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Outline

® Introduction: Jet-bins in Higgs Searches
® Theory Uncertainties & Correlations

® Using Fixed Order Calculations for Jet Bins

® [Exploiting Log Resummation for Jet Bins
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Use jet bins to
maximize Sensitivity

® backgrounds vary with
# of jets
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Gluon fusion: gg — H Vector-boson fusion: qg — qqH

Ototal to NNLO (see Sally’s talk) Ototal to NNLO*
PDF+as uncertainty S
. (see Joey’s talk) o

perturbative uncertainty:
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Vetoing Jets : eg. H— WW 40 jets

£ Jet .
, T
Search for jets and require pziﬁt < pSt Jet k / /Jet
S
—— e
Tevatron: pSi"* ~ 20 GeV ————————

LHC: p5i'* ~ 25 GeV \\

Soft \

Jet Veto changes form of perturbation theory

Even if hard signal process gg — H contains no jets, g
jet veto affects cross section by restricting ISR -»--H
t-channel singularities produce Sudakov double logarithms

cut

3as2ln2pT | ...)

cut

op = o(pr ):‘7'8(1

I
v My

=- Perturbative corrections get large at small p5"* < m g

Wednesday, October 26, 2011



. eg. H — WW +0 jets
Vetoing Jets :

£ Jet
e
Search for jets and require p}iﬁt < pSt Jet k / Jet
—————
Tevatron: pSi"* ~ 20 GeV - ;22@5,;
LHC: p5i'* ~ 25 GeV \\
Soft \\ £
Jet

Jet Veto changes form of perturbation theory

oo~ 1 + a,L? + o’L* +...

+oa,L  + oL ... ot
toe 402l 4. L=In"L
my
+ oL +...
+ a? + ..

S
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cut

P do do
Ototal — / de — + / de —
0 deJ pSut dpr

A\

_, = A\

oo (pF* + o>1 (PP

\ inclusive jet cross section

pp — H +>1jet

cut

® Added uncertainty Acyt from our ability to predict p7+"" dependence

(“large logs” or “particle migration between bins”)

e C(ancels when adding og and o> A2 A2
. _AQ A2
anti-correlated cut cut

® [Extension to multiple exclusive jet bins:

00 (p%ut% 01 (p%mvp%u;)v 02 (p%UQtvp%u;)a e

How do we compute Aqyi 7
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(A) “Direct Exclusive Scale Variation?” vary up, ug in 0;’s — A,

consider og(p), vary p € l/mg/2,2mpy| to get Ag  etc.

® uncertainties here are 100% correlated so that

Ototal = 00 + 01 + ... gets back its uncertainty Ayotal

e does not account for At

® due to numerical cancellations can underestimate uncertainties

Ototal = OB [1 ' Oti + O (042)] large K-factor

cut

o>1(p3*) ~ op|al L+1) + a?(L*+L*+L?*+L+1) + O(a®L®%)] large logs

cut

L = ln(pT /M)

large cancellation for o (p3'*) = ototal — o>1(PH"

{
for some range of p7
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For example, at LHC for my = 165 GeV and E.,,, = 7TeV

Ttotal = (3.32pb)[1 + 9.5, +35a2 + O(a?)]

o>1(Pr' > 30GeV) = (3.32pb)[5.1a, + 28 a2 + O(a?)] .

Direct EXCluSive ]_O 1] IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII [TTTTTTTTITTTTTTTTTfrIoTTeeTT
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cancellation L
: combined incl. unc.

O L | WAV 4T IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII
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All plots: MCFM for spectra, FeHiP for NNLO cross section,
MSTW pdfs, anti-kT jets with R=0.5
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(B) “Combined Inclusive Scale Variation”
IS, Tackmann, arXiv:1107.2117

e Treat inclusive cross-section uncertainties as independent
Atotala AZl, A227 c.

e For pF' uncertainty use: Acy = Asq

Propagate errors to get uncertainty for oo(p7") = total — 01 (P7")

A2 1 A2 _ A2 has
eg. {0.070_21} ( >1 total >1>

, , . .
—AZ, A2, anti-correlation

Ototal =~ 0B |1 + as + a2 + O(a)] large K-factor

o>1(pF"*) ~ op|as(L*+L+1) + a?(L*+L*+L*+L+1) + O(a®L®)] large logs

cut

L = In(p$*/mpm)

treated as independent series

estimate for logs obtained from o>1(p7")
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For example, at LHC for my = 165 GeV and E.,,, = 7TeV

Ototal — (332 pb)

o>1 (P’ > 30GeV) = (3.32pb)

Direct Exclusive
Scale Variation

10
green lines

8

Combined Inclusive 6

Scale Variation
Ag — total _I_ A

red lines
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combined incl. unc.

L | WHV 4T IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII
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pT"t [GeV]

:1 +9.5a, + 35 ag + O(ag’)]

agree when
cut is turned

off

these plots only vary ugr = up (varying pp alone is quite small for Higgs)
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Quite generic:  same pattern at Tevatron

similar plots if we vary rapidity cuts

similar plots for other processes
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Convergence (NLO to NNLO)
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g direct excl. scale variation ; combined incl. scale variation
8 8
=y : I e - N R
= 6 B 5 2 6 b
N eI Eem=7TeV ]
S 4 mp=165GeV § <= 4 mp=165GeV
© et < 3.0 1 °® et < 3.0 -
2 B NNLO  — 2 ESINNLO -
- —--NLO . - —-NLO -
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pst [GeV] pSit [GeV]
at p5'* = 30 GeV and NNLO
0(o0>1) = 19% d(o0>1) = 19%
§(op) = 2.4% d(o0) = 18%
p(co0,0>1) = +100% p(oo,0>1) = —64%
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other examples
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jet
eg. Numbers for {owa, 00,01} P =306eV
pro > 30 GeV

start with:
Ototal — (870 + 075) pb 86%

o>1 = (3.29 £0.62)pb  18.8%
0>2 = (0.85 T 0.49) pbf 57%

,0(007 Utotal) = 0.77

o) ~Co0

or consider jet fractions:

B

fo = J"O 5(fo) = 13%
ol p(f()a Utotal) = (.42
fo p(fo, f1) = —0.80

Ototal

Wednesday, October 26, 2011

A1?01:211 A1?01:&1 0
A‘?otal A‘?otal + AQZl _A221
0 —A%, A%+ AL,

00 — Otot — 0>1

01 —0>1 — 0>2

5(0’1) — 32%

plo1,0>2) :

0(f1) = 33%
,O(flaa-total) = —0.26

|



(C)  Use Resummed Predictions to get Uncertainties

this will allow us to include both types of uncertainties
(correlated & uncorrelated) from methods (A) and (B)
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Jet Vetoes

Conventional: Jet Algorithm

® Search for jets and require pjﬁt < pr

cut

Tevatron: p5'* ~ 20 GeV
LHC: pSi't ~ 25 GeV

e Complicated phase-space restrictions

Alternative: Event Shape

e Measure beam thrust for each event

Tom = ) _|Birle™™ =3 (B — Ip7])
k

k

and require 7, < 7°U*

® Nice for higher order calculations
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Jet veto restricts ISR, gives double logs

L =In— P or L =1In T
m g myg
LO NLO
O0-jet = 1+ o, L? + oé[/l
+ oL + o2L°
+ asni(p7")  + gL’
+ onL

Parton Shower
eg. Pythia is LL. (+ tuning)
eg. MC@NLO is NLO+LL
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Jet veto restricts ISR, gives double logs %
cut 7'Ccnlﬂlt -» o

L= or L=
m g myg
LO NLO NNLO
O0-jet — 1+ o, L2 + a?[fl + ag’LG +... LL
+ oL + o?L? +a’l’ +... NLIL
+ asni (pS)  + o?L? + oLt ...
+ oL +all® ... NNLL
+ aino(pS™) 4+ atL® +...
3
Calculation: ol
+a;  +
NNLL + NNLO s

Berger et.al.
two orders of summation
beyond LL shower programs
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(C)  Use Resummed Predictions to get Uncertainties

this will allow us to include both types of uncertainties
(correlated & uncorrelated) from methods (A) and (B)

Idea: e reweigh MC@NLO or POWHEG to NNLO (what you

do now)
cut

for central values for p7

e resummed calculation has two sources of uncertainty;
one is correlated with A¢ota), one gives Acyy

e given these as % errors for spectrain 7, , reweigh

a MC sample to apply these errors for pS*
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NNLL + NNLO calculation Hol
AN A
Bg
¢ AA KB

gg
SB
Jet Jet Hs
- ’. - - f
‘

do?® t, +t
F — QQ(IJ’) /dtadtb Bg (taa p,) Bg (tba p,) S%g (IZ'cm — ’ ’ H)
cm m g
d
Bi(t,z) = /f Zij(t,z/€) f;(&)
Function describes at the scale
Hard H,, hard virtual radiation | ~ myg 105%% 8iYe
Beam B, virtual & real energetic ISR pup ~ vVZTenmu sensitvity
. o to smaller
Soft SE’ virtual & real soft radiation s =~ Tem scales

Perturbation theory at each scale contributes to uncertainties
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Small 7c1

individual scale variations

® three separate scale variations

® g = HHO

o ipand ug give Ay = Agp
(dominate for small 7. 1*)

|00% correlated

I1|1~|l~||||||II|IIII|IIII|IIII|II|I|II

-
-
-
-

-

a=" .=
- -
- -
-
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C =Cgp +Cy

2
AHtot

CH — AHtot A2HO

Aot Ag>1 ApgoAp>1

0 0
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Csp=|0 Aip —Afp
0 —A%p  Agp

Afrtot Ag>1

Apo Ag>1
2
AHZl

Arrtot = Apg
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Small 7c1

like small pS**

direct exclusive scale variation shown for NNLO & MC@NLO

combined NNLL scale variations shown

]_O :I FTTTTTTI | FTTTTTTTTI | FTT1T1r1rrrTry T T T T T T T T T T TTTTTTI 40 e T | T T | T T | ——

- Een=T7TeV : : Eon=T7TeV -

- 30 em —

8 mu=165GeV - myg=165GeV

— T - 20 =

-g_' - e ] - ]

= 6K = — 10K —
o~ 1 X -
i SN )¢
ml 4 b =

\é 4 : - < _10 ;_ —;

g B NNLL+NNLO g _20L B NNLL+NNLO =

2 E=E R(MC@NLO) (excl. p) - = R(MC@NLO) (excl. p)]

-y - NNLO (excl. ) . =30 ¥ NNLO (excl. ) E

5 I | I Y O | I Y O | I Y O | I |: - :I I 11 L1111 | I Y I | I I A | I I A | I |:

OO 10 20 30 40 50 40() 10 20 30 40 50

T2 [GeV]

T2 [GeV]

logs are large, NNLL central value lower than NNLO
reweigh MC@NLO to match NNLO value/uncertainty at 200GeV

Central value is nearer NNLL. Uncertainty is only for norm.

® direct exclusive uncertainties here are too small (we discussed that...)
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Small 71t like small pS*

combined inclusive scale variation shown for NNLO & MC@NLO

combined NNLL scale variations shown

10:IIIIIIIII|IIIIIIIII|IIIIIIIII IFTTTTTTTI IFTTTTTTTI 40_ T IIIIIIIII|IIIIIIIII|IIIIIIIII_

= Ecm:7TeV 30 - Ecm=7TeV -

8 mu=165GeV - myg=165GeV

— F - 20 —

-%' - - - .
— 6 g 10:_
-~ 1 X -
i@ - 1 o 0F
il s = C

- B NNLL+NNLO 1 _o0L B NNLL+NNLO E

20 =g R(MC@NLO) (incl. p) - ==E R(MC@NLO) (incl. p) -

3 / /4 NNLO (incl. x) 1 30 B NNLO (incl. x) E

5 IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII: _ :IIII II|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII:

% 10 20 30 40 50 4% 10 20 30 40 50

T [GeV] T [GeV]

® NNLO band largely overlaps NNLL result

e reweigh MC@NLO to match NNLO incl. uncertainties (full
spectrum). Overlaps nicely.

® This factor of two improvement in uncertainty is what one would
expect if a similar reweighing exercise is done for p‘]:ﬁt
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Discussion

® Reweighing will reduce theory errors. Logical next step. | have tables
for LHC@ 7 TeV, mH =165 GeV. (And Tevatron for many mH’s
because they already started the reweighing during the summer rush.)
Other mH table’s for the LHC are straightforward to produce.

l) Will you quote experimental results/limits for exclusive jet cross
section? (bkgnd+signal, signal) at Hadron level (corrected to perfect
detector). ie. Quote experimental results without any jet-bin bias
from theory. (Useful to theorists for benchmarking.)

II) Can you make a plot to show the effect of theory uncertainties!?
eg. quote what the result would look like with zero theory errors.
This would be a strong motivation for theorists to do better, once

they see clearly the places they are loosing.
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CMS PAS HIG-11-014
2011/08/22

From CMS:

Table 3: Summary of all systematic uncertainties (relative). This is just an indicative table, since
the precise values depend on the final state and jet-bin.

Source H— qq — g¢ — | non-Zresonant | top | DY | W+jets | V(W/Z)
WTW~ | WTW— | WTwW~— WZ/77Z +
Luminosity 4.5 — — 4.5 — — — 4.5
Trigger efficiencies 1.5 1.5 1.5 1.5 — — — 1.5
Muon efficiency 1.5 1.5 1.5 1.5 — | — — 1.5
Electron id efficiency 2.5 2.5 2.5 2.5 — | — — 2.5
Momentum scale 1.5 1.5 1.5 1.5 — | — — 1.5
EITniSS resolution 2.0 2.0 2.0 2.0 20 | 3.0 — 1.0
Jet counting 7-20 — 5.5 5.5 — — — 5.5
Higgs cross section 5-15 — — — — — — —
WZ/ZZ cross section — — — 3.0 — | — — —
qq — WW norm. — 15 — — — — — —
g¢ — WW norm. — — 50 — — — — —
W + jets norm. — — — — — | — 36 —
top norm. — — — — 25 — — —
Z/v* — £*4~ norm. — — — — — | 60 - o
Monte Carlo statistics 1.0 1.0 1.0 4.0 6.0 | 20.0 20.0 10.0

The uncertainty on the signal efficiency is estimated to be ~ 20% and is dominated by the theo-
retical uncertainty in the jet veto efficiency determination. The uncertainty on the background
estimations in the H — WTW™ signal region is ~ 15%, which is dominated by the statistical
uncertainties of the background control regions in data.
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Theory Plans:

® A calculation of the Higgs + 0-jet cross section at one higher
order (N3LL) is feasible. “Only’” a missing 2 loop calculation.
This will help reduce the perturbative uncertainty.

® Similar resummed calculations for Higgs + | jet are already in
progress.
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Backup
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00 — Ototal — 0>1, fOZ )
Ototal
01
01 =0>1 — 0>2, fi=
Ototal

relative uncertainties

1 1 2
5<00)2 — f_g 5’520ta1 + (% _ 1) 5%1

6(01)? = (1 — f°>25il + (1 ;1f0 — 1)25§2

2
5(f0>2 — (% _ 1) (5’520tal —+ 5;1) )

577 = 02 + (L) 02, + (AL 1) a2,
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2 2
Atotal Atotal 0
2 2 2 2
Atotal Atotal + AZl —A21
2 2 2
0 —A%, AS) + A3,

correlation coefficients

—1/2

(1 - f0)2] :

2
051

52

total

p(0070total) — [1 +

62 1 —1/2
,0(0—030-1) — — [1 + total )2]

02, (11— fo
2 —1/2
>2 J1 \?
x 1+;(1— )] ,
R A=
,0(0’0,0'22) = 0,
,0(017 Jtotal) - 07

- 1 — fo 5%1 i . &
p(fo, f1) = (1 + i ) (fo 1> 6(f0)0(f1)’

2
5t0tal

p(flyatotal) — _5(f1> .



Validation? Other options?

® Drell-Yan pairs from ~*, Z™ with a jet veto should be used for

validation. pn
Soft
\ Jeta
® Directly measure beam thrust P —

(important on its own). And

UE is no harder than it is for HT.

Soft
0~
2802||||||||||||||||||||||||||||||||||||| 20_||||||H| | L L

— = Ecn=7TeV = B scale unc. -
> 240 . PDF+a, -
%2002— -------- E S S C S
= = - —~ 0 . Tm==
£ E - =
D120 = B
S B NNLL ST 1
T 80F == NLL E R [ ““-nog —
_8 40 %_ —— LL _% a -Ecm =7Tev 7 CL‘.—> 1 .

o/ A sing. NLO 3 : T'lcgut = Ofl | | — Sllng~ NLO -

= /AN R R RN RN —2 L ' ' Lo Ll Ll

OO 5 10 15 20 %0 100 200 300 500 1000

QTBut [GeV] Q [GGV]
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