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We are on the verge of uncovering the nature of the Higgs mechanism
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and precision QCD is necessary to maximize this opportunity
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The precision frontier and the Higgs
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to a wide variety of Higgs couplings
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Precision Higgs measurements are a sensitive probe of these couplings,
and we have significant opportunity for improvement
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precision QCD in Higgs physics...

do/day (pb/GeV)

g , q > > q
A > --H > --F
Vv
g q = o = q
H @ NNLO (+NLO EW) VH @ NNLO VBF @ NNLO
(Hj @ NLO, Hjj @ NLO) (+NLO EW) (total rate)
+ NNLL threshold resummation
iy | R 0.5 . . . . .
5 \ G?:zzliﬁ?a%rrﬁgi;?ﬁi e POWHEG-Pythia default —
A\ e Y T L —
0.4 _—i ppoHAX =125 GeV — % ' g S
; | Vs=14 TeV MSTW2008 1 \ ana|ytiC = 027 .
0af- <01 ¢ T e
] NLOMC = o F S ; |
N . L




oo(p7") [P]

...continues to develop

upcoming/new results for gluon fusion: N3LO total rate, NNLO H+j, NLO H+3j (done)
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antiproton

H - WW channel

coupling
large gluon
fusion rate

\ Higgs mass not

reconstructed

/ event-by-event
O,

probes HWW

final state: ¢7¢~ + MET + jets
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antiproton

H - WW channel

large gluon
fusion rate

\ Higgs mass not

reconstructed

/ - / event-by-event
O,

probes HWW
coupling

final state: ¢7¢~ + MET + jets

several backgrounds:

WW, Z + jets, tt
diboson, single top

reduced with cuts on leptonic final state:

4
P, Mg, AQSEE; AQWE,MET

cuts specific to each jet bin
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systematic uncertainties for jet bins

Signal processes (%) Background processes (%)
Source Nigt=0 Njet=1 Njece22 Nigg=0 Njg=1 Njiy 22
Theoretical uncertainties
NNLO ————— QCD scale for ggF signal for Nj; >0 : : - - :
_——>» QCD scale for ggF signal for Nj, > 1 - - : -
NLO QCD scale for ggF signal for Nje > 2 . @ 4 - . :
4) QCD scale for ggF signal for Nje >3 - : 4 - - :
LO Parton shower and UE model (signal only) 3 10 5 - - -
PDF model 8 7 3 | 1 1
H — WW branching ratio 4 4 4 - . :
QCD scale (acceptance) 4 4 3 - - -
WW normalisation - - - | 2 4
Experimental uncertainties
Jet energy scale and resolution 5 2 6 2 3 7
b-tagging efficiency - : : - 7 2
frecoil €fficiency 1 1 - 4 2 -
v " ATLAS-CONF-2013-030

17% 30%

resummation will help control these uncertainties
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jet clustering and jet vetoes

cluster final state into jets
uses an algorithm (e.g. anti-kr)
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jet clustering and jet vetoes

cluster final state into jets
uses an algorithm (e.g. anti-kr)

veto on soft jets
(usually by pr) §

only jets with

cut

PT > P
are counted

1-jet event
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jet clustering and jet vetoes

cluster final state into jets
uses an algorithm (e.g. anti-kr)

veto on soft jets }

(usually by pr) _{
collinear safei)/(
IR safety { soft safety
//

only jets with

pr veto scale set by: pr > pt
1. soft jets poorly measured are counted

2. high pr veto less effective
scale usually ~25-30 GeV

1-jet event
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O-jet events

jet binning

1-jet events

2-jet events

19



Exclusive jet cross sections

Stewart, Tackmann, JW, Zuberi, 1307.1808
Boughezal, Liu, Petriello, Tackmann, JW, 1312.4535




0-jet cross section
resummation vs. fixed order

0-jet cross section
gg - H at NNLO
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fixed order dips negative:
breakdown of perturbation theory,
resummation needed

O'()(
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\ \
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finite as
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0-jet cross section
resummation vs. fixed order

0-jet cross section leading jet pr spectrum
gg - H at NNLO at NNLO
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O-jet cross section
resummation vs. fixed order

0-jet cross section leading jet pr spectrum
at NNLO
H
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- my =125 GeV resummed u gg — H (8TeV) 1
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resummation can improve singular nonsingular
precision and accuracy of dominates dominates

fixed order perturbation theory resummation on resummation off
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0-jet factorization theorem

0 H = 4

short distance collinear evolution soft radiation
process of initial state across event

24



0-jet factorization theorem

Ef coo.ooo:.'... .;.:.. :.. ..:..'.'.'o.co oXoXo fE
0 H ~ »

short distance collinear evolution soft radiation

Process of initial state across event

QCD
Increasing _ . :
scale hard function H short distance (loop) corrections
A scale ~ mn
SCET soft-collinear
beam function B collinear radiation eff_eCtlve theory
ft function S soft radiation Bauer, Fleming, Luke, hep-ph/0005275
SOTt TU Bauer, Fleming, Pirjol, Stewart, hep-ph/0011336
scale ~ p1eUt Bauer, Stewart, hep-ph/0107001

Bauer, Pirjol, Stewart, hep-ph/0109045
Bauer, Fleming, Pirjol, Rothstein, Stewart, hep-ph/0202088

renormalization group evolution in SCET
sums logarithms of mu / preut 25



0-jet factorization theorem

N 0...'.'000000

Becher, Neubert,
1205.3806

o(pF*) ~H (1) | By (p%“t,u, v) X By(p?, pw,v) X S(07, pw,v)| + ons(p)

virtuals known to NNLO /

we add 1 resummation,

which increases total rate Fully calculated to
NNLO by us
Logarithms known to NNLO through RGE _
Finite log(R) dependence calculated by us Fit to NNLO from
(finite means pr°t independent) MCFM/HNNLO by us

Remaining finite terms fit via MCFM
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technical and conceptual complications

veto is on final state jets
we need to include the jet algorithm in the
theoretical framework for resummation

at each order

clustering effects arise (
(start at NNLO)

asCg " mmp Tackmann, JW, Zuberi,
7 ) [C’”(R)ln + Dn(R) 1206.4312

leading terms

(O‘SCA) C(l) ln ln R2 ~ 0.14 NNLO effects (only LO in the algorithm) are large
s pT need to ensure uncertainties are under control
3
(aSCA) 0(2) ln ln R2 ~ —5.10~3 we have calculated the N3LO leading contributions
T pg JW, Alioli, 1311.5234
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nonsingular terms

fixed order code gives
leading jet pt spectrum

[pb/GeV]

do/dp’!
S o O
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gg - H+jet at NLO 0-jet cross section

] cut
Ecm =38 TeV 70 (pT cut de dpjj?t
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inclusive rate
«— (boundary condition)

my = 125 GeV © . do
) — Otot —
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5

40 60 80 100
P [GeV]
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nonsingular terms

fixed order code gives
leading jet pt spectrum

0.7 gg - H+jet at NLO 0-jet cross section
; my = 125 GeV | < .y do
0.6 E.., =8 TeV ] go (prZ”Ut) — Otot — / dpJ’_Z?t jet
~ i ¢ ] P de
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- T
o 04 ]
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nonsingular terms

fixed order 0-jet cross section

gg — H at NNLO
 direct scale variation

 my =125 GeV
IS5  E =8TeVv

o
210!
o L
b I

5

I using MCFM, HNNLO

0 . MSTW NNLO PDFs

o 10 20 30 40 50

p7" [GeV]

lets us also fit unknown
singular constants
in pret — 0 limit

(P) [pb]

ns
0

o

nonsingular terms
05* (pF) = 06 (pF*) — 05 "5 (P

given by difference
between FO, singular
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resummation and profile scales

~ H o ()| Ba(pT", 1, v) By (3, 1, v) S(0F, 1, v) | + o (1)

NUO({MF} {VF}

evolution factor \\ \\ / /

renormalization group evolution

qg NH Ba pCTUtaﬂBaVB Bb pT nuBaVB

factorization scales

c t
> US;VS +0ns

HH ~ VB ~TNH

cut

uwB ~ s ~ Vs ~ P
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resummation and profile scales

U(p%Ut) ~ HQQ (:LL) [B (p%Uta fy V )B (p%Uta My V )S(p%uta 2 V)} + Ons (,LL)

l renormalization group evolution

NUO({,UF} {VF} gg /LH [Ba<p%ut7,uBayB> p%UtvluBaVB CUtmuSaVS _|_O-n8 )

evolution factor (Y\\ '\\ /

factorization scales ,UH ~Vp ~ MMy )
profile scales B ~ JLs ~ Vs ~ PP
_I T T T T | T 1T T T T | T T T T T | T 1T T T T | T T T T I_
125 —————————— - ————~ -
- |pnmE|, VB pns HFO A
100 A -
> | .
@ N _
O 75 - . .
PR - profile scales implement
S 50 = resummation and matching
25 =
- (for my=125GeV) *
= I I | | I I | | I I | | I Y | | I | I_
% 20 40 60 80 100
pt [GeV]

resummation fixed order regime
regime (all scales equal) 32



uncertainties

uncertainties estimated via profile scale variations

250 F

pro variation
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40 60
pr" [GeV]

80

collective variation of all scales
and profile shape variations

envelope: Ao (p3™)

yield uncertainty
on the O-jet rate

total O-jet uncertainty: AZ  (pS)

~ e
-~

(for mp=125GeV) —

s, Vs, wp variations

100 0 40 60

pr" [GeV]

80

100

variation of beam, soft factorization

scales in physical combinations

)

envelope: Aresum(

cut

Pr

migration uncertainty between the

0-jet and inclusive 1-jet bins

tot — A/QLO (p%m:) + A1%esum (p%m:)
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H + 0-jet results

0-jet cross section: resummed convergence

R L L L B A N L
- gg — H (8 TeV)

- mpyg =125 GeV

- R=0.4

n B NNLL/ +NNLO A
— BE=E NLL, +NLO
Y/ A PP NLL,, ’
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- AI'esum .
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R=04
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Aresum

rates with uncertainties:

|

compare to 17%!

L 0o = 12.67 & 1.22(9.6%)
oo = 14.09 & 0.96(6.8%)

L 0o = 12.40 & 1.12(9.0%)
. 0o = 13.85 & 0.87(6.3%)
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H + 0-jet results

0-jet cross section: resummed convergence
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- gg — H (8 TeV)

20— mpg=125GeV

. - R=04

= B
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e o .
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e I 1
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5 HEE NLL, +NLO  —
Y /P NLL,, ]
0_ IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_
0 10 20 30 40 50 60 70 80

p [GeV]
30

20

10

0 10

gg — H (8TeV) NNLL +NNLO ]
- AresumeaA ]
- AI'esum .

NLL;T—FNLO

mpyg= 125 GeV - Aresum @A
R =04

20 30 40 50 60 70 80
pt [GeV]

Aresum

doo(pT) [%]

0-jet cross section: comparison to fixed order
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ST T - =
215 o -
3 .
210 ]
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© 1
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~ - NNLO ]
O IIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_
0 10 20 30 40 50 60 70 80

pt [GeV]
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inclusive 1-jet cross section and 0-jet efficiency

inclusive 1-jet cross section 0-jet efficiency
25 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_ 1f”””” |||||||||||||||||||||||||||-|-|J|-|-|_|_|L|_|J|.|-|-||-|'|'|'|'||'||||||||| ||||||||jE
gg — H (8 TeV) ] : '
20 myg=125 GeV _: 0.8 i_ —
15 k= B NNLL, +NNLO—  ~ 0.6~ gg — H (8 TeV)=
- Bl NLL, +NLO 7 < - mpyg =125 GeV
10 . S, - §04F R=04 =
N ] = B NNLL/ +NNLOS
5 . 0.2 & S NLL, +NLO -
: 3 A NLLy, :
O_I ....... 0: IIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII1E
0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
pt [GeV] pt [GeV]

we control correlations between
the 0-jet and total cross sections,
so we can reliably predict uncertainties



inclusive 1-jet cross section and 0-jet efficiency

inclusive 1-jet cross section

255 IHIIHII“IIHIIH|IHIIHII“IIHIIH|HIIHIIWIIHIIHI“IIHIIHlIHIIHIL
gg — H (8 TeV) _

20 mpg=125GeV _
2150 B NNLL/ +NNLO-
- BN NLL, +NLO 1
) L -
=10 . TS, —
Al B i
b - ]
51~ .

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

25 g R R L L B L
gg — H (8TeV) ]
myg=125GeV ]
R =10.4 -

o
Qq |
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g& — — - NLO; (H+jet) -
Q_. _|
— 10 —
Al |
o) _

=
=
——
=
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—
—
— —
—

O IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII_
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pr" [GeV]

0-jet efficiency
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comparison to data

jet .
pr spectrum in vy

;‘ 1 2 T 1 | [ 1 [ | T 1 | [ 1 [ | T 1 | T 1 | T 1
o - ATLAS Preliminary —¢- data syst. unc. 1
Q) I 1
q.g 1_— §§§ gg—H NNLO+NNLL' (STWZ) + XH —
o n ~ | gg—H NNLO+NNLL (JeTVHeTO) + XH ]
2 0.8+ --- XH = VBF + VH + {TH —
> I 1
_8 H—yy, Vs=8TeV |
0.6 75555 i
% fL dt=20.3 fo" -
N " 1
0.4+ —
- R T
0.2 gy D G + —
O:-l--r-1--|--|-1'"|'1"|"|"|'|' ~I=a-=t=r==71- --'-/-i/--i/-}-i-/-i-’-i/-_
(La I I I | I I I | I I I | I I I | I I I I I I | I I I
I -
< 3
@) L
(al
e 2 + +
= @L I
© ———
o 1‘ B R (% O 2 ) RN,
O | | | | | | | | | | | | | | | | | | | | | | | | | | |

0 20 40
ATLAS-CONF-2013-072

60

80

100 120 140

Particle level Py et [GeV]

combined binned fit
(in leading jet pT)
to the yy excess

prediction derived from the
0-jet and inclusive 1-jet results
good agreement between

theory/MC predictions
Powheg;
Stewart, Tackmann, JW, Zuberi;
Banfi, Monni, Salam, Zanderighi

good shape agreement

outside of the first bin,

Run 2 comparison will
be interesting
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onto the 1-jet rate!

1-jet events
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kinematics of the 1-jet cross section

3-scale problem:

p%Ut < mgy

what regime is pty in?
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kinematics of the 1-jet cross section

exclusive 1-jet cross section

prJ: leading jet pr

pr < prg~mg

resummation
wanted for all prJ

cut

pr ~prg << Mg

pTCUt

0-jet region

3-scale problem:

p%Ut < mg

what regime is pty in?
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exclusive 1-jet cross section

prJ: leading jet pr

prot ==

matching
scale

pTCUt

cut

pr < prg~mg

resummation
wanted for all prJ

cut

pr ~prg << Mg

0-jet region

theory framework for the 1-jet cross section

Reliable predictions exist

H + 1-jet: Liu, Petriello,
1303.4405, 1210.1906

Soft final state jet
theory unclear

Ccross section
peaks at low jet pr
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theory framework for the 1-jet cross section

exclusive 1-jet cross section

prJ: leading jet pr
direct approach

7000
my -+ cut " H + 1-jet: Liu, Petriello,
pr KL prjg~ mg 1303.4405, 1210.1906
S000
resummed
~ 4000
€
p.l.off 1 S 3000
matching 2000
scale _
fixed order (NLO) 1000
t
P~ pry < my

pTCUt

(P 7) min( GeV)

match onto fixed order at low jet pr

O-jet region large logarithms remain
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theory framework for the 1-jet cross section

exclusive 1-jet cross section

prJ: leading jet pr
new approach

7000

My cut

pr < prg~mg o

. 5000
1-jet resummed
4000

2
S
pToff 1 3000
matching _ 2000
scale >1-jet resummed
+ fixed order 1000

cut

pr ~prg << Mg

pTCUt

(P 7) min( GeV)

0-jet region o . .
J 9 use inclusive 1-jet resummation

+ fixed order correction
01 —0>1 —0>2
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using the inclusive 1-jet cross section

relation for exclusive 1-jet cross section in bin [peUt, p°f:

cut cut

o1 ([pT, pT7' s pF") = [o>1(PF) — o1 (

—

—

1-jet inclusive terms

/

iInclusive 1-jet resummation

T
indirect contribution: pT < prj < pr

direct contribution: pT < PprJ

[O->2(p%Utap%Ut) o O->2(pT 7p%Ut)]

— ™

2-jet inclusive terms

\

Inclusive 2-jet fixed order

1-jet inclusive resummation
+ fixed order correction

resummed prediction
from Boughezal, Liu, Petriello
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Ac; (pb)

using the inclusive 1-jet cross section

relation for exclusive 1-jet cross section in bin [peUt, p°f:

cut cut

o1 ([pT, P s pF) = [o>1(

—

cut

Pr

)] — lo>2(

) — o>1(

cut cut

pT DT ) — 022(p%ﬁap%m)]

™

1-jet inclusive terms

Indirect contribution
fixed order comparison

-
- MCFM

Aoy

pu = my/2

R =04

my = 125 GeV

pr™ = 30 GeV

7

2-jet inclusive terms

2-]jet corrections are small
(LO shown)
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a1(p§) [pb]

0.0!

matching the direct and indirect contributions

scheme A: 12 resummation, H + 1j NNLO virtuals
pp = H +j, Scheme A

25,

20

0.5

Ecm=8TeV
p#t=30GeV
R=04 7
>1-jet resum — 2-jet FO _
o 1-jetdirect resum
Pr ,
30 40 50 60 70 80
pry [GeV]

matching of the direct and indirect approaches is smooth across pr°t

a1(p7") [pb]

0.0

pp » H+ j, Scheme A

25
20
15
10

05

P53t =30GeV |
>1-jet resum — 2-jet FO |

\\\\\\\\\\ 1-jet direct resum

AR =

TUL LN\ :

\\\\\\\\\ f

A Y W WO W W W N ]

VUV v

30 40 50 60 70 80
pry [GeV]

iIndirect approach lowers the uncertainties in the low pt regime
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testing the matching

< |

et / ! '\ i

small p°f: intermediate prof: large pro™:
direct approach increases, using each resummed indirect approach increases,
but larger FO contributions  prediction where it is reliable

but larger FO contributions
pp = H + j, Scheme A

t
o1(p7")
(\®) W I~ ) @)\ ~J
P.-.—L—.-.ﬂ
F.-.—T—H-'
Fl-.—L—.-F'
S
% I
B

O s s 60 65 10 75
P [GeV]

Matching scale (p1°") dependence is small
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o [pb]

combination of jet bins

cross section in jet bins

15

10

E.,, =8TeV

{ ] P =30 GeV cross section in the WW analysis
cut

‘ R=04 oW = E8(3(30_0 4+ E?CCO_I + 6%050'22

{] . FO . acceptances from analysis cuts

{ ] i (jet bin cuts, leptonic cuts,
} B j reconstruction efficiencies)
0 I =) need to determine
jet bins the theoretical uncertainty

on this cross section

bin-by-bin uncertainties reduced
by a factor of 2 over FO
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Implementation and future work

cross section in jet bins

15

E.,=8TeV
} ] Pt =30GeV -
R =04 |

jet bins




cross section in jet bins

15; E.,=8TeV |
* { ] Pt =30GeV
? ] R=04
— 10 ] how do we implement the
s | resummed results to improve the
S

uncertainties in an analysis?

jet bins

Considerations:

* Need correlations between jet bins to propagate uncertainties

A common framework to implement jet bin correlations desirable

* Fixed order results can be implemented in a Monte Carlo framework

* Allows to propagate jet binning uncertainties through the
leptonic cuts to get correlations
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correlations between jet bins

We can construct the 0-jet, 1-jet, and 2-jet inclusive covariance matrix
This is part of the goal of making a combined 0-jet / 1-jet prediction

can directly connect these uncertainty
yield and migration components: C' = C§ + Ceyt components to nuisance parameters
/ used in the analysis fit

—

fully correlated Cy = AyAz; yield uncertainty

2 2

. A —A o
- _ t t
anti-correlated Ccut — E ( ‘LJZC.?U 2%] cu bin migration
1]

2x2 blocks —Aw cut Aw cut uncertainty

t,J

We determine these covariance matrix entries from 3 sources:
1. Uncertainty components of the 0-jet calculation
2. 0-jet and direct 1-jet uncertainty components in the 1-jet bin

3. Closure relations for the total cross section (e.g., Aot = Ag + A7 + AYZQ )
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correlations between jet bins

We can construct the 0-jet, 1-jet, and 2-jet inclusive covariance matrix
This is part of the goal of making a combined 0-jet / 1-jet prediction

| | | can directly connect these uncertainty
yield and migration components: C' = C§ + Ceyt components to nuisance parameters
/ used in the analysis fit

—

fully correlated Cy = AyAz; yield uncertainty

A2, SYANS
anti-correlated Cout = E 23201113 229 cut bin migration
2x2 blocks —AZ. AZ. ij uncertainty

17 cut 17 cut

4.24 —1.99 0

( CRAAS = —1.99 523 —-3.24 | pb?
fixed order vs. resummed 0 —-3.24 3.24
uncertainties for <
ATLAS parameters
1.49 —0.39 0.20
\ CATEAS — | 039 088 —0.04 | pb?

0.20 —-0.04 0.32
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the Higgs signal strength

4.24 —1.99 0
( CRAMAS = —1.99 5.23 —3.24 | pb?
fixed order vs. resummed % —324 324
uncertainties for
ATLAS parameters 1.49 —-0.39 0.20
| CATEAS = | 039 0.88 —0.04 | pb’
0.20 —-0.04 0.32
o
signal strength: [t = obs Oexp — ngpa SXP + Eixpaixp + EG;XZI) U§X2p
Oexp B B

naive estimates suggest the
signal strength uncertainty
will be nearly halved

implementation of resummed
results being studied
within Higgs cross section
working group

Table 13: Leading uncertainties on the signal strength u for the combined 7 and 8 TeV analysis.

Category Source Uncertainty, up (%) Uncertainty, down (%)
Statistical Observed data +21 —21
(‘Theoretical  Signal yield (o - B) +12 -9 )
Theoretical WW normalisation +12 —12
Experimental Objects and DY estimation +9 -8
Theoretical Signal acceptance +9 —7
Experimental MC statistics +7 —7
Experimental W+ jets fake factor +5 -5
Theoretical Backgrounds, excluding WW +5 —4
Luminosity Integrated luminosity +4 —4
Total +32 -29

ATLAS-CONF-2013-030



H + 0 jets

H+ 1 jet

H+ 2 jets

VH + 0 jets

clustering
effects

recent work on (p7) jet vetoes

Banfi, Monni, Salam, Zanderighi - 1203.5773, 1206.4996, 1308.4634
(also Z + 0 jets)

Becher, Neubert, Rothen - 1205.3806, 1307.0025

Stewart, Tackmann, JW, Zuberi - 1307.1808
(also 1206.4312, TWZ)

Liu, Petriello - 1210.1906, 1303.4405

Boughezal, Liu, Petriello, Tackmann, JW (H + 0/1-jet) 1312.4535

Gangal, Tackmann (fixed order uncertainties) - 1302.5437

(Chong Sheng) Li, (Hai Tao) Li, Shao - 1309.5015

(Ye) Li, Liu - 1401.2149

Alioli, JW - 1311.5234
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future directions Iin jet vetoes

 Many analyses use jet binning, often with novel features:

e WW - interesting SM measurement, a leading uncertainty in H - WW
NNLO will be finished soon, offers jump in precision

 VH with H = bb - combines substructure and jet vetoes,
would also like to understand V + jets background

 gg — Hin VBF topology - large uncertainties on the contamination,
needs good theory development for forward jets

e tt + jets - large logarithms and a gluon initiated process, complex phase space
 Interfacing high order resummation into a fully differential Monte Carlo (Geneva)

» Possibility to produce state-of-the-art predictions with fully exclusive generator
e Additional precision in gluon fusion possible

e Requires 3-loop calculations, matching with H + 1-jet at NNLO

Phenomenologically less urgent, but offers many, many interesting theory aspects
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precision Monte Carlo

Precision Land Monte Carlo Land

state-of-the-art accuracy generic
control over uncertainties fully exclusive
robust predictions data-ready
often: often:
limited scope compromises accuracy
single observables poor uncertainty estimates
iInclusive variance between tools

compromise is necessary in each case,
but progress is being made in merging the two:
Monte Carlo generators with high perturbative/resummed accuracy
that are capable of giving robust uncertainty estimates

this is not a panacea, but is a leap forward for many applications
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precision Monte Carlo

Precision Land Monte Carlo Land

state-of-the-art accuracy generic
control over uncertainties fully exclusive
robust predictions data-ready
often: often:
limited scope compromises accuracy
single observables poor uncertainty estimates
iInclusive variance between tools

compromise is necessary in each case,
but progress is being made in merging the two:
Monte Carlo generators with high perturbative/resummed accuracy
that are capable of giving robust uncertainty estimates

this is not a panacea, but is a leap forward for many applications
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Conclusions

* Precision QCD brings powerful, modern tools to bear on Higgs
measurements and beyond

e Crucial to get the most from the LHC program
* Broad development of tools impact experimental program

* Resummed results for exclusive H + 0-jet and 1-jet cross sections
significantly lower uncertainties over fixed order

* Expect the use of resummed results by H = WW, other analyses
* Jet vetoes are a broadly interesting, useful area

* Work on jet physics can push the boundaries of precision, discovery
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Higgs decay final state

[ Ldt
(fb™)

BRinv

fp

TT

Ww+ Z7Z*

Y

ATLAS

< 23 —32%
<8—-16%

145 — 147%
54 — 57%

38 — 39%
12 — 15%

16 — 22%
12 — 19%
S

N/A
N/A

9—-14% 8—-13% 6—12%
4 —10%

4 —10%

300

9%

5—

3000

CM

11 — 14%
5—T%

< 17— 28%
<6—-17%

62 — 62%
20 — 24%

40 — 42%
14 — 20%

8 — 14%
5—8%

7—11%
4—7%

6—12% 6—11%
4—7%

4 —8%

300
3000

Snowmass Higgs report: 1310.8361

ATLAS: range is with/without theory uncertainties

CMS, 2 scenarios:

1. systematics unchanged (from now), taking increased rate into account
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oo [pb]

N~ N ©

14

12}
10/

pp — H at NLO

- direct scale variation
- my =125 GeV
- Ecn = 8TeV
using MCFM, HNNLO 7
MSTW NNLO PDFs |
o 10 20 30 40 50

0'0(

cause of uncertainty pinch:

p%Ut) OCO'B[l—F%(KNLQ —QCAIDQ mH) —|—}

cut

A pT
unphysical \ \
cancellation between large K-factor and logs

/]

part of the Dbin cut between
total rate O jets, 1+ jets

Stewart, Tackmann,
1107.2117
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14

12}
10/

oo [pb]

N~ N ©

14/
12/
10

oo [pb]

o -~ @) o]
B B S Bt B R

pp — H at NLO

- direct scale variation i
- myg =125 GeV ]
- E., =8 TeV f
using MCFM, HNNLO 7
MSTW NNLO PDFs
o 10 20 30 40 50
P [GeV]
pp —» H at NLO
S—T procedure f
- my = 125 GeV 1
- E., =8 TeV f
using MCFM, HNNLO 7
MSTW NNLO PDFs
e N R
p7 [GeV]

0'0(

Qg m
p%m) X oRB [1 -+ ?(KNLO — QCAIDQ pci) -+ .. }
T
unphysical \ \

cancellation between large K-factor and logs

cause of uncertainty pinch:

/

part of the
total rate

/

Stewart, Tackmann,
1107.2117

solution: take these sources
of uncertainty as uncorrelated

Ao(pF)? = AL + A1 (pT)?

robust (if conservative) estimation of
uncertainty across the spectrum

commonly used by ATLAS, CMS

bin cut between
O jets, 1+ jets
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20

gg — H + 0 jets at fixed order

S-T procedure

- S-T procedure
- my = 125 GeV

NNLO

using MCFM, HNNLO
MSTW NNLO PDFs

20 30 40 50
pr [GeV]

direct SV

gg - H + 0 jets at fixed order

 direct scale variation

- mpy =125 GeV NNLO
| Ecm = 8 TCV

using MCFM, HNNLO
MSTW NNLO PDFs

0 10 20 30 40 50

P [GeV]
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dynamics of Higgs production with O jets

short distance process: gg = H

can integrate out the top quark to produce an
effective ggH operator or treat the top exactly

Py ~ (07 17 O)
——

7

light cone
coordinates

(naa Ny, J—)

PN

right-moving perp
left-moving
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dynamics of Higgs production with O jets

collinear radiation: {

f 0000::'

0.0.00.....ooo.t.'...’....

: H

Pc ™ mH(17 )‘27 )‘)
Pe ~~ mH(A27 17 )‘)

. power counting parameter in

soft-collinear effective theory (SCET)

Py ~ (07 17 O)
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dynamics of Higgs production with O jets

f 0.0. ::‘...q‘....0........0.00.000
. > I S - py ~ (0, 1, 0)
' H

Pc ™ mH(17 >‘27 )‘)

collinear radiation:
{ Pe ~~ mH()‘27 17 )‘)

soft radiation:  ps ~ mg (A, A, A)

. power counting parameter in
soft-collinear effective theory (SCET)

both soft and collinear modes capable of creating jets that probe the veto scale
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soft-collinear effective theory (SCET)

e A @
L) @
000000'.'.‘ .o 0."000000
.0.“0...2......0....' |
. 9
.. : Py ~~ (07 17 O)
i H
increasing this is SCET)
scale (not to be confused with SCET))
A QCD
hard function H short distance (loop) corrections
scale ~ my
SCET
beam function B collinear radiation
soft function S soft radiation
scale ~ preut

renormalization group evolution in SCET
sums logarithms of mu / pre4t
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soft-collinear effective theory (SCET)

e A <@
) @
000000'.'.‘ .o 0.'.'000000
'..‘0‘.“{000000‘.‘° .. <6
. 9
.. : Py ~ (07 17 O)
i H
increasing this is SCET)
scale (not to be confused with SCET))
4 QCD
hard function H short distance (loop) corrections
scale ~ mmu additional “rapidity”
kT resummation
SCET i
. 7- col]
QL@ .
beam function B collinear radiation \X -collinear: large rapidity
soft function S soft radiation , soft: small rapidity

scale ~ pr°t N\ soft
Azé T, in-coll.

renormalization group evolution in SCET I

sums logarithms of my / pret ;\'2 0 O O k™
Chiu, Jain, Neill, Rothstein,
1104.0881, 1202.0814



NNLO soft function calculation

c)
_ _ real matrix elements
. ) Ao = 4(dmagp®)?C? ! [:I;(—Q +8a- 2u)> + (1 - 1))}
2= AN o w1+ €u) 2 2
n n 1—c¢ 1 2
* 4z +u)2(1 + Eu)? {15 wll ¥ u)] } (210
1 £ 1 1.
A{4morgp*) CATRnf{ 2z +u)(1+&u) 4 4z +u)(1 + Eu)? {55 u(l+ u)} } '
'WTC > real- V|rtuaI terms, gIobaI veto ,
€ 1—4e— 1 2 16 T
):< )02 41/77ET nﬁ[_6_2+7r2+3<36_@62]
full result reduced double real terms, global veto
S cut R, , UV = s 2 2vEge B . 2 1
gg(pTa (M;;S s) , Sﬁ%(ET) = <a?) I‘(el—e)2 pt B { Va(l +u) (4.7)
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renormalization group evolution

o(pP) ~H o (1) [Ba (D3, s v) X Bo(pP, pyv) x S0, 11, v)| 4 s (1)

/RGE
Hdp!

1 75(1)
S(pF, pu,v) = S(p%“t,us,vS)eXp</ " Ve (1, V)>< )
I

S Vs

cut

nuS)

profile scales control the matching
between resummation, fixed order

renormalization scale p rapidity scale v R R REREE R R R R R
125 —————————m—————— = — = .
|MH|9 VB, Mns HFO .
= 100 —
hard —4— beam _| o - .
~ M ~IMH ¢ oh -
HH VB - - .
S 50 —
n B N
beam, soft cut ft cut - §
- ~DPr e T DT 25 -
UB, HUs S - (for mpg =125GeV)
ET | I | | I o | | I Y | | Ll 1]

% 20 40 60 80 100

pT" [GeV]
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n2 Resummation

virtual corrections to gg > H
contain logarithms of the form

Setting gy = mpy generates

large 7° terms in H

2
2 — My

— 10

In
1

These terms are resummed

if one chooses ug = —impyg

HH—MTMH

=

lnn _q

240
142

H(mmg, pg) = ‘ngH(

fixed order

100 120 140 160 180 200
o (GeV)

C ngH(_C]Q, :u2)

2 2 )’2

—Mp, g

0808.3008

80

resummed

100 120 140 160 180 200
i (GeV)

Ahrens, Becher, Neubert, Yang
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technical ingredients

» Jet algorithm dependence and factorization properties

e Can use a global, algorithm-independent veto

* Complicates factorization: need to ensure soft-collinear decoupling in the jet clustering

* Nontrivial logarithmic structure of the jet radius in the O-jet rate

» Factorization and RGE properties constrains form, have calculated N3LO contributions

Details of soft, beam function calculations

* Lorentz invariant properties of the global veto simplifies calculation

* Can group finite and logarithmic clustering effects in beam and soft function via RGE
Nonsingular contributions to the cross section, determined using fixed order codes
Physical basis for uncertainty estimation, comparison to fixed order methods

Extension of 0-jet resummation to 1-jet bin
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matching the direct and indirect contributions

scheme A: 2 resummation, H + 1j NNLO virtuals scheme B: no m? resummation, H + 1j @ NLO
- H+ 1, Scheme A - H+ 1, Scheme B
i Ecm =8 TeV Ecm: 8 TeV
20" p$t=30GeV | 20! Pt =30GeV
—_ R=04 : — R=04 ]
:d 1.5¢ >1-jet resum — 2-jet FO | é 150 >1-jet resum — 2-jet FO °
~ o 1-jet direct resum | ~ | ¢ 1-jet direct resum -
o o | L Py |
S 10} I S 10}
b I b
0.5 0.5 .
30 40 50 60 70 80 0.0 30 40 50 60 70 80
pry [GeV] pry [GeV]

Matching of the direct and indirect approaches is smooth across pr°Ut

scheme A shows significantly reduced uncertainties

m° resummation <= H + 1j NNLO virtuals
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matching the direct and indirect contributions

scheme A: 2 resummation, H + 1j NNLO virtuals scheme B: no m? resummation, H + 1j @ NLO
- H+ 1, Scheme A - H+ 3, Scheme B

i \ Ecm =8 TeV Ecm =8 TeV

200 p$t=30GeV | 200 pFt=30GeV |

T >1-jet resum — 2-jet FO | o \ >1-jet resum — 2-jet FO

é 1.5¢ 1-jet direct resum | '.é 150 \ i i i i 1-jet direct resum |

S0 S |
S AN | c o

o3 = | 05, |

i =T j eﬁﬁ j

0% 40 50 60 10 80 0% 40 50 60 10 80

pry [GeV] pry [GeV]

Matching of the direct and indirect approaches is smooth across pr°Ut

scheme A shows significantly reduced uncertainties

m° resummation <= H + 1j NNLO virtuals



scheme A: i resummation, H + 1j NNLO virtuals

a1 (pF)

S O I Y B e S |

testing the matching

«— I >
pre! / T \ MH
small p°f: intermediate prof: large pro™:
direct approach increases, using each resummed indirect approach increases,

but larger FO contributions  prediction where it is reliable but larger FO contributions

pp = H + j, Scheme A pp - H+j, Scheme B
- E.n=8TeV, p$"=30GeV, R=04 — AP 5/ Eqn=8TeV, pi"=30GeV, R=04 — AP -
— Alies E : — Alies :
| P ‘ — s
l l o1(pt) ] [ ]
B L 5.3 - 1(pi)
prr<pPr 5
///‘ 7 G 27 p7y<P(%ff
1
50 55 60 65 70 75 50 55 60 65 70 75
P [GeV] Py [GeV]

Matching scale (p1°") dependence is small

scheme B: no m® resummation, H + 1j @ NLO
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Combining Jet Bins

: O obs
Signal strength: 1 = Ooxp = €0 Yoo ¥ + €7 Yoy P + 6>X2P e>X2p
exp
2-jet term
negligible for
gg > H—->WW

ATLAS measurement of signal strength in H > WW :

Hobs, 8 Tev = 1.26 +0.24 (stat.) + 0.21 (theo. syst.) = 0.14 (expt. syst.) + 0.06 (lumi.)
=1.26 +£0.35. ATLAS-CONF-2013-030
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Two Clustering

—ffects, Two

Regions of Jet

Jet algorithm effects:

oD OR"), O(In" R) terms

Radius
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Two Clustering

—ffects, Two

Regions of Jet

Jet algorithm effects:

oD OR"), O(In" R) terms
Factorization theorem
valid for small jet radius

Small jet radius

R << 1

Radius

C S

logarithms of jet radius important
but resummation is impossible

79



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 unimportant but resummation is impossible
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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
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Tackmann, JW, Zuberi

Clustering Logs in the Soft Function 1206.431

can be calculated using collinear limits of eikonal matrix elements:

collinear
limit .
> A = Aeik Acoll
. splitting
cikonal amplitude
/ amplitude \
contains an overall rapidity generates the log of R
divergence that generates when integrated against
a log of the veto scale the measurement
asCa\’ v - ith
AS — s In In R(—4.97 consistency wit
T p%ut ( ) the jet function: V — g
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Clustering Logs from c-welbs Frenkel, Taylor

e Collinear singularities between particles in c-web
the same jet give rise to logs of R from
clustering
« How do we count the number of these logs?
c-webs
not a

e Connected webs of partons that can
contain collinear singularities between
partons in the web
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Clustering Logs from c-welbs

e There is no collinear
singularity between gluons in
different c-webs

e Clustering between gluons in
different c-webs gives power
suppressed effects

 Constrains the total number
of logs from clustering
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Clustering Logs from c-welbs

e A c-web of n gluons has n-1 single c-web

collinear singularities

Acoll
* This means the maximal clustering
log Is Ao
cl
sCa\" _
(a A> C,, ln% In" 'R
T
Pr A= Aeik Acoll
n—1
° IQ | ' 2 A
This is NLL (cannot resum) if Aoy ~ ( ) (47Ta3u2€)” (P.on)
pcut Stot
L~ R~

m Catani, Grazzini
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clustering effects start at NNLO

Jet A\gOrI’[hm —ffects log R dependence not resummed

Aci?(R) [pb]

jet algorithm effects at NNLO

1.5 _I T T I | T T T 1T T | T T T 1T T | T T T 1T 171 | T 1T 1T T I_
- gg — H (8TeV) -
1L myg=125GeV - NNLL term (single veto log)
- P =25 GeV, pro=mun) J / contains log R
0.5 =
0 — . finite terms in soft, beam functions
T T T T T EEeni contains log R
—0.5F 72 -7 Rsub
I P - 2b5 _
3 Pad i
_1 _I LI/ 111 | I I | I I | I T I | I I I
0 0.2 0.4 0.6 0.3 1 power suppressed terms
R iIn small R limit

NNLL and finite terms
at NNLO, the log R effects are large

_ | what about at higher orders?
also relatively large cancellation are the clustering terms large?

between NNLL and finite terms could be a source of large uncertainties
(for pTcut = 25 GeV) 86



Clustering Logs

form of
leading clustering logs

2
(%) MH 02 lIlR

A p%“t

3
(52) et Con® R

4 P
4
(55) It Caln® R
4 P

in this basis, Cs =

contribution to ()
the cross section: “clus —

—716.3

= 0. 140‘LQ

mg = 125 GeV, p3* =25 GeV, R=0.4:
Inp* /my =In R/2

If we take the logs to be of the same order,
the clustering terms are of the form

)

formally NLL, each term
IS equally important

knowing the higher order
coefficients helpful in determining
uncertainties from clustering
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Clustering Logs at NLO Alioli, JW - 1311.5234

Cs can be determined via an NLO soft function calculation

o(pT) ~Hyy(1) [ Ba (T, py v) X By(pF, p,v) x S0, 11, v)| + os (1)

relevant soft function matrix elements

SC_ET. can be written in terms
factorization of universal splitting functions,
NLO calculation done with NLO subtractions
Cs subtractions
v sample raw fits for Cs
QCD collinear o xem0

factorization 0
140+
120;
result: Cs is small, contribution to the 10

resummed cross section is <1% 80/

uncertainties under control 60"




