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Higgs Analysis: WW* Channel and Jet Binning

jet binning useful in separating backgrounds, maximizing sensitivity

from ATLAS, 1206.0756
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Higgs Analysis: WW* Channel and Jet Binning

“The systematic uncertainties that have the largest impact on the sensitivity of
the search are the theoretical uncertainties associated with the signal.”

from ATLAS, 1206.0756
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Higgs Analysis: WW* Channel and Jet Binning

“The systematic uncertainties that have the largest impact on the sensitivity of
the search are the theoretical uncertainties associated with the signal.”

Leading systematic uncertainties

Source (0-jet)

Signal (%) Bkg. (%)

Inclusive ggF signal ren./fact. scale
I-jet incl. ggF signal ren./fact. scale
PDF model (signal only)

QCD scale (acceptance)

Jet energy scale and resolution
W+jets fake factor

WW theoretical model
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Source (1-jet)

Signal (%) Bkg. (%)

I-jet incl. ggF signal ren./fact. scale
2-jet incl. ggF signal ren./fact. scale
Parton shower/ U.E. model (signal only)
b-tagging efficiency

PDF model (signal only)

QCD scale (acceptance)

Jet energy scale and resolution

W+jets fake factor

WW theoretical model
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ATLAS-CONF-2012-158

from ATLAS, 1206.0756

dominant contribution:
perturbative QCD
scale uncertainties

500t = 16.5%

601jet — 30%
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Jet Binning

e Build jets with a jet algorithm
(e.g. anti-kr)

plGevi L anti-k, R=1
* Experimental analysis often look 2ot
at exclusive/inclusive jet bins e |
o\ el
e Standard veto is the jet pr 6" o
R
e e.9. 0 jets with pt > 25 GeV, or 43
at least 1 jet with pr > 40 GeV ’ ,
1
* Soft jets are poorly resolved, o B0 2 4 °
: : -6 y Salam
must be measured inclusively 0906.1833

* Low jet veto is useful in separating
backgrounds (e.g. WW, tt~)



Approaches to Jet Vetoes

il %“%% ¥ ..

experiments veto on the event Et is an effective
the pt of each jet veto against high pr jets
/ A
depends on doesn’t g zz.:pT
jet algorithm

We will bootstrap from
the well understood global veto (ET)
to the more complicated jet veto



Types of Jet Vetoes

 Many types of vetoes to restrict jet activity have been studied, e.g.
e g1, beam thrust (global jet vetoes, can be calculated to high accuracy)
* Experiments often use jet pr as a veto. Recent theory work:
* H + O-jets:
e Banfi, Salam, Zanderighi (1203.5773) - NLL+NNLO
e Becher, Neubert (1205.3806) - NNLL+NNLO (numerics being revised)
e Banfi, Monni, Salam, Zanderighi (1206.4998) - NNLL+NNLO
e Stewart, Tackmann, JW, Zuberi (in progress) - NNLL+NNLO
 H + 1-jet: Liu, Petriello (1210.1096, 1303.4405) - NLL+NLO

e High luminosity LHC will give large pileup effects, may lead to some
new and creative jet vetoes (e.g. using jet substructure)
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Log Structure of H + O-jet Cross Section

Counting in the log of the cross section

LL

o, L?
o2 L?

374
a, L

NLL/ NNLL'

NLL

NNLL NNNLL
oL Qg
o’ L? oL o
oL’ o’ L? oL

Global veto log structure
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Log Structure of H + O-jet Cross Section

Counting in the log of the cross section
NLL/ NNLL'

LL NLL
NNLL NNNLL
OASLQ asL s
272 2
273 o L o L 2
S 2 2 2 S
OCSLLR OéSL,OéSLR
3.4 S o’ L? oL
ag L 3rr2 3 3r2 31 3
a,LLy o,LLp,oa,Lyn oa.L,a,Lp

Global veto log structure

Clustering corrections for the jet veto

We work to
NNLL+NNLO
In the veto logs

has the RGE
boundary

conditions for
NNNLL+NNLO
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Overview of the H + O-jet Calculation

Fo(P) = o (P + oo (P

/ \

Resum to NNLL’ match to NNLO
New two-loop calculations, MCFM H+jet at LO, NLO
anomalous dimensions HNNLO for the total cross section
Campbell, Catani,

Ellis, Wililams  Grazzini

Use the global, jet algorithm independent Et veto
to derive the double logarithmic resummation (+single logs)

Derive a jet algorithm dependent clustering correction
that affects the single log resummation

13



Power Counting for H + 0-jet Cross Section

Je ; : 4
collinear radiation H \

soft radiation

cut

soft and collinear radiation emitted with a scale pr ~ pr

for a O-jet cross section, there are no hard jet emissions
this implies the final state can be described by SCET)
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Power Counting for H + 0-jet Cross Section

(0,1,0) i S 0. o i (1,0,0)
_m : f * ,., ° :: 0.0. . ... - ... .: . .'.' o. oXoXoXoXo f E
'

collinear radiation: prn ~ mu(1,A%, ) aligned with beam
anti-collinear radiation: ps ~ mH()\Q, 1,A) aligned with (other) beam

soft radiation: Ps ~ mmg (A, A\, \) isotropic, goes anywhere

cut

Pr power counting parameter in SCET),,
A~ < 1 . .
My enforces no high-pr jets
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Rapidity Divergences and Renormalization

eikonal matrix element:

dp 1 .
/ dp7 dy — —5-0(pr < pF")

VT
unregulated rapidity divergence

we use the rapidity regulator to regulate
rapidity divergences and resum logs

functions like dim reg:
U < VUV, € $— 1

renormalization, RG evolution
performed like dim reg
adds new scales to
factorization theorem

k‘+

SCET) modes and running

soft/collinear modes have
same virtuality,
different rapidities

Chiu, Jain, Neill, Rothstein

1202.0814 i



Factorization Theorem for H + O-jets in SCE]

o(pF") = H(mm, ) / dq dxy Bo(pF", a1, V) By (D3, b, 11, v) S (DT, 1y v)

Becher, Neubert
1205.3806

H (p g, 1) : hard function is universal for gg = H, known to NNLO

Harlander Harlander, Ozeren Pak, Rogal, Steinhauser

) hep-ph/0007289 0907.2997 0907.2998
P
Bl pv) = | dErBo(w. Br,uv) + AB(. 5 )
0 Stewart, Tackmann,
ngm JW, Zuberi
S(pT*, p,v) = / dETSc(Er, p,v) + AS(pF, p,v)  toappear
0

divide measurement function into global veto and clustering correction

0(1 jet)0(pr < p) + 0(2 jets)B(pr1 < pF)O(pra < p) + ...
O(pr < pF*) +0(2 jets) [0(pr1 < pF*)0(pr2 < pT*) — O(pr1 + P12 < P7°)] + ...
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Summary of Calculations

beam function:
full NLO calculation,
dominant clustering terms at

Pt p,v) = (0| Y Vi, M(PS) Y, V2| 0) NNLO using RG invariance

b) c)

soft function: full NNLO calculation for Er,
clustering correction

pA p—£€ X

P

done as a “brute force” calculation remaining NNLO contributions

to cross section extracted
from MCFM + HNNLO

18

Certain coordinates exploit symmetries of the
matrix elements, measurement function



Global Veto Contribution

The global veto is interesting in its own right
Only known to NLL+NLO, we calculate to NNLL’+NNLO

Er = ZpTz' Higgs pr is also a valid choice
i
renormalization scale rapidity scale
hard
= m —_— U =M
(FO Scale) M H H beam B H
__ cut __ cut
beam, soft —— UB,US = D soft —1— Vs =pr
produces Sudakov double logs produces single logs 19




Clustering Effects (Relative to Global Veto)

CO%) NLO: only 1 parton, only 1 jet
] Et is the same as the leading jet pr

no clustering correction

@@% NNLO: Et and leading jet pr differ
when two jets in final state

lowest order clustering correction

NNNLO: jet algorithm dependent
unknown contribution

20



Two Clustering Effects, Two Regions of Jet Radius

Jet algorithm effects:

oD O(R"™), O(In" R) terms

Can induce violations to Factorization theorem
naive factorization valid for small jet radius
Large jet radius Small jet radius
R~ 1 R<< 1
C S
C S
complicates factorization logarithms of jet radius important

but numerically less important but resummation is impossible
21



Clustering Logs

Clustering effects give rise to logs of R

ET veto measurement at NNLO:

M =0(pr1 + pre < pCTUt)

correction for clustering:

AM =0(AR > R) {9(]?T1 < pCT“t) 0(pre < p%m) — O(pr1 + pr2 < pCTUt)

can write in terms of canceling IR collinear divergences

1

sp - — .
P e T In R : remnant of collinear

1, " divergence sensitive
AMgp - _ER to jet radius

M

22



Clustering Logs in the Soft Function

can be calculated using collinear limits of eikonal matrix elements:

collinear
limit
* A = Aelk Acoll
splitting

cikonal amplitude
amplitude \
contains an overall rapidity _—"
divergence that generates generates the log of R
a log of the veto scale when integrated against
the measurement
a:C A : % mg
AS® = = In —— (—4.97)In R NLL if InR ~In ——
n pr pr
O resummation is unknown
A S(n) _ (O‘S A> C«(n 1) In"— 1 R Impacts uncertainty estimates!
T p%ut
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Numerical Impact of Clustering Effects

0.6

ll|llllll|lllllllll|lllllllllllllllllllLlllllllll

E || o3 (00) B 8 Tev § total NNLO terms
0.4 | myg=125GeV I
. t — 3 NNLO 0-jet terms
= &lt =
i 0.2 E
B E | -
& 0 | , 3 clustering logs
~ r “\ \\/ ] clustering R" terms
S { \ e R=0.4 R=1.0 -
_02FE ’ — ——— @ (pP) =
TE O i — Ac®(In R) 3 R=0.4:solid
- =7 — 50592();(R2) 1 R=1.0:dashed
_0.4 :I A I | N I I O | I I O | I I | N I l:
0 10 20 30 40 50
cut Tackmann, JW, Zuberi,
pr" [GeV] 1206.4312
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Summary of Resummation

e Performed resummation to NNLL’
e Global veto captures dominant veto logs

e Clustering correction accounts for the jet algorithm effects,
we understand the all-orders structure of these terms

e Resummation of clustering effects unknown, potentially very important
e Only the 3-loop non-cusp (+4-loop cusp) anom. dim. unknown for NNNLL

e Two parts: the global veto and the clustering contribution

e Challenging to obtain, but the tools exist, and would help uncertainties

 Now let’s match to NNLO and carry out numerics

25



Resummation vs. Fixed Order

H + 0—jet cross section

20- example re rve

# fixed order
- cross section

transition
region

L9 /0 o %0
N P [GeV]
Sudakov

. logs fixed order
suppression < >

dominate dominates

26



Fixed Order Singular and Non-Singular Terms

| [pb/GeV]

|do /dpy"

logs dominate

0.01

NNLO terms (MCFM + HNNLO)

0.1 VOON N nonsingular _|

gg — H (8 TeV) -
myg=125GeV _

— full NNLO |

— — - singular

transition region

resummation should
be turned off
well before my

|.| L1 N | |||| Yl di i “w-‘* mH
4 0
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Scales and Resummation

o(pF") = H(mm, ) / dq dxy Bo(pF", a1, V) By (D3, b, 11, v) S (DT, 1y v)

Natural factorization scales:

renormalization scale rapidity scale
hard
= m — VB =My
(FO scale) HH H beam
beam, soft 1B, s = PT" soft —— vg = pSit

Design scales that turn off the resummation
at the appropriate veto scale 28



scale [GeV]

()
-]
-

250-

[U—
)
-

Profile Scales

‘resummation:

vp variation

0 20 40 60 80

pr [GeV]

vary each beam, soft
scale independently

constrain variations of
scale ratios, e.g. us/Us

26 variations

100

scale [GeV]

[E
-
-

250;-

[\
-
-

[
)
-

N
-

fixed order

————————————— e ————

-----------------------------------------------------

-

77— T

20 40 60 80
pr [GeV]

vary all scales collectively,
preserve scale ratios

also vary low profile shape
4 different shapes

11 variations

100
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Uncertainties: Fixed Order Stewart, Tackmann

1107.2117

exclusive jet bins have cancellations between
large perturbative corrections and veto logs

2 2
Agot 5 Atot 5 02
Cro ({O-toty 00, 021}) — Atot Atot + AZI _AZI
0 —A%, AL,
20:— ;(.)mbined1 inclu.si\./e uncertainty ) fixed order O-jet bin:
- direct scale varnation @ @@==0Z —m——=——"7"7 1 . . .

5 central scale _—— -~ ———— treat tOtaI and 1-Jet InCIUSIVe
= T | uncertainties as uncorrelated
o 10 *

| £ —8Tev | this general method
50 . .

| = 125 Gev currently used in many
ot/ experimental analyses

0 20 40 60 80

p%ut [G@V] 31



Uncertainties: Resummation

With resummation, can separately estimate
the fixed order and resummation uncertainties

C = C11“esum + Cﬁxed )

0 0 0
Cresum — 0 A12'esum o A1[2‘esum )

0 _AIZ'esum A12‘esum
A‘?ot Atot AHO Atot AHZl
Ctixed = Aot AHo A%, AgoAp>1
Aot Ag>1 AFoAH>1 A%le

Aot = Ao + Amp>1

Full covariance matrix lets us determine any
uncertainty and take correlations into account

Otot

g0

0>1
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H + O-jet Cross Section

Results for Ecn=8 TeV, myp =125 GeV, R=0.4
Observe a modest reduction in uncertainties with larger R

AQ ( Cut) AZ

resummed convergence

_II|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
- gg — H (8TeV)
20— myg=125GeV

—. [ R=04

2 T

E15- -

I :

210 -

© - B NNLL;, +NNLO A
5 B=E NLL, +NLO
sy NLL,, ]
0_ IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_
0 10 20 30 40 50 60 70 80

pSt [GeV]

we can estimate an additional uncertainty
from higher order clustering effects

resum( Cut) T AHO (p%ut)

comparison to FO

25 _II|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||_

[ gg — H (8TeV) i

20:_ myg =125 GeV .
. r R=04

2 el N

:15: - ]

E i

210 —

(=) T I

© n i

51 B NNLL/ +NNLO—

i ~ = NNLO §

0_ IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_

0 10 20 30 40 50 60 70 80

pSt [GeV]

we use an imaglnary hard scale

(‘m2 resummation’)

increases oo above NNLO 3



H + O-jet Cross Section: Uncertainties

Results for Ecm =

8 TeV, my=125GeV, R=0.4

Observe a modest reduction in uncertainties with larger R

(D) + Mo v

AQ( cut)

resummed convergence

A2

resurn

myg =125 GeV
R =04

B NNLL/, +NNLO -
B NLL, —|—NLO

gg =H (8 TeV)

10 20 30 40 50 60 70
pSt [GeV]

80

—40

comparison to FO

TTT |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||:
gg — H (8 TeV) 1
myg=125 GeV
R=04

B NNLL/ +NNLO
-~ NNLO

0 10 20 30 40 50 60 70 80
pSt [GeV]

fractional uncertainty
hard work pays off!
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H + 1-jet Inclusive Cross Section

cut FO cut
0>1(pr") = Otor — 00(PT)
cut 2 cut cut
A>1( ) Aresum( ) T AH>1(pT )
resummed convergence comparison to FO
25 ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 25 TTTTTTTTT lllllllll|llllllIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII
gg — H (8 TeV) ] gg — H (8 TeV) ]
20 myg=125GeV _ 20 myg=125 GeV _:
S5k B NNLL/, +NNLO— —15 B NNLL, +NNLO-
- =g NLL, +NLO N -~ NNLO -
E310:— ------ ] =10 —
S - &' ]
51 - 5 E
O:IIIIIIIII|IIIIIIIII|IIIIIII~I.III.I.I.I.II.I.I.I+I'I'I'IrI-I-HLI-IJLLIJlLlIIIIIIIII|IIIIIIIII O llIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIITIITI|~III—III_III-
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
cut [GeV] cut [GeV]

would be interesting to compare to H+1-jet NNLO predictions
test perturbative corrections vs. logs

80

35



H + O-jet Efficiency

€0 (Prfrut)

€0 (p%m) — 00 (p%Ut)/O-tot

AZ(pt) A2 AwAmo(pst) ]

cuty cut
AGO (pT )_ 6O(pT ) 0_2( Cut) | 0.2 2 Oir O ( cut)
o \Pr tot tot 00\ D7
resummed convergence comparison to FO

]-é'||||||||||||||||||||||||||||||||‘|‘||-|'|J|_|_|_|l|.|-|1|-|'|'”‘|'|'|1'||'IIIIIIIII|IIIIIIII ]-'IIIIIIII||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||1E
0.8F E 0.8 - E
0.6 & g9 — H (8 TeV)= - 0.6 gg — H (8 TeV)=
- mp=125GeV ° 5 mpy=125GeV -
0.4 5 R=04 = T 04 R =04 £
: B NNLL/, +NNLO: B NNLL,, +NNLOS
0.2 S NLL, +NLO - - 0.2 =~ NNLO =
y | = ML,
0: |IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|||||||||IE O IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII||||||||||||||1E
0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

p7" [GeV] Pt [GeV]

correlations between fixed order scale variation in
O-jet, total cross sections reduces uncertainties 36



Conclusions

 H + O-jet cross section is a key theoretical input to Higgs studies
* Resummation substantially improves uncertainty

e Comparison to Banfi, Monni, Salam, Zanderighi and
Becher, Neubert, Rothen will be insightful

e Many new results
e Er resummation to NNLL+NNLO (extends NLL+NLO)
 First 2-loop calculation with rapidity (eta) regulator by Chiu et. al.
e Analytic determination of dominant constant terms
e All-orders understanding of clustering effects

 Many avenues to further improve uncertainty
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H + O-jet Cross Section: Uncertainties

AG(PT") = Afequm (PT") + Ao (D7)

fixed order and resummation uncertainties

007 [%]

40

NNLL’+NNLO |
: NLL’+NLO
20"

_90. ]
| my = 125GeV
R =04

% 20 a0 60 80

transition region [20,40] GeV:
both uncertainties very important!
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