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Searches in H—WW
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hypothesis ( 4.1 o is expected assuming the SM prediction)
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» Recent results from CMS show a 3.1 o excess w.r.t. the background-only
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Jet Veto in Higgs searches

» Main background: WW, W/Z + jets, tt, ...

» Categorization according to lepton flavour and jet multiplicity to optimize
sensitivity

» Imposing a veto (O-jet bin) on p: of jets massively suppresses the background from
tt production

b

W f I
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000000000 \—
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» Additional topological cuts on leptons for further background reduction

» Often in practice aggressive cuts give rise to large logarithms

P. F. Monni Zurich, 8 January 2013 3



The O-jet bin

» To extract couplings, we need to know the fraction of signal events
(mainly gg — H ) that survives the veto Pt,veto on the ISR

» Normal veto scales py yer0 ~ 25 — 30 GeV < M may lead to large logarithms

» e.g. emission of a soft (w < M) and collinear (§ < 1) gluon

VETO
k
6
_______ H ______.H ______.H
as [ dw db? g M
O0—jet = 00 <1—|—CA— ——2(@(pt,veto—w0) —1)) >~ 00 <1—20A—1n2 —|—)
T w 6 7T Pt veto
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The O-jet bin

» To extract couplings, we need to know the fraction of signal events
(mainly gg — H ) that survives the veto Pt,veto on the ISR

» Normal veto scales py yer0 ~ 25 — 30 GeV < M may lead to large logarithms

— — Problems for fixed-order perturbation theory !

P. F. Monni Zurich, 8 January 2013



Theoretical uncertainties in fixed-order

» Huge cancellations in 0g_ et between large K-factor (0ot ) and large Sudakov

1088(021jet) 0"
ot = Otot — O>1, K —2C4—1n?
O0—jet — Otot O>1j5et ™~ 00 A 1

M

T Pt veto

» Naive scale variation underestimates the th. uncertainty

90 jet(Pt,veto) [PO]

25

20 |

pp, 8 TeV, my =125 GeV
FIXED ORDER NNLO

MSTW2008 NNLO PDFs
anti-k; jets

scale variations [\

Piveto [GEV]

P. F. Monni Zurich, 8 January 2013

» NNLO fixed-order prediction

|Anastasiou et al. ’04; Grazzini et al. ’07]



Theoretical uncertainties in fixed-order

» Huge cancellations in 0g_ et between large K-factor (0ot ) and large Sudakov

logs (0>1jet ) g, o M
O0—jet — Otot — O>1j5et ™~ 00 K —-2C4—1In

T Pt veto
» Naive scale variation underestimates the th. uncertainty

» Stewart-Tackmann ’11: treat uncertainties in 04, and 0>1,¢t as uncorrelated and
combine inclusive bin uncertainties in quadrature

25 | I I ' T T T T T
pp, 8 TeV, my =125 GeV - with Stewart-Tackmann ///////
FIXED ORDER NNLO | ‘ -
T e orers | ~ scale variations [\
anti-k; jets | ‘
E ‘ ‘ / /AL /
| | | il
o 15 | /) s //,;7 S (L
: Y
> 10 F W /) /
& / /1 ‘ ‘
— [ ‘ ‘
()] /
o — "'ﬁ ‘ ‘
g 5 «,’f"v | ‘
\ "/fll ‘ ‘
0|\ 874 } }
| |
-5 | ‘

Piveto [GEV]
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Theoretical uncertainties in fixed-order

» Huge cancellations in 0g_ et between large K-factor (0ot ) and large Sudakov

10g5 (0->1'et) M
= (K — ZCA% In? )

O00—jet — Otot — O>15et ™~ 00 - D
t,veto

» Naive scale variation underestimates the th. uncertainty
» Banfi et al. '12: use jet-veto efficiency
» large Kfactor effects in O¢ot

» Sudakov suppression in € = 0g_jet/0tot :
K factor effects largely cancel in the ratio

» Treat jet-veto efficiency and total cross section uncertainties
as uncorrelated.

P. F. Monni Zurich, 8 January 2013



90 jet(Pt,veto) [PO]

Theoretical uncertainties in fixed-order

Huge cancellations in 0g_ je: between large Kfactor (00t ) and large Sudakov

1085 (0->1'et) M
= (K — ZCA% In? )

O00—jet — Otot — O>15et ™~ 00 - D
t,veto

Naive scale variation underestimates the th. uncertainty

Banfi et al. ’12: use jet-veto efficiency

» Three possible definitions of

25 1 1 1 1 ] ] 1 1 1 ! 1

pp, 8 TeV, my =125 GeV | - with efficiency €ff1C1€IlCY at NNLO

FIXED ORDER NNLO ] .
20 N\\| MSTW2008 NNLO PDFs } with Stewart-Tackmann - (1[1 general n-+1 schemes

anti-kq jets scale variations
. | s R at N'LO )
10 ) ‘

77 ] » Use them jointly with scale
5 | | 4
| C
o variation

0 o '
_5 \ 1 1 1 l l 1 1 1 Uncert‘ Y 16%

5 10 15 20 25 30 35 40 45 50

Pt veto [GEV]

P. F. Monni Zurich, 8 January 2013 9



Resummation of jetveto logarithms

» How to improve uncertainty estimate ! Need to resum Sudakov logarithms

» Resummation of large logarithms:

» NNLL resummation for related quantities (Higgs P+ and beam thrust)
[Bozzi et al. ’03; Becher et al. ’10, Berger et al. ’11]

» NLL resummation for In M /p; yeto
|[Banfi, Salam, Zanderighi "12]

» NNLL resummation for In M /ps yeto

» CAESAR-like approach
[Banfi, PFM, Salam, Zanderighi 12]

» SCET approach
|[Becher, Neubert "12]

Initial disagreement between the two results now fixed.
The two groups agree on the NNLL result !
SCET factorisation beyond NNLL queried by Tackmann et al. ’12
P. F. Monni Zurich, 8 January 2013 10



Resumming large logarithms

» Automated resummation for a jet observable can be carried out under some

applicability conditions (i.e. rIRC safety, continuous globalness)
[Banfi, Salam, Zanderighi '01,/°02]

» Resummation structure for 0g—jet(Dt.veto) remarkably simple:
O-O—jet(pt,’veto) — |MB’2€_R(pt’Ueto)
» Double logarithms exponentiate: Sudakov factor
» Encodes soft-collinear virtual contributions at scales larger than Pt veto

» Obtained from a single dressed (up to O(a?) ) gluon emission

» Identical to boson-p; resummation up to NNLL (not beyond!)

[Bozzi et al. ’03; Becher, Neubert ’10]

P. F. Monni Zurich, 8 January 2013 11



Resumming large logarithms

» Automated resummation for a jet observable can be carried out under some

applicability conditions (i.e. rIRC safety, continuous globalness)
[Banfi, Salam, Zanderighi '01,/°02]

» Resummation structure for 0g—jet(Dt.veto) remarkably simple:

O-O—jet(pt,fueto) — £(pt,veto)|MB’2€_R(pt’Ueto)

» Double logarithms exponentiate: Sudakov factor
» Luminosity pre-factor £(p¢ yeto) cOntains:

» parton luminosity evaluated at ptr ~ Pt veto
» hard virtual corrections to the Born up to O(a,(ugr))

» collinear coefficient functions up to O (s (ps.peto))

P. F. Monni Zurich, 8 January 2013 12



Resumming large logarithms

» Automated resummation for a jet observable can be carried out under some

applicability conditions (i.e. rIRC safety, continuous globalness)
[Banfi, Salam, Zanderighi '01,/°02]

» Resummation structure for 0g—jet(Dt.veto) remarkably simple:

O-O—jet(pt,fueto) — £(pt,veto)|MB’2€_R(pt’Ueto)f(R/)

R/ = —p dR(pt,'veto)
= —Dt,vet
» Double logarithms exponentiate: Sudakov factor " dpgveto

» Luminosity pre-factor L(p; yeto)

» Multiple emission function F(R'): encodes the single logarithmic (up to
NNLL) contribution from arbitrarily many soft and/or collinear emissions

» Result fully analytic. Explicit dependence on jet radius at NNLL

P. F. Monni Zurich, 8 January 2013 13



All-order structure to NNLL

» Multiple emissions @ NLL: as p; yeto — 0 the emissions are independent and
widely separated in rapidity (single-log accuracy), so no clustering occurs.
[Banfi, Salam, Zanderighi '12]

» each emission gives a jet, only the hardest is vetoed

» Information contained in Sudakov factor, yielding F(R') =1 @ NLL

P. F. Monni Zurich, 8 January 2013 14



All-order structure to NNLL

» Multiple emissions @ NLL: as p; yeto — 0 the emissions are independent and
widely separated in rapidity (single-log accuracy), so no clustering occurs.
[Banfi, Salam, Zanderighi '12]

» Multiple emissions @ NNLL: two non-trivial NNLL corrections

g e, %

» any number of emissions + 2 gluons cluster into one jet

Qg veto 7T2R2 R4
Findep — (p;i t )R/(pt,vetO)CA (— 12 — 1—6) , R < T

P. F. Monni Zurich, 8 January 2013 15



All-order structure to NNLL

» Multiple emissions @ NLL: as p; yeto — 0 the emissions are independent and
widely separated in rapidity (single-log accuracy), so no clustering occurs.
[Banfi, Salam, Zanderighi '12]

» Multiple emissions @ NNLL: two non-trivial NNLL corrections

g e, %

» any number of emissions + 1 gluon splits into two jets

s (Pt veto —131 4+ 127% +1321n 2 23 —241n2 1
Fcorrel = (p;’_ t )R,(pt,veto) < 79 Ca+ 79 ’I’Lf) In

P. F. Monni Zurich, 8 January 2013 16



All-order structure to NNLL

» Multiple emissions @ NLL: as p; yeto — 0 the emissions are independent and
widely separated in rapidity (single-log accuracy), so no clustering occurs.
[Banfi, Salam, Zanderighi '12]

» Multiple emissions @ NNLL: two non-trivial NNLL corrections

g e, %

» any number of emissions + 1 gluon splits into two jets

72 72 R
Result checked with MCFM’s H+2i@NLO up to O(ai)

Qs (Pt veto —131 41272 +132In 2 23 —241n2 1
Feorrel = (p;’_ t )R,(pt,veto) < OA + ’I’Lf) In —+ -

Good agreement for different R values.
P. F. Monni Zurich, 8 January 2013 16



Matching to fixed-order

» Resummation provides a direct handle to estimate the impact of missing
Sudakov logarithms (i.e. resummation scale variation)

» Alternatively, one can obtain resummed predictions for the jet-veto efficiency
and treat the resulting uncertainty with the efficiency method

» Define three matching schemes to NNLL+NNLO in one to one
correspondence with the three schemes for the FO efficiency

» The three schemes differ by subleading effects

» Varying the scheme leads to an additional systematic uncertainty

P. F. Monni Zurich, 8 January 2013 17



Resummation uncertainties

» Central value: scheme (a) with

PR = prp = Q = M/2

0.8

-
[O)
>
g 0.6
=

0.4
o 0.2
2 1.2
g
s 1.1
T
w8 1
3 0.9
>
g 0.8

P. F. Monni Zurich, 8 January 2013

| ; | | ! | |
99 — H, my = 125 GeV
| pp, 8 TeV |
MATCHED NNLL+NNLO
MSTW2008 NNLO PDFs
Canti-k, R=05 L N ]
| | | | |
| | | | |
| | | | |
10 20 30 50 70 100
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Resummation uncertainties

» Central value: scheme (a) with

R = pr =Q = M/2

g ' I — T T T T ]
> /ILR and l’LF Varlatlons 1 _gg%H’ mH =125 GeV 777777777777777777777777777777777777777777777777777 ]
| pp, 8 TeV | |
M R 08 LvsTweeosnpors i = _

anti-k;, R=0.5

_SMRMMFSM

N | —
=
By

4 T S — ]
© | ‘
> : :
g 06 F /B e —
= -
0.4 | g e =
> 0.2 ' ' '
> 12 | . . . .
& I
\@ 11 e T —
S 1 e,
oS I A
3 0.9 —
q>J., 0 8 I 1 | ' I 1 | 1 | 1 1 |
Q":' .
= 10 20 30 50 70 100

pt.veto [GeV]

P. F. Monni Zurich, 8 January 2013 19



Resummation uncertainties

» Central value: scheme (a) with
Ur =pr=Q = M/2

» LR and iFvariations

M 1
= <pppp<M < BE
4 27 pr

<2

» Resummation scale (Q) variation

1.e.
2 Y
Pt yveto Pt.veto
M
ZSQSM prF = M/2

P. F. Monni Zurich, 8 January 2013

&(Pt veto)

e(Pt veto) / Ecentral(Pt veto)

L pp, 8 TeV

1 (gg — H, my=125GeV

MATCHED NNLL+NNLO

////
3
-~
-~

—

20




Resummation uncertainties

» Central value: scheme (a) with
Ur =pr=Q = M/2

» LR and iFvariations

M 1
2 <upup <M = <HE oo
4 27 pp

» Resummation scale (Q) variation

1.e.

n—2 2
Pt .veto Ptyveto
M
ZSQSM pr,p = M/2

» Schemes (b) and (c) with
R =pr =0Q = M/2

P. F. Monni Zurich, 8 January 2013

&(Pt veto)

e(Pt veto) / Ecentral(Pt veto)

3 AL I B AL L i

g9 = H, my=125GeV | .
L pp, 8 TeV 3 3
MATCHED NNLL+NNLO

////
3
-~
-~
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Resummation uncertainties

» Central value: scheme (a) with
Ur =pr=Q = M/2

» LR and iFvariations

M 1
2 <upup <M = <HE oo
4 27 pp

» Resummation scale (Q) variation

1.e.

2 Y
Pt yveto Pt.veto
M
ZSQSM prF = M/2

» Schemes (b) and (c) with
R =pr =0Q = M/2

P. F. Monni Zurich, 8 January 2013

£(Pt veto)

e(Pt veto) / €central(Pt veto)

0.8

0.6

0.4

Total uncertainty = envelope

| } | | ' | |
(gg—H,my=125Gev oo N
| pp, 8 TeV |
MATCHED NNLL+NNLO
| MSTW2008 NNLO PDFs . S TR o AN NN 1S |
anti-k;, R=0.5
| | | | |
| | | | |
IS ;
I 1 | . I 1 | 1 | 1 |
10 20 30 50 70 100
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S(pt,veto)

£(Pt veto) / Ecentral(Ptveto)

0.8

0.6

Comparison to NNLO & MC

~ ppa 8 TeV

HgT-resc

g9 = H, my =125 GeV

mH /4 < MR,F y Q < mH y SCheme;S a,b,o;

aled POWHEG + Pythia — — —

P. F. Monni

T
T i,
L L L
| | | | |
10 20 30 90 70 100

Zurich, 8 January 2013

NNLL reduces FO
uncertainties from
~ 15% to ~ 9%
(still large because of
R-dep. terms)

Good agreement on
central values

Nice agreement with

POWHEG+Pythia
reweighted with HqT

MC uncertainties smaller
(harder to estimate)

23



8R(pt,veto)

0.5(pt,veto)

SR(pt,veto) /e

0.9
0.8

Choice of the jet radius R

gg —= H, my =
L NNLL+NNLO

pp, 8 TeV

125 GeV

Y < AKX

— 7

R R R e R e s
R IR KA SSETREIR L

I 6= AT OV IS
CTKRLLRLZSEEIRKS
SRRELELSERALELLLKLS
SRR

BT X V’é"“v’ ‘
RIKKK?
X7

—

10

P. F. Monni

pt,veto [GeV]

Zurich, 8 January 2013

» All-order terms of the form
(e'g' fcorrel)

1
aIn" "t =

i R

» For R < 1 they become
large ... and should be

resummed
| Tackmann, Walsh, Zuberi ’12]

» Choosing R ~ 1 reduces
the uncertainties

» Higher contamination
from UE (~ R?) and
pileup ... filtering !

24



Uncertainties of the O-et cross section

» Use resummation (with or without efficiencies) to obtain direct predictions for

the exclusive Oet cross section

25

20

g 15
. . =2
single matching scheme S 4
o
in green band B
o b
©
O
5

pp, 8 TeV, my =125 GeV
MATCHED NNLL+NNLO

MSTW2008 NNLO PDFs
anti-k; jets

with efficiency I
~ scale variations //////) A
|
|

30 35 40 45 50

» Small difference mainly due to matching scheme uncertainty in efficiency

method

P. F. Monni Zurich, 8 January 2013
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Uncertainties of the O-et cross section

» Use resummation (with or without efficiencies) to obtain direct predictions for
the exclusive Oet cross section

anti-k; jets

25 1 1 1 1 1 1 1 1
pp, 8 TeV, my = 125 GeV with efficiency I
20 |  MSTW2008 NNLO PDFs - scale variations //////} -
|
|

1
|
MATCHED NNLL+NNLO |
|
|
|
|

15

two matching schemes 0

in green band

99 jet(Pt veto) [PD]

5 10 15 20 25 30 35 40 45 50

» Robust uncertainty estimate ~ 10% — 11%

Public code at: http://jetvheto.hepforge.org

P. F. Monni Zurich, 8 January 2013 26



» Recent progress in resummation of observables involving jets allows for precise

assessment of the theory uncertainty ( + efficiency method) in the O-et bin
» Correlation with the inclusive 14et bin can be computed too

» Some questions still open :

» large NNLL + NNLO uncertainty =@ H+1jet@NNLO desirable

Recently first developments on Sudakov resummation

» choose larger R values jointly with jet substructure techniques ?

» The method presented can be extended easily to include rapidity cuts and it
can be applied to the production of any colour singlet (e.g. HW, WW/, ...)

P. F. Monni Zurich, 8 January 2013 27
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Covariance matrix

» Stewart-Tackmann: 0o9_jet = Otot — 0>1—jet, With Ttot and 0>1_jet uncorrelated,

gives the covariance matrix

y 2 9
A®Tror + A%0>1_ 5ot —A0>1_jet >

COVST[UO jets 0 >1—] ] —
—Jjets —Jet 2 2
) = —A O0>1—jet A O>1—jet

 Jetveto efficiency: og_jet = Otot €, With oot and € uncorrelated, gives
2 A%00; + 02 A€ e(1 — €)A%040; — 02, A€ )

COVBMSZ O0—jets O>1—jet]| —
[00—jet, 0>1—jet] €(1 —€)A%040; — 02, A% (1 — €)2A%00; + 02, A

1 0

» Consistency with the Stewart-Tackmann procedure in the region where the fixed-
order is reliable (€ < 1)

2 1
Covemsz = Covgr + (1 — E)AQO'tOt ( ¢ )

P. F. Monni Zurich, 8 January 2013



Large R limit

» As R — 00 one would (wrongly) expect to recover the boson-p; result (whole

radiation clustered into a single jet)

»e.g. NNLL correction at O(ag L)

» Feorrel vanishes smoothly in this limit

p subtleties arise with two independent emissions ( Fi,qep )

» For 1 <« R < In(M/pg veto) (jetveto case) the first emission’s rapidity is
bounded by |y1| <In M /k, 1 while |Ay| < R+ O(1/R)

2 2L
f}ndep — _Qci%RCS + O (048 ) NSLL

R
. M
» For R 2 In(M/ps veto) > 1 (boson-p;) both emissions have |y;| < In s
£.1
2 )
M
Findep = —4C3 =% (31n - +0(a?)  NNLL
T t

P. F. Monni Zurich, 8 January 2013



Jetveto efticiency at NNLO

» We define three different prescriptions to express the efficiency at O(a?)

. z0 (Pt,veto) + Z:1 (Pt,veto) + Zz (Pt,veto)

cla) (Ds ver) = |
Pt veto ) T |
” (Pryewo) = Zo (Pt veto) + Z1 (Prveto) + 20 (Ptveto)
t.veto) — ,
Op + 0]
@) ( ' 21 ,VE 01 ¢ iz W
g\® (Ptveto) =14+ (Pt,veto) — — 2 (pt,veto) 4 (Pt,’weto)
Oo Og 0o

_ = d%i(pi
5 (Pt,veto) _ / dp; z(.pt,l eto) ’

d y—i (Pt,veto) = 0; + 2i (Pt,veto)
J Dt veto Pt

» The three schemes differ by terms of order O () which are beyond the current
PT accuracy

» Varying the scheme gives an additional handle to estimate the uncertainty

P. F. Monni Zurich, 8 January 2013 31



Jetveto efticiency at NNLO

» Compare Higgs production and Drell-Yan

Higgs production (my = 125 GeV), NNLO

|
NARRAVIARRR e
“‘?:"‘

77777777777777777777777777777 \\\\}
\\\\\

5 Mmy/4 < pg e<m
\ \\\ W MSTW2008 NNLO PDFs ]
SWors :
N\ \\\)’{,’ o anti-k, R=0.5_|
‘9' _ : 200 pu—

N

8(pt,veto)

schemea [~ ] -
schemeb [~ 7] —

schemec [0 -

Pt veto [GEV]

[HNNLO, DYNNLO, MCFM]
Z production, NNLO

pp, 7 TeV

schemea 0~ 7 A

schemeb [© 7~ 7] -

o schemec [0 -

I N L o _
10 100

pt,veto [GeV]

» In Z production, the 3 schemes lead to similar results, indicating a good

convergence of the PT series

» In Higgs production the 3 prescriptions differ significantly at common veto scales

P. F. Monni Zurich, 8 January 2013
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8(pt,veto)

e(Pt veto) / €central(Pt,veto)

Comparison with N(N)LO

- pp, 8 TeV

0.8 | MSTW2008 NNLO PDFs
) anti-k, R =0.5

0.6 e

0.4

1 (99— H, my =125 GeV

my /4 <urg, Q<my, schemes a,b,¢

NLL+NNLO

NNLL+NNLO 77777777} ]

I | I I I
1.2 | I I I I
| I I I

» Large NNLL corrections in H and DY

8(pt,veto)

€(Pt veto) / €central(Pt veto)

0.9

Y
0.5
1.05

0.95

[HNNLO, DYNNLO, MCFM]

| | | | |
Z production
" pp, 8 TeV ! !
m5 /4 < URF s Q<mg, schemes a,b,c]
MSTW2008 NNLO PDFs 3 3 4
.-/ L -

NNLO ——— -
NLL+NNLO
NNLL+NNLO [////////] 1
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» NNLL resummation reduces uncertainty from ~ 15% to ~ 9%

» NNLL + NNLO uncertainty band ~ as broad as NLL+NNLO one (R-dep.)

P. F. Monni

Zurich, 8 January 2013
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CA OO /752)

2
s

[0 (p)/d In p; - d=°(py/d In p / (4 o

15

10

-10 |

15 F

» Difference between log-distributions

Check against fixed order

» Check the difference with boson-p¢ distribution by comparing expansion of
the resummation to MCFM

pp, 7 TeIV, my = 1I25 GeV I I MCII:M H+2-Ije’[ LO ;.7
Ug = Up = myl2 2,0
MSTW2008 NNLO PDFs BMSZ O(ag L7)
anti-k; jets
R=1.5
= = = - —— = = —n
- . R:O 5\ w/././././.;‘/-/-
R=0.1—"
8 -7 6 5 4 -3 2 1 0

In p/my

[d=(py/d In py — d=2(py)/d In py;i, [fo]

in Pt Higgs and Pt,veto at order 0(043)
against MCFM’s H+2j@LO

(

P. E. Monni

ng(pt) ~ o210
d1In p; i

Zurich, 8 January 2013

|Campbell, Ellis, Williams "10]

20

UR = Ugp =my/2

15 F MSTW2008 NNLO PDFs

anti-k; jets

pp, 40 TeV, my, =5 TeV I MCFM I—II+2-jet NL(I) I

BMSZ O(a L) —— -

R=1.5

-4 -3 -2 -1 0
In py/myy

» Difference between log-distributions
in Pt Higgs and Pt,veto at order O(ai)
against MCFM’s H+2j@NLO

A d33(pt)
d1In p;

) ~a’L? +a’L+ a’L’
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Applicability conditions

» A given observable can be parametrised as follows for a single soft and collinear
gluon is emitted off a hard (Born) leg [

Ky

VbR =di (&) e

» continuous globalness : uniform dependence on k¢, independently of the emission
direction (a1 = a9 = a3 = ... = a)

» recursive Infrared and Collinear (rIRC) safety : extra emissions do not introduce
different soft/collinear scaling

1
lim, lim |-V ({p}, vk1, Vk2, ..., CVk,) = O

v—0 (—0 v

P. F. Monni Zurich, 8 January 2013



