmv ol) ( cut
o (Pr) = 0 (o) 501 PT)

*Gives results differing from 0.5
to 0.85 for a 30 GeV veto



Error prescription

*A solution using fixed-order results pointed out (Stewart, Tackmann 201 |)

°In the limit of In(mn/pT.cut)
large, Ot and O>| have
independent expansions

*Gives expected result, that
AOveto>AC ot

*The current prescription
used in LHC analyses (phrased
in terms of jet fractions)

°Leads to large uncertainties

First consider inclusive jet cross sections

0

which limit experimental

’A;nf.'ll =
Ttotals T >1+ T2 0 A‘—‘l 0
0 0 Al
Transform to exclusive jet cross sections
00 = Ototal — T >1 = 0> T>2 o
0
C As .
.
A(Tt(flffll A(TJ A(TU A(Tl
cut =
Ttotal (T_ To a1
el = 30 CeV, " =8| 10% 45% || 17% | 29%

studies; any way to improve! 7




Resummation

*Significant recent efforts toward resumming logarithms associated
with the jet veto

H+0 jEtS through NNLL Banfi, Salam, Zanderighi, Monni; Becher, Neubert 2012
‘Clustering log’ effects on H+0 jets Tackmann,Walsh, Zuberi 2012
H+1 jet through NLL x Ly, P 2012

,r)(.'.l.lt
l | L=In ] 24
el + asL + o NLO my

(;E[J : + QELB + Q'gLQ + agL + atg NNLO
a?L° +a3l® +asl* + a3l +all? + - -
LL NLL NNLL

_ cut)

+ + + 2

from S. Zuberi



Resummation

*Significant recent efforts toward resumming logarithms associated
with the jet veto

H+0 jetS through NNLL Banfi, Salam, Zanderighi, Monni; Becher, Neubert 2012
‘Clustering log’ effects on H+0 jets Tackmann,Walsh, Zuberi 2012
H+1 jet through NLL x Ly, P 2012

*Distance measures for H+1 jet, anti-krt algortihm:

p; = pil Pss ~ Paa ~ Pob~ (AR)"",  psa ™~ psp ~ pab ~ (AR) log A7,
2 Tar ps ~ pa ~ ,Db ~ )\—1 )
A= p},’F‘O‘,f\/E < 1 R~0.4, A~0.2
EFT approach (gecher, Neubers) Radiation along the jet direction is
Ds~MH(AAA) combined first into a single state;
Dap~MH(AZ |,\) soft radiation insensitive to details

of collinear radiation

31~m|-|(>\2, | ,)\) (along jet direction)



Resummation

*Significant recent efforts toward resumming logarithms associated
with the jet veto

H+0 jetS through NNLL Banfi, Salam, Zanderighi, Monni; Becher, Neubert 2012
‘Clustering log’ effects on H+0 jets Tackmann,Walsh, Zuberi 2012
H+1 jet through NLL x Ly, P 2012

*Distance measures for H+1 jet, anti-krt algortihm:

pir S pr~1, JSNR—I. D Ia ™~ leR—llog)\—l,

@ ~ Paa ~ Pbb ™~ ()‘R)_l y  Psa ™ Psb ™ Pab ™ (/\R)_l logb
Ps ~ Pa~ Pp A

A= ]).%ew/\/g < 1 R~O.4, >\~02

pi; = min(pry, pr;)AR /R,
-1
Pi = DPrg-

EFT approach (echer, Neubery Soft and collinear radiation

Ds~MH(AAN) clustered separately
Da,b~MH(AZ, 1,\)

31~m|-|(>\2, | ,)\) (along jet direction)




Resummation

*Significant recent efforts toward resumming logarithms associated
with the jet veto

H+0 jetS through NNLL Banfi, Salam, Zanderighi, Monni; Becher, Neubert 2012
‘Clustering log’ effects on H+0 jets Tackmann,Walsh, Zuberi 2012
H+1 (or more) jets through NLL x Liy, P 2012

*Can factorize radiation from soft, collinear, beam directions to establish
the result;

o (pPt) ~Hyq(10)[Ba(p,v) X By(pe,v) x S(pt,v)] + ons (0-jet)

n

| | 1 _
do = dbpdd;, F(®n., ) Y / dzgdey— (2m)*5* (qa ta— Y an— Y ch> .
ab o : : (H+n-jets)

xQ_ D> Te(H - 8) Zasu ® fi(a) Touin @ finlwo) [ | Jn(R).

spincolor
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Numerical results, O jets

qpr\‘do)

NNLL+NNLO
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veto 7
Pr [GeV] Becher, Neubert
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30

Uncertainties from
varying all scales
separately and adding in
quadrature



Numerical results, 0 jets

@ Central value: scheme (a) with
pR=pr =Q = M/2
[ gg — H, my =125 GgV

@ MR and MUF variations | pp. 8 el

MATCHED NNLL+NNLO

— < <M

© Resummation scale (Q)) variation
i.e.

-

< HR <9
HF

In cal — In 0
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M 312
— <Q<M  HrRF=M)]2 T T T
4 R
@ Scheme (b) and (c) with >~§ 09 | W&\mm\\“m '
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@ Total uncertainty «—— envelope | From P Monni

Banfi, Monni, Salam, Zanderighi



Numerical results, O jets

@ Using jet-veto efficiencies to estimate the uncertainty @ NNLL+NNLO

. . s -
@ MR, pF and Q variations ( ) e o B B P
20 | H*??L‘ POFS | | scale variations F77777 -
Onn = 9% g | o
@ With efficiencies (red) 2 10
% 5t
52(1) = 11.5% of
S

5 10 15 20 25 30 35 40 45 30

From P. Monni

At fixed-order: | .
Banfi, Monni, Salam, Zanderighi

consistent with Stewart-Tackmann

in the region
25GeV < Py yeto < 30GeV



No artificial shrinking of
scale-variation band
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Numerical results, | jet

No artificial shrinking of @7y
scale-variation band :
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*Region where pT] »>pTyveto accounts for between 30-50% of the spectrum;
for p1/~pTyeto Need new EFT with only soft+beam emissions




R dependence

*There is only a narrow window of parameter
space where the resummation holds

R>»pri/my 0> as"R?2 R~p®Ymy 0> as"Inm' R

Soft-collinear mixing. Clustering logarithms.




R dependence

*There is only a narrow window of parameter
space where the resummation holds

R>» pr/my 0> as"R2 R~pr/my 0> as"Inm1R

@Ihnear @ Clustering logarithms.

a,C T2 m
OO’SC = —0LO ( A) R In Cfi
m 3 pPT

From S. Zuberi
Tackmann,Walsh, Zuberi

Phenomenologically, R~0.4, ptveto/mH~0.2—not the
relevant limit



R dependence

*There is only a narrow window of parameter
space where the resummation holds

R>»pri/my 0> as"R?2 R~p®Ymy 0> as"Inm' R

Soft-collinear mixing. Clustering logarithms.

S 1 Iy
From S. Zuberi

Tackmann,Walsh, Zuberi




R dependence

*There is not a large window of parameter
space where the resummation holds

R>»pr/my 0> as"R2 R~pr/my 0> as"Inm1R

Soft-collinear mixing. Clustering logarithms.

Moderate and well controlled for experimentally
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Status

*Formalism well established for H+0 jet, | -jet cross sections; some
differences in how uncertainties are estimated by the various groups, more
EFT development for the entire |-jet bin spectrum

*A reduction of uncertainty from the current fixed-order estimates used,
and experimentalists should stay tuned for updates

10

o(T5") [ph]
=

Transition

Berger et al (1012.4480)
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*The interesting region isn’t dominated by
either the resummation or the fixed-order
results... progress on extending both
frameworks needed

*Next steps: &s’In?R In A clustering terms
Tackmann, Walsh, Zuberi

.H+| jet at NNLO Boughezal, Caola, Melnikov, FP, Schulze



